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ABSTRACT

Within the spectrum of biomolecules, proteins emerge as the primary agents orchestrating biological
activities within organisms. Owing to their extensive variability in terms of structure, configuration,
and constitution, proteins have been ingeniously utilized by nature to fulfill diverse roles, serving as
enzymes, receptors, signaling molecules, and structural elements, and playing an important role in
the immune system. Disruptions in the correct protein function or the protein-protein interaction
between human cells and pathogens, are implicated in the pathogenesis of various human diseases.
For this reason, proteins represent viable targets that can be leveraged to mitigate or potentially halt
the progression of diseases. In protein targeting, small molecules have an affirmed role due to the
development of many drugs based on several strategies such as inhibitors of enzymes.
Supramolecular chemistry plays an important role in the disruption of protein-protein interactions
thanks to the possibility of covering a surface area. From the standpoint of supramolecular
interactions for protein targeting, recent findings highlight the promising approach centered on multi-
target directed compounds (MTDCs). These compounds possess the capability to concurrently impact
multiple targets, offering potential solutions for treating complex diseases. In the present thesis work,
based on the established expertise of the research group, the current scientific interests, and ongoing
collaborations, we developed both small molecule- and calixarene-based ligands for different types

of proteins, all of biomedical interests.

The first chapter presents findings from a study focused on producing calix[4]arenes bearing amino
acid units (peptidocalixarenes) able to interact with the SARS-CoV-2 virus. Our objective was to
create ligands working as inhibitors of the interaction between the virus Spike protein and the ACE2
receptor of the mammalian cells. This part of the doctoral research, based on a previous molecular
modeling analysis, is constituted by a significant synthetic effort aimed at the selective
functionalization of the upper rim of the calix[4]arene with different pairs of amino acids.
Unfortunately, the preliminary biological tests did not evidence an inhibitory activity of the produced
peptidocalixarenes, but the work done provided new important knowledge about the possible

selective functionalization of this macrocycle.

In the second chapter, we report the work on the synthesis and studies of compounds designed for the
interaction with biomolecules involved in neurodegenerative diseases. In the first part, our attention
is focused on ligands for a-synuclein, a protein involved in Parkinson’s disease. The strategy behind
this work is to exploit negatively charged calix[4]arenes blocked in a rigid cone geometry for the
complexation of lysine residues. Complexation studies were performed to verify the ability of

including this amino acid by using simple models. Moreover, through biological studies using an
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engineered Saccharomices cerevisiae yeast model, the ability in disaggregating the toxic a-synuclein
oligomers was successfully ascertained. In the second part, we deal with the synthesis of tolcapone
analogs as stabilizers of the transthyretin tetramer, an amyloidogenic protein involved in
neuropathies. Starting from a molecular docking investigation, two possible analogs were selected as
potential stabilisers able to cross the blood brain barrier. After their synthesis, we tested their ability
to stabilize the protein tetramer, their toxicity and lipophilicity. The crystal structure of their
complexes with the transtyretin tetramer was determined by X-Ray diffraction showing the mode of

binding of the two stabilisers.

The third chapter displays our work on the synthesis of two photosensitizers containing
benzenesulfonamide-based inhibitors of human Carbonic Anhydrase (hCA) IX. The goal of this
project is to exploit a possible synergistic effect between the inhibition of hCA IX, involved in the
hypoxic tumor growth, and the photodynamic therapy, exploiting a photosensitizer. In this project,
we worked on the synthesis of the two photosensitizers, the evaluation of the inhibition, and the

production of singlet oxygen.

Finally, the fourth chapter describes the synthesis of saccharides and glycocalixarenes with the aim
of developing immunostimulants against encapsulated bacteria. In the first part, we reported the
synthesis of glycocalixarene functionalized at the upper rim with multiple copies of the capsular
polysaccharide (CPS) repeating unit of Streptococcus pneumoniae serotype 19F. The second part is
focused on the work performed at the Institut Pasteur, in Paris, for the synthesis of the CPS
trisaccharide repeating unit of Campylobacter Jejuni serotypes HS 23/36. This trisaccharide, in the
future, could be used both for the synthesis of oligomers and for the functionalization of calixarene
scaffolds to develop synthetic saccharide-based immunogenic derivatives and vaccines against C.

jejuni HS 23/36.



Chapter 1: Introduction



1. Protein Targeting

Proteins, the workhorses of cellular function, are pivotal in maintaining the intricate balance of
biological processes within living organisms. The precise spatial and temporal regulation of protein
localization is crucial for ensuring the proper functioning of cellular pathways and signalling
networks' ™. Disruptions in the correct protein function are implicated in the pathogenesis of various
human diseases, underscoring the importance of understanding the underlying molecular mechanisms
governing protein localization and trafficking®®. For this reason, proteins can be used as convenient
targets for limiting or even stopping the incoming disease. In particular, in this chapter, we will
introduce briefly on small molecules as inhibitors of enzymes and stabilizers of protein-protein

interaction and calixarene-based ligands for peptide and proteins.

1.1 Small molecules ligands
Since the discovery of aspirin in 1889, small molecules have provoked great interest as potential

drugs. Small compounds have consistently paved the way for significant advancements in medicine
and have addressed medical challenges that were previously unmet, consequently preserving
innumerable lives. Furthermore, these small compounds have played a critical role as chemical tools

in biomedical exploration, contributing to the comprehension of disease mechanisms’.

Selected small molecule drugs

A journey through history from Aspirin onward

1985 2017 2021

Glucobay Aligopa Vergquvo
(acarbose) (copanlisib) (vericiguat)
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Aspirin Germanin Resochin Anovlar Adalat Magnewvist Yasmin Xarelto Kerendia
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NSAID, antiplatelet antiparasitic antimalarial oral ptit ihypertensive contrast agent oral contraceptive anticoagulant CKD
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antibiotic psvchosls I diuretic muretlc Parkinson's hypertens. lipid-lowering cancer antibiotic dlabeteleKD wnnerl I
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Salvarsan Slreptomydn Coumadin  Enovid Inderal Novaldex Retrovir Losec Plavix Gleevec Sovaldi Evrysdi
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n L]
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G|°ba| researCh cancer antiHinflam.  anxiolytic asthma immunosuppr. depression  erectile dysfunction Ms heart failure  cancer

Figure 1: the time scale of the small compounds drugs. Image taken by reference’.
Small molecules consistently diversify their modes of operation, conquering fresh target areas and

expanding the conventional toolkit for drug exploration. Targeted covalent inhibitors, RNA-targeting

small molecules or PROTACS activators are just a few examples of applications of small molecules.



1.1.1 Small molecule-based enzyme inhibitors
Roughly half of the orally administered drugs currently in clinical use exerts its pharmacological

impact through the inhibition of enzymes, a function indeed carried out by small molecules®.

In the realm of enzymatic reactions, compounds that exert influence on their activity rates go by the
name of modulators, moderators, or modifiers’. The typical outcome is a reduction of the reaction
rate, resulting in an inhibitory effect. Conversely, there are instances where the reaction rate is
augmented, determining activation. Accordingly, these compounds are categorized as inhibitors or
activators. Enzyme inhibitors serve diverse roles, finding applications as pharmaceutical agents in
both human and veterinary medicine, as well as in herbicides and pesticides. Due to its considerable
significance, the study of enzyme inhibition is extensively undertaken, contributing valuable insights
into enzyme mechanisms'’ and playing a major role in pharmacological studies''. Enzymatic
inhibitors can be classified into two main categories: reversible inhibitors, binding the enzyme
through a non-covalent bond and producing an inhibitory action proportional to concentration, and
irreversible inhibitors, with stoichiometric enzyme inhibition. For reversible inhibitors, it is possible
to define a dissociation constant, Ki. A lower K; indicates a stronger binding to the enzyme, with ideal
values in the range of nM or pM to be considered an effective inhibitor. K; represents the inhibitor
concentration at which half of the enzyme sites are boundrequired to produce half maximum
inhibition. In some cases, reversible inhibition occurs even when a labile covalent bond is involved,
which can be broken, for example, by hydrolysis, at a rate similar to its formation. Irreversible
inhibitors cause stoichiometric inhibition, with a ratio of one inhibitor per one enzyme, and they bind
through a stable covalent bond'?. Among the enzyme inhibitors, noteworthy for their impact on public
health, we can cite the reversible inhibitors of angiotensin converting enzyme (ACE) and acetyl
salicylic acid as irreversible inhibitor of cyclooxygenase. Angiotensin-converting enzyme inhibitors
(ACE inhibitors or ACEIs) find extensive use in reducing blood pressure and minimizing cardiac
oxygen consumption'3. They are typically constituted by a functional group to interact with zinc ion
(like sulfhydryl, phosphate or carboxylate group) blocking the zinc-based active site of ACE!* (Fig.
2). Acetyl salicylic acid induces irreversible inhibition in cyclooxygenase by acetylating a serine at
the active site, resulting in a stable modification that negatively impacts on the initial step in the
prostaglandin biosynthesis from arachidonate. To restore the activity, new cyclooxygenase must be
synthesized. Aspirin serves various purposes, functioning as an anti-inflammatory, antipyretic, and
analgesic agent. Additionally, it is employed prophylactically to impede platelet aggregation and

prevent coronary thrombosis (Fig. 2)'°.



HsC. H
HSQ'\W NQ O\[(
O COOH O
Captopril Aspirin

Figure 2: The molecular structure of Captopril, the first drug used as ACEIl. The molecular structure of acetyl salicylic acid, inhibitor of
cyclooxygenase.

1.1.2 Small molecules as protein stabilizers

Protein-protein interactions (PPIs) play a crucial role in the functioning of living organisms. Among
the prominent strategies, the modulation of PPIs through small-molecule intervention is a key
approach, achievable through two complementary methods: stabilization or inhibition. In this

paragraph, we will focus on the stabilization of protein complexes.

Small-molecule stabilizers of PPIs exhibit two primary modes of action. Firstly, a stabilizer may
attach to a single protein partner, enhancing the mutual binding affinity of the protein partners in an
allosteric manner. Alternatively, the stabilizing molecule can bind to the interfacial surface of a
protein complex, establishing contacts with both binding partners and thereby increasing their mutual
binding affinity. Consequently, the distinct types will be referred to as allosteric (pertaining to one

protein partner) or direct (involving at least two protein partners) PPI stabilizers'®.

An example of an allosteric PPI stabilizer is found in the case of microtubules (MTs). MTs consist of
protein heterodimers comprising o- and B-tubulin. These af-heterodimers assemble into linear
protofilaments, ultimately forming cylindrical polymers. MTs play crucial roles in both non-dividing
and dividing cells'”. Paclitaxel is one of the extensively investigated MT modulators. It demonstrates
a high-affinity binding to a hydrophobic pocket located exclusively on the  -subunit of polymerized

tubulin, thereby stabilizing the structures of polymerized MTs'®.

Amyotrophic lateral sclerosis (ALS), a motor neuron disease characterized by mutations in the gene
encoding the dimeric enzyme superoxide dismutase 1 (SOD1), provides a second example'®. Certain
mutations in this gene lead to SODI1 monomerization and subsequent disordered protein
aggregation’’. In addressing this, some works that targeted the stabilization of the SOD1 dimer to

hinder monomerization, employed small molecules as stabilizer to prevent aggregation?'.

1.2 Calixarene-based ligands

In the last decades, some researchers started to explore the possibility of exploiting larger molecules
as potential drugs, resorting for example to molecules typically studied in the field of supramolecular
chemistry such as the macrocycles. Apart the case of cyclodextrins, that however are used as carrier

and in such role are at the basis of numerous formulations where the actual drug is a small molecule??,
6



there is not yet any example of approved therapeutics constituted by similar systems. Nevertheless,
some of the results reported are of interest and can assume relevance due to their ability to disrupt the
PPIs. Indeed, these interactions occur through interaction of wide surface area (1000-4000 A?)
resulting undruggable by small molecules for many years®*.In contrast, in the last two decades, several
examples were reported in literature on the use of supramolecules in the PPI disruption, due to the
possibility to cover a large surface area?*. In the perspective of the supramolecules for protein
targeting, results interesting the more recent approach based on the so-called multi-target directed
compounds (MTDCs), able of simultaneously affecting more than a single target in the treatment of

multifaceted diseases characterized by a complex pathoetiology?> 2.

In the framework of this thesis, it is interesting the use of calixarenes for interaction with proteins
that in the last years produced noteworthy examples and data®.

Through the condensation of p-tert-butylphenol and formaldehyde in a basic environment, different
calix[n]arenes (Fig. 3, on the left) can be selectively obtained as cyclic oligomers of different sizes
depending on the cation associated with the base (NaOH or KOH)*. The wide diffusion of
calixarenes as scaffolds, in particular of calix[4]arene, is due to the high versatility in selective
functionalization of the hydroxyl groups (called lower rim) or positions in para to them (called upper
rim). The most common and most easily prepared calixarenes are those with 4, 6 and 8 phenolic units.
The conformational mobility of the calixarene scaffold is influenced by the number of phenol units
in the macrocycle. Calix[6]- and calix[8]arenes, due to their larger size allowing rotation of the
aromatic rings around the methylene bridges, exhibit considerable flexibility. In contrast,
calix[4]arene, can result blocked in the so-called cone geometry when the boundary conditions make
possible a network of hydrogen bonding among the hydroxyl groups. Moreover, when functionalized
at the lower rim with alkyl groups larger than ethyl, the calix[4]arene can adopt four distinct
geometries (cone, partial cone, 1,3-alternate, and 1,2-alternate), that cannot interconvert one into the
other and can be selectively produced and isolated by exploiting proper conditions for the lower rim

functionalization (Fig. 3, right).
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Figure 3: General structure of a calix[n]arene and possible conformations of calix[4]arene

The advantageous capability to selectively modulate the conformational mobility is evident when
designing ligands and receptors based on the calixarene scaffold. Depending on the specific goal,
they can be designed to be adaptable and mobile, conforming to the target shape (induced fit), or rigid
and preorganized, to leverage entropic effects.. As mentioned above, calix[4]arenes unsubstituted at
the lower rim adopt a rigid cone structure, promoted by a circular arrangement of robust hydrogen
bonds between the OH groups (Fig. 4, left). Conversely, cone calix[4]arenes functionalized at the
lower rim with four alkyl groups larger than ethyl undergo maintain a residual flexibility that allows
a rapid interconversion in solution between two conformers (Fig. 4, right) termed flattened or pinched

cone. In these structures, two distal phenol rings align parallel, while the remaining two tilt outward.

Figure 4: (left) rigid cone structure of a calix[4]arene with free OH groups at the lower rim; (right) interconversion between the two
pinched or flattened cone conformations of calix[4]arenes functionalized at the lower rim with four alkyl groups larger than ethyl.

Calixarenes are versatile scaffolds and they found different applications for interaction with medically
relevant biomolecules. Often, to this aim, calixarenes were functionalized with sugars or peptides

leading to the new classes of calixarenes named peptido- and glycocalixarenes®'.



The conjugation of amino acids or small peptides to obtain peptidocalixarenes was performed through
their terminal amino or carboxylic group, obtaining N-linked*?> and C-linked** peptidocalixarenes,
respectively. These compounds found different applications: as crystal-growth modifiers**, for
recognition of protein surface®, disruption of protein-protein interaction (PPI)*, DNA delivery®’. An
example are the peptidocalix[4]arenes designed as mimics of vancomycin. The vancomycin group of
antibiotics constitutes an intriguing class of biologically active molecules, exerting their effects
through a relatively straightforward molecular recognition process. These antibiotics have the ability
to bind to the terminal L-lysyl-D-alanyl-D-alanine (L-Lys-D-Ala-D-Ala) sequence of the cell wall
mucopeptide precursors in Gram-positive bacteria, leading to the inhibition of cell wall growth and
eventual cell lysis. To replicate the binding mode of vancomycin, a macrobicyclic calix[4]arene
ligand, belonging to the class of upper rim N-linked peptidocalix[4]arenes, was developed (Fig. 5).
This ligand has a pseudopeptide bridge at the 1,3 positions of the upper rim. The results reported for
this compound showed a significant and selective antibacterial activity’®, ascribable to its ability of

complexing the D-Ala-D-Ala residue®.

Figure 5: Molecular structure of peptidocalixarene as mimic of vancomycin.

Compared to the peptides, carbohydrates have a low affinity for their receptors. To contrast this
problem, Nature frequently exploits the phenomenon called multivalency that entails the
simultaneous interaction of more units of the same saccharide with multiple copies of carbohydrate
binding sites to enhance the affinity for the receptor, the strength and selectivity of the interaction.
To mimic the same mechanism, calixarenes have proved to be a good scaffold for multi presentation
of sugar units*’. Lectins are proteins with a high specificity for binding to carbohydrates that are
integrated into glycoconjugates leading to the agglutination of specific cells or triggering cascade
processes into cells. These proteins are involved in cellular and molecular recognition, playing
various roles in biological recognition phenomena, both physiologic and pathologic, that encompass

9



cells, carbohydrates, and proteins*!. Glycocalixarenes showed a good inhibition ability of bacterial*?,
viral** and tumor* lectins. An example is that with cholera toxin (CT), an ABs multimeric protein
where the five identical B binding units recognize the pentasaccharide of the GM1 ganglioside present
on the cell surface. In this context, a calix[5]arene was specifically designed (Fig. 6), featuring five
GM1 oligosaccharide units at the upper rim connected through an appropriate spacer. This
arrangement facilitates and make in principle possible the simultaneous complexation of the five
saccharide units of a single macrocycle by the five CT recognition sites, resulting in the formation of
a 1:1 complex, however not yet demonstrated. The inhibitory activity of this macrocyclic ligand
proved highly effective, showing a remarkable multivalent effect with a 20,000-fold increase per

single GM1 ganglioside®.
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Figure 6: molecular structure of calixarene as inhbitor of GM1 ganglioside. Image adapted by reference?®.

The use of calixarene for interaction with protein is possible not only through functionalization with
biomolecules. This is the case of the positively and negatively charged calixarenes that exploit the
multi-presentation of charged functional groups, like guanidinium or sulfonate, to interact with
protein. An example was reported by De Mendoza demonstrating that a positively charged
tetra(guanidinomethyl)calixarene (Fig.7) can restore the structural integrity of a damaged protein-
protein interaction (PPI) in a mutated form of p53, a protein implicated in various human cancers.
The wild-type p53 functions as a tetramer, regulating DNA repair or apoptosis in response to DNA
damage. However, in mutated p53, the tetrameric assembly is destabilized due to the absence of a
critical ion pair interaction. Guanidino-calixarene reinstates the wild-type tetrameric structure by
interacting, like a harpoon, simultaneously with four Glu carboxylates of the protein through its four
guanidinium groups®*®.
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Figure 7: Molecular structure of guanidinio-calixarene.

2. Thesis outlook

In this introduction, we have presented various examples aimed at discussing the concepts expounded

in the following chapters of this thesis. Within the broad realm of small molecules serving as protein
ligands, enzyme inhibitors play a pivotal role in scientific research and drug development. On the
other hand, the stabilization of proteins has proven to be a significant facet of Protein-Protein
Interactions (PPIs). Furthermore, calixarenes have demonstrated their versatility as scaffolds for
designing ligands targeting proteins and biomolecules. In this doctoral work, both small molecules
and calixarenes were employed to craft optimal ligands by adapting the molecular design to the

project's requirements and the pertinent literature.

Building upon these concepts, the first chapter elucidates the design and synthesis of
peptidocalix[4]arenes tailored to inhibit the SARS-CoV-2 virus. Our objective was to create
molecules capable of interacting with the viral Spike protein, a pivotal factor in the infection process,

with the ultimate goal of impeding its biological activity and preventing cellular infection.

The second chapter focuses on the development of various ligands for interacting with amyloidogenic
proteins implicated in neurodegenerative diseases. This includes calixarene-based ligands designed
for interaction with a-synuclein, a protein associated with Parkinson's disease, and two small
molecule-based ligands for stabilizing transthyretin, an amyloidogenic protein linked to transthyretin
amyloidosis. The use of these two distinct approaches stems from the diverse strategies employed to

prevent amyloid fibril formation.

In the third chapter, the inhibition of carbonic anhydrases IX is addressed using a small molecule-
based approach. This decision is informed by previous research from our group, aiming to exploit the
inhibition of carbonic anhydrases IX, implicated in hypoxic tumor growth, combined with the

photodynamic therapy to possibly achieve a synergistic effect.
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The final chapter details the use of glycocalixarenes as potential immunostimulant against bacterial
infections. As explained above, calixarene serves as an excellent scaffold for the multi-presentation
of carbohydrate units. Consequently, we designed and developed two calix[4]- and calix[6]arenes
exposing the repetitive unit of Streptococcus pneumoniae 19F capsular polysaccharide. Additionally,
during a six-month period in Paris, at the Institut Pasteur, we were engaged in the synthesis of the

trisaccharide repeating unit of the Campylobacter jejuni capsular polysaccharide.
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Chapter 2: Synthesis of peptidocalix[4]arenes as
ligands of SARS-CoV-2 Spike protein
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1. Introduction
Coronavirus Disease 2019 (COVID-19) is a Severe Acute Respiratory Syndrome caused by a virus

named Coronavirus 2 (SARS-CoV-2). The first cases of infection were reported in the city of Wuhan
(China) in December 2019', and due to its rapid spread worldwide, the World Health Organization
(WHO) declared a state of emergency on March 11, 20202. To frontage the spreading of the virus,
since the first weeks scientific research produced a huge effort to find an efficient treatment or a

vaccine, leading the WHO to declare the end of the emergency state on 5 May 2023°.

1.1 Structure of SARS-CoV-2 and mechanism action

SARS-CoV-2 belongs to the coronavirus family, specifically the B-coronaviruses. The name is
derived from the characteristic circular shape of the virion, adorned with distinctive protrusions
known as Spike glycoproteins. These viruses can infect humans and animals and are associated with
developing various diseases, ranging from common colds to more severe conditions such as Middle
East Respiratory Syndrome (MERS) and Severe Acute Respiratory Syndrome (SARS), which can
lead to fatal outcomes. Specifically, SARS-CoV-2 primarily affects the upper and lower respiratory
tracts but can also cause damage to other organs and systems. The infection is asymptomatic in most
cases, while about a third of cases exhibit flu-like symptoms, and a smaller minority experience

moderate to severe effects*”.
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Figure 1: Structure of SARS-CoV-2. Imagine adopted by reference®.

SARS-CoV-2 is an RNA virus, with its genome consisting of a single positive-strand RNA enclosed

within a nucleocapsid. The genome encodes for several non-structural proteins (NSPn), three of
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which are essential for viral replication: Papain-like protease (PLpro), Main protease (3CLpro), and
RNA-dependent RNA polymerase (RdRp). Once inside the target cells, the virus's genome is released
and translated through protein synthesis. Both proteases are responsible for cleaving the expressed
proteins into functional units, while the polymerase facilitates viral genome replication by
synthesizing a negative-strand RNA as a template’. Given their importance, these non-structural
proteins have sparked significant interest in the scientific community as potential targets for

pharmacological therapies®'!.

The main role in the initial phase of the infection process is played by the Spike (S) glycoprotein. The
S protein enables the virus to anchor to the cell membrane and facilitates its subsequent entry into the
host cell. The interaction between the Spike protein and the host organism's Angiotensin Converting
Enzyme 2 (ACE2) cellular receptor is at the core of this process. The S protein consists of 1273 amino
acids, divided into two regions: the S1 and S2 subunits. The S1 subunit of the SARS-CoV-2 Spike
protein is a highly flexible region and includes the Receptor Binding Domain (RBD), through which
the virus can recognize and bind to the ACE2 receptor, specifically in the region of the
aminopeptidase N. In this subunit, we also find the N-terminal domain (NTD) and the C-terminal
domain (CTD). The S2 subunit, responsible for viral entry and fusion, includes the Fusion Peptide
(FP), heptapeptide repeat sequence 1 (HR1), heptapeptide repeat sequence 2 (HR2), transmembrane
domain (TM), and cytoplasmic domain (CT). The repetitive HR1 and HR2 heptapeptides interact to
form a six-helix structure called 6-HB, which allows the virus to approach the plasma membrane. FP,
through hydrophobic residues, can disrupt and connect the lipid bilayers of the cell membrane, thus

promoting virus internalization'>!? (Figure 2).
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Figure 2: Representation of viral fusion process. Imagine taken by reference!3

Given the essential role of the Spike protein in the development of viral infection, it is crucial to
define its structural characteristics. The determination of the ACE2-Spike protein complex through

X-ray diffraction has allowed the identification of the nature of the different interactions between the
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RBD and the Protease Domain (PD) of the ACE2 receptor. From the resolved structure, shown in
Figure 3, it is evident that a large region of the RBD is exposed in correspondence to the alpha helix
al of the ACE2-PD. It is precisely in this region of the ACE2-Spike protein interface that we find the
key interactions for the formation of the complex, divided into three different clusters known as
receptor binding motifs (RBMs). In zone A, there are hydrogen bonds between the residues Tyr41,
GIn42, Lys353, and Arg357 of ACE2, and GIn498, Thr500, and Asn501 of the RBD. Zone B presents
a hydrogen bond between the RBD's Tyr453 and ACE2's His34, as well as an ionic pair between
Lys417 and Asp30. In zone C, there is a hydrogen bond between GIn474 and GIn24 and a weak
interaction between Phe486 and Met82 of the RBD and ACE2, respectively'* (Figure 3).

Figure 3: Complex between ACE2 and the RBD of SARS-CoV-2. Division into three regions (A-B-C) of the interactions responsible for
the complex formation. Image taken from reference4.

Blocking the SARS-CoV-2 S-protein function would render the virus harmless. Several studies and
related research aim to inhibit the interaction between the S protein and the ACE2 receptor, thus
preventing the formation of the complex and blocking the infection process at its onset. In a study by
Chaoyong Yang and colleagues'” (Figure 4), a bivalent circular aptamer is proposed to bind to the
RBD of the Spike protein, as confirmed by molecular docking studies. The high affinity and, above
all, the inhibitory efficacy are validated through in vitro tests. In addition to these results, the proposed
aptamers possess several properties that distinguish them from traditional antibodies. These
properties include reduced size, minimal immunogenic risk, stability, and programmability. The latter
allows them to be easily assembled for the development of highly specific and efficient molecular

recognition devices.
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Figure 4: Inhibition of complex ACE2-S protein exploiting the aptamer strategy. Image taken from reference®s.

Another research group, utilizing the trimeric structure of SARS-CoV-2 S-protein in the pre-fusion
conformation'®, conducted a virtual screening with the aim of exploring the DrugBank database for
small molecules as potential inhibitors of the S-protein!’. Special attention is directed towards the
internal cavity of the S glycoprotein (Figure 5A), which imparts the S2 subunit with the necessary
conformational flexibility for the formation of the 6-HB and, therefore, the predisposition for cell
fusion. The occupation of this cavity would prevent the internalization of the virus and, therefore, the

progression of the infection.
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Figure 5:(A) Inner cavity of the Spike glycoprotein in the pre-fusion conformation. (B-D) Complex of three phthalocyanines with the S
protein, and visualization of contacts. Reprinted from Virus Research, 286, 198068, Romeo, A.; lacovelli, F.; Falconi, M., Targeting
the SARS-CoV-2 spike glycoprotein prefusion conformation: virtual screening and molecular dynamics simulations applied to the
identification of potential fusion inhibitors, 2, © (2020), with permission from Elsevier'”
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The results of this research reveal how phthalocyanine is a potential inhibitor as it can form several

hydrophobic interactions with the residues exposed inside the cavity (Figure 5D).

Another example in the literature is the study by Galia Blum and colleagues'®, where the inhibitory
effect on the formation of the ACE2-Spike protein complex by a compound found in nature,
kobophenol A, is evaluated. Molecular docking studies identify two binding sites of the inhibitor: one
at the interface between ACE2 and RBD (Figure 6), and the other located in an internal pocket of the
ACE2 receptor. The results demonstrate and confirm the dual inhibitory action of kobophenol A.

ACE2 receptor
(Residue-19-615)
[Yellow]

SARS-CoV-2 51-RBD
(Residue-333-526)
[Green]

Figure 6: Illustration of the SARS-CoV-2 spike S1 receptor-binding domain (green) bound with the ACE2 receptor (yellow) and
Kobophenol A (blue). Image taken by reference’s

There are various strategies that can inhibit the function of the Spike glycoprotein. In a study by Irene
Yarovsky and colleagues'®, the focus is on the structure of the ACE2 receptor, particularly on the
importance of conformational flexibility in the process of binding to the RBD site. Molecular
modelling studies and binding enthalpy calculations determine the effect of the inhibitor MLN-4760
(Figure 7C) on the binding affinity between the Spike protein and the ACE2 receptor. When the
inhibitor is bound to the ACE2 receptor, a conformational rearrangement occurs (Figure 7B), leading

to reduced accessibility of the active site for the formation of the ACE2-Spike protein complex.
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Figure 7:(A) ACE2-RBD complex, (B) Structural rearrangement of the exposed surface of ACE2 receptor induced by the presence of
MLN-4760, (C) Molecular structure of the inhibitor MLN-4760. Image take by reference’®.

The previously demonstrated and well-known property of calixarenes to bind the surface of
proteins®®2? led us to design calix[4]arenes functionalized with amino acids at the upper rim,

2324 as potential inhibitors of the binding between S-

exploiting the experience of our research group
protein and ACE2. The selection of the scaffold is due to the observation of the similar size that exists
between calix[4]arene and zone A of the S protein. The functionalization of calix[4]arene with amino
acids displayed by ACE2 would have to bring to compounds able to interact with zone A of S-protein

and thus prevent its complexation with the cell membrane receptor.

2. Results and discussions
2.1 Design of ligands

In the initial phase of this project, our focus revolved around refining the ligand design. To ascertain
the optimal amino acids for facilitating the most effective interactions, our starting point was the
molecular docking analyses documented in Carlo Alberto Vezzoni's doctoral dissertation?>. These
molecular docking simulations started from the X-ray structure of the complex formed between the
spike protein's RBD and ACE2, as elucidated by Qiang Zhou and his research collaborators (PDB
6M17)'. Within this structure, the RBD featured three distinct RBMs, as describe in the introduction
and, among them, RBM A stood out due to its paramount interactions, outlined in the provided
illustration (Figure 8). Among the results obtained in the previous doctoral thesis, there was the
evidence that a calix[4]arene with four amino acid units at the upper rim, Arg and Asn in that case,
has dimensions sufficient to cover the area of RBM A (Figure 8). This kind of macrocycle, if the
exposed amino acids could establish effective interactions with those of RBM A, thus could be able

to inhibit the binding of this S-protein region with ACE2.
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Figure 8: (A) SI4-RBM Complex; (B) Specific interactions between Sl4 and RBM; (C) SI14-RBM complex with receptor electron density
visualization. Image taken by reference?

For synthetic reasons, we considered only calix[4]arenes functionalized with two pairs of amino acids
at the upper rim, in both possible arrangements, distal (1,3-2,4) and vicinal (1,2-3,4) as reported in

Figure 9.

Figure 9: representative structures of ligands. A) distal and vicinal representation of C-linked peptidocalixarenes; B) distal and vicinal
representation of C,N-linked peptidocalixarenes.

The experience of our research group in synthetizing peptidocalixarenes led us to design calixarenes
functionalized at the upper rim with amino acids exploiting the formation of the amide bond through
two possible approaches?>2, that generate C-linked and C,N-linked derivatives (Figure 9). These two
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options allow to selectively conjugate the two different amino acids in the desired positions of the
macrocyclic upper rim, exploiting some already established procedures, which will be described
below, set up to distinguish the phenol rings and differentiate their functionalization. Arg as the main
interacting amino acid. Glutamic acid (Glu) and Glutamine (Gln) also appear to contribute
significantly to the interaction, given their consistent presence in the ligands that showed higher
efficiency. Although absent in the ligands with the highest affinity, Lys holds a significant position
at the interface between RBD and ACE2. Considering these findings, we deemed it appropriate to

use these aforementioned amino acid residues for calix[4]arene functionalization.

2.2 Synthesis of the ligands

The synthesis of the different peptidocalixarenes was carried out in parallel, focusing firstly on the
synthesis of the two calixarene scaffolds necessary for the C- and C,N-linkage. As the side chains of
the amino acids are involved in the interaction between S-protein and ACE2, the type of connection
with the calixarene platform was substantially considered relevant depending on the chance it would
have given us of selectively introducing the amino acid units on the macrocycle. Based on established

procedures>> %’

allowing the functionalization of the calix[4]arene upper rim with carboxylic and nitro
groups as well as the protection of amino groups, the C- and C,N-linkage seemed to ensure the

achievement of this goal.

Said that, the two amino acid units of each desired pair can be situated in the peptidocalixarene either
in distal position (1,3 or 2,4) or in vicinal position (1,2 or 3,4). A further evaluation regarding the
impact of the different polarity and/or amphiphilicity of the peptidocalixarene on the inhibition
process also prompted us to synthesize compounds functionalized on the phenolic unit at the lower
rim with ethoxyethyl or propyl groups. Both groups ensure the cone geometry, when linked in proper
experimental conditions, but ethoxyethyl groups provide higher solubility in polar environment,

hopefully aqueous, and prevent self-association processes in solution.
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Figure 10: structure of the two target ligands

In Figure 10, compounds 14 and 24 are depicted, which, accounting for all these variables, have been
identified as the synthetic targets of this work. Compound 14 is functionalized with GIln and Argin a
distal disposition (1,3-2,4) on the upper rim, and with propyl groups on the lower rim. Compound 24
is functionalized with Glu and Lys in a vicinal disposition (1,2-3,4) on the upper rim, and with
ethoxyethyl groups on the lower rim. The selection of amino acids is based on the results of molecular

docking and the reagent availability in our laboratory.

The design of the calixarenes scaffold was imposed to optimize the synthetic strategy obtaining a
selective functionalization at the upper rim with the higher possible yield. Therefore, we synthesized

the C,N-linked ligand to obtain a distal disposition and the C-linked ligand for the vicinal disposition.

2.2.1 C,N-linked ligand

Considering the experience of our research group, we started with the C,N-linked ligand synthesis.
The synthesis of the desired compound is divided into two steps: the synthesis of the scaffold and its
functionalization with amino acids.

2.2.1.1 Synthesis of the calixarene platform

Considering the synthetic strategies reported in the literature®®, we started with the idea to replicate
the preparation of the 5,17-dicarboxylic acid-11,23-dinitro-25,26,27,28-tetrapropoxycalix[4]arene 4
as reported in the scheme 1, which describes the pathway already exploited by our research group.
However, in this procedure, the nitration of the upper rim from 1 to 2 is performed on the basis of a
statistical approach. This reaction, is carried out in a mixture of glacial acetic and 65% nitric acid
with continuous monitoring by TLC and obtaining all possible products: mono-, di-(1,2 and 1,3), tri-

e tetranitro.
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Scheme 1: Synthesis of 5,17-dicarboxylic acid-11,23-dinitro-25,26,27,28-
tetrapropoxycalix[4]arene. The yield reported was taken by reference?>.

Moreover, the isolation of the distal functionalized dinitro-calixarene often requires purification
through column chromatography instead of the precipitation from DCM/MeOH, as reported in the
literature. For all these reasons, the nitration step usually results with rather low yield. Therefore, we
decided to use an alternative approach as reported in scheme 2. This synthetic strategy is based on
the use of the nosyl group at the lower rim (compound 6) to carry out a regioselective reaction at the
upper one to obtain the 1,3-dinitro functionalization (compound 7). The electron-withdrawing effect
of nosyl group linked to the phenol oxygen, in fact, strongly reduces the reactivity at the para position
of the aromatic ring leading to a selective reaction, as reported by Lhotak and colleagues®®. With the
aim of having two different types of functional units at the upper rim reciprocally located in distal
position, this strategy present also the advantage that the two nitro groups are on the two already
alkylated phenolic rings. In fact, it had already been established that attempting to alkylate the
hydroxyl groups of a calix[4]arene in para position at the nitro function did not yield the expected

outcome, likely due to the strong electron-withdrawing effect of NO».
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Scheme 2: Synthesis of calixarene platform.

The initial step consisted in the well-known dialkylation reaction at the lower rim of the
tetrahydroxycalix[4]arene to give 5. KoCO3 was employed as a base for the deprotonation of two
distal hydroxyl groups. The alkylating agent utilized was 1-iodopropane. Subsequently, to achieve
regioselective control over the functionalization of the upper rim, a nosyl protection was carried out
on the two free phenolic hydroxyl groups. The protection reaction was carried out employing NaH as
a base to allow the deprotonation of the OH groups. As evidence of successful protection and
achievement of 6, the absence in the 'H NMR spectrum in CDClI; of signal related to the hydroxyl
protons and the appearance of signals corresponding to the aromatic protons of the nosyl groups were
observed, along with upfield shifts of signals of the propyl groups due to the shielding effect of the
introduced aromatic units. Then, was nitrated with 100% HNO3 and CH3;COOH to yield compound
7 whit high yields having only the distal configuration of the nitro derivative. The subsequent step
involved deprotection from the nosyl group under basic conditions, utilizing KOH to hydrolyze the
sulfonic ester bond. The resulting product 8 was purified through simple recrystallization in methanol,
with a 75% yield. '"H-NMR and mass analyses confirmed the desired product's identity. As previously
documented in literature, a comparison with the 'H-NMR spectrum of the analogous calix[4]arene
bearing the two nitro groups in para positions to the hydroxyls ensured that the functionalization in

compound 8 was indeed as expected and represented in the scheme.

In a prior thesis work?’, an attempt to alkylate the free hydroxyls in compound 8 had been made, but
unexpectedly, rotation of one of the two rings carrying the nitro group occurred, resulting in the
derivative blocked in partial cone geometry. For this reason, the decision was taken to proceed with
the formylation of compound 8 and postpone the exhaustive alkylation of the lower rim. The Gross

formylation was performed using dichloromethyl methyl ether as the formyl group source and SnCl4
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as a catalyst, yielding compound 9. Following purification through reprecipitation in DCM/MeOH,
product 9 was characterized. Subsequently, the formyl groups were oxidized using NaClO: in the
presence of sulfamic acid, which acted as a proton donor to generate HCIO> (oxidizing agent) in situ
and as a scavenger for HCIO to prevent undesired reactions. The resulting product 10 was purified
through chromatographic separation and obtained with a yield of 73%. Considering no literature

references were available, compound 10 was thoroughly characterized.

Ultimately, an attempt was made to alkylate the remaining free hydroxyl functionalities with propyl
chains. Initially, a well-established procedure was followed, utilizing 60% NaH as a base, 1-
iodopropane as an alkylating agent (Scheme 3), and DMF as the solvent. Not only does NaH allow
the deprotonation of the hydroxyl groups, but the presence of Na* ion and the use of DMF were
expected to ensure the maintenance of the cone geometry. Nevertheless, despite these conditions, the
"H-NMR spectrum (Figure 11b) of the reaction product evidenced the presence of a mixture of

different types of geometries for the calixarenes in solution.

(@)
NaH 60%, Prl

NaOH, Prl

DMSO, 70°C
(b)

10

Scheme 3: Attempts to synthesize compound 4

Given the obtained result, another already-known alkylation procedure was carried out, involving
NaOH as the base and DMSO as the solvent®. The 'H-NMR spectrum (Figure 11c) of the isolated
product from this reaction disclosed the formation of the propyl ester of the two carboxy groups but
lacking alkylation at the two phenolic OH. This identification was based on the appearance of signals
relative to the propyl group (6 = 4.47 and 2.31 ppm) that were more deshielded with respect those of
the alkyl chains at the lower rim (& = 4.15 and 1.88 ppm), along with the presence of the hydroxyl
group signal at 6 = 8.48 ppm.
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Figure 11:1H NMR spectra (400MHz, 298 K): (a) of product 10 in MeOD, (b) of the mixture of tetrapropoxy derivatives with cone and
partial cone conformations in CDCls, (c) of the dinitro-dipropyl ester derivative in CDCl3

Based on these experimental findings, the decision was made to abandon the objective of fully
alkylating the lower rim of compound 10 and to go ahead with the remaining free OH groups The
functionalization with amino acids at the upper rim of this compound was thus pursued. The presence
of the two hydroxyl groups at the lower rim, in fact, still ensures that the final product adopts a cone
geometry, even if they could constitute a weakness point in case of oxidizing conditions that could

act on them transforming the rings in quinone-like species. Notably, the absence of two propyl chains
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compared to the initially conceived objective might contribute to an increased solubility in aqueous

environments.

2.2.1.2 Functionalization with amino acids
To introduce amino acid units starting from the 1,3-dinitro-2,4-dicarboxylic compound 10, the

synthetic sequence outlined in Scheme 4 was followed. Specifically, the reduction of the nitro groups
was carried out only after the initial functionalization of the two carboxylic groups. This approach
avoided protection and deprotection steps that would have been required if the nitro groups had been
reduced to amines since the outset. The two nitro groups were thus employed as a sort of protective

groups for the two amines.
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Scheme 4: synthetic strategy for the functionalization of calixarene 10 with amino acids
The functionalization of compound 10 with L-GInOCH;3-HCI, using HBTU as a coupling reagent,
was executed (Scheme 4). The purified product 11 was obtained through chromatographic separation
and characterized. Both the 'H-NMR spectrum (Figure 12a) and mass analysis confirmed the
successful outcome of the coupling reaction. Subsequently, it became necessary to reduce the nitro
groups. In this case, a significant upfield shift (6 = 6.45 ppm) of the aromatic proton signals adjacent
to the NH» group ("H-NMR spectrum, Figure 12b) with respect to the resonance value for the same

protons in ortho position to NO2 (8 = 7.84 ppm) served as a indication of the successful reaction.
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Figure 12: 1H-NMR spectra (CD30D, 400MHz, 298 K) of (a) product 11 and (b) product 12.

However, these signals exhibited an unusual pattern instead of the expected singlet or, in alternative,
two doublets with Jue if the two protons convey the effects of the Gln chirality. A possible
explanation for this pattern could be attributed to possible partial protonation of the amino groups.
This hypothesis is supported by the pattern of the methylene bridge (6 = 4.26 and 6=3.40 ppm),
reported in Figure 13, where the lack of the doublet as multiplicity could confirm the loss of symmetry
showed by 11. Our hypothesis was validated thanks to the presence of the molecular ion and adduct
with sodium signals to the ESI-MS, even though other unattributed signals are indeed present as

reported below in the discussions.
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Figure 13: Zoom of 1H-NMR spectrum (CDs;0D, 400MHz, 298 K) of product 12 from 5.00 ppm to 3.00 ppm.

Then, was carried out the reaction between compound 12 and Boc-Arg(Pbf)OH to complete the upper
rim functionalization, introducing the second pair of amino acids. To prevent or at least minimize
potential intramolecular cyclization of Arg, the amino acid was added last to the reaction environment
containing HBTU and a concentrated solution of product 12. This approach limited the cyclization
process by promoting rapid contact between the activated amino acid and the calixarene. Despite
purification efforts, the spectrum of the isolated compound was notably complex (Figure 14),
characterized by unexpected and unexplainable signals not justifiable if considering present only the
desired product 13. In particular, the splitting in two of the Gln methyl ester group signal and the
diversification of the aromatic proton signals made the interpretation difficult and debatable. The
complexity might arise from the presence of multiple species in solution or a specific perturbation in
the macrocycle's symmetry. Intramolecular interactions and/or partial protonation of the amino acid
residues could disrupt the symmetry, leading to the differentiation of the two methyl ester groups. In
an attempt to rule out this possibility, the 'H-NMR spectrum was recorded in DMSO; however, no

improvements were observed in this regard.
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Figure 14: 1H-NMR spectrum (400MHz, CDs0D, 298 K) of the isolated product from the reaction to obtain compound 13. Methyl
ester signals in the inset.

The mass analysis confirmed the presence of product 13 thanks to the molecular ion signal [M]"
(m/z=1928.19, 1.48%) but gave us also the indication of the byproduct with the signal m/z=1462.87.
Initially, the hypothesis was that signal is attributable to the partially functionalized byproduct, but
the m/z found not correspond to any adduct of this possible byproduct (MW=1419.66).
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Figure 15: 1420-1960 m/z region of the mass spectrum of presumed compound 13

As aresult, a review of the preceding synthetic steps and the data collected on the isolated products,
specifically the spectra of the various intermediates obtained, was undertaken to pinpoint the source
of the problem. Attention focused on compound 12 and the reduction reaction due to the presence of
certain signals in the 'H-NMR spectrum that were not attributable to the compound under
examination. Particularly, the doublet at 0.99 ppm, previously not considered with sufficient
attention, caught our attention. Trituration with ethyl ether was carried out to remove possible
impurities; however, the signal persisted in the spectrum recorded after these operations (Figure 16).
The frequency and multiplicity of this signal resembled the doublet of an isopropyl methyl group.
With this observation, the formation of an imine on the amino functionalities due to traces of acetone
in the reaction environment for the reduction of nitro was considered. The formation of the imine and
its subsequent reduction would indeed explain the presence of isopropylamine groups at positions 5

and/or 17, accounting for the appearance and persistence of this doublet.
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Figure 16: 'H-NMR spectrum (400MHz, CD;0D, 298 K) of the presumed compound 12. The signal at 0.99 ppm in the inset.
With this hypothesis in mind, we went back also to the mass spectra that were further examined to
confirm the formation of the unintended product resulting from the reaction between the aniline
function and acetone, followed by imine reduction to an amine. A more aware analysis of the mass
spectrum of the presumed product 12 (Figure 17) supported this hypothesis. Indeed, in addition to the
protonated molecular ion signal of 12 [M+H]" (m/z = 911.49, 48%) and the sodium adduct [M +Na]"
(m/z = 933.38, 13.2%), signals attributable to the mono-isopropylamine derivative and the di-
isopropylamine derivative were present at m/z = 953.53 (100%, [M+H]") and m/z = 995.56 (20%,
[M+H]"), respectively. Corresponding adducts with sodium were observed at m/z = 975.25 (11%,
[M+Na]") and m/z = 1017.09 (7%, [M+Na]"). Similarly, in the mass spectrum of the presumed
compound 13, alongside the desired product signal, finds explanation the signal with m/z=1462.87
that results to be the molecular ion of partially functionalized mono-isopropylamine derivative
(IM+H]", 28.55%). Based on these findings, a reconsideration of the two 'H NMR signals
corresponding to the aromatic protons adjacent to the amino group was undertaken, revealing that
they were indicative of different calixarene species, rather than simply being due to protonation or

chirality as previously hypothesized.
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Figure 17: On the left: 1455-1490 m/z region of the mass spectrum of presumed compound 13; on the right: 890-1025 m/z region of
the mass spectrum of presumed compound 12

Even in the mass spectrum of the product resulting from the removal of Pbf and Boc groups under
acidic conditions with TFA in the presence of TES on a portion of the presumed derivative, signals
corresponding to the unintended mono-isopropylamine-mono arginine derivative (m/z 1110.73
[69.84%, M+H]") were evident, alongside the product 14 signal (m/z 1224.57 [7.80% M+H]", m/z
612.96 [100%, M+H]*").

Having access to another batch of compound 11, the reduction reaction was repeated. Unfortunately,
in this second attempt, both the 'H-NMR and mass spectra (Figure 18) exclusively indicated the
presence of the di-isopropylamino derivative. This outcome was again attributed to residual traces of
acetone in the reaction environment within the Parr hydrogenator, even after repeated washing, prior
to proceeding with the reaction. Consequently, efforts were made to purify product 12, which had
indeed been obtained, through chromatographic separation. Despite various attempts, the intended

goal was not achieved.
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Figure 18: 1H NMR spectrum (400MHz, CDs0D, 298 K) (left) and ESI mass spectrum (right) of the undesired product 5,17-
di(isopropylamino)-11,23-di[(methoxy-L-GIn)carbonyl]-25,27-dihydroxy-26,28-dipropoxycalix[4]arene.

Therefore, a decision was made to synthesize compound 12 anew. However, since acetone seemed
surprisingly impossible to be eliminated, a small amount of water was added to the reaction to prevent

imine formation by shifting the equilibrium toward the amine, as reported in the scheme 5.

3bar H, Pd/C

_ >

EtOH/H,0 95:5,PARR, r.t., 24h
98%

Scheme 5: synthesis of compound 12

The observation of imine formation was probably due to the presence of free OH groups at the
lower rim, which render the reaction environment sufficiently acidic, catalyzing imine formation
with acetone. As such, compound 12 was obtained cleanly, and no longer displayed the signal

splitting observed in the following figure, which compares the two '"H-NMR spectra (Figure 19).
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Figure 19: H NMR spectra (400MHz, CD;0D, 298 K) of (a) pure compound 12 and (b) when contaminated by the isopropylamine
containing analogue.

Subsequently, with the pure 12 an attempt was made to obtain compound 13, using the same
conditions as for the previous couplings. However, a complex mixture of products was obtained,
difficult to purify, and ESI-MS analysis (Figure 20) indicated the presence of the desired product, as
[M]" (m/z =1928.07) but also of one byproduct, as [M+H]" (m/z =1518.67). Notably, the base peak
in the spectrum seemed to correspond to a byproduct resulting from the reaction between the coupling
agent and one of the two amines, as depicted in Figure 20, which in turn can not react. This secondary
reaction is well-documented in the literature®’, but we never observed it in condensation reaction
between aminocalixarenes and amino acids. The formation of the byproduct is probably due to the
limited reactivity of the second amine, perhaps due to steric hindrance from the presence of three
other amino acids with their corresponding protecting groups. Unfortunately, the desired product

resulted not isolable from the reaction mixture.
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Figure 20: mass spectrum of attempt of reaction to obtain 13

Therefore, trying to solve the several met problems, considering the cyclization of arginine when its
carboxylic acid is activated and the observed outcome of the coupling reaction, a new synthetic
approach was planned. With this new strategy, the aim was to modify the order of functionalization
of the calixarene scaffold, coupling arginine as an N-linked and glutamine as a C-linked amino acid.
Reaction between calixarene 6 and L-Arg(Pbf)OMe-HCI produced compound 15 with a 45% yield

(scheme 6). The rather low yield could be due to the limited reactivity of arginine in this context.

Due to time constraints, it was not possible to proceed with and complete the new synthetic route.

PbfHN / \ NHPbf
NH (o) O HN
OH HN/ \_\_?= OQ;‘/_/_/ NH
L-ArgOMe-HCI HN
Et;N, HBTU

DCM dry, rt, 20h
45%

10

Scheme 6: Synthesis of compound 15
2.2.2 Synthesis of the C-linked ligand
The synthesis of this ligand was based on the possible selective protection of amine groups at the

upper rim of the tetraamino-calix[4]arene, as demonstrated by Bohmer and colleagues®’. Compared

39



to what done for the C,N-linked peptidocalixarene, this compound was alkylated at the lower rim
with four chains. To avoid low solubility in water, we decided to alkylate it using the ethoxyethyl

group that determines improved solubility in water as reported in the literature®!.

2.2.2.1 Synthesis of calixarene platform
In Scheme 7, the synthetic steps that were followed to obtain the 5,11,17,23-tetramino-25,26,27,28-

tetracthoxyethoxycalix[4]arene as a platform for constructing compound 24 are depicted.
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NaNO4 _ L
/

TFA, rt, 3d o

81% J’

NaH 60%, “~0"0Ts

DMF dry, 80°C, 7d
63%

EtOH, 80°C, 36h
96%
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Scheme 7: Synthesis of calixarene platform

The initial reaction involved the tetraalkylation of the lower rim. NaH was employed as the base for
deprotonation of the phenolic groups. Ethoxyethyl tosylate, previously synthesized, served as the
alkylating agent. Using ethoxyethyl tosylate as the alkylating agent demonstrated significant
enhancement of the reaction, particularly in terms of speed and conversion, compared to prior
reactions conducted with bromoethoxyethyl. Subsequently, tert-butyl groups were substituted by
ipso-nitration using NaNOs in TFA. '"H NMR and mass analyses confirmed the identity of product
17. Product 18 was obtained by reducing the nitro groups of 17 using hydrazine and Pd/C as the
catalyst. The tetraamine product was reacted with two equivalents of bis-Boc anhydride in the absence
of base. As reported by Bohmer and Vogt*’, under these conditions such reaction favored pronounced
protection of two out of the four amino groups at the upper rim of the calixarene derivative in vicinal
position. If reproducible in our hands, this selectivity would enable a two steps functionalization with

two different types of amino acids, crucial for obtaining our target peptidocalixarene. This selection
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of vicinal amines was explained by the authors with the possible interaction between the Boc-
anhydride and the Boc-protecting group after the first protection. Actually, the "H NMR spectrum of
the compound obtained from this reaction confirmed the expected favorable outcome. The appearance
of three doublets for both the axial and equatorial methylene protons and the splitting of signals
corresponding to the ethoxyethyl chains (Figure 21) highlighted the breaking of C4, symmetry in the

macrocycle induced by the presence of two Boc groups at positions 1,2.
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Figure 21:1H NMR Spectrum (400MHz, CDCl3, 298 K) of product 19 in the range 4.5-2.8 ppm.

2.2.2.2 Functionalization with amino acids
Scheme 5 outlines the synthetic steps exploited for functionalizing macrocycle 19. As amino acids

we selected Glu and Lys, on the basis of the modelling studies previously reported and mentioned at
the beginning of the results and discussion section. Specifically, the initial functionalization reaction
was performed with Fmoc-Glu(OAIl)OH, properly protected in view of the subsequent removal of
the Boc group from the calixarene upper rim. The product was obtained and purified through
chromatographic separation. NMR and mass analyses confirmed the identity of product 20,

completing its characterization.
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Scheme 8: functionalization of calixarene 19 with amino acids

The Boc groups protecting the amino groups of product 20 were removed using a standard TFA
procedure in the presence of TES?’. Product 21 was characterized and subsequently functionalized
with the second type of amino acid, the Fmoc-Lys(Fmoc)OH. Product 22 was purified through
chromatographic separation and characterized (Figure 23a). Considering the complexity of the 'H
NMR spectrum, the ESI-MS spectrum (Figure 22) become essential to verify the successful outcome
of the reaction. The product was confirmed thanks to the presence of multicharged signals (m/z

1351.68 [M+2H]*", m/z 1362.75 [M+H+Na]*, m/z 1373.50 [M+2Na]*").
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Figure 22: 1320-1430 m/z region of the mass spectrum of compound 22

The final removal of the Fmoc and allyl protecting groups required two distinct steps. To simplify
purification, the deprotection of the allylic groups was carried out first. A literature-known procedure
involving Ph3SiH as a hydride donor and Pd(Phs)s for total allyl group removal was adopted®2. The
product was obtained through chromatographic purification. Confirmation of successful deprotection
was the disappearance of signals related to the allylic group (Figure 23b). After obtaining product 23,
the final cleavage of the Fmoc group was performed. The deprotection reaction necessitated basic
conditions, specifically obtained with piperidine. Successful removal of the protecting group was
indicated by low-field signals in the '"H NMR spectrum, corresponding to dibenzofulvene in solution
(narrow signals alongside the broad signals of calixarene). The remaining piperidine was removed
through repeated washes and centrifugations in isopropanol, which facilitated the separation of 24

without significant loss.
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Figure 23: 1H NMR Spectra (400MHz,298 K ) of (a) product 22 in DMSO-ds, (b) product 23 in CDsOD/CDCl; 3.5/1.5, (c) product 24 in
CDs0OD.

The absence of allyl group (6=5.75 ppm) confirms the successful outcome of the ally removal (Figure
22b) and the reduction of integral for aromatic signal indicates the Fmoc groups removal (Figure
22c). With these considerations, pure ligand 24 was successfully obtained as also confirmed by ESI-
MS spectrum with the presence of molecular ion signal (m/z 1287.475 [M]") and the multicharged
signal (m/z 644.368 [M+H]*") as reported in Figure 24.
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Figure 24: 550-1287 m/z region of the mass spectrum of compound 24

2.3 Inhibition test

Professor Gaetano Donofrio from the Department of Medical Veterinary Sciences at the University
of Parma conducted experiments involving the synthesized compound 24. To study the behavior of
SARS-CoV-2 without the risks associated with direct handling of the infectious virus, he devised a
pseudovirus system. This system allowed him to investigate the coronavirus's behavior by
engineering a lentivirus that displayed the SARS-CoV-2 Spike protein on its surface. Additionally,
he modified the pseudovirus to include genetic material encoding the green fluorescent protein

(GFP)®.

Furthermore, Professor Donofrio established a cultured cell line derived from modified HEK293T
cells. He engineered these cells to express the ACE2 receptor on their surface by electroporating them
with a suitable plasmid containing the receptor's genetic code. Having both the pseudovirus and the
ACE2-expressing cell line prepared, he proceeded to examine the effectiveness of the

peptidocalixarene ligand.
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In an initial step, a population of the modified cells was exposed to the pseudovirus. Normally, the
pseudovirus would infect these cells, causing them to produce GFP, which could be quantified
through fluorimetry to gauge cell transduction. Professor Donofrio had previously demonstrated that
pre-incubating the pseudovirus with sera from SARS-CoV-2 infected patients and then using it to
infect the same cell line resulted in no observable fluorescence. This indicated that antibodies in the

serum hindered the Spike protein-ACE2 receptor interaction, preventing cell infection®>.

Subsequently, he replicated the experiment by using instead of the human sera a water-based solution
containing our ligand at a concentration of 200 uM. Regrettably, despite testing compound 24, the
cells still emitted green light. Consequently, it was concluded that our compounds were ineffective
in obstructing the interaction between the Spike protein and the ACE2 receptor. As a result, they were

unable to inhibit the pseudovirus, which proceeded to infect the cells.

3. Conclusions
Throughout our project duration, we successfully produced a novel peptidocalix[4]arene 24. With

respect to our initial plans, this represents a rather limited result. In fact, if the synthesis of the two
calixarene-based platforms properly equipped for the amino acid conjugation was much more
straightforward and effective we could generate even a small battery of potential ligands simply
varying the pairs of amino acids to link. This would have given also much more relevance and
significance to the biological studies and their results to understand the potential of this approach and
design for the inhibition of the S-protein/ACE2 interaction. However, the various challenges
encountered during the synthesis process notably enhanced our proficiency in the synthesis and

modification of calixarenes.

Although our compound did not demonstrate inhibitory activity against a pseudovirus presenting the
SARS-CoV-2 Spike protein, it remains worthwhile to consider conducting inhibition tests using the
authentic SARS-CoV-2 virus. This step could provide valuable insights into the potential efficacy of

our compounds against the genuine virus, thereby contributing to the advancement of our research.

4. Experimental Part

General information

Commercially available reagents and solvents were used without carrying out any prior purification
or treatment except as indicated. All moisture- and air-sensitive reactions were conducted under
nitrogen atmosphere. Dry solvents were prepared according to standard procedures and stored in the
presence of molecular sieves. Monitoring of synthetic processes was performed by direct-phase thin-

layer chromatography (TLC) using 60 F254 silica gel plates. For the detection of reagents and
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products with amine groups, the TLCs were sprayed with a 5% solution of ninhydrin in ethanol; for
those with phenolic groups, a solution of FeCl; in water was used; for those with aldehydic groups, a
solution of acidic 2,4-dinitrophenylhydrazine in ethanol was used; and for easily oxidized
compounds, a 0.05% solution of KMnOy in water was used. Flash chromatography columns on silica
gel 60 (230-400 mesh), under nitrogen pressure, and commercial preparative TLC 20%20 cm, silica

gel Fass, 0.5 mm were used for products purification.

Products characterization was performed by 'H and '*C NMR spectroscopy and mass spectrometry
using ESI technique. NMR spectra were recorded with Bruker AVANCE 400 spectrometer ('H at
400 MHz, *C at 100 MHz); chemical shift values are reported in ppm using the resonance frequency
of the partially deuterated solvent as a reference. Mass spectra were recorded with a single quadrupole
SQ detector spectrometer, Waters. Melting points were determined with Gallenkamp apparatus in

closed capillaries.

25,27-dihydroxy-26,28-dipropoxycalix[4]arene (5)

In a two-necked flask, under a nitrogen flow, tetrahydroxycalix[4]arene (3.0 g, 7.05 mmol) was
dissolved in 100 mL of dry ACN is added. Then, K>CO3 (3.9 g, 28.3 mmol) was added, and the
mixture was stirred for 30 minutes. Next, 1-iodopropane (2.75 mL, 28.23 mmol) was added. The
reaction was kept stirring under reflux while periodically monitoring the progress using TLC (eluent:
hexane/EtOAc 6:4). After approximately 24 hours, the reaction was quenched by adding 1M HCI (50
mL). A yellow precipitate was formed, which is filtered using a Biichner funnel and washed with
water, then dried under vacuum. The solid was further purified through precipitation in DCM/Hex,

resulting in a white solid.
Yield= 65% (2.27g)

'"H NMR (400 MHz, CDCl3) & (ppm): 8.34 (s, 2H, -OH), 7.07 (d, J = 7.5 Hz, 4H, ArH meta), 6.95
(d, J=7.6 Hz, 4H, ArH meta), 6.77 (t, ] = 7.5 Hz, 2H, ArH para), 6.66 (t, ] = 7.5 Hz, 2H, ArH para),
4.35 (d, J = 12.9 Hz, 4H, axial ArCH,Ar), 4.00 (t, ] = 6.3 Hz, 4H, OCH>CH>CH3), 3.40 (d, J = 13.0
Hz, 4H, equatorial ArCH,Ar), 2.10 (h, J = 7.4 Hz, 4H, OCH.CH:>CH3), 1.34 (t, ] = 7.4 Hz, 6H,
OCH>CH2CH:).

The spectroscopic data found are in agreement with those reported in literature®*,

25,27-di(p-nitrobenzensulfonyloxy)-26,28-dipropoxycalix[4]arene (6)

In a two-necked flask, under a nitrogen flow, compound 1 (1.86 g, 3.66 mmol) was dissolved in 70

mL of dry DMF. Next, 60% NaH (0.60 g, 14.99 mmol) was added, and the mixture was kept stirring
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for 30 minutes at 0°C. P-nitrobenzenesulfonyl chloride (3.25 g, 14.63 mmol) was then added, and the
solution was kept stirring at room temperature. The reaction is monitored by TLC (eluent: Hex/EtOAc
7:3, visualized with FeCls). After 20 hours, the reaction is complete, and was quenched by adding
100 mL of 1M HCI. A yellow precipitate was filtered and then reprecipitated in DCM/MeOH

obtaining the product as yellow solid.
Yield= 90% (2.902 g)

"H NMR (400 MHz, CDCls) § (ppm): 8.42 (d, J = 8.8 Hz, 4H, NosArH), 8.06 (d, ] = 8.8 Hz, 4H
NosArH), 7.07 (d, ] = 7.4 Hz, 4H, ArH meta), 6.93 (t, J = 7.5 Hz, 2H, ArH para), 6.43 (t, J = 7.6 Hz,
2H, ArH para), 6.21 (d, J = 7.7 Hz, 4H, ArH meta), 4.01 (d, J = 13.8 Hz, 4H, axial ArCH,Ar), 3.85 —
3.81 (m, 4H, OCH>CH:CH3), 2.86 (d, J = 13.9 Hz, 4H, equatorial ArCH>Ar), 1.88 (h, J =7.6 Hz, 4H,
OCH2CH>CH3), 0.89 (t, ] = 7.4 Hz, 6H, O OCH,CH,CH3).

The spectroscopic data found are in agreement with those reported in literature®*.

5,17-dinitro-25,27-di(p-nitrobenzensulfonyloxy)-26,28-dipropoxycalix[4]arene
(7

In a two-necked flask, calixarene 2 (2.612 g, 2.97 mmol) was dissolved in 200 mL of dry DCM.
Glacial CH3COOH (35.7 mL, 624.036 mmol) was added, and 100 % HNO3 (10.6 mL, 252.586 mmol)
was very slowly dripped in. The reaction was kept stirring at room temperature while monitoring its
progress using TLC (eluent: Hex/EtOAc 7:3). After 50 hours, the reaction was completed and
quenched with 350 mL of water. The aqueous phase was extracted with DCM (3x100 mL). The
organic phases were collected, washed with water, and a saturated solution of NaHCOs3. The organic
phase was dried with NaxSO4 and then evaporated under reduced pressure. The product was purified

through recrystallization in hot MeOH, yielding an orange solid.
Yield= 82% (2.132g)

"H NMR (400 MHz, DMSO-ds) & (ppm): 8.52 (d, J = 8.8 Hz, 4H, NosArH), 8.25 (s, 4H, ArHH-NO»
orto), 8.14 (d, J = 8.9 Hz, 4H, NosArH), 6.57 (t, J = 7.6 Hz, 2H, ArH para), 6.35 (d, J = 7.7 Hz, 4H,
ArH meta), 3.92 (d, J = 13.8 Hz, 4H, axial ArCH>Ar), 3.83 (t, J=7.4Hz, 4H, OCH>CH>CH3), 3.29 (d,
J =14.0 Hz, 4H, equatorial ArCH2Ar), 1.73 (h, J = 7.5 Hz, 4H, OCH,CH:CH3), 0.76 (t, J = 7.4 Hz,
6H, OCH.CH2CH3).

The spectroscopic data found are in agreement with those reported in literature?®,
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Synthesis of 5,17-dinitro-25,27-dihydroxy-26,28-dipropoxycalix[4]arene (8)

In a flask, compound 3 (1.61 g, 1.66 mmol) was dissolved in 400 mL of a DCM/EtOH 1:1 mixture,
and powdered KOH (4.7 g, 83.08 mmol) was added with 1.5 mL of H>O. The reaction was kept
stirring at room temperature, monitoring the progress with TLC (eluent: Hex/AcOEt 7:3, revealed
with FeCls). After 24 hours, the reaction was finished and quenched with 80 mL of 1M HCIL. The
organic phase was extracted with DCM (3x100 mL), washed with water and brine, dried with Na>SOs,
and then dried under reduced pressure. Purification was performed through recrystallization in hot

CH30H, resulting in a dark orange solid.
Yield =75% (0.75 g)

"H NMR (400 MHz, CDCl;3) & (ppm): 7.96 (s, 2H, -OH), 7.87 (s, 4H, ArH-NO; ortho), 7.17 (d, J =
7.5 Hz, 4H, ArH meta), 6.77 (t,J = 7.5 Hz, 2H, ArH para), 4.38 (d, J = 13.1 Hz, 4H, axial ArCHAr),
4.06 (t, J = 6.2 Hz, 4H, OCH>CH>CH3), 3.52 (d, J = 13.1 Hz, 4H, equatorial ArCH>Ar), 2.14 (h, J =
6.9 Hz, 4H, OCH>CH>CH3), 1.36 (t, J = 7.4 Hz, 6H, OCH.CH>CH3).

The spectroscopic data found are in agreement with those reported in literature®.

Synthesis of 5,17-dinitro-11,23-carbaldehyde-25,27-dihydroxy-26,28-dipropoxy-
calix[4]arene (9)

In a two-necked flask, under a nitrogen flow, compound 4 (0.63 g, 1.05 mmol) was dissolved in 250
mL of dry DCM. The solution was cooled to -10°C for 10 minutes, and then CI,CHOCH3 (0.26 mL,
2.84 mmol) and SnCls (1.25 mL, 10.52 mmol) were added. The mixture was kept stirring at room
temperature. The reaction progress was monitored by TLC (eluent: Hex/EtOAc 7:3, detected with
2,4-dinitrophenylhydrazine). After 20 hours, the reaction was quenched by adding 100 mL of HCL
The aqueous phase was extracted with DCM (3x100 mL), and the organic phase was washed with
water, dried with Na>;SOys, and then evaporated under reduced pressure. The product was purified by

reprecipitation in DCM/ MeOH, resulting in a white solid.
Yield =92% (0.63 g)

"H NMR (400 MHz, CDCls) & (ppm): 9.90 (s, 2H, -CHO), 8.70 (s, 2H, -OH), 7.88 (s, 4H, ArH-NO»
ortho), 7.77 (s, 4H, ArH-CHO ortho), 4.37 (d, J = 13.9 Hz, 4H, axial ArCH>Ar), 4.10 (t, ] = 7.4 Hz,
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4H, OCH>CH>CH3), 3.65 (d, J = 14.0 Hz, 4H, equatorial ArCH>Ar), 2.18 — 2.10 (m, 4H,
OCH2CH:CH3), 1.36 (t, ] = 7.4 Hz, 6H, OCH,CH2CH}3).

BCNMR (101 MHz, CD3CI3) & (ppm): 190.4 (-CHO), 158.9 (4r-O ipso), 156.9 (4r-OH ipso), 145.1
(Ar-NO> 1ipso), 134.0 (4r-CHO 1ipso), 131.3 (4r-CHO ortho), 124.9 (Ar-NO ortho), 79.4
(OCH,CH2CH3), 31.4 (ArCH2Ar), 23.4 (OCH2CH2CH3), 10.8 (OCH2CH2CH3).

ESI-MS: m/z calc 654.67 found: 677.3 [M + NaJ*, 693.37 [M + K]*, 1309.49 [2M + HJ", 1331.4
[2M + Na]*, 1347.48 [M + K]+.

p.f. >300 °C (decomposition).

Synthesis of 5,17-dinitro-11,23-dicarboxylic acid-25,27-dihydroxy-26,28-
dipropoxycalix[4]arene (10)

In a flask, compound 5 (0.253 g, 0.386 mmol) was dissolved in 50 mL of a CHCl3/(CH3).CO mixture.
Subsequently, H3NSO3 (0.17 g, 1.55 mmol) and NaClO, (0.123 g, 1.35 mmol) previously dissolved
in the minimum amount of H>O were added. The reaction was kept stirring at room temperature. The
progress of the reaction was monitored using TLC (eluent: hexane/AcOEt 3:7). After 20 hours, the
reaction was quenched by evaporation under reduced pressure. It was washed with 1M HCI and
extracted with DCM. Purification was performed through recrystallization in MeOH, resulting in a

pale yellow solid.
Yield= 73% (0.218g)

'H NMR (400 MHz, CDsOD)  (ppm): 7.95 (s, 4H, ArH/-COOH ortho), 7.85 (s, 4H, ArH-NO; ortho),
4.36 (d, J = 13.3 Hz, 4H, Hax di ArCHRAY), 4.11 (t,J = 6.1 Hz, 4H, OCH,CH,CHz), 3.70 (d, J = 13.3
Hz, 4H, Heq di ArCH,AY), 2.11- (h, J = 7.5 Hz ,4H, OCH,CH,CHz), 1.37 (t, ] = 7.4 Hz, 6H,
OCH.CH,CH3).

3C NMR (101 MHz, CD30D) § (ppm): 156.9 (47-OH ipso), 144.7 (Ar-NO; ipso) 134.9 (4r-COOH
ipso), 130.9 (Ar-COOH ortho), 126.52 (4r-CH>), 124.1 (4r-NO> ortho), 78.5 (OCH>CH>CH3), 30.6
(ArCH>Ar), 23.0 (OCH2CH2CH3), 9.7 (OCH2CH2CH3).

ESI-MS: m/z calc 686.21 found: 709.183 [M + Na]", 725.154 [M + K]*, 1395.334 [2M]".

m.p. > 250 °C (decomposition).
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Synthesis of 5,17-dinitro-11,23-di[(methoxy-L-glutamine)carbonyl]-25,27-
dihydroxy-26,28-dipropoxycalix[4]arene (11)

In a two-necked flask under nitrogen flow, compound 6 (0.134 g, 0.19 mmol) was dissolved in 25
mL of dry DCM. To the flask, Et3N (0.2 mL, 1.34 mmol), L-GInOMe (0.12 g, 0.57 mmol), and HBTU
(0.29 g, 0.768 mmol) were added. The reaction is kept stirring at room temperature, and the progress
was monitored using TLC (eluent: DCM/MeOH 9.8:0.2). After 20 hours, the reaction was finished
and was quenched with 20 mL of H>O. The organic phase was washed with 0.1 M HCI (2x10 mL)

and then with water, followed by evaporation under reduced pressure. The product was isolated

through column chromatography (DCM/ MeOH 96:4). A yellow solid was obtained.
Yield =70% (0.13 g)

'H NMR (400 MHz, CDsOD) & (ppm): 7.90 (s, 4H, ArH-CONH ortho), 7.84 (s, 4H, ArH-NO, ortho),
4.62-4.59 (m, 4H, 2H, -CH-), 4.41-4.36 (2d, J = 13.44 4H, axial ArCH,Ar), 4.13 (t, J = 6.1 Hz, 4H,
OCH,CH,CH3), 3.77 (s, 6H -OCH3), 3.71 (d, J = 13.3 Hz, 4H, equatorial ArCEH>Ar), 2.43 (t,
J=7.08Hz, 4H, -CH>CH,CH-), 2.33- 2.14 (m, 4H, -CH>CHNH-), 2.13-2.07 (m, 4H, OCH,CHCHs),
1.35 (t, J = 7.4 Hz, 6H, OCH,CH,CH;).

13C NMR (101 MHz, CD;0D) & (ppm): 128.6 (47-NO, ortho), 124.2 (4r-CONH- ortho), 78.8 (-
OCH,CH,CH3), 52.8 (-CH-), 51.4 (-OCHs), 31.3 (-CH.CH,CH-), 30.6 (ArCHAr), 26.5(-
CH,CH,CH-), 23.1 (OCH,CH,CHs), 9.9 (OCH,CH,CHs).

ESI-MS: m/z calc 970.36 found: 993.206 [M + Na]".

m.p. > 250 °C (decomposition).

Synthesis of 5,11-diamino-11,23-di[(methoxy-L-glutamine)carbonyl]-25,27-
dihydroxy-26,28-dipropoxycalix[4]arene (12)

In a PARR glass reactor, compound 7 (0.13 g, 0.134 mmol) was dissolved in 5 mL of ethanol and 0.5
of water, and a catalytic amount of Pd/C (10%) was added. The reaction was kept to stir under a
hydrogen pressure of 3 bar. The progress of the reaction was monitored using TLC (eluent:

DCM/MeOH 9:1, revealed with ninhydrin). After 24 hours, the reaction was finished, and the catalyst

was removed by double filtration. Upon drying, a dirty white solid was obtained.
Yield=98% (0.12 g)
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'H NMR (400 MHz, CD:0D) & (ppm): 7.67 (s, 4H, ArH-CONH ortho), 6.45 (s, 4H, ArH-NH, ortho),
4.61-4.57 (m, 2H, -CH-) 4.29-4.23 (dd, J = 12.8 Hz , 4H, axial ArCH,Ar), 3.97 (t, J = 6.1 Hz, 4H,
OCH>CH,CH3), 3.43 (d, J = 13 Hz, 4H, equatorial ArCH,AT), 2.45-2.40 (m, 4H, -CH,CH,CH), 2.33-
2.13 (m, 4H, -CH;CH-), 2.17- 2.09 (m, 4H, OCH.CH,CH3), 1.37 (t, ] = 7.4 Hz, 6H, OCH,CH,CH).

13C NMR (101 MHz, CDs0D) § (ppm): 115.2 (4r-NH, ortho), 123.4 (4r-CONH- ortho), 78.1 (-
OCH,CH,CHs), 52.8 (CH), 51.4 (-OCHs), 31.4 (-CH,CH,CH-), 30.9 (ArCHAr), 26.5 (-
CH,CH,CH), 20.9 (OCH>CH2CH3), 10.16 (OCH,CH>CH).

ESI-MS: m/z calc 910.41 found: 911.5 [M + H]933.5 [M+Na+H]", 949.3 [M+K+H]".

m.p. > 250 °C (decomposition).

Synthesis of 5,11-dinitro-11,23-di[(methoxy-L-Arg(Pbf))carbonyl]-25,27-
dihydroxy-26,28-dipropoxycalix[4]arene (15)

In a two-necked flask under nitrogen flow, compound 7 (0.150 g, 0.22 mmol) was dissolved in 5 mL
of dry DCM. To the flask, EtsN (0.15 mL, 0.77 mmol), L-Arg(Pbf)OMe-HCI (0.22 g, 0.46 mmol),
and HBTU (0.16 g, 0.43 mmol) were added. The reaction was kept stirring at room temperature, and
the progress was monitored using TLC (eluent: DCM/ MeOH 9:1). After 20 hours, the reaction was
complete and quenched with 20 mL of H,O. The aqueous phase was extracted with DCM (3x5 mL),
the organic phases were combined, washed with HCl 1M (1x 20 ml), dried with Na;SOy4, and then the
solvent was removed under reduced pressure. The crude was purified through column

chromatography (DCM/MeOH 96:4) obtaining the product as white solid.
Yield: 45% (0.15 g)

'"H NMR (400 MHz, CD3;0D) § (ppm): 7.90 (s, 4H, ArH-CONH ortho), 7.84 (s, 4H, ArH-NO ortho),
4.61 (dd, J=9.3, 5.2 Hz, 2H, CH), 4.40 (dd, J = 13.3, 3.8 Hz, 4H, axial ArCH>Ar ), 4.15 (t, J= 6.0
Hz, 4H, OCH:>CH>CH3), 3.78 — 3.69 (m, 9H, OCHs3, equatorial ArCH>Ar), 3.30 — 3.19 (m, 4H,
CHhguanidine), 2.96 (s, 4H, ArCH>C(CHz3)20), 2.83 (s, 6H, ArCH3), 2.58 (s, 6H, ArCH3), 2.51 (s,
6H, ArCHj3), 2.13 (quint, J = 6.9 Hz, 3H, OCH,CH>CH3), 2.00 — 1.60 (m, 6H, CH(CH:)>CH>), 1.42
—1.34 (m, 18H, C(CH3)20, OCH2CH2CH3).

13C NMR (101 MHz, CDsOD) §(ppm): 172.9 (COOMe), 168.5 (CONH), 158.5 (4rOCHa), 157.1
(ArOC(CHs),), 156.8 (C guanidine), 156.5 (4rOH), 144.8 (4/NO,), 137.9 (4rSO,), 134.8
(ArCONH), 133.0 (ArCHadr), 132.1(ArCHaA4r), 128.8 (4r ortho CONH), 126.8 (4rCHs), 124.9
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(ArCHs), 124.6 (4rCHs), 124.3 (Ar ortho NOy), 117.0 (C(CHs),), 78.8 (OCH,CH.CHs), 52.8 (CH),
51.4 (OMe), 42.5 (ArCH,C(CHs);0), 40.1 (CHaguanidine), 37.5 (ArCHs) 30.7 (ArCH,Ar), 28.3
(CH(CH2):CHz), 27.2 (C(CH3)0), 25.9 (CH(CH2),CH>), 23.1 (OCH>CH>CHs), 18.1 (ArCH3), 16.9
(ArCHs), 9.8 (OCH,CH,CHs)

ESI-MS: calc: 1531.76 found: 1531.75 [M]"

m.p >200 (decomposition)

Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetra-(2-
ethoxyethoxy)calix[4]arene (16)

In a two-necked flask under nitrogen flow, tetra-tert-butyl-tetracthoxycalix[4]arene (5 g, 7.7 mmol)
was dissolved in 100 mL of dry DCM. NaH 60% (1.11 g, 46.2 mmol) was added, and the solution is
heated to 80°C for 20 minutes. Then, the solution was allowed to cool, and 2-ethoxyethyl-4-
methylbenzenesulfonate (15 g, 61.6 mmol) was added slowly. The reaction was carried out under
stirring and reflux at 80°C, monitoring the progress with TLC (eluent: hexane/AcOEt 7:3, detected
with FeCls). After 7 days, the reaction was quenched with HCl. The precipitate was filtered and
purified by reprecipitation in DCM/MeOH. A white solid was obtained.

Yield=63% (4.54 g).

'H NMR (400 MHz, CDCls) & (ppm): 6.77 (s, 8H, ArH), 4.4 (d, 4H, J = 12.9Hz, axial ArCHaAT ),
4.10 (t, 8H, J = 6.3Hz, -OCH>CH,0-), 3.93 (t, 8H, J = 6.3Hz, -OCH-CH:0-), 3.59 (q, 8H, J = 6.3Hz,
_OCH:CHj), 3.11 (d, 4H, J = 12.7Hz, equatorial AtCH:Ar), 1.23 (t, 12H, J = 7.1Hz, -OCH:CHj),
1.07 (s, 36H, -C(CH3)3).

The spectroscopic data found are in agreement with those reported in literature?>.

Synthesis of 5,11,17,23-tetranitro-25,26,27,28-tetra-(2-
ethoxyethoxy)calix[4]arene (17)

In a 100 mL flask, product 11 (1 g, 1.07 mmol), NaNO; (3.63 g, 42.67 mmol), and TFA (6 mL)
wereadded. The reaction was carried out under stirring, and the progress was monitored using TLC
(eluent: hexane/AcOEt 6:4). The reaction was quenched by adding H20, and the precipitate was
filtered and extracted with DCM (3x20 mL). Purification was performed through recrystallization in

MeOH. A yellow solid was obtained.
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Yield= 81% (1.53 g).

'H NMR (400 MHz, CDCls) § (ppm): 7.59 (s, 8H, ArH), 4.68 (d, 4H, J = 12.8Hz, axial ArCHbAr ),
4.23 (t, 8H, ] = 6.1Hz, -OCH,CH,0-), 3.77 (t, 8H, ] = 6.1Hz, -OCH.CH0-), 3.49 (q, 8H, J = 6.1Hz,
-OCH,CHs), 3.37 (d, 4H, ] = 12.6Hz, equatorial ArCH,Ar), 1.16 (t, 12H, J = 7.0Hz, -OCH,CH;).

The spectroscopic data found are in agreement with those reported in literature?!.

Synthesis of 5,11,17,23-tetraamino-25,26,27,28-tetra-(2-
ethoxyethoxy)calix[4]arene (18)

In a two-necked flask under nitrogen flow, was dissolved product 12 (1.4 g, 1.34 mmol) in 50 mL of
ethanol, and hydrazine (1.31 mL, 27 mmol) and a Pd/C (catalytic amount) were added. The reaction
was kept stirring under reflux. The progress of the reaction was monitored using TLC (eluent: DCM/
MeOH 8:2, detected with ninhydrin). The reaction was complete after 36 hours, then was filtered and

the solvent was evaporated under reduced pressure. A yellow solid was obtained.
Yield =96% (1.15 g).

'"H NMR (400 MHz, CD3;0D) o (ppm): 6.07(s, 8H, ArH-NH>), 4.33 (d, 4H, J = 13.3 axial ArCHAr), 3.98
(t, 8H, J =5.9, -OCH-CH,0-), 3.79 (t, 8H, J = 5.9, -OCH,CH,0-), 3.53 (q, 8H, J = 6.5, -OCH-CH3), 2.91 (d,
4H, equatorial ArCH,Ar), 1.19 (t, 12H, J = 7.1, -OCH,CH3).

The spectroscopic data found are in agreement with those reported in literature?'.

Synthesis of 5,11-di(Boc-amino)-17,23-tetramino-25,26,27,28-tetra-(2-
ethoxyethoxy)calix[4]arene (19)

In a two-necked flask under nitrogen flow, was dissolved the product 13 (1.1 g, 1.42 mmol) in 10 mL
of dry DCM. Subsequently, was added dropwise di-tert-butyl decarbonate (0.62 g, 2.84 mmol),
previously dissolved in 3 mL of dry DCM. The reaction was kept to stir, monitoring the progress with
TLC (eluent: DCM/MeOH 95:5). After 50 hours, the reaction is complete. The solvent is removed
under reduced pressure. The product was purified by column chromatography (AcOEt/hexane = 7/3).

A yellow resin was obtained.

Yield: 58% (0.803 g).
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"H NMR (400 MHz, CDCls) § (ppm): 6.95 (s, 2H, -NHCO-), 6.64 (s, 2H, ArH- NHCO ortho), 6.42
(s, 2H, ArH- NHCO ortho), 6.03 (s, 4H, ArH-NH; ortho), 4.43-4.31 (m, 4H, axial ArCH»Ar), 4.04-
3.91 (m, 8H, -OCH:CH>0-), 3.78-3.74 (m, 8H, -OCH,CH>0O-), 3.57-3.51 (m, 8H, -OCH>CH3), 3.09-
2.88 (m, 4H, equatorial ArCH>Ar), 1.48 (s, 18H, -C(CH3)3), 1.20-1.16 (m, 12H, -OCH>CH3).

13C NMR (101 MHz, CDCL) & (ppm): 122.1 (47H-NHCO), 115.16 (47H-NH,), 73.1, 73.0 (-
OCH>CH;0-), 69.6 (-OCH2CH0-), 66.4 (-OCH:CH3), 30.9 (ArCH>Ar), 28.4 (-C(CHj)3), 15.3 (-
OCH,CHj).

p.f. > 250 °C (decomposizione).

ESI-MS: m/z calc: 972.55, found: 773.40 [M+H-2Boc]", 873.50 [M+H-Boc]*

Synthesis of 5,11-di(Boc-ammino)-17,23-di[(N-Fmoc-glutamic acid (OAll))-
ammino]- 25,26,27,28-tetra-(2-Etossietossi)calix[4]arene (20)

In a two-necked flask, under a nitrogen flow, compound 14 (0.361 g, 0.37 mmol) was dissolved in
50 mL of dry DCM. To the flask, EtsN (0.1 mL, 0.74 mmol), Fmoc-Glu(OAII)OH (0.56 g, 1.11
mmol), and HBTU (0.562 g, 1.48 mmol) were added. The reaction was kept to stir at room
temperature and was monitored using TLC (eluent: DCM/AcOEt/Hex 5:5:1). After 24 hours, the
reaction was complete and quenched with 20 mL of water. The aqueous phase was extracted with
DCM (3x5 mL), and the organic phases were combined and washed with water. The mixture was
then dried over Na>SOj4 and subjected to reduced pressure to remove the solvent. The product was
isolated through chromatographic separation (DCM/AcOEt/Hex 5:5:2), yielding a dark yellow
solid.

Yield: 70% (0.45g)

'"H NMR (400 MHz, CD;0D) & (ppm): 7.80-7.17 (m, 16H, Fmoc), 7.07-6.69 (m, 8H, ArH), 5.96-
5.81 (m, 2H, CH,=CHCH>-) 5.30-5.13 (m, 4H, CH,=CHCH>-), 4.60-4.48 (m, 8H, CH,=CHCH>O-,
axial ArCH,Ar ), 4.37-4.31 (m, 4H, -CH>-(Fmoc)), 4.22-4.05 (m, 12H, -OCH>CH,0-, -CH- (Fmoc),
-CH-)), 3.92-3.87 (m, 8H, -OCH>CH-OEY), 3.61-3.56 (m, 8H, -OCH,CH3), 3.16- 3.07 (m, 4H,
equatorial ArCH,Ar), 2.46-2.33 (m, 4H, -CH>CH,CH-), 2.16-1.86 (m, 4H, -CH.CH>CH-), 1.39-1.36
(m, 18H, -CH3), 1.24-1.20 (m, 12H, -OCH2CHj3)

13C NMR (101 MHz, CD;0OD) & (ppm): 132.1 (CH,=CHCH,-),127.4 (Fmoc), 126.6 (Fmoc),
124.7(Fmoc), 120.9 (-ArH), 119.5 (-47H), 116.9 (CH,=CHCH,-), 73.1 (-OCH,CH,OELY), 69.6 (-
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OCH,CH,0EY), 66.5 (-CHa-(Fmoc)), 65.9 (-OCH,CH;), 64.9 (CH,=CHCH,0-), 54.9 (-CH-),47.0 (-
CH-(Fmoc)),30.6 (ArCH»Ar), 29.9 (-CH,CH,CH-), 27.4 (CHs), 26.9 (-CH,CH,CH-) 142 (-
OCH,CH).

ESI-MS: m/z calc: 1754.83 found: 1656 [M-Boc+2H]", 1773.6 [M+Na]".

m.p. > 200 °C (decomposition).

Synthesis of 5,11-diamino-17,23-bis[(N-Fmoc-glutamic acid(OAll))-amino]-
25,26,27,28-tetra-(2-ethoxyethoxy)calix[4]arene (21)

In a flask, compound 15 (0.378g, 0.215 mmol) was dissolved in 1 mL of DCM, then TFA (1 mL) and
TES (0.1 mL, 0.43 mmol) were added. The reaction was kept stirring at room temperature and
monitored using TLC (AcOEt/DCM 1:1, visualized with ninhydrin). The reaction was complete after
24 hours, and it was terminated by drying under reduced pressure obtaining the product as a dark

yellow solid.
Yield: 85% (0.33g)

'H NMR (400 MHz, CDsOD) & (ppm): 7.80-7.23 (m, 16H, Fmoc), 7.06-6.67 (m, 8H, ArH), 5.96-
5.84 (m, 2H, CH,=CHCH,-) 5.30-5.16 (m, 4H, CH,=CHCH,-), 4.60-4.48 (m, 8H, CH,=CHCH.0,
axial ArCH2Ar ), 4.40-4.26 (m, 4H, -CH,-(Fmoc)), 4.21-4.07 (m, 12H, -OCH,CH,0-, -CH- (Fmoc),
-CH-)), 3.86 (t, J=6.5 Hz, 8H, -OCH,CHOE), 3.59-3.53 (m, 8H, -OCH,CH;), 3.13- 2.98 (m, 4H,
equatorial ArCH,Ar), 2.48-2.40 (m, 4H, -CH,CH,CH-), 2.15-1.88 (m, 4H, -CH,CH,CH-), 1.22 (t, J=
8Hz, 12H, -OCH,CH).

3C NMR (101 MHz, CD3;0D) & (ppm): 132.2 (CH,=CHCHb>-), 127.4 (Fmoc), 126.7(Fmoc), 124.7
(Fmoc), 121.5 (-ArH), 119.5 (Fmoc), 117.7 (-4rH), 116.9 (CH,=CHCH>-), 73.3 (-OCH>CH,OE),
69.7 (-OCH2CH>OE), 66.5 (-CH2-(Fmoc)) 65.8 (-OCH>CH3), 64.9 (CH,=CHCH:0-), 54.8 (-CH-),
47.0 (-CH- (Fmoc)), 30.6 (ArCH.Ar), 29.7 (-CH.CH2CH-), 26.9 (-CH.CH2CH), 14.3 (-OCH2CH3).

ESI-MS: m/z calc 1554.73 found: 1556.843 [M + 2H]", 1578.807 [M+Na]".

m.p. > 250 °C (decomposition)
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Synthesis of 5,11-bis[(N-Fmoc-L-lysine(Fmoc))amino]-17,23-bis[(N-Fmoc-
glutamic acid(OAll))-amino]-25,26,27,28-tetra-(2-ethoxyethoxy)calix[4]arene
(22)

In a two-necked flask, under a nitrogen flow, compound 16 (0.15 g, 0.096 mmol) was dissolved in
50 mL of dry DCM. To the flask, EizN (0.03 mL, 0.193 mmol), Fmoc-Lys(Fmoc)OH (0.17 g, 0.29
mmol), and HBTU (0.146 g, 0.386 mmol) were added. The reaction was kept stirring at room
temperature and was monitored using TLC (eluent: DCM/AcOEt 2:8, visualized with ninhydrin).
After 24 hours, the reaction was complete and quenched with 20 mL of water. The aqueous phase
was extracted with DCM (3x5 mL), and the organic phases were combined, washed with water, dried
over Na>xSOs4, and subjected to reduced pressure for drying. The product was isolated through

chromatographic separation (DCM/AcOEt 2:8). A pale-yellow solid was obtained.
Yield: 70% (0.14 g)

"H NMR (400 MHz, DMSO-ds) & (ppm): 7.85-7.23 (m, 48H, Fmoc), 7.09-6.76 (m, 8H, ArH), 5.85-
5.75 (m, 2H, CH,=CHCH>-), 5.21-5.09 (m, 4H, CH,=CHCH>-), 4.49-4.39 (m, 4H, CH,=CHCH:>O-,
axial ArCH>Ar), 4.24-4.02 (m, 30H, -CH:-(Fmoc), -CH- (Fmoc), -OCH>CH>O-,
CHCH,CH>CH>CH- , -CH,CH:CH-), 3.83-3.79 (bs, 8H, -OCH.CH:0O-), 3.52-3.46 (m, 8H, -
OCH>CH3), 3.10-3.04 (m, 4H, equatorial ArCH>Ar), 2.93 (bs, 4H, -CH>C(CH2)3CH-), 2.33-2.28 (m,
4H, -CH>CH>CH-), 1.98-1.76 (m, 4H, -CH,CH:CH-), 1.62-1.20 (m, 12H, -CH.CH>CH>CH>CH-),
1.16-1.12 (2t, 12H, -OCH,CH3).

13C NMR (101 MHz, DMSO-de) & (ppm):133.0 (CH>=CHCH>-), 128.1 (Fmoc), 127.4 (4rH), 125.5
(Fmoc), 120.4 (Fmoc), 119.7 (47H), 118.1 (CH,=CHCH,-), 73.7 (-OCH,CH,0-), 69.5 (-OCH,CH,0-
), 65.9 (-OCH>CHs), 65.7(-CHa-(Fmoc), 64.8 (CH;=CHCH,0-), 55.0 (-CH2CH,CH-), 47.1 ((-CH-
(Fmoc)), 32.2-29.5-23.3(-CHy(CH2);CH-), 31.3 (ArCHAr), 30.7 (-CH.CH,CH-), 27.8 (-
CH,CH,CH-), 15.6 (-OCH,CH).

ESI-MS: m/z calc 2699.19 found: 1351.62 [M + 2H]*", 1373.56 [M+Na+H]*".

m.p. > 200 °C (decomposition)

Synthesis of 5,11-di[(N-Fmoc-L-lysine(Fmoc))-amino]-17,23-di[(Fmoc-glutamic
acid)-amino]-25,26,27,28-tetra-(2-ethoxyethoxy)calix[4]arene (23)
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In a two-necked flask, under a nitrogen flow, compound 17 (0.05g, 0.0185 mmol) was dissolved in 2
mL of dry DCM. Pd(PPhs)4 (0.001g, 0.0075 mmol) and PhSiH; (0.008g, 0.075 mmol) were added.
The mixture was kept stirring at room temperature. The reaction progress was monitored using TLC
(eluent DCM/EtOACc 2:8). After 3 hours, the reaction was completed, and then it was quenched by
adding 2 mL of water. The aqueous phase was extracted with DCM (3x5 mL). The organic phases
were combined, dried with Na>SOs, and evaporated under reduced pressure. The purification was
carried out using chromatographic separation (eluent: DCM/MeOH 98:2). A white solid was

obtained.
Yield: 82% (0.04g)

'H NMR (400 MHz, CD30D/CDCl; 3.5/1.5) & (ppm): 7.67-7.17 (m, 48H, Fmoc), 7.02-6.80 (m, 8H,
ArH), 4.55-4.50 (m, 4H, axial ArCH,Ar), 4.27-3.83 (m, 38H, -CH,CH.CH,CH.CH- , -CH,CH,CH-
, -CH>-(Fmoc), -CH- (Fmoc), -OCHCH,0-, -OCH,CH,0-), 3.55 (m, 8H, -OCH,CH3), 3.16-3.09 (m,
4H, equatorial ArCH,Ar), 3.05-2.90 (m, 4H, -CHx(CH,);CH-), 2.34-2.23 (m, 4H, -CH,CH,CH-),
2.06-1.82 (m, 4H, -CH.CH,CH-), 1.76-1.25 (m, 12H, -CHo(CH:)sCH-), 1.23-1.16 (m, 12H, -
OCH,CH3).

13C NMR (101 MHz, CDsOD/CDCls 3.5/1.5) & (ppm): 127.4-126.8-124.8-119.6 (Fmoc), 73.3 (-
OCH:CH10-), 69.6 (-OCH2CH:0-), 66.4 (-CH:-(Fmoc), 66.1 (-OCH:CHs), 30.8 (ArCHAr), 28.9-
22.3 (-CH2(CH2);CH-), 14.6 (-OCH2CH3).

ESI-MS: m/z calc 2619.12 found: 1333.04 [M + Na +H]*".

m.p. > 200 °C (decomposition)

Synthesis of  5,11-di[(L-lysine)-amino]-17,23-di[(glutamic acid)-amino]-
25,26,27,28-tetra-(2-ethoxyethoxy)calix[4]arene (24)

In a flask, compound 18 (0.04g, 0.015 mmol) was dissolved in 2 mL of DCM. 0.4 mL of piperidine
was added. The mixture was kept stirring at room temperature. The reaction progress was monitored
using TLC (eluent: DCM/MeOH 9:1). After 30 minutes, the reaction was completed, and then the

solution was evaporated under reduced pressure. Purification was carried out by triturating in

isopropanol. A slightly off-white solid was obtained.

Yield: 78% (0.015 mmol).
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"H NMR (400 MHz, CD30D) § (ppm): 7.47-6.28 (m, 8H, ArH), 4.60 (s, J = 12.6 Hz, 4H, axial
ArCH>Ar), 4.21-4.08 (m, 8H, -OCH,CH;0O-), 3.98-3.65 (m, 4H, -CH-), 3.95-3.88 (m, 8H, -
OCH2CH20-), 3.61-3.54 (m, 8H, -OCH>CH3), 3.16-3.13 (m, 4H, equatorial ArCH>Ar), 2.99-2.92
(m, 4H -CH>CH2CH,CH-), 2.39-2.29 (m, 4H, -CH>CH,CH-), 2.16-1.84 (m, 4H, -CH.CH>CH-), 1.82-
1.67 (m, 4H, -CH.CH.CH.CH-), 1.75-1.67 (m, 4H, - CH:CH:CH>CH-),1.58-1.67(m, 4H,
CH,CH>CH>CH-), 1.27-1.19(m, 12H, -OCH.CH}3).

13C NMR (101 MHz, CDsOD) & (ppm): 120.9-120.0 (ArH), 73.7-73.3(-OCH,CH,0-), 69.7-69.6(-
OCH,CH,0-), 66.0 (-OCH,CHs), 53.8-53.4 (-CH-), 38.9 (-CH,CH,CH,CH-), 32.9 (-CH,CH,CH-),
30.6 (ArCH,Ar), 28.75 (-CH2CH,CH-), 26.7 (-CH,CHoCH,CH-), 22.4-21.8 (-CHa(CH,),CH-), 14.3
(-OCHCHy).

ESI-MS: m/z calc 1286.48 found: 644.61 [M+H]**, 1287.68 [M +H]".

m.p. > 200 °C (decomposition).
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Chapter 3: Synthesis and studies of ligands for
amyloidogenic protein involved in
neurodegenerative diseases
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1. Introduction
Neurodegenerative diseases refer to a group of neurological disorders in which a range of conditions

lead to the damage of neurons in the human brain, spinal cord, and peripheral nervous system. They
pose a threat to human health and the percentage of these disorders, mainly but not only linked to
age, is continuously rising with the increase in the elderly population. When synapses are impaired,
cerebral functionality is compromised. A significant phenomenon that characterizes various stages of
the evolution of these diseases is the formation of protein aggregates that accumulate within the brain.
These protein aggregates, known as amyloids', vary based on the chemical composition of the
precursor protein, which differs according to the pathology (Figure 1). The formation of these
aggregates results from certain protein modifications that disrupt the natural structure and
physiological function, leading to the formation of oligomers. These then evolve into aggregates of
soluble proteins of varying sizes, eventually taking on the form of insoluble fibrils. These latter are
highly organized, defined by a cross-f structure, where the B filaments develop perpendicular to the
axis of the fibrils®>. Over 30 neurodegenerative diseases are caused by these issues, and for many of
them, there is no available treatment. At best, the available therapy manages the symptoms but not
the root cause of the disease. The development of new drugs capable of interacting with
amyloidogenic proteins, preventing and/or disrupting their assembly in toxic fibrils, would offer a

direct approach to treating these neuropathies.

protein length (aa) Lys % Lys Arg % Arg assoclated disease
Af40, Afi42 40, 42 2 5.0, 4.8 1 25,24 AD
Tau (embryonic) 352 37 10.5 14 4.0 AD, tanopathies
a-Synuclein 140 15 10.7 0 0.0 PD, synucleinopathies
IAPP 7 1 27 1 27 Type-2 diabetes
CT 32 1 3.1 0 0.0 Medullary Carcinoma of the Thyroid
Insulin 51 2 39 1 20 Injection-related nodular amyloidosis
fam 99 8 8.1 5 5.1 Dialysis-related amyloidosis
TTR 147 8 54 5 34 Senile systemic amyloidosis, Familial amyloid

polyneuropathy
Lysozyme 130 5 38 13 10.0 Familial visceral amyloidosis

PrP(106—126) 21 2 9.5 0 0.0

Figure 1: the most important amyloidogenic diseases. Image taken by reference®.

In this chapter, we have focused on the synthesis of organic molecules capable of interacting with
two of the main proteins responsible for the onset of these pathologies: a-synuclein (AS) and
Transthyretin (TTR). The former, synthesized by neurons, is associated with Parkinson's disease
(PD), a chronic neurodegenerative disorder that affects the central nervous system with a slow and

progressive course, resulting from the selective and progressive degeneration of dopamine-producing
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neurons in the substantia nigra®’. The latter is present in the bloodstream and in the brain and is

responsible for the emergence of a severe condition known as Transthyretin amyloidosis (ATTR).

1.1 a-Synuclein
Alpha-Synuclein (AS) is a small 14 kDa protein abundant in the human brain, primarily expressed in

nerve terminals at the presynaptic level®. In its native state, it is a soluble protein without a defined
morphology. Its physiological function has not been fully understood yet, but there is information
about its role in both regulating synaptic vesicle release in presynaptic terminals and dopamine (DA)
neurotransmission. Structurally, AS consists of 140 amino acid residues organized into three distinct
domains’ (Figure 2, left): N-terminal (residues 1-60), Central NAC (residues 61-94) and C-terminal
(residues 95-140). The N-terminal region is a lysine-rich region that features a substantially conserved
motif (KTKEGV), typical of apolipoproteins!®, and plays a significant role in modulating the protein's
interaction with membranes!'. The C terminal domain is an acidic and proline-rich terminus
characterized by an intrinsically disordered (ID) region'?. In general, the principal characteristic of
ID proteins is that in the absence of an external partner (such as a ligand or cation) lack of a well-
defined 3D structure. This aspect is also detectable in AS that adopts a random coil conformation in
aqueous media but, in the presence of a lipid membrane, their interaction leads to change

conformation into defined a-helical structure for NAC and N-terminus regions'>.

140" ) C
- |
Amphipathic region NAC domain Acidic tail o™
N-terminal | | | B . : | m' E‘ C-terminal
1P 61 95 140
1 MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH a5

31 GVATVAEKTK EQVINVGGAV VIGVTAVAQK TVEGAGSIAA ATGFVEKDQL
101 GKNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA

;};

1
NAC N
602%

Figure 2:. The amino acid sequence of a- syn with clinical mutations (A30P, E46K, H50Q, G51D, A53T, and A53E) shown in red. The
conserved motif is highlighted in yellow (left). The NAC domain is underlined. Right: quaternary structure of a- syn and distinction of
the 3 domains. Imagine adapted from references415,

AS can normally exist in different dynamic equilibria leading to a dimer, trimer, and tetramer of

extended-a-helical form. The homotetramer seems to be more resistant to aggregation. This peculiar
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interaction is due to the existence of long-range interaction between the N-terminal and C-terminal

regions'®.

1.1.2 Mutation of a-synuclein and mechanism of aggregation
The central NAC domain is the portion of the protein that plays a crucial role in its aggregation

process, as it is characterized by a hydrophobic amino acid sequence. This domain is also known as
the non-amyloid- component NAC because it is the second major component in amyloid plaques.
The gene encoding for AS is SNCA!". Six possible mutations of this gene (A30P, E46K, H50Q,
G51D, A53T, and A53E) have been identified, all located in the N-terminal domain, indicating the
significant role of this region in AS aggregate formation'*. These mutations are rare but indicate a
clear connection between AS and PD. Point mutations in this gene, such as the A53T mutation'®
(where the 53rd residue changes from the native alanine to threonine), A30P!?, and E46K?°, are linked
to familial forms of parkinsonism. The A30P mutation causes clinical symptoms like those observed
in sporadic PD, while other known mutations lead to an early onset of PD with rapid progression.
Several studies have shown that due to mutations or variations in external conditions, the protein
structure tends to lose its natural conformation, triggering incorrect folding that is responsible for
aggregation'*. In some cases of genetically originated PD, duplications or triplications of the SNCA
gene have been observed, indicating that the overexpression of wild-type AS leads to the formation
of toxic aggregates’!. The aggregation of this protein is the cause of a series of neurodegenerative
pathologies known as a-synucleinopathies. This class of pathologies includes, strictly related to PD,
Lewy body dementia; the term "Lewy bodies" refers to the protein aggregates responsible for
dementia??>?®. The aggregation process of AS can be divided into three phases: a latency phase where
monomers groups form aggregation nuclei, an elongation phase where fibrils grow exponentially,
and a stationary phase where fibril growth decreases’®. The protein's aggregation evolves from
initially being in the form of an oligomer, then a protofibril, and finally into fibrils (Figure 3). Recent
studies suggest that soluble AS oligomers, characterized by heterogeneity, instability, and
structural/morphological variability, are the real toxic forms related to PD%. Biological evidence
supports the idea that fibrils could represent an extreme effort by neurons to reduce this toxicity, as
fibrils are more stable and less dynamic structures?®. During aggregation, AS oligomers undergo a
sequence of conformational changes from an a-helical structure to a B-sheet structure, allowing
assembly into fibrils or cell internal aggregation. This aggregation phase sees a drastic increase in the
B-sheet portion®. These aggregates can accumulate in the cytoplasm and on the surface of the

endoplasmic reticulum.
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’% Strain A

Partially folded Off-pathway oligomers
(nucleating structures)

B — VB 98— e R

a-Synuclein monomer

Membrane bound state Solution state Strain B
(Partial helix) (Natively unstructured) On -pathway oligomers ~ Protofibrils
H (Different type/amount exist)

Strain C

Disordered structures Amorphous aggregates

Figure 3: Aggregation stages of AS from monomer to fibril. Image taken by reference®.

Computational studies have revealed that the conserved motif KTKEGV of the N-terminal domain
significantly stabilizes the fibril structure. Furthermore, the charged residues within each repetition
prefer to be solvent-exposed to further stabilize the structure, and the organization of the KTKEGV

repeat (residues 58-63) significantly influences the stability of the NAC domain?®

Since the discovery of Lewis bodies and their correlation with PD, scientific research has focused on
the modulation and inhibition of this phenomenon. In this context, different approaches brought
different strategies based on small-molecule inhibitors?’, dendrimers?, peptide-*°, nucleic acid-°,

and supramolecular’!-based inhibitors.

The small molecules seem to be the most studied as inhibitors for AS aggregation?’. The
(poly)phenolic scaffold is a rather common, repetitive motif in this class of inhibitors. The presence

of the exposed hydroxylic groups destabilizes the aggregates and the aromatic core interact with -

sheet®?. Some example of these molecules are curcumin®’, baicalein®*, and gallic acid®> (Figure 4).
(@) OH
HO OH
OH
Curcumin Baicalein Gallic acid

Figure 4: structure of curcumin, baicalein and gallic acid

There are several example about the use of supramolecular host-guest interaction for the inhibition
of amyloid protein aggregation®®. Schrader and colleagues reported a selective supramolecular host-

guest interaction between lysine and molecular “tweezer”’. Lys is one of the most important and
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abundant amino acids in the AS. The molecular tweezer are molecules able to bind selectively to the
lysine side chain exploiting specific interactions. In this complex we can individuate different
interactions: the ion-ion interaction between ammonium on lysine and phosphate on molecular
tweezer, the CH-m interaction between CHa of the lysine chain and aromatic ring, and the hydrogen

bond between the amide and the phosphate (Figure 5).

Figure 5: interaction between peptide containing lysine and molecular tweezer. Image adapted by reference3!.

Encouraged by the results reported in the literature and starting from the experience of our research
group in this field, we decided to explore the known properties of calix[4]arene to complex amino

acids.

1.1.3 Calix[4]arene as potential ligands of a-synuclein aggregation
It is known that calix[4]arenes functionalized at the upper rim with negatively charged groups can

interact with the side chain of lysine. They establish electrostatic interactions and hydrogen bonding
between their anionic groups and the ammonium moiety of lysine. Furthermore, the presence of the
lipophilic cavity created by the aromatic rings allows for the establishment of CH-mt interactions
between the four CH> constituting the amino acid side chain and the calixarene. A pronounced
hydrophobic effect contributes to further stabilize the lysine-calixarene complex. In the literature®®
40 several studies demonstrate the ability of calix[4]arenes functionalized at the upper rim with
phosphonate or sulfonate groups to include the side chains of lysine and arginine. The cone geometry,
in which all polar groups converge in a single direction in space and there is no residual
conformational freedom, leading to locked aromatic rings and a pre-organized, effectively accessible
lipophilic cavity, proves to be the most efficient. For instance, the p-sulfonated calix[4]arene forms
highly stable 1:1 complexes with lysine and arginine, as well as di- and tri-peptides of these amino
acids. This complexation process is driven by electrostatic forces, hydrogen bonding, and
hydrophobic interactions *!. Studies conducted using microcalorimetry on calix[4]arenes of three
different sizes (n = 4, 6, 8) functionalized with sulfonate groups at the upper rim showed that the

measured association constant decreases as the size of the calixarene ring increases*? (Figure 6). This

outcome demonstrates that the structural rigidity of the ring plays a fundamental role in the formation
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of a stable inclusion complex. The needed preorganisation of the macrocyclic cavity found in the
calix[4]arene is due to the OH groups at the lower rim that form a stable array of hydrogen bonding.
The deprotonated form of one of them, regularly present at neutral pH, reinforces this arrangement.
The hydrogen bond network prevents the interchange between the two flattened (or pinched) cone
conformations that otherwise make the cavity less available and the guest complexation less efficient

or even impossible.

K’
pH S8 1,-Arg 1520 £ 90
1, Lys 735£ 10
pH 1 1-Arg 2830 £ 110
1Lys 1400 £ 100
atpH §:
pH 8 1,-Arg 186 + 7 o &
1-Lys 94 +4 - ><
NH,.\ ,\ \.-"NHI
S0~ \E'g;\..\. s S0,
. 3 < "'_.3'“’—*-'./
pH 1 1-Arg 45+ 1  — 7
I-Lys 181 \
ey
pH 8 1,-Arg? 350 + 50 HO HO 4 OH
1(Arg),° 41 %1
1,-Lys® 400 £ 140 1,-lysine 1, arginine
1,(Lys),* 23 %1
pH 1 I-Argt 73+ 16
1(Arg),° 49+
1,-Lys? 143 + 27
1, (Lys),* 27 + |

Figure 6: Complexation studies of p-sulfonato calix[n]arenes with n=4,6,8 at different pH values of 1 and 8. Image taken by
reference.*?

Another way to preorganise the calix[4]arene cavity is the functionalisation at the lower rim with
short bridges connecting vicinal 1,2 and 3,4 phenols. In the past, our group verified that an anionic
biscrown-peptidocalixarene was able to include in the macrocyclic cavity the aromatic moiety of a-
amino acids and ammonium salts with a significantly higher efficiency than the corresponding
tetrapropoxy analog hindered by the aforementioned residual conformational mobility with exchange
between the two Cay cone conformers*’. On the other hand, another study, in this case conducted on
tetraphosphonated calix[4]arenes, comparing the effects of various substituents at the lower rim,
demonstrated that calix[4]arenes substituted, at the lower rim,with a butyl chain exhibit a notable
ability to complex amino acids whose side chain can readily engage in n-m interactions, as is the case
with arginine and tryptophan*’. This capability stems from the mobility of these calixarenes which,

through movement, can maximize n-n interactions with the guest.
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In addition to the numerous studies documented in literature that attest to the calix[4]arene capability
to complex free lysine or lysine within small peptides, several studies also demonstrate the capacity
of these compounds to selectively complex lysines even when they are part of complex protein

3944 and lysozyme*®. Both of these proteins feature lysines exposed

structures, such as cytochrome-c
on their surface, with which calixarenes can interact. NMR and crystallographic analyses have
facilitated the determination of the selectivity of calix[4]arene derivatives in the complexation of
lysines. To this end, images of two calix[4]arenes are presented (Figure 7), one bearing sulfonate
groups (right) and the other methylphosphonate groups (left), both binding to the side chain of Lys86
of cytochrome-c, as confirmed through X-ray diffraction-based solid-state structure resolution of the

complexes’®.

Figure 7: Inclusion of the side chain of Lys86 of cytochrome-c by two calix[4]arenes: on the left, p-methyl-phosphonate calix[4]arene.
On the right, p-bromo-trisulfonate calix[4]arene. The proteins are oriented identically to highlight differences in calixarene-protein
contacts. Image taken by reference 38

Therefore, based on the reported studies, calix[4]arenes undeniably serve as an excellent starting point
for the selective complexation of specific amino acids even when incorporated within a protein
sequence. The upper rim functionalization with anionic groups such as phosphonate and sulfonate,
alongside the macrocyclic ring rigidity, meets the essential requirements for complexing the side

chain of lysine units present in a-synuclein.

In part of this chapter is reported the design, synthesis, and studies of negatively-charged
calix[4]arenes studied to this aim. Different approaches for the lysine complexation are tried by
design of different functionalized-calix[4]arene in order to find the best inhibitor/modulator of

aggregation.
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1.2 Transthyretin

Transthyretin (TTR) is primarily synthesized within the hepatic tissue, and to a lesser extent in the
choroid plexi of the cerebral ventricles. Subsequently, it is secreted into the bloodstream and
cerebrospinal fluid. Its quaternary structure is composed of a 55 kDa homotetramer, derived from
four identical monomeric units, each with an apparent mass of 14 kDa. The individual monomeric
unit is comprised of approximately 127 amino acids, featuring a singular a-helix containing 9
residues, as well as eight B-strands, designated A through H, as illustrated in Figure 8. These elements
are connected by unstructured loops, collectively forming a cylindrical conformation termed a "pB-
barrel"*®. The B-strands within the monomeric unit are organized into an internal and external B-sheet,
oriented relatively orthogonal to one another. This arrangement is stabilized through antiparallel
interactions. Notably, only ten N-terminal and five C-terminal residues appear to remain uninvolved
in the folding process, effectively existing as mere "head" and "tail" segments. In dimeric form, two
monomeric units aggregate, yielding a stable 37 kDa molecular weight entity (Figure 8A). The
interface between the monomeric units is notably small, wherein structural cohesion is maintained
via an intricate network of hydrogen bonds, predominantly engaging the H and F strands from each
monomer. This intricate arrangement culminates in the establishment of a resilient dimeric

structure®’.

Figure 8: Structure of Transthyretin. A) Association of the dimer from the two monomers A and B, through hydrogen bonds (in red).
B) Two symmetrical dimers associate to form the tetramer. C) 90° rotation of the protein structure. Image taken from reference®.
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Subsequently, two dimers associate to form the ultimate tetrameric structure (Figure 8B), wherein at
the dimer-dimer interface, the formation of a funnel-shaped central cavity occurs*® (Figure 8C). TTR
functions as a carrier for the thyroid hormone L-thyroxine (T4) and retinol (vitamin A) via retinol-
binding protein (RBP) in both blood circulation and cerebrospinal fluid*+°. Thyroid hormones are
essential for a proper organism development and the regulation of all metabolic processes. In
cerebrospinal fluid, where neither albumin nor thyroxine-binding globulin (TBG) are present in
appreciable quantities, TTR stands as the sole protein capable of transporting thyroid hormones. The
transported thyroxine T4 molecules are accommodated within two binding sites located at the
interface between the two dimers, where the cylindrical "B-barrel" conformation extends (Figure 9).
The site spans 50 A in length, has a diameter of 8 A, and entirely envelops the two hormone
molecules. The iodine atoms of the thyroxine molecule are lodged within the binding site, which is

lined with two sets of three hydrophobic pockets binding the halogens™°.

Figure 9: Binding sites of the thyroid hormone L-thyroxine (T4) in Transthyretin. Image taken by reference .

As initially described, the protein is implicated in the formation of amyloid fibrils and the
pathogenesis of amyloidoses. Amyloidosis due to Transthyretin accumulation (ATTR) is a
pathological condition caused by the aggregation of TTR monomers. Following the dissociation of
the tetramer and subsequent abnormal folding, these monomers accumulate to form large amyloid
fibrils within tissues (Figure 10). It has been observed that Transthyretin accumulation (ATTR)
originates from both wild-type Transthyretin (wt-TTR) as well as from mutated, more aggressive
and hazardous versions. wt-TTR amyloidosis, also known as Senile Systematic Amyloidosis, is the
most frequently identified condition. It manifests in the elderly and is primarily characterized by

cardiomyopathy!>2. Currently, 120 variants of mutated TTR responsible for hereditary (or familial)
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ATTR have been recognized. Many of these are the result of point mutations in the amino acid

sequence. These genetic variants associated with the TTR gene result in cardiac dysfunctions,

cardiomyopathy, and peripheral neuropathy>*>,

Pathobiology of Transthyretin Amyloid
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Figure 10: Mechanism of Transthyretin (TTR) protein dissociation, misfolding, and re-aggregation, leading to target organ dysfunction.
Reprinted from Journal of the American College of Cardiology, 73, Ruberg, F. L.; Grogan, M.; Hanna, M.; Kelly, J. W.; Maurer, M. S.,
Transthyretin Amyloid Cardiomyopathy: JACC State-of-the-Art Review, 2872, © (2019), with permission from Elsevier>2.

The main therapeutic strategies employed for the treatment of TTR amyloidosis are aimed at either
reducing gene expression or focusing on tetramer stabilization. Historically, liver transplantation has

t>°. Replacing a liver carrying

proven to be one of the most effective approaches for ATTR treatmen
the mutant gene with a healthy liver can drastically reduce mutant TTR levels (by up to 5% of pre-
transplant levels). Unfortunately, when the central nervous system is affected by TTR amyloidosis,
liver transplantation becomes entirely ineffective. To address this variant, the development of new

drugs, sufficiently lipophilic to effectively traverse the blood-brain barrier, has become imperative.

Numerous natural compounds have been documented as inhibitors of transthyretin amyloidosis,
serving as potential neuroprotective agents**. However, the pool of TTR ligands approved or currently

under investigation for pharmacological therapy against ATTR remains limited (Figure 11).
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Figure 11: Chemical structures of present TTR amyloidosis inhibitors and of 3-O-methyltolcapone (3-OMT)

Among these, Tafamidis stands as an approved medication capable of slowing disease progression in

5738 and cardiomyopathy>®. Another

individuals within the early stages of ATTR polyneuropathy
noteworthy candidate is Diflunisal, a nonsteroidal anti-inflammatory drug that has shown efficacy in
arresting the progression of ATTR amyloidosis by stabilizing the tetrameric structure of TTR. The
application of these two medications has led to enhancements in both polyneuropathy and cardiac
failure®. However, the deficiencies observed in approved therapies involving tafamidis, inotersen,

patisiran, and diflunisal®'

underline the necessity for supplementary approaches to address ATTR.
AG10, developed specifically for treating TTR amyloidosis cardiomyopathy (ATTR-CM), is
currently studied through clinical trials. AG10 operates by stabilizing both wt-TTR and the V122I-
TTR mutant, which are implicated in the development of familial amyloid cardiomyopathy®?.
Demonstrably, AG10 emulates the protective effects exhibited by the non-pathogenic TTR variants
T119M and R104H®. By stabilizing the heterotetramers of these variants, wt-TTR, and TTR

amyloidogenic mutants, AG10 effectively thwarts in vitro amyloidogenesis.

Furthermore, Tolcapone, an FDA-approved medication for PD, has been repurposed as a robust and
selective TTR stabilizer®®. In fact, Tolcapone demonstrated ex vivo anti-amyloidogenic activity
surpassing that of tafamidis and suggesting its potential effectiveness in treating TTR amyloidosis.
Having the capability to traverse the blood-brain barrier®, tolcapone obstructs the aggregation of the
V30M TTR variant, which is accountable for CNS amyloidosis®. Nevertheless, while the V30M TTR
variant instigates an earlier onset of CNS amyloidosis, its amyloid accumulations are primarily
composed of full-length wt-TTR®’. These findings harmonize with the concept that the heightened
amyloidogenic potential of human pathogenic TTR variants, especially those situated in B-strands,
stems from the destabilization of their intrinsic structures. Conversely, wt-TTR itself possesses a

substantial intrinsic propensity for B-aggregation, unaltered by amyloidogenic mutations®®,
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Consequently, while the stabilization of TTR variants might postpone the commencement of amyloid

aggregation, stabilizing wt-TTR serves to retard its progression toward amyloidogenesis®.

In this context, it is noteworthy that tolcapone exhibits hepatotoxicity’® and boasts a short half-life
within the plasma (approximately 3 hours), attributed to rapid glucuronidation of its free 3-hydroxy
group, and subsequent swift elimination via the urinary tract. The glucuronidation process targets
solely the 3-hydroxy group of tolcapone, as evidenced by the absence of glucuronidation products for
the free 4-hydroxy group’!. The hepatotoxicity associated with tolcapone has also been linked to the
glucuronidation activity of the enzyme UDP-glucuronosyl transferase. On the contrary, 3-O-
methyltolcapone (3-OMT), a metabolite of tolcapone, exhibits significantly more favorable

pharmacokinetics in humans compared to tolcapone.

In 2020, our team documented the synthesis of 3-OMT and 3-deoxytolcapone as potential TTR
stabilizers, establishing insightful structure-activity relationships for both compounds. Notably, the
absence of a free 3-hydroxy group was found to impede glucuronidation’?. Employing a Western Blot
analysis, when exposed to plasma proteins, 3-OMT exhibited superior effectiveness and selectivity
when compared to 3-deoxytolcapone in stabilizing the tetrameric native structure of human plasma
TTR. The outcomes were notably comparable to those of tolcapone, aligning well with their closely

resembling chemical structures and the minor distinctions in their interactions with TTR (Figure 12).

Figure 12: Electron density map of the crystal structure of TTR3-O-methyltolcapone and TTR3-deoxytolcapone complexes. On the
left: Representation of 3-O-methyltolcapone in the 2 binding sites of L-thyroxine. On the right: Representation of 3-deoxytolcapone.
Reprinted from Bioorganic chemistry, 103,Loconte, V.; Cianci, M.; Menozzi, I.; Sbravati, D.; Sansone, F.; Casnati, A.; Berni, R.,
Interactions of Tolcapone Analogues as Stabilizers of the Amyloidogenic Protein Transthyretin, 104144, © (2020), with permission
from Elsevier.”2
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The methylation of the free 3-hydroxy group in tolcapone is also anticipated to confer heightened
lipophilicity in contrast to tolcapone, thus potentially enhancing brain permeability for the
pharmacological treatment of CNS TTR amyloidosis (including leptomeningeal and oculo-

leptomeningeal amyloidosis).

Starting from previously reported works, we designed 5 different 3-OMT-like candidates and,
exploiting molecular docking studies, two of these compounds were selected to be synthesized and

studied, as reported in section 2.2 of this chapter.

2. Results and discussions
2.1 Negatively-charged calix[4]arenes as AS ligands

Based on the information provided in the introduction, calix[4]arenes possess specific characteristics
that enable them to interact with proteins, particularly with the lysine side chain residue. These
characteristics include the presence of negatively charged groups and a rigid, accessible cavity. Given

these attributes, derivatives 1-6 were identified as useful for our purposes. (Figure 13).
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Figure 13: calixarene derivates as possible ligands for AS.

. In the case of compound 1, the rigidity of the cavity is provided by the complexation of Na* by the
four carboxylate chelating units (O-CH2-COQO-) at the lower rim. It has been experimentally proven
that this complexation of small metal ions enhances the structural rigidity and enables the cavity to
accommodate the lysine side chain. Notably, studies have demonstrated that, under these conditions,
compound 1 effectively binds to the lysine side chain found in the structure of cytochrome-c53"

(figure 14).
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Figure 14: Complexation of calix[4]arene 4 and the lysine side chain of cytochrome-c. In the image, it is possible to observe the
presence of the sodium cation (white sphere) complexed in the lower rim of the calix[4]arene, while in the upper rim with the amino
acid. Image taken by reference’s.

For compounds 2 and 3 the rigid conical structure is ensured to the calixarene by the two short
di(ethylene glycol) chains, each attached to adjacent oxygen atoms on the rings (positions 1,2 and
3,4). These bis-crown calixarenes have similarly proven effective in maintaining the cavity's
accessibility and interacting with lysine side chains*’. The idea of exploiting compounds 1, 2, and 3
as potential ligands for a-synuclein arises from the possibility of utilizing the functional groups and
attached chains at the lower rim to incorporate one or more antioxidant groups into the structure. In
this way, in fact, this can be achieved without compromising the macrocycle's rigidity, and thus, the
actual availability of the cavity. In contrast, functionalizing even a single phenolic hydroxyl group in
the other calixarene derivatives, namely 4, 5, and 6, could introduce detrimental flexibility. An
additional factor that underscores the danger of a-synuclein misfolding is the formation of reactive
oxygen species (ROS), which can lead to oxidative stress and neuronal damage. The inclusion of an
antioxidant unit serves the purpose of reducing or, ideally, inhibiting this detrimental effect.
Consequently, the compound would have a dual function: preventing the formation of toxic
oligomeric aggregates or disassembling existing ones, while also reducing oxidative stress. In this
context, it is plausible that the phenolic units in derivatives 4, 5, and 6 may also participate in redox

processes that are beneficial for reducing ROS levels.

Compounds 7 and 8 were also chosen for our studies. Both compounds contain phosphonate groups
and exhibit conformational flexibility. The former is a calix[4]arene with relatively small methyl
groups on the lower rim, allowing the aromatic rings to rotate freely through the macrocycle's annulus.
The latter, being a calix[8]arene, is larger and known for its conformational flexibility. By introducing
these two compounds into our research, we aimed to determine whether the presence of a rigid cavity

plays a pivotal role in their interaction with a-synuclein. It is worth noting that the related derivative
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in its rigid form, 4, had previously demonstrated favourable results in complexing lysine side chains

within cytochrome-c.

2.1.1 Synthesis of negatively-charged calix[4]arene for selective host-guest
interaction with AS

2.1.1.1 Synthesis of compound 1
Compound 4 was synthesized following a known literature procedure, as illustrated in Scheme 1.

rt, 4h
THF/DMF, rt, 16 h
OH OH OH HO \ ﬁ/ O— 95% ))Oﬁ/ :L j\

70% But-Ot Ot-But Ot Bupt -But

9 10

H,SO, tt, 16 h
100%

Scheme 1: Synthesis scheme of compound 1.

The initial step involved the functionalization of the lower rim through a nucleophilic substitution
reaction to generate compound 9. NaH was employed to fully deprotonate all four hydroxy groups of
the aromatic rings, promoting tetra-functionalization. Tert-butyl bromoacetate served as the
alkylating agent. Confirmation of successful functionalization was obtained through the presence of
specific signals in the 'H NMR spectrum notably the singlet at 4.63 ppm corresponding to the eight
protons of the -OCH>CO- methylene groups and the singlet at 1.46 ppm attributed to tert-butyl ester
methyl groups. Additionally, the presence of well-resolved doublets at 4.5 ppm and 3.5 ppm indicates
that the macrocycle adopts a cone geometry. The ester groups were subsequently hydrolyzed to yield
tetraacid derivative 10. The use of tert-butyl esters was advantageous for hydrolysis with
trifluoroacetic acid, as by simply evaporating, byproducts could be eliminated. Finally, sulfonation
was performed using concentrated sulfuric acid, an electrophilic aromatic substitution reaction at the
para position of the aromatic rings. The recovery and purification of compound 1 involved different

steps compared to those reported in the literature. This procedure entailed acidification and
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basification steps to neutralize the acid and remove the inorganic salts formed. In literature, a quick
and practical method for removing the sulfuric acid employed washing with diethyl ether. The
presence of only one signal in the aromatic region at 7.51 ppm, integrating for 8 protons
corresponding to the aromatic protons of the calix[4]arene, was observed in the 'H NMR spectrum in
a 5% w/w NaOD in D>O solution (Figure 15). This signal, along with the singlet for the methylene
groups on the lower rim and the two doublets corresponding to the bridge methylene, unequivocally

confirmed successful sulfonation on all four aromatic rings.
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Figure 15: 1H NMR spectrum (400 MHz, D,0+NaOD 5%, 298 K) of compound 1

2.1.1.2 Synthesis of compound 2
Starting from the compound 25,26-27,28-biscrown-3-calix[4]arene, already present in the laboratory,

compound 2 was prepared as reported in the scheme 2.
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Scheme 2: Synthesis strategy of intermediate 11

The reaction was conducted using N-bromosuccinimide, and tetra-bromo calixarene 11 was isolated
with nearly quantitative yield. The formation of the desired product 11 was confirmed by '"H NMR,
in particular thanks to the two doublets at 7.15 and 7.12 ppm, respectively, each integrating for four
of the eight aromatic protons. The presence of the crown bound to two adjacent rings results in
different chemical shifts for the two hydrogens on each ring, leading to two distinct signals with meta-

coupling.
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Figure 16: 1H NMR spectrum (400 MHz, 298 K, CDCl3) of compound 11.

Subsequently, compound 11 was converted into 12 via a phosphorylation reaction, utilizing triethyl
phosphite and NiCl, in diphenyl ether. The Michaelis-Arbuzov reaction is limited to the preparation
of alkyl phosphonates from alkyl halides. In this case, starting from an aryl halide, a variant, the
nickel(I)-catalysed Arbuzov reaction, was necessary. Differently from the literature procedure,
triethyl phosphite was used instead of trimethyl phosphite due to its availability in the laboratory. The
obtained compound was purified using column chromatography to separate the product from the
formed nickel species. Finally, compound 11 was reacted with trimethylsilyl bromide for the
hydrolysis of the phosphonic esters. Compound 12 was identified through '"H NMR in D>O in the
presence of NaOD (5% w/w). In the spectrum, two doublets at 7.05 and 7.02 ppm, each integrating
for four of the eight aromatic protons, were present, along with doublets at 4.37 ppm and 4.01 ppm
associated with the axial methylene protons of the bridge -CHz- between the calixarene rings, and at

2.99 ppm and 2.95 ppm for the corresponding equatorial protons.
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Figure 17:1H NMR spectrum (400 MHz, D,O0+NaOD 5%, 298 K) of compound 2.

2.1.1.3 Synthesis of compound 3
Starting once again from the 25,26-27,28-biscrown-3-calix[4]arene, compound 3 was subsequently

prepared following a procedure found in the literature’®. The reaction was conducted using

SO3H

chlorosulfonic acid in dry dichloromethane at -15 °C, employing an acetone and ice bath.
HO3S 70H s0:H
1.HSO4CI, DCM dry, -15°C, r.t.

v

(6] (6]

Scheme 3: Synthesis strategy of compound 3.

Contrary to what was reported in the literature, instead of obtaining the chlorosulfonated calix[4]arene
derivative at the end of the reaction, the desired product 3 was obtained directly, eliminating an
additional reaction step. It is hypothesized that, after the addition of ice to quench the reaction, the

chlorosulfonated derivative, with highly reactive chlorosulfonic acid groups, reacted directly to form
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the final product 3. The formation of the compound was confirmed through '"H NMR in DMSO-ds
and ESI-MS(-) (Figure 18) where no peaks relative to the chlorosulfonated derivative or intermediates

due to partial hydrolysis were present and the peaks for 3 as [M-H]™ at m/z=883.189 was found.
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Figure 18: zoom in the range 100/950 of ESI-MS(-) spectrum of compound 3.

2.1.1.4 Synthesis of compound 4
Starting from calix[4]arene, already present in lab, functionalized at the upper rim with -CH,Br

groups, target 4 was synthetized carrying out a Lewis’s acid catalysed Michaelis-Arbuzov reaction

using triethyl phosphite and zinc bromide (II) (scheme 4).

Br Br Br Br Nazo3PNazo3P P03Na PO3N32
1. P(OEt); ZnBr, DCM, rt
>
i 2. HCI 12M
! 3.NaOH1 M
OH OH QH HO 2% OH OH QH HO

Scheme 4: Synthesis of compound 4

After extraction with water, for zinc bromide (II) removal, the solvent was evaporated and directly,
without other purification, the compound was treated with a 12 M solution of HCI. An additional

treatment with 1 M NaOH solution allowed us to obtain compound 4. The identity and purity of
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compound 4 was confirmed by comparison of its "H NMR spectrum (figure 19) with that reported in
literature’®. The two very broad signal between 3.25 and 4.25 ppm for the equatorial and axial protons
of the methylene bridges are typical for this kind of calixarene in cone geometry but having free

hydroxyl groups at the lower rim.
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Figure 19: 1H NMR spectrum (400 MHz, 298 K) in D,0 of compound 4

2.1.1.5 Synthesis of compound 7
The synthetic strategy employed for preparing compound 7 utilized the 25,26,27,28-

tetramethoxycalix[4]arene already present in the laboratory as the starting compound. This was
modified through a chloromethylation reaction (Scheme 5), resulting in the introduction of a -CH>Cl

group at the para position of the aromatic ring, following a procedure found in the literature”.
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I 21%
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Scheme 5: Synthesis strategy of intermediate 5.
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Following the procedure, compound 13 was obtained as a white solid, although with a yield of only
40% in agree with the literature”. The formation of compound 13 was confirmed by comparing it to
literature data. The subsequent steps involved a Michaelis-Arbuzov reaction, introducing the
diesterphosphonic group through a reaction with P(OSi(CH3)3)3, followed by treatment with MeOH
promoting hydrolysis. In Figure 20, the '"H NMR spectrum in D>O+NaOD of compound 7 is
presented. Due to the presence of multiple conformers of the calixarene slowly interconverting on the
NMR timescale, all the signals are broad or, as in the case of the aromatic protons, splitted. No signals
attributable to the ethyl groups of the phosphonic ester are present confirming the complete

hydrolysis.
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Figure 20: 1H NMR spectrum (400 MHz, D,O+NaOD 1%, 298 K) of compound 7.

Compounds 5, 6, and 8 were already available in the laboratory.

2.1.1.6 Synthesis of N-Acetyl-L-Lysyl-Glycine Methyl Ester
To have an extremely simplified model for very preliminary titration studies, we synthesised the N-

acetyl-L-lysyl-glycine methyl ester dipeptide. This dipeptide was chosen based on the hypothesis that
the inhibition of toxic AS oligomer formation by the prepared derivatives may occur through the
inclusion of the lysine side chain. In this dipeptide, lysine forms an amide bond with the acetate group

and a peptide bond with glycine, which is in turn esterified. This arrangement places lysine, in terms
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of functional groups, as if it is part of a peptide sequence. Notably, there are no free amino groups (o-
amino and carboxyl) in solution, which could introduce disturbances during the complexation
process, differing from the lysine's terminal position in a-syn. Glycine was chosen as it is the only a-
amino acid without functional groups on the side chain, requiring no additional adjustments during
synthesis steps and is unlikely to hinder complexation between calixarenes and lysine. The methyl
ester on glycine was incorporated to prevent repulsion effects between negatively charged groups
between the two structures during complexation. The dipeptide was synthesized following the
synthetic strategy outlined in Scheme 6.
[0} H 0]
XOTOTH Vﬁm L-G|y-o:;',::|:t:t, DIPEA XOKN%”TO\ : CT;/'\rt O-OFSCHSN%”TTO\
j/ 60% ﬁ/ quantitative ﬁ/

14

15

Scheme 6: Synthesis strategy of compound 15.
Starting from (S)-2-acetamido-6-((tertbutoxycarbonyl)aminohexanoic acid, compound 14 was
obtained through a coupling reaction with methyl ester of glycine. HBTU was used as the carboxylic
acid activator. To prepare the final product 15, the Boc group was removed by treatment with

trifluoroacetic acid (TFA). The desired product was obtained with a quantitative yield.
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Figure 21: 'H NMR spectrum (400 MHz, D0, 298 K) of compound 14.

2.1.2 Biological studies

The Saccharomyces cerevisiae yeast, commonly known as brewer's yeast, is a unicellular organism
belonging to the fungal kingdom’®. This yeast is employed in significant research endeavors as a
potent system for studying the molecular mechanisms of synucleinopathies, particularly those
implicated in the onset of PD. The overexpression of human a-synuclein (a-syn) in yeast cells indeed
induces a series of hallmark PD-like phenomena, such as dose-dependent toxicity and global cellular
dysfunction. The overexpression of AS affects various cell functions, from vesicular trafficking to
proteasomal activity, leading to disruptions in lipid metabolism or mitochondrial dysfunction,

ultimately culminating in cell death”’.

Through a collaboration with Professor Roberta Ruotolo, who works in the Department of Chemical
Sciences of Life and Environmental Sustainability at the University of Parma and is an expert in using
this yeast as a validated PD model’®, experiments were conducted to determine the potential of each
synthesized calix[4]arene to inhibit fibril formation and/or promote their disaggregation. In this
model, a strain that produce AS (HiTox) with slightly higher toxicity was used, causing abnormal
mitochondrial morphology and oxidative stress in yeast. The HiTox strain, carrying two copies of the
-syn gene integrated, was used as PD model mimicking the overexpression of the protein as the cause
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of the disease. Furthermore, the overexpression of AS disrupts vesicle trafficking in yeast and inhibits
cell growth due to the formation of "clusters" of vesicles containing oligomeric a-syn. An additional
useful aspect is that in the engineered yeast the toxic oligomeric species of AS do not evolve in larger
aggregates and fibrils that, as previously underlined, are not the harmful species. Analyses were
performed using fluorescence microscopy, as the AS expressed is linked to the Green Fluorescent
Protein (GFP) thanks to the proper integration of the AS- and the GFP-encoding genes into the yeast
genome. This enables the identification of points where the protein accumulates and forms
aggregates. The start of the ASover-expression is controlled, being triggered when yeast is exposed

to a galactose-rich substrate, leading to the subsequent growth of the toxic oligomers within the cells.
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Figure 22: The image depicts several pathways that are impaired within yeast during and following AS aggregation, including
vesicular trafficking, protein quality control, mitochondrial dysfunction, and oxidative stress (highlighted in red). Reprinted from
Current Opinion in Genetics & Development, 44, Tenreiro, S.; Franssens, V.; Winderickx, J.; Outeiro, T. F, Yeast Models of Parkinson’s
Disease-Associated Molecular Pathologies, 74, © (2017), with permission from Elsevier’e.

To assess whether calixarenes can mitigate o-syn-induced toxicity, the engineered yeast cells
expressing AS were preliminarily cultured and treated following a previously reported procedure’’
Subsequently, they were exposed to various concentrations of the different calixarenes, which were
preferably dissolved in water or alternatively in DMSO or water/DMSO mixtures due to their limited
solubility. In any case, the % of DMSO present in the culture could not exceed 1% to prevent
problems to cells. After 48 hours of growth under conditions inducing AS production, the cells were

observed using both an optical and a fluorescence microscope. By comparing the results obtained
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from untreated yeast with those of the samples treated with calixarenes, it was possible to determine

the effect of the synthesized ligands on the aggregates.
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Figure 23: Cells expressing a-syn-GFP treated with sulfonate-calix[4]arene after 48 hours of incubation at 28°C. For each sample,
images by a phase-contrast (on the left) and fluorescence (on the right) microscope are provided.

For the untreated yeast (CNT, in Figure 23), in which the overexpression of AS leads to the formation
of aggregates inside the cells, well defined and delimited fluorescent spots are clearly visible
corresponding to the toxic oligomers. Moreover, a characteristic that evidences the suffering
conditions of the is the presence of larger mother cells and smaller daughter cells. In addition, all of
them show a round shape that distinguishes sick cells from healthy ones that, on the contrary, have a
typical oval shape. When yeast was treated with compound 5, calix[4]arene p-sulfonate, at a
concentration of 1 uM, both small and large aggregates were observed inside the cells (Figure 23).
Among the living cells, some maintained their oval shape, indicating a healthy condition. However,
like CNT, rounded and aberrant forms were observed in others, indicating significant alteration and
distress. Unfortunately, increasing the concentration in the attempt to enhance the effect proved to be
toxic to yeast. Compared to CNT, many more yeast cells died, and those that survived exhibited much
more pronounced distress, characterized by very low fluorescence indicating minimal activity and
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highly distorted cell sizes, much smaller and extremely aberrant. This aspect of toxicity appeared to
align with previous studies that had shown fungicidal activity for this specific derivative’. In the case
of compound 6, calix[4]arene p-methyl-sulfonate, initially dissolved in its protonated form, very few
cells were still alive after 48 hours, and these cells exhibited the presence of AS aggregates and altered
morphology. An entirely analogous result was obtained with compound 1, dissolved in its fully
deprotonated form as a sodium salt, complexed with sodium ions at the lower rim. This deprotonated
form was obtained by dissolving the starting solid 1 in 1M NaOH and reprecipitating it by subsequent
addition of MeOH. It was not possible to use compound 3, tetrasulfonate biscrown-3, in these
experiments due to solubilization issues in both its neutral and salified forms. Using water, DMSO,

or mixtures of the two solvents, it was not possible to achieve complete solubility for either form.
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Figure 24: Cells expressing a-syn-GFP treated with calix[4]arenes 8, 2, 7 and 4 after 48 hours of incubation at 28°C. For each sample,
images by a phase-contrast (on the left) and fluorescence (on the right) microscope are provided.

The use of calixarene 4, the tetramethylphosphonate derivative with free OH groups at the lower rim,
led to interesting and decidedly positive results. Specifically, following treatment with this compound
at a concentration of 10 pM, most yeast cells remained alive, and did not exhibit the presence of
aggregates within them. A diffuse fluorescence in the membrane indicated the localization of AS in
that region of the cells in a form evidently non-toxic to the cell, and thus not as toxic oligomeric
aggregates. The natural oval shape of the cells confirmed their good health. Biological activity was

concentration-dependent, decreasing when the calixarene was tested at 1 uM. Using the same
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calix[4]arene in its protonated form 4', a decrease in activity was observed, with a slightly lower
phenotypic effect and a smaller number of surviving cells. The presence of a high number of acidic
hydrogens on calix[4]arene 4' could generated a lower pH compared to the starting conditions in
which the yeast is placed. This pH reduction might make it difficult for complete deprotonation of
the calixarene, which would then have less efficiency in complexing lysine fragments as it would not
have all deprotonated oxygens available. This could explain the lower activity of 4' and, at the same
time, support the hypothesis set forth in this study, that these calixarenes may act by complexing the
lysine side chain present in a-syn, and that their investigated biological activity is related to this.
Another relevant point could be the different propensity/ability between calixarene 4 and its acidic
form 4’ to cross the cell membrane. How the uptake of the calixarene occurs was not clarified in our

study, but it certainly affects the activity of our derivatives inside the yeast cells.

The experiments were conducted also with the tetramethylphosphonate derivative 7, tested only in its
fully protonated form since in its salified one it was found to be insoluble in both water and DMSO,
as well as in mixtures of the two, and the corresponding octamer 8. Compounds 7 and 8, both with
methoxy groups at the lower rim and conformationally mobile, showed a complete lack of activity.
This, as we hypothesized and aimed to demonstrate, seems to indicate that the presence of the
preorganized cavity is a necessary structural element for interaction with a-syn. However, these tests
will need to be repeated and confirmed to consider the results definitive, not excluding how other
factors, such as a different uptake efficiency by the yeast cells towards the different calixarene
derivatives, could be involved in determining a different activity extent. Finally, regarding compound
2, the tetramethylphosphonate biscrown-3 used in its protonated form, results obtained at a
concentration of 1 uM of calix[4]arene indicated a substantial lack of activity. However, at higher
concentrations of 10 uM, some cells remained alive, were oval, and exhibited no aggregates inside
them. Also these preliminary results will need to be further investigated, particularly by testing the
salified equivalent. Based on what was observed for 4 and 4', compound 2 in its anionic form might
have greater efficacy in acting against AS aggregates. Currently, it has not been possible to proceed
in this direction because homogeneous solutions could not be obtained with the salified compound to
treat yeast cells. Achieving this would be important because, if 2 in its anionic form should show
significant activity, it would provide us with a derivative modifiable at the lower rim with other

functions, such as an antioxidant unit, without altering the rigidity of the lipophilic cavity.

After the evaluation of the good activity of compound 4, several further biological experiments were
carried out to understand how it intervenes in the dysregulation of aggregate formation and to evaluate

more in general the benefits provided to the cells.
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The observation of the cell status 48 hours after the stimulation of AS overexpression and the
simultaneous treatment with the calixarene derivatives, due to the experiment timing, did not allow
us to conclude whether the action of 4 and, for a lower extent, of 4' entails the inhibition of oligomeric
aggregate formation or their disaggregation. Therefore, to understand what kind of action calixarene
4 exerts towards the a-syn aggregates, the experiments were performed monitoring the yeast health
after a shorter time interval from the AS expression induction. The images reported in figure 25 shows
the cells untreated (on the left) and treated (on the right), after 24 hours. The presence of aggregates
after 24 hours and the different dimensions of them in the two conditions (untreated and treated with
calixarene), together with the absence of aggregates in the treated cells after 48 h as previously
detected, suggests that compound 4 does not inhibit the formation of the oligomers but, on the

contrary, it disrupts them after their formation.

Figure 25: Images collected under a phase-contrast microscope (on the left) and fluorescence (on the right) of cells expressing AS-
GFP untreated (CNT) and treated with calix[4]arene

The same experiments were performed using different concentrations of compound 4, in order to
confirm the dose dependency of its biological activity within 24 h. In the Figure 26 are reported two
histograms on the data collected performing the same experiments at different concentration of
calixarene 4. The first histogram, on the left, allowed us to visualize an apparently curious trend:
increasing the concentration of calixarene 4, the number of cells with aggregates increases until 5 pM
and then decrease at 10 uM. This behavior is due to the efficiency of compound 4 at different
concentration. In fact, starting from 0.5 pM, we have more fluorescent cell compared to the control
sample meaning that there are more alive cells compared to the control sample (where the almost all
cells are died for the AS aggregation). Increasing the concentration to 1 and 5 uM, the situation is the
same: the percentage of fluorescent cell is increased but it is also increased the number of alive cells
meaning that the ratio between fluorescent cell and cell alive is decreased. At 10 pM, we have the

maximum effect of the compound 4 where the percentage of fluorescent cells is decreased but it is
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also increased the number of cells in the sample, showing a good health state of the yeast. This trend
is confirmed by the second histogram on the right. At a calixarene concentration of 0.5 uM, we found
the highest number of cells with big aggregates and the lowest number of cells with small aggregates
apart the CNT, and, vice versa, using the concentration of 10 uM we found the lowest number of cells
with big aggregates and the lowest number of cells with small aggregates. Administering the
compound 4 using different concentrations (0.5, 1, 5 and 10 uM), we demonstrated that the number

of cells with big and small aggregates is dependent to the concentration and time.
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Figure 26: The results of the experiment to evaluate the activity of compound 4 using different concentrations (0.5, 1, 5 and 10 uM).
On the left: the histogram reports the number of fluorescent cells at different concentration; on the right: the histogram reports the
number of small and big aggregates at different concentration.

To evaluate more in depth the activity of compound 4, we studied its possible effect on the oxidative
stress in the cells. The formation of AS aggregates generates the increase of radical oxygen species
(ROS) caused by the suppression of mithocondrial complex I by AS aggregates’’. We used the
CellROX™ Orange assay to evidence the presence of ROS. While in its reduced state, this dye,
capable of permeating cells, does not emit fluorescence, but when exposed to reactive oxygen species
(ROS), it undergoes oxidation, demonstrating a vivid orange fluorescence with absorption/emission
maxima at approximately 545/565 nm®. The assay was carried out after few hours from the
administration of galactose to the cells (galactose activates the expression of AS as explained above).
As reported in Figure 27, the level of cells containing ROS was three folds decreased in the samples

treated with 4 compared to the CNT untreated sample.
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Figure 27: CelROX™ Orange assy. On the left: Images collected under a phase-contrast microscope (on the left) and fluorescence
(on the right) of cells expressing AS-GFP untreated (CNT) and treated with calix[4]arene 4 after administration of dye; on the right:
The histogram reported the number of cell percentage dyed.

Another study performed on yeast cells to evaluate the benefits of treatment with compound 4 was a
test for the accumulation of lipid droplets (LDs). The LDs are involved in to the aggregation of AS*’.
Through the Nile Red assay, we were able to estimate the decrease of LDs in cells treated with 4.
Nile red (Figure 28), a phenoxazone dye, exhibits strong and diverse fluorescence in organic solvents
and hydrophobic lipids. Nonetheless, this fluorescence is completely suppressed in water. As a result,
the dye serves as an effective fluorescent hydrophobic probe. Leveraging this unique characteristic
of nile red, it is exploited a sensitive fluorescent histochemical stain for LDs*’. In the Figure 28 is
reported the comparison between the sample treated with calixarene 4 and the untreated one showing

the visible decrease of the presence of LDs as consequence of the presence of the macrocyclic

compound.
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Figure 28: Nile red assay performed to evaluate the accumulation of lipid droplets (LDs). Images are collected under a phase-
contrast microscope (on the left) and fluorescence (on the right) of cells expressing AS-GFP untreated (CNT) and treated with
calix[4]arene 4 after administration of dye.

The last biological study performed was the genic expression analysis. This analysis was carried out
to evaluate the effect of the treatment with compound 4 on several pathways that typically are altered
by the AS aggregates. In Figure 29 is reported a histogram in which the fold change of several genes
is reported for the untreated (white) and treated with 4 (blue) sample.

96



OCNT

m4

Lol ol ol e rm

ATG17 ERO1 HSP12 HS5P26 RPN4

Fold cahnge
=

Figure 29: Histogram of the genic expression analysis. One-way ANOVA, followed by Dunnett’s multiple comparison test

Among the five genes investigated, the restoration of three of them resulted more significant. ERO1
is a gene encoding a protein essential for maintaining redox balance within the endoplasmic reticulum
(ER) and necessary for counteracting the stress generated by the accumulation of misfolded proteins
in the ER. The HSP12 gene encodes a small heat shock protein that safeguards membranes against
stress caused by high temperatures, and possibly even stress induced by the expression of AS which
binds to biological membranes. ATG17 is a gene encoding a regulator of the autophagic process, the
inefficiency of which is known to be associated with the onset of PD. The activation of these three

genes is a proof of the benefit induced by the treatment with calixarene 4.

2.1.3 Host-guest complexation studies
Following the information obtained from the yeast analyses and particularly the promising results

regarding compound 4, the affinity of this macrocycle for the dipeptide Na-acetyl-L-lysyl-glycine-
OMe was evaluated using '"H NMR titrations. In the analysis, the dipeptide (Figure 30) was used,
which has trifluoroacetate as the counterion, having removed the Boc group with trifluoroacetic acid

at the end of the synthesis.
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Figure 30: calixarene 4 as host and dipeptide as guest

The "H NMR titrations were conducted in deuterated water and in the presence of 100 mM phosphate
buffer (PBS, pD = 7.4), starting from a guest concentration of 1.5 mM and adding increasing aliquots
of the host from a mother solution prepared at a concentration of 10 mM. Figure 31 shows the spectra
related to one of the 'H NMR titration experiments in deuterated water conducted at room
temperature. From preliminary analysis, it is possible to observe that as the host is added, some
dipeptide signals shift. This result indicates two effects: first, there is an interaction between the host
and guest, and second, this interaction is occurring in a fast exchange regime on the 'H NMR

timescale.
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Figure 31: Spectra related to the 1H NMR titration in D20 (400 MHz, 298 K) of dipeptide 15 with calix[4]arene methylphosphonate
4.

The complexation effect is most pronounced on the signals of the lysine side chain. The signals
corresponding to the CH: of the side chain are the multiplets in the low ppm range from 1.2 to 1.8
ppm and as the triplet at 2.9 ppm. With increasing host concentration, these signals shift to lower ppm

values and lose definition, changing from multiplets or triplets (traces 1-5) to broadened and singlet-
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like signals (from trace 6 onwards). Considering the signal at 2.9 ppm corresponding to the CH» near
the ammonium group (trace 1), there is a clear shift of the signal to lower resonance frequencies, from
2.91 ppm to 1.64 ppm. The chemical shift variation of the signal correlates well with the results of
lysine complexations reported in the literature and can be attributed to the inclusion of the side chain
within the macrocycle cavity, which accompanies the interaction between the ammonium group of

the side chain and one or more phosphonate groups of the calixarene.

Using the software sopramolecular.org, it was possible to determine the association constant of the
complex. The program performs a nonlinear optimization on the provided data using the Nelder-
Mead method and provides a function (solid line in Figure 32) corresponding to the binding isotherm.
Below is the graph with the chemical shift data collected from the titration as a function of the
[Go]/[Ho] ratio. Considering the chemical shifts corresponding to the methylene directly bonded to
the terminal ammonium group of the lysine (CH.NH3"), an association constant K, was calculated to

be 1517 (= 6) M.
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Figure 32: Experimental points and binding isotherm related to the shift of CH,NH3* during the titration of dipeptide 15 with
calix[4]arene 4 in D,0.

A peptide dilution experiment, over the range of concentrations reached during the titration, was
conducted to ensure that the chemical shift variations observed during the titration were not caused
even in part by changes in guest concentration. The shifts observed with calixarene 4 were not

observed in this case.

To eliminate any effects due to deprotonation that could overlap with the host-guest interaction
process and, instead, consider the increased ionic strength that might better simulate the situation in
which the macrocycle finds itself during biological experiments with yeast, titration in deuterated

phosphate buffer (100 mM, pD = 7.4) was also carried out (Figure 33).
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Figure 33: Spectra relating to 1H NMR titration in D,0 with 100 mM phosphate buffer (400 MHz,298 K) of dipeptide 15 with
calix[4]arene methylphosphonate 4

Comparing the observable variations in the spectra during the two titrations, a significant reduction
in the chemical shift variation of the CH2NH3" lysine signal was observed. By calculating the
association constant under these experimental conditions, still using the frequency shift of the
CH2NH;" signal, a value of 189 (+ 14) M™! was obtained. It is conceivable that phosphate anions
present in solution interact with the lysine ammonium, significantly interfering with the complexation

process by 4.
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Figure 34: Experimental points and complexation isotherm relating to the displacement of CH,NHs* during titration of dipeptide 15
with calix[4]arene 4 in D,0 with deuterated phosphate buffer (pD 7.4)

After the demonstration of the lysine complexation in the calixarene cavity, we studied through

isothermal titration calorimetry (ITC) the association constant and the thermodynamics values. ITC
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is a powerful analytical technique used in biochemistry, biophysics, and chemistry to study
interactions between molecules. It provides insights into the thermodynamic parameters associated
with binding reactions, such as the binding affinity (K,), enthalpy change (AH), entropy change (AS),
and stoichiometry of binding. The experiments were carried out by titration of 4 with dipeptide 15
using 19 injections (Figure 34A). As shown in figure 34C, the host-guest interaction resulted to be
endothermic. However, the free energy variation (AG) is negative thanks to the big contribute of
entropy change. In this phenomenon, the driving force seems to be the entropic effect due to the
hydrophobic effect given by interaction of the lipophilic cavity and the hydrophobic part of the lysine
residue chain. The ITC shows a n value close to 0.5 (Figure 34 B) where n is the ratio between host

and guest and this would mean that there is a second dipeptide unit interacting with the calixarene.
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Figure 34: A) raw data binding of ITC; B) Isothermal binding of titration and the thermodynamic values of titration; C) graphical
representation of thermodynamical parameters.

Further, to visualize this complexation process between the dipeptide and calixarene, some
computational calculations were performed using the SPARTAN software (Spartan ’14, version
1.1.4. Wavefunction, Inc. Irvine, CA). Molecular mechanics (MMFF) methods were used for
calculation. Operationally, a crystal structure published in the literature (PDB:5SNCV)?*® was used as
a starting point, representing a complex of cytochrome-c in which the side chain of a lysine is enclosed
by calix[4]arene methylphosphonate 4. From this structure, lysine and calixarene were extracted. The
lysine was then modified using SPARTAN's "build" function by adding an acetyl group on N, and
glycine methyl ester linked to the carbonyl to obtain dipeptide 15. Geometric optimization in vacuum

was then performed. As expected, lysine appears located inside the macrocyclic cavity, which is
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effectively made available by the hydrogen bonds between the hydroxyl groups of the phenols (Figure
35).

Figure 35: Left: Structure of the complex seen from above. Center: Ammonium-phosphate interaction. Right: Peptide bond-
phosphonate interaction.

2.2 Stabilizers for transthyretin
This part of the thesis is the outcome of a multidisciplinary collaboration that involved our group in

a joint work together with researchers at Free University of Bolzano, University of California,
University of Rome “La Sapienza”, Catholic University of Sacred Heart, TES Pharma S.r.l. and
University of Marche. The collected data were recently published in a paper entitled “3-O-
Methyltolcapone and Its Lipophilic Analogues Are Potent Inhibitors of Transthyretin

Amyloidogenesis with High Permeability and Low Toxicity”3.

2.2.1 Design of possible stabilizers
The known stabilizers for transthyretin work interacting with the protein hormone binding-sites.

These sites are generated by the folding of the two dimers. In these cavities, we can individuate some
regions where take place the interaction with iodine, a typical atom that characterizes the thyroid-
produced hormones T3 and T4. These regions are called halogen-binding pockets (HBPs)*. The three
HBPs present in the binding sites can be further categorized into an external binding subsite (HBP1
and HBP1', with 1 and 1' indicating the two constituent dimers), an internal binding subsite (HBP3
and HBP3'), and an intermediate interface (HBP2 and HBP2'). HBP1 is constituted by the amino acid
residues Lys15, Leul7, Thr106, and Vall21 and, from the compositions, we can understand that is
the more hydrophilic site. In contrast, HBP2 is predominantly hydrophobic, comprised of Leul7,
Alal08, Alal09, Leull0, along with the side chain of Lys15. HBP3 is formed by the side chains of
Ser117, Leul10, Thr119, and Ala108°.
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The stabilizers are defined to bind the site in a forward or reverse binding mode®*. When the
hydrophilic part interact with the outermost region of the site is defined forward binding mode. The
examples of this mode are tolcapone and 3-OMT. Contrarily, if the polar moiety is in the innermost
part, it is called reverse binding mode as for 3-deoxytolcapone. Particularly, the polar moiety of 3-
OMT interacts with HBP1 and HBP1’ generating a hydrogen bond with Lys15. In turn, this
interaction increases the stability of the ionic couple between Lys15 and Glu54. Meanwhile, the
hydrophobic moiety is deeply seated within the TTR hydrophobic HBP2/HBP2’ and HBP3/HBP3’
pairs, nestled between Leul 10 and Thr119 residues. Considering the efficient binding of 3-OMT, we
designed five compounds (Figure 36) keeping the same polar moiety but increasing the number of
methyl groups in the hydrophobic moiety. This design aimed to enhance the compounds' lipophilicity,

permeability through the blood-brain barrier, binding selectivity, and structural stability.
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Figure 36: Selected molecules as potential stabilizers.

2.2.2 In silico Docking of 3-OMT Lipophilic Analogues

We initially carried out analyses on the interaction between the TTR protein structure and the
designed analogues, thanks to the collaboration with Dr. Valentina Loconte at the Department of
Anatomy, University of California San Francisco and Lawrence Berkeley National Laboratory,
Molecular Biophysics and Integrated Bioimaging Division, Berkeley (USA). Starting from the well-
known 3D structure of TTR tetramer and the knowledge of the binding pocket and the amino acids
involved in the interactions with 3-OMT, she employed in silico docking methods to predict how the
new ligands might bind. This approach offers a computationally less intensive alternative to
Molecular Dynamics, which was employed more recently® to assess ligand poses within this protein.

Firstly, using 3-OMT as a benchmark, we confirmed that the simulation effectively replicated the
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original ligand binding. The most promising binding configurations for the five compounds were
determined through a focused search within the known protein halogen binding pockets. These top-
ranking binding molecules were identified based on criteria involving lower AGbinding and
FullFitness (FF) values. Although all the compounds exhibited greater hydrophobicity compared to
tolcapone and 3-OMT, analogues 16 and 17 demonstrated the most favorable interactions with the
HBPs displaying a higher affinity for the HBPs. Their binding site is situated at the base of HBP3 and
HBP2 and involves interactions with Ser117, Leul10, Thr119, and Leul7, which interact with the
hydrophobic ring of the compounds. Simultaneously, the hydrophilic ring is stabilized by Lys15. The
positioning of the binding pocket and the nature of interactions crucial for compound stabilization
align with those observed with tolcapone, 3-OMT, flurbiprofen, and tafamidis. The docking analysis
identified the most favourable binding mode as the "forward one," consistent with previous findings

regarding lipophilic analogues of tolcapone.

In contrast, analogues 18 and 19 exhibited a lower affinity for the HBPs in terms of binding energy
and FF, while analogue 20 displayed no affinity for the HBPs. We hypothesize that analogues 16 and
17 have more favourable binding energy due to reduced steric clashes compared to the other
compounds. Conversely, the binding og analogues 19 and 20 is disfavoured due to increased steric

hindrance.

2.2.3 Synthesis of analogues 16 and 17
To synthesize the two identified compounds 16 and 17, a synthetic strategy published in the Journal

of Medicinal Chemistry®®, used to prepare molecules similar to ours starting from vanillin, was

particularly interesting.
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Scheme 7: First synthetic route of compounds 16 and 17

The first step involved reaction between the aldehyde group of the O-benzyl protected vanillin with
the appropriate Grignard reagent to form compounds 22a and 22b (Scheme 7). The Grignard reagent
was prepared under anhydrous conditions by reacting magnesium turnings with 1-bromo-3,5-
dimethylbenzene for the synthesis of compound 22a and with 1-bromo-2,4-dimetilbenzene for the
synthesis of compound 22b in THF. After preparing the Grignard reagent, the slow addition of

aldehyde 21 was carried out.

In an initial attempt to synthesize 22a, the reaction was quenched using 2M HCI. However, a rather
complicated crude product was obtained, from which only one derivative was isolated, albeit in very
small quantitiesThe 'H-NMR analysis (Figure 37) revealed the presence of some signals that cast
doubt on whether it was indeed the desired compound. In particular, there were two singlets at 3.87
and 3.85 ppm related to the OCH3 group, as well as two singlets at 2.30 and 2.33 ppm attributable to
the CH3 groups attached to the aromatic ring. While the presence of two signals for the CHj3 groups
could potentially be explained by restricted rotation around the bond between C=0 and Ar, there was

no reason for two OCH3 signals in the expected molecule.
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Figure 37. *H NMR spectrum (400 MHz, 298 K) in CDCl; of product for first attempt of alcohol formation.

Simultaneous mass spectrometry analysis identified an ion with m/z = 701, equivalent to a sodium-
containing species which was presumed to be the molecule described in Figure 38, outlining the
proposed mechanism that would have led to its formation. According to this mechanism, treatment
with strong acid to quench the reaction in the desired product 22a led to the formation of a secondary
and doubly benzylic carbocation, which then perfomed electrophilic attack on an aromatic ring of a
second molecule of 22a. Figure 38 illustrates one of the possible carbocation attacks on the aromatic
ring, considering the position characterized by the best compromise between activation and steric
hindrance. This reaction could further proceed with the extraction of the OH group from the resulting
compound, potentially leading to an oligomerization process that could explain the complexity of the

crude product.
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Figure 38: Possible mechanism of product degradation

The identification of this undesired byproduct was, therefore, very useful when, repeating the reaction
between the aldehyde and Grignard reagent, we proceeded with quenching using NH4Cl. Following
this precaution, compound 22a was obtained and isolated with a yield close to 70%. Similarly, for
the reaction between 21 and the Grignard of 1-bromo-2,4-dimethylbenzene, compound 22b was

obtained with a yield of approximately 55%.

Subsequent reactions involved the oxidation of alcohols 22a and 22b to the corresponding ketones
23a and 23b using the Oppenauer-Woodward oxidation. The reaction was conducted in toluene with
t-BuONa as the base for deprotonation of alcohols 22a and 22b, and cyclohexanone as the hydride
acceptor, refluxed overnight. Compounds 23a and 23b were obtained as white crystals with a yield

of around 70% and 57%, respectively.

The next step involved the deprotection of compounds 23a and 23b from the benzyl group through
benzyl ether hydrogenolysis. The reaction was carried out under reflux in MeOH using 10% Pd/C as
a catalyst and ammonium formate for the in-situ production of H>. Compounds 24a and 24b were
obtained, after recrystallization, with a yield slightly above 80% and 90%, respectively. In this case

as well, the two products were identified through NMR analysis and mass spectrometry.

The final step for the synthesis of the end product 16 involved a nitration reaction of compound 24a,
conducted at room temperature, using glacial acetic acid and 65% HNO3. Compound 16 was obtained,
after recrystallization, in the form of yellow needle-like crystals with a yield around 20%. The low
yield might be partly attributed to the premature quenching of the reaction when there was still some
of the reagent 24a present to prevent poly-nitration events. The right identity of the product was

confirmed by the analysis of the '"H-NMR spectrum in DMSO-ds, as shown below (Figure 39), where
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we can observe two doublets at 7.75 and 7.57 ppm corresponding to the hydrogens on the aromatic
ring bearing the nitro group, a signal at 7.35 ppm related to the two equivalent hydrogens in the ortho
position to the C=O on the other aromatic ring, and a signal at 7.32 ppm related to the hydrogen in

para-position on the same aromatic ring.

T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
f1 (ppm)

Figure 39: 1H NMR spectrum (400 MHz, 298 K) in DMSO-ds of compound 16

For the nitration of compound 24b, the same experimental procedure applied for the synthesis of 16
was followed. From recrystallization with EtOH, yellow needle-like crystals were obtained, albeit in
small quantities. However, from the 'H-NMR analysis, they did not appear to be the desired

compound 17.

In the 'H-NMR spectrum recorded (Figure 40), there were two doublets with a J value of 2.6 Hz at
7.98 and 8.72 ppm as the only signals related to aromatic hydrogens, which, from the integrations,
appeared to be only two. There was also a signal at 11.23 ppm related to the OH group and a signal
at 4.08 ppm related to the OCH3 group. Additionally, the '*C-NMR spectrum indicated the presence
of only 7 carbons in the molecule, and the ESI-MS analysis showed a peak with m/z =237, [M+Na]".
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Figure 40: 1H NMR spectrum (400 MHz, 298 K) in CDCl; of side-product of nitration

This last observation, unless considering fragmentation caused by the analysis technique, which was
not verified in the case of compound 16, would correspond to the molecular ion of the examined
molecule. Therefore, it was hypothesized to be the one represented in Figure 40. This led us to the
conclusion that during the nitration reaction, unlike 24a, compound 24b degraded with the cleavage

of bonds between the two aromatic rings.

S O
o 0
N N

Figure 41: product of degradation

The material obtained from the reaction was then re-examined in an attempt to identify the presence
of the desired product 17. For this purpose, a separation was carried out using column
chromatography on the mother liquors remaining from the previous recrystallization. The 'H-NMR
spectra of the various separated fractions were recorded to see if any of them might contain product

17. However, it was not found in any of them.
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A second attempt to nitrate compound 24b was then made, essentially following the same procedure,
but conducting the reaction in an ice bath and under a nitrogen flow. In this case as well, after column
chromatography and analysis of the fractions via '"H-NMR and ESI-MS, it was concluded that the

reaction had not correctly occurred.

In a third attempt, the reaction was carried out using HoSO4 as the solvent and NaNOjs as the nitrating
agent, mixing the reagents and allowing them to proceed for 40 minutes at -10 °C and then for 3 hours

at room temperature. Again, the reaction proved to be entirely unsuccessful.

We attributed this negative outcome of the reaction to the different position of the methyl groups in
24b with respect to 24a that seems to allow an ipso-nitration with the release of the stabilised 2,4-

dimethyl-benzoyl cation.

An alternative strategy was then performed to obtain compound 17, starting from S-nitrovanillic acid
25%7 (Scheme 8). This was transformed in the corresponding acyl chloride that was reacted, without

preliminary isolation, with m-xylene in a Friedel-Craft reaction producing the target derivative 17.

o) o)
O OH oxalyl chloride, DMF | ~° ol | _ Aol O O
—
HO DCM, rt HO DCM, m- xylene HO
NO, NO, 57%
25 17

Scheme 8: Synthetic route of compound 17

The 'H-NMR confirmed the successful result of the reaction showing a significant shift in the down-
field region, compared to the precursor 25, for the doublet corresponding to the aromatic hydrogen in

ortho to the nitro group (figure 42).
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Figure 42: 1H NMR spectrum (400 MHz, 298 K) in DMSO-ds of compound 17

2.2.4 X-Ray crystal structures of hTTR/16 and hTTR/17 complexes

The X-Ray crystal structure of the complexes obtained at the solid state between human TTR and the

two synthesised ligands 16 and 17 was determined at the PETRA III storage ring (DESY, Hamburg,

Germany) and analysed by Dr T. Poonsili and Prof. Benini at the Free University of Bolzano and

Prof. Cianci at Universita Politecnica delle Marche.

2.2.4.1 hTTR/16 complex

The crystallographic analysis of the TTR/16 complex, resolved at resolution of 1.19 A, unveils the
"forward binding mode" (Figure 43). Both binding cavities were refined to be equally occupied
(0.50/0.50), with electron densities for both ligands clearly defining the positions of the 3-methoxy-
4-hydroxy-5-nitrophenyl ring and the innermost apolar 3,5-dimethyl-phenyl ring. The 3,5-dimethyl-
phenyl ring of compound 16 is deeply embedded within the inner hydrophobic binding sites HBP3.
It is situated between Leul10 and the y-methyl group of Thr119' side chain on one side, and Leul10'
and the y-methyl group of Thr119 side chain on the other side (as shown in Figure 43). The 3,5-

dimethyl groups are oriented towards Ser117/Serl117'. Furthermore, the central carbonyl group of
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compound 16 is directed towards the y-hydroxyl group of Thr119' in the HBP2'. Similar to the TTR-

tolcapone complex®*, the 3-methoxy-4-hydroxy-5-nitrophenyl ring remains situated in HBP1, held in

place through hydrophilic interactions with Lys15/Lys15' and Thr119. The 3-methoxy group is at a

distance of 3.17 A from the y-amino group of Lys15 and 2.90 A from the y-amino group of Lys15'".

The 4-hydroxy moiety is at a distance of 2.75 A from the y-amino group of Lys15'. The 5-nitrophenyl

group is anchored by the y-hydroxyl group of Thr119. The positive charges of Lys15/Lys15' are

balanced by carboxylic groups of Glu54/Glu54' at a distance of 3.01 A.
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Figure 43: TTR-ligand interactions are observed in the crystal structures of the two TTR complexes, namely 1 (PDB ID: 8C85) and 2
(PDB ID: 8C86). On the left, the OMIT (Fo-Fc) Fourier difference electron density maps (depicted in blue and contoured at 3 o) reveal
the presence of tolcapone analogues (1 on top and 2 at the bottom) bound within the two cavities of the TTR tetramer. On the right,

detailed views illustrate the two symmetry-related binding modes of each ligand (shown in green) within the T4 binding cavity.
These interactions occur through residues present in HBP1/ HBP1’ (Lys15, Glu54, and Thr106), HBP2/ HBP2’ (Leu110, Leul7, Lys15),
and HBP3/ HBP3’ (Ser117, Leu110, Ala108, and Thr119). Both the interacting residues and ligands are depicted as sticks, with the
symmetry-related image of the ligands represented as fine bonds. Carbon, nitrogen, and oxygen are shown in light blue (green for
the ligands), blue, and red, respectively. Additionally, water molecules are represented as red spheres, while hydrogen bonds are

2.2.4.2 h'TTR/17 complex

illustrated as dotted lines, with distances indicated in A.
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The crystallographic analysis of the TTR/17 complex, resolved at 1.10 A resolution, unequivocally
validates also in this case the "forward binding mode" (Figure 44). The presence of a 2-fold axis
traversing the binding pocket results in two symmetrical binding modes for the ligand, rotated by 180
degrees relative to each other. The Fo-Fc electron density map, at a confidence level of 3 o, distinctly
delineates both the 3-methoxy-4-hydroxy-5-nitrophenyl ring and the innermost apolar 2,4-dimethyl-
phenyl ring. These two binding cavities are evenly occupied (0.50/0.50). The 2,4-dimethyl-phenyl
ring of compound 17 is positioned deeply within the inner hydrophobic binding sites HBP3. It is
nestled between Leul 10 and the y-methyl group of the Thr119’ side chain on one side, and Leul 10’
and the y-methyl group of the Thr119 side chain on the other side (as depicted in Figure 44). The 4-
methyl group of the 2,4-dimethyl groups is directed towards Ser117/Serl17’°, while the 2-methyl
group of the 2,4-dimethyl groups points towards Alal08’-Alal09’. Additionally, the central carbonyl
group of compound 2 is oriented towards the y-methyl group of Thr119’ and the y-methyl group of
Alal08’ within the HBP2’. The 3-methoxy-4-hydroxy-5-nitrophenyl ring remains situated in HBP1,
anchored by hydrophilic interactions involving Lys15/Lys15’. The oxygen atom of the 3-methoxy
group is 3.17 A away from the y-amino group of Lys15, with the methyl group pointing towards the
y-methyl group of Alal21’ and the y-methyl group of Alal106’. The 4-hydroxy moiety is at a distance
of 2.77 A from the y-amino group of Lys15’ and 2.9 A from the y-amino group of Lys15. The 5-
nitrophenyl group is tethered by the y-amino group of Lys15’ at a distance of 3.0 A. The positive
charges stemming from Lys15/Lys15’ are balanced by carboxylic groups from Glu54/Glu54’ at a
distance of 2.87 A.

Figure 44: Superposition of the pose within the binding site of TTR of compound 16(colored in blue) with: A) compound 17 (light
blue); B) 3-OMT (green) and tolcapone (red).
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2.2.5 Isothermal titration calorimetry studies

ITC, as explained some paragraphs above, is an important technique to evaluate the affinity between
a host and guest calculating the dissociation constant (Kq4) by measuring the heat exchange between
the solution and the external environment. These experiments were performed by prof. Rinaldo’s
research group at University of Rome “La Sapienza”. These experiments were carried out for
tolcapone, tafamidis, 16 and 17. The set of experiments consisted of a 5 pM protein solution that was
titrated with 100 uM of each compound and the titration profile is depicted in Figure 45 (A-E). Fitting
the values of recorded heat vs the molar ratio, we could calculate the dissociation constant (Kg), the

enthalpy, and the stoichiometry of binding as reported in Table 1.

. K AH AS

Ligand n d 1 1,
(nM) (kcal mol ) (kcalmol T )

tafamidis 2.440.1 128163 -3.240.3 20.9+2.1

tolcapone 2.0£0.1 264 -11.84£0.5 -4.8%1.9

3-OMT 1.9+0.2 3349 -8.9+0.3 4.610.5

16 1.840.1 71+26 -11.5£+1.3 -2.9+0.9

17 2.140.3 2515 -10.510.2 -0.4%0.1

Table 1: thermodynamic values of ITC studies
The encouraging data are the better affinities for 16 and 17 compared to 3-OMT showing that the
addition of methyl groups also has a positive effect for the binding. The comparison between 16 and
17 allows us to understand the effect of the different configuration of the two compounds showing a

higher affinity for 17 compared to 16. 3-OMT, 16 and 17 have towards TTR a better affinity than

tafamidis.
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Figure 45: Raw data for ITC data binding of selected inhibitors to TTR. Analysis by ITC measurements was performed by titrating 3 or
5 uM http protein solution with 100 uM (A) tolcapone, (B) 17, (C) 3-OMT, (D) 16, or (E) tafamidis, in 1x buffer A (25 mM Hepes pH
7,4, 100 mM KCl, 1 mM EDTA) and 5% DMSO.

2.2.6 Biological studies

2.2.6.1 Western-Blotting studies
Western blotting is a versatile and widely used technique in molecular biology and biochemistry for

studying proteins, identifying post-translational modifications, quantifying protein concentrations,
and more. Also known as immunoblotting, is a laboratory technique used to detect specific proteins
in a biological sample. This technique relies on separating proteins based on their size through

polyacrylamide gel electrophoresis and then identifying them using specific antibodies. Here iss how

Western blotting works:

1. Protein Extraction: First, proteins need to be extracted from the biological sample of interest. This
can be done by homogenizing cells or tissues in a protein extraction buffer that disrupts cell

membranes and releases the proteins within.
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2. Gel Electrophoresis: The extracted proteins are then separated based on their size through
electrophoresis on a polyacrylamide gel. Smaller proteins migrate more quickly through the gel

compared to larger ones. This process separates proteins according to their molecular sizes.

3. Membrane Transfer: After electrophoresis, the separated proteins on the gel need to be transferred
onto a membrane, typically a nitrocellulose or PVDF (polyvinylidene difluoride) membrane. This
step is called "blotting." The transfer is achieved by applying a constant electric current through the
gel, causing the proteins to move from the gel matrix to the membrane while maintaining the same

size-based arrangement.

4. Blocking: After transfer, the membrane is treated with a blocking solution that prevents nonspecific

antibody binding and minimizes background noise.

5. Incubation with Primary Antibodies: The membrane is then incubated with a primary antibody

specific to the target protein of interest. This primary antibody specifically binds to the target protein.

6. Washing: After incubation with the primary antibody, the membrane is washed to remove any

unbound antibodies.

7. Incubation with Secondary Antibodies: The membrane is subsequently incubated with a secondary
antibody conjugated with a marker, such as an enzyme or a fluorescent substance. This secondary
antibody binds to the primary antibody, allowing for the detection of the presence of the protein of

interest.

8. Detection: The membrane is treated with a substrate specific to the enzyme or fluorophore
conjugated to the secondary antibody. This triggers a chemical reaction that produces a detectable
signal, such as luminescence or fluorescence. The signal is proportional to the amount of protein

present.

9. Image Acquisition and Analysis: Finally, the membrane image is captured using specialized
equipment, such as a chemiluminescent imaging system or a fluorescence scanner. The results are

then analyzed to determine the quantity and size of proteins present in the sample.

The research group of Prof. Claudia Folli, at University of Parma, performed these experiments. To
evaluate the selectivity of the binding of the ligands towards TTR, the experiments were carried out
using human plasma. This environment, compared in vitro assays using a purified TTR, is more
complicated for the presence of the other plasma proteins (i.e., albumins, globulins, etc.); therefore
give an idea of the ability of the ligand to stabilise the TTR tetramer in a context where other proteins

can interfere with this process and/or sequester the small organic molecule. Different concentrations
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of the two target compounds 16 and 17, 3-OMT, tolcapone and tafamidis, this latter used as a
reference, were tested. The evaluation of the efficiency of the stabilization was performed estimating
the percentage of TTR monomer in plasma after incubation of the stabilizer with TTR in slightly

denaturing conditions (Figure 46).
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Figure 46: Binding selectivity and structural stabilisation of human TTR in diluted plasma samples, by tolcapone analogues.
Histograms represent the relative abundance of TTR monomer after supplementation of tolcapone analogues at two different
concentrations (1 uM, left and 10 uM, right), in comparison to the negative control (DMSQO). Data are expressed as mean (SD) of
three independent experiments, and a representative western blot result is shown below each graph. Data were analysed by one-
way ANOVA and symbols indicate statistical difference between treatments: P>0.05 (ns), P<0.05 (*).

Dimethyl sulfoxide (DMSO) was used as reference negative control totally unable to stabilise the
protein tetramer. At 10 uM concentration, every stabilizer showed a very similar good efficiency.
Using a lower concentration (1 pM), we could observe difference among the stabilizers. Tafamidis
proved to be the less efficient compound (47% of TTR monomer). Target compound 17 shows a very
good ability of stabilization recording the lowest value among the tested stabilizers (7% of TTR
monomer). On the other hand, for target 16 was determined an effect comparable to that of 3-OMT
(17% TTR monomer). From these tests, compound 17 seems to be the best stabilizer for TTR.

2.2.6.2 In-vitro Intestinal and Blood-Brain Barrier Permeability, Solubility and
Chromatography Hydrophobicity Index (CHI)
The cellular-based Caco-2 assay is a test that was performed by Nicola Giacche and colleagues from

TES Pharma to evaluate the human intestinal permeability and drug efflux of the TTR stabilisers. The
assays were set to determine the rate of the molecules transported across the Caco-2 cell in two
directions, apical to basolateral (A—B) and basolateral to apical (B—A), expressed as apparent
permeability Payp (Table 2). Stabilizers 16, 17, 3-OMT and tolcapone showed good permeability and
no efflux active transport. Among them, tolcapone displayed the lowest permeability with (A—B) and
(B—A) Papp value of 101 and 206 nm/s, respectively. 3-OMT showed better permeability with a
(A—B) Papp value of 160 nm/s, but in particular the two compounds 16 and 17 prepared in this work

showed a 2.5-fold increase of the (A—B) Papp value compared to tolcapone, with a Papp value (A—B)
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of 240 nm/s and 250 nm/s, respectively. Although lower, they showed an increase also of the (B—A)

Papp.
Compound Direction/ £inhibitor Papp (nm/s) Recovery % Efflux ratio
[expected value] (reduction %)
tolcapone A—B 101+12 53+1 2
B—A 206+58 70+4
3-OMT A—B 160+29 6614 1.5
B—A 243+30 83+8
A—B 240421 64+4 1
16 B—A 231423 772
A—B 25043 69+8 1
17 B—A 268425 80+9

Table 2: Caco-2 Intestinal Permeability. T reference compounds.

The Chromatographic hydrophobicity index (CHI) is a value very useful for quantifying the

hydrophobicity of a compound. This index is calculated for every molecule using a reverse silica

phase and estimating the retention time using as eluent a mixture of acetonitrile and a buffer solution.

The buffer solution depends on the pH used in every experiment. This index is evaluated at different

pH (2, 7.4, and 10.5) to have a complete profile of the hydrophobicity. As we expected, working at

acidic pH the four tested molecules displayed a good hydrophobicity index because the molecules are

in the neutral form. Among these molecules, 16 and 17 have the highest values as reported in the

table. At pH 7.4, it was impossible to estimate the index for tolcapone caused by a large time interval

over the peak extended. Considering the values in the different pH, 16 and 17 displayed higher

hydrophobicity compared to tolcapone (Table 3).

CHI CHI CHI

(pH 2.0) | (pH 7.4) | (pH 10.5)
tolcapone 78.2 n.d. 493
3-OMT 89.2 50.2 46.0
16 97.8 55.5 51.7
17 96.1 53.8 50.2

Table 3: CHI values of the four tested compounds.
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To evaluate the permeability through the Brain-Blood Barrier (BBB) an experiment was carried out
exploiting a parallel artificial membrane permeability assay (PAMPA) using porcine brain lipid
extracts to simulate BBB permeation (PAMPA-BBB). This assay can simulate the transcellular
passive diffusion that is the most significant mechanism for the exogenous brain uptake of small
molecules. Verapamil, caffeine and theophylline were used as reference compound to verify the
reliability of the assay in our hands and the results obtained for them in term of BBB permeability
(BBB-Pe) confirmed this. The BBB-Pe value indicates the rate at which a molecule overcomes the
barrier and is expressed in cm/s. Comparing the results reported in Table 4, 3-OMT and the two target
compounds 16 and 17 have a 2.5-fold higher permeability BBB-Pe with respect to tolcapone. For
these three compounds it is close to the highest value obtainable with this in vitro model (~20x107¢
cm/s).

Another important aspect is the solubility of the compound. 3-OMT and tolcapone are very soluble
in phosphate buffer solution (PBS) at physiological pH (Table 4). The presence of a second methyl
group to 3-OMT doesn’t influence the solubility of compounds that remains >500 uM.

The collected data allow us to affirm that the target molecules can overcome the BBB classifying

them as CNS+.

Compound BBB-Pe (10 cm/s) 1-Rm CNS Class Solubility (uM)
[expected values] [expected values]
verapamil 12.0 (£2.4) [>10] 0.8 + [+] >500
caffeine 1.9 (#0.1) [1.3] 0.9 - [-] >500
theophylline | 0.2 (£0.1) [0.12] 1.0 - [-] >500
tolcapone 5.6 (£1.2) 0.9 + >500
3-OMT 14.4 (+0.2) 0.9 + >500
16 15.3 (£2.0) 0.9 + >500
17 13.5 (£3.9) 1.0 + >500

Table 4: Determined solubility (Kinetic) and Blood-Brain Barrier Permeability (PAMPA-BBB) values for control molecules (verapamil,
caffeine and theophylline) and tested compounds (tolcapone, 3-OMT, 16 and 17). Expected values are reported in brackets. Rm is
the membrane retention factor. 1 - Rm between 1.2 and 0.8 is considered fully acceptable for the reliability of the results.

2.2.6.3 Neuronal- and hepato- toxicity studies
One of the most relevant limitations of tolcapone as a drug is its toxicity. Evaluation of the toxicity

of the target compounds was then crucial to understanding the possible benefits of these 3-OMT-

based derivatives. Toxicity studies were carried out by Nicola Giacche and colleagues from TES
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Pharma measuring the ATP level after 48 hours of the compound administration. The level of ATP
is directly correlated with the cell viability (Figure 47). This assay was conducted on neuroblastoma
human cell line SH-SYS5Y for neuronal toxicity evaluation and on hepatocarcinoma HepG2 for

hepatoxicity evaluation.
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Figure 47: A) Cytotoxicity in Neuroblastoma SH-SY5Y cell line (ATP Viability Assay). B) Cytotoxicity in Hepatocarcinoma HepG2 cell
line (ATP Viability Assay). C) Positive control (Tamoxifen) of the HepG2 assay. The full dose response curves at the tested
concentrations are shown as the average and standard error for each concentration. Percentage of living cells were calculated, and
four-parameter nonlinear regression curve was generated using Prism; GraphPad Software Inc., to calculate EC50 values.

Table 5 reports the results of these studies as ECso where this value indicates the concentration to
obtain the death of 50% of the cells meaning that the higher values are associated with a lower
toxicity. The values found for the two target compounds 16 and 17 are 6-fold higher compared to
tolcapone in neuronal cells and more than 10-fold times higher in liver cells demonstrating that the

methylation of OH in position 3 reduces significantly the toxicity of the compounds especially in the

liver.
Compound SH-SYS5Y HepG2
ECso (nM) ECso (nM)
tolcapone 29.8 £1.1 17.5+£2.4
3-OMT 226.3 +1.3 262.3 £20.7
16 172.1 £5 410 £33
17 174.4 +£3.7 215.6 £2.2

Table 5: ECsp results reported for reference compounds (3-OMT an tolcapone) and target compound (16 and 17).

3. Conclusion

As widely discussed in the introduction of this chapter, the neurodegenerative diseases cases are

increasing in parallel to the average age of the human people. For this, it became strongly necessary
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to find solutions. In the studies reported in this chapter, we focalized our attention on two different

pathologies: Parkinson’s disease (PD) and Amyloidosis due to Transthyretin Accumulation (ATTR).

Starting from the common key event, amyloidogenic aggregates, we worked to avoid their formation
starting from the proteins involved: a-synuclein (AS) for PD and transthyretin (TTR) for ATTR.
Considering the structure of the protein involved in the two diseases and the mechanism of the
aggregation at the origin of the toxicity, we decided to use two different approaches:
inhibition/disaggregation of the aggregates for PD and stabilization of the physiological TTR
tetrameric species for ATTR. AS is a protein characterized by a not well-defined structure but is rich
in lysine, especially in the NAC domains. Otherwise, TTR is a protein with a quaternary structure
defined by the interaction of four identical subunit generating two sites for several physiological

molecules.

Therefore, for AS aggregates we decided to exploit negatively-charged calix[4]arene for the
interaction with the numerous lysine units and thus interfering with the aggregation phenomenon.
Starting from the knowledge of the research group on calix[4]arene, we synthetized several
compounds. They were studied by Prof. Ruotolo of the University of Parma exploiting a yeast model
that can produce AS fused with green fluorescence protein (GFP). This fluorescent probe allows to
visualize the cells through fluorescent microscopy. The results reported in the chapter show the
efficiency of the compound 4, a tetramethylphosphonate calix[4]arene blocked in rigid cone
geometry, to avoid the death of cells by disruption of the AS aggregates. Several biological studies
(evaluation of ROS and LDs formation, genic expression analysis) were carried out to evaluate the
benefits of the administration to the cells of calixarene 4. The Host-Guest complex studies with ITC
and NMR titration on compound 4 allowed us to hypothesize that the dysregulation of AS aggregation
would be possible thanks to the interaction between the calixarene anionic units and the ammonium
of lysine, together with the inclusion into the macrocyclic cavity of the carbon side chain of the amino

acid.

Compounds 16 and 17, two different derivatives of 3-O-methyltolcapone, were evaluated as
stabilizers of TTR by different studies. Thanks to ITC titration and Western Blotting experiments we
were able to estimate, respectively, the ability of interaction and stabilization of the two derivatives.
The co-crystallization of the target compounds with TTR allowed us to understand how the two
compounds form complexes with the tetramer, stabilizing it. One of the main reasons that prompted
the design and synthesis of these two derivatives was the need of finding molecules with improved
ability of cross the BBB compared to tolcapone for which the scarce availability in the CNS represents
a relevant limitation. The performed studies showed indeed that both of them have a good BBB
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permeability, significantly increased with respect to tolcapone. They also showed an improved profile

in term of neuronal- and hepato- toxicity being these other weak points of tolcapone.

In this chapter is reported the synthesis and the studies of different compounds that resulted to be
good ligands for AS and TTR, respectively disrupting aggregates or avoiding their formation.

4. Experimental Part

General information

Commercially available reagents and solvents were used without carrying out any prior purification
or treatment except as indicated. All moisture- and air-sensitive reactions were conducted under
nitrogen atmosphere. Dry solvents were prepared according to standard procedures and stored in the
presence of molecular sieves. Monitoring of synthetic processes was performed by direct-phase thin-
layer chromatography (TLC) using 60 F254 silica gel plates. For the detection of reagents and
products with amine groups, the TLCs were sprayed with a 5% solution of ninhydrin in ethanol; for
those with phenolic groups, a solution of FeCl; in water was used; for those with carboxylic acid
groups, a solution of acidic bromocresol green in ethanol was used; and for easily oxidized
compounds, a 0.05% solution of KMnOy in water was used. Flash chromatography columns on silica
gel 60 (230-400 mesh), under nitrogen pressure, and commercial preparative TLC 20%20 cm, silica
gel Fas4, 0.5 mm were used for products purification. Products characterization was performed by 'H
and "*C NMR spectroscopy and mass spectrometry using ESI technique. NMR spectra were recorded
with Bruker AVANCE 400 spectrometer (‘H at 400 MHz, '3C at 100 MHz); chemical shift values
are reported in ppm using the resonance frequency of the partially deuterated solvent as a reference.
Isothermal titration calorimetry was performed by ITC Isothermal Titration Calorimeter MicroCal
PEAQ. Mass spectra were recorded with a single quadrupole SQ detector spectrometer, Waters. The
purity degree of compounds 16 and 17 was determined with an Agilent 1260 HPLC, using a
SUPELCO C18 column (3 pm, 150 mm x 4.6 mm) at 40 °C. Mobile phase A: 0.1% TFA in water;
mobile phase B: 0.1% TFA in acetonitrile. Gradient conditions: 0—5 min, phase A 100%; 5—15 min,
phase A 60%, phase B 40%; 15—25 min, phase A 20%, phase B 80%; 25-30, phase B 100%; 30-35
min, phase A 100%. Flow rate: 1.5 mL/min. The peaks were detected at 270 nm.

4.1 Negatively-charged calix[4]arenes as inhibitors of AS aggregation
25,26,27,28-tetra(tert-butoxycarbonylmethoxy)calix[4]arene (9)

In a two-necked flask under a nitrogen flow, 25,26,27,28-tetrahydroxycalix[4]arene (2,12 g, 4.99
mmol) was added to a mixture of THF (120 mL) and DMF (30 mL). Then, NaH (1.20 g, 24.97 mmol)

was added, and the mixture was stirred for about 5 minutes. Subsequently, tert-butyl bromoacetate
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(4.2 mL, 49.94 mmol) was added, and the mixture was brought to reflux by heating at 66°C for 16
hours. The reaction progress was monitored by TLC (eluent: Hex/EtOAc 7:3, visualized with FeCl3).
Upon the disappearance of the starting material, the THF was evaporated under reduced pressure
using a rotary evaporator. Then, | M HCl was added, and the resulting white precipitate was filtered
through a Buchner funnel, washed with 1 M HCI, and then with water. The compound was purified
through recrystallization from dichloromethane/methanol and finally washed with cold methanol.
The resulting compound was dried using a mechanical pump. The obtained compound appeared as a

white powder.
Yield=70% (3.03 g,)

"H NMR (400 MHz, CDCI3) § (ppm): 6.66 — 6.50 (m, 12H, ArH), 4.89 (d, J = 13.7 Hz, 4H, axial
ArCH>Ar), 4.63 (s, 8H, OCH,CO), 3.22 (d, J = 13.7 Hz, 4H, equatorial ArCH>Ar), 1.46 (s, 36H,
CH;).

The spectroscopic data found are in agreement with those reported in literature®,
25,26,27,28-tetra(hydroxycarbonylmethoxy)calix[4]arene (10)

In a round-bottom flask, 9 (2.0 g, 2.27 mmol) and CF3COOH (7.81 mL, 102.10 mmol) were
introduced, and the solution was kept stirring for 5 hours at room temperature. The reaction was
monitored by TLC (eluent: Hex/EtOAc 3:7, bromocresol green). Once the reaction was completed,
the solvent was evaporated under reduced pressure using a rotary evaporator. Then, water was added,
and the resulting mixture was stirred for 15 minutes to promote the precipitation of the desired
product. The obtained white solid was filtered through a Buchner funnel and left to dry using a

mechanical pump. The product appeared as a white powder.
Yield=95% (1.42 g)

'"H NMR (400 MHz, DMSO-ds) & (ppm): 12.37 (br s, COOH), 6.92 (d, J = 7.6 Hz, 8H, ArHmeta),
6.68 (t,J=17.5 Hz, 4H ArHpara), 4.89 (d, J = 13.0 Hz, 4H, axial ArCH>Ar), 4.67 (s, 8H, OCH>CO),
3.29 (d, J=13.0 Hz, 4H, equatorial ArCH>Ar).

The spectroscopic data found are in agreement with those reported in literature®,
5,11,17,23-tetrasulfonate-25,26,27,28-
tetrakis(hydroxycarbonylmethoxy)calix[4]arene (1)

In a round-bottom flask, 10 (700 mg, 1.07 mmol) and H>SO4 (3 mL, 56.28 mmol) were introduced.

The reaction was kept stirring at room temperature. The progress of the reaction was monitored using
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mass spectrometry. After 16 hours, when the starting material was no longer observed, diethyl ether
(20 mL) was added and the mixture was stirred for 1 hour. The oily precipitate was separated from
diethyl ether by centrifugation. Further washes with diethyl ether were performed, yielding a dense
red oil that was dried using a mechanical pump for 1 day. The product was obtained as an amaranth

powder.
Yield: quantitative (1.07 g)

"H NMR (400 MHz, D,O+NaOD 5% wt) & (ppm): 7.53 (s, 8H, ArH), 4.52 (d, J=12.7 Hz, 4H, axial
ArCH>Ar), 4.30 (s, 8H, OCH2CO), 3.50 (d, J = 12.7 Hz, 4H, equatorial ArCH,Ar).

The spectroscopic data found are in agreement with those reported in literature®,
5,11,17,23-tetrabromo-25,26,27,28-bis-crown-3-calix[4]arene (11)

In a round-bottom flask, a solution of 25,26-27,28-biscrown-3-calix[4]arene (100 mg, 0.18 mmol)
in DMF (3 mL) and NBS (264 mg, 1.48 mmol) was added. The reaction mixture was stirred at room
temperature for 24 hours. The reaction progress was monitored using TLC (eluent: Hex:EtOAc 6:4).
After 24 hours, no more reagent was present. Then, water was added to the reaction mixture, and the
resulting precipitate was filtered through a Buchner funnel and recrystallized with MeOH. The

product was obtained as a straw-yellow solid.
Yield=95% (0.15 g)

'"H NMR (400 MHz, CDCls) 8(ppm): 7.15 (d, J = 2.5 Hz, 4H, ArH), 7.12 (d, J = 2.5 Hz, 4H, ArH),
4.96 (d, J=12.2 Hz, 2H, axial ArCH>Ar), 4.37 (d, J=12.2 Hz, 2H, axial ArCHAr), 4.28 —4.13 (m,
12H, OCH,CH20), 3.77 (dt, J = 10.7, 2.2 Hz, 4H, ArOCHHCH-0), 3.19 (d, J = 12.2 Hz, 2H,
equatorial ArCH>Ar), 3.13 (d, J = 12.2 Hz, 2H, equatorial ArCH,Ar).

The spectroscopic data found are in agreement with those reported in literature®.

5,11,17,23-tetrakis(diethylphosphono)-25,26,27,28-bis-crown-3-calix[4]arene (12)

In a two-neck flask equipped with a condenser, a suspension of 11 and anhydrous NiClz (34 mg, 0.19
mmol) in diphenyl ether (10 mL) was introduced. The reaction mixture was heated to 210-220 °C,
and P(OEt); (166 mg, 5.64 mmol) was added dropwise over 15 minutes. The reaction mixture was
maintained at 210-220 °C for 2 hours. The reaction was followed by TLC (eluent: Hex/EtOAc 6:4).
The solvent was co-evaporated with diethylene glycol. The resulting solid was purified using silica
gel column chromatography (CHCl;/MeOH). A white solid was obtained.

Yield= 42% (0.22 g)
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"H NMR (400 MHz, CDCls) 8(ppm): 7.43 (dd, J=9.3, 1.9 Hz, 4H, ArH), § 7.40 (dd, J=9.3, 1.9 Hz,
4H, ArH) 5.14 (d, J = 12.4 Hz, 2H, axial ArCH:Ar), 4.50 (d, J = 12.5 Hz, 2H, axial ArCH>Ar), 4.32
(d, J=11.1 Hz, 4H, ArOCHHCH,0), 4.28 — 4.13 (m, 8H, POCH>), 4.00 — 3.81 (m, 20H, POCH>,
OCH>CH>0), 3.34 (d, J = 12.5 Hz, 2H, equatorial ArCH>Ar), 3.29 (d, J = 12.4 Hz, 2H, equatorial
ArCH>Ar), 1.10 (dt, J= 7.1, 4.3 Hz, 24H, CH5).

The spectroscopic data found are in agreement with those reported in literature®.

5,11,17,23-tetrakis(dihydroxyphosphono)-25,26,27,28-bis-crown-3-calix[4]arene
(2)

In a two-necked round-bottom flask, nitrogen flow was established, and then 12 (100 mg, 0.09 mmol)
previously dissolved in dry CHCl3 (0.36 mL) was added. The reaction mixture was stirred until
complete dissolution of the reagent, and then TMSBr (0.48 mL, 2.73 mmol) was added. The reaction,
carried out at room temperature, was monitored using mass spectrometry. After 16 hours, the solvent
was evaporated under reduced pressure first with a rotary evaporator and then with a mechanical
pump. To the resulting residue, methanol (10 mL) was added and stirred for 16 hours. An orange-
yellow solution with orange precipitate formed, which was centrifuged. The product was separated

as a straw-yellow solid.
Yield=90% (0.071 g)

"H NMR (400 MHz, D,O+NaOD 5% wt) 8(ppm): 7.05 (d, J= 5.5 Hz, 4H, ArH), 7.02 (d, J= 5.2 Hz,
4H, ArH), 4.37 (d, J=12.0 Hz, 2H, axial ArCH>Ar), 4.01 (d, J=12.2 Hz, 2H, axial ArCHAr), 3.96
—3.78 (m, 12H, OCH,CH»0), 3.42 (t, J = 8.3 Hz, 4H, ArOCHHCH;0), 2.99 (d, J = 12.2 Hz, 2H,
equatorial ArCH>Ar), 2.95 (d, J=12.0 Hz, 2H, equatorial ArCH,Ar)

The spectroscopic data found are in agreement with those reported in literature*’.
5,11,17,23-tetrasulfonate-25,26,27,28-bis-crown-3-calix[4]arene (3)

Under a nitrogen atmosphere, HSO3Cl (0.5 mL) was cooled in a flask using an ice bath. 25,26,27,28-
bis-crown-3-calix[4]arene (100 mg, 0.27 mmol) was dissolved in dry dichloromethane (2.5 mL) and
added dropwise to HSO;Cl over the course of an hour. The reaction mixture was brought to room
temperature and stirred for 6 hours and monitored by ESI-MS, after which the reaction was quenched
by adding ice (as needed). A viscous brown solid precipitated. The solid was separated by filtration
from the liquid phase, dried, triturated with MeOH/DCM 1:1, filtered, and dried again, yielding the

desired compound as an opaque white solid.

Yield=34% (0.081 g)
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"H NMR (400 MHz, DMSO-ds) 8(ppm): 7.60 — 7.26 (m, 8H, ArH), 4.98 (d, J = 11.9 Hz, 2H, axial
ArCH,Ar), 4.44 (d, J = 12.0 Hz, 2H, axial ArCH>Ar), 4.34 —4.15 (m, 12H, OCH.CH0), 3.66 (dt, J
=11.6, 6.1 Hz, 4H, ArOCHHCH0), 3.41 (d, J = 12.2 Hz, 2H, equatorial ArCH>Ar), 3.34 (d, J =
11.9 Hz, 2H, equatorial ArCHAr).

The spectroscopic data found are in agreement with those reported in literature’.
5,11,17,23-Tetrakis(Dihydroxyphosphonoyl)methyl-25,26,27,28-
tetrahydroxycalix[4]arene (4)

In a round-bottom flask, calix[4]arene (1.0 g, 1.62 mmol) dissolved in dry DCM (10 mL) and zinc
bromide (0.413 g, 1.62 mmol) were introduced. Then, triethyl phosphite (1.4 mL, 8.10 mmol) was
added. The mixture was kept stirring at room temperature for 2 hours and minotired by ESI-MS. The
organic solvent was evaporated under reduced pressure. The resulting residue was dissolved in 12 M
HCI (5 mL), and the reaction was kept stirring for 16 hours at reflux. The progress of reaction was
monitored by ESI-MS. After the end of the reaction, the solution was cooled at rt and was added
carefully a solution of 1 M NaOH until pH=14. The product was obtained by precipitation with MeOH

as pink powder.
Yield= 50% (0.648 g)

'H NMR (400 MHz, D,0) 8(ppm): 6.80 (br s, SH, ArH), 3.60 (br s, 8H, ArCH,Ar), 2.64 (br s, 8H,
CH:P).

The spectroscopic data found are in agreement with those reported in literature®.
5,11,17,23-tetrakis(chloromethyl)-25,26,27,28-tetramethoxycalix[4]arene (13)

In a round-bottom flask, 5,11,17,23-tetramethoxycalix[4]arene (500 mg, 1.04 mmol) dissolved in
dioxane (40 mL) and paraformaldehyde (650 mg, 20.8 mmol) were introduced. Then, acetic acid (3.3
mL), 37% hydrochloric acid (6.8 mL), and 85% phosphoric acid (6.25 mL) were added. The mixture
was heated to 100 °C for 8 hours and then cooled in an ice bath. The organic solvent was evaporated
under reduced pressure. The resulting residue was dissolved in dichloromethane and washed with
water until pH=7. The organic phase was evaporated under reduced pressure, and the obtained residue
was purified using column chromatography (eluent: Hex/EtOAc 1:7) to yield the organic compound

as a white solid.
Yield=21% (0.147 g)

'"H NMR (400 MHz, CDCls) cone conformation: &(ppm): 6.72 (s, 2H, ArH), 4.37 — 4.28 (m, 3H,
CH)(l, axial ArCH>Ar), 3.80 (s, 3H, OCH:), 3.18 (d, J = 13.4 Hz, 1H, equatorial ArCH>Ar); partial
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cone conformer: 6 (ppm): 7.27 (s, 2H, ArH), 7.11 (s, 2H, ArH), 6.94 (s, 2H, ArH), 6.37 (s, 2H, ArH),
4.61 (s, 4H, ArCH>CI), 4.25 (s, 4H, ArCHCl), 4.03 (d, J= 13.8 Hz, 2H, syn axial ArCH>Ar), 3.73 —
3.57 (m, 13H, 3 OCHjs, anti ArCH>Ar), 3.10 (d, J= 14.2 Hz, 2H, syn equatorial ArCH>Ar), 3.02 (s,
3H, OCH»).

The spectroscopic data found are in agreement with those reported in literature’”.

5,11,17,23-tetrakis(dihydroxyphosphonoylmethyl)-25,26,27,28-

tetramethoxycalix[4]arene (7)

In a schlenk, nitrogen flow was established by heating with a heat gun to create a dry environment.
Then, 13 (200 mg, 0.033 mmol) was dissolved in P(OSi(CH3)3)3 (3 mL) The reaction mixture was
kept stirring at 100 °C for 16 hours. The reaction progress was monitored using mass spectrometry.
At the end of the reaction, once the starting calixarene was consumed, the phosphite was removed by
distillation under reduced pressure. Methanol (10 mL) was added to the obtained residue, and the
mixture was stirred at room temperature for 16 hours. The solvent was removed by evaporation under

reduced pressure. The compound was obtained as a pink powder.
Yield = 50% (0.097 g)

'H NMR (400 MHz, D,0+1% NaOD) §(ppm): 6.99 (br s, 8H, ArH), 3.68 (br s, 8H, ArCH,Ar), 3.43
—3.23 (brs, 12H, OCHs), 2.57 (br s, 8H, CH,P).

31P (162 MHz, D,0O) §(ppm): 18.7.

B3C NMR (101 MHz, D,0) §(ppm): 154.4, 134.4, 133.5, 130.5, 59.2, 57.0, 48.7, 37.1, 35.8, 23.7.

MS-ESI: m/z cal: 856.3 found: 855.3 [M-H]

Methyl N*-acetyl-N*-(tert-butoxycarbonyl)-L-lysylglycinate (15)

To a two-necked round-bottom flask under nitrogen, was dissolved glycine methyl ester
hydrochloride (0.085 g, 0.68 mmol), (S)-2-acetamido-6-((tert-butoxycarbonyl)aminohexanoic acid
(0.2 g, 0.69 mmol) and HBTU (0.261 g, 0.69 mmol) in DMF (5 mL) at 0 °C. Then DIPEA was (0.23
mL, 1.36 mmol) was added. The mixture was kept on ice bath for 30 min, and subsequently stirred
overnight at room temperature. The reaction was monitored by TLC (eluent: DCM/MeOH 95:5). The
mixture was diluted with EtOAc, transferred to a separatory funnel and washed with 0.5 M K,CO3
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and brine. The aqueous phase was extracted with EtOAc and the organic layer were collected. The
combined organic phases were washed with 0.1 M HCI and then dried over Na>SQO4. Evaporation of
solvent gave a crude product which was recrystallized from a mixture of 30 mL ethyl acetate and 20

mL n-heptane to provide the title compound as a white solid.
Yield=61% (0.150 g)

'H NMR (400 MHz, CDCls) & (ppm): 6.77 (s, 8H, ArH), 4.44 (d, 4H, ] = 12.9Hz, axial ArCH>Ar ),
4.10 (t, 8H, J = 6.3Hz, -OCH,CH,0-), 3.93 (t, 8H, J = 6.3Hz, -OCH.CH,0-), 3.59 (q, 8H, J = 6.3Hz,
-OCH,CH3), 3.11 (d, 4H, J = 12.7Hz, equatorial ArCH,Ar), 1.23 (t, 12H, J = 7.1Hz, -OCH,CH3),
1.07 (s, 36H, -C(CH3)s3).

The spectroscopic data found are in agreement with those reported in literature®!.
Methyl N*-acetyl-L-lysylglycinate

To a two-necked round-bottom flask under nitrogen, Methyl N%-acetyl-N°*-(tert-butoxycarbonyl)-L-
lysylglycinate (0.035 g, 0.097 mmol) was dissolved in DCM (2 mL) and TFA was added (1 mL). The
reaction was monitored by TLC (eluent: DCM/MeOH 8:2). At the end of the reaction the volatile part

was removed under reduced pressure. The product was obtained as white solid.
Yield=quantitative (0.036 g)

'H NMR (400 MHz, CDCls) & (ppm): 6.77 (s, SH, ArH), 4.44 (d, 4H, J = 12.9Hz, axial ArCHAr),
4.10 (t, 8H, J = 6.3Hz, -OCH,CH,0-), 3.93 (t, 8H, J = 6.3Hz, -OCH,CH,0-), 3.59 (q, 8H, J = 6.3Hz,
-OCH,CHj), 3.11 (d, 4H, J = 12.7Hz, equatorial ArCH>Ar), 1.23 (t, 12H, J = 7.1Hz, -OCH,CH;),
1.07 (s, 36H, -C(CHj)s3).

3C NMR (101 MHz, CDs;0OD) § 173.3 (C=0), 172.3 (C=0), 170.3 (C=0), 53.2 (CH.CH), 51.3
(OCHa), 40.4(CH2CO), 39.1 (CH2NH3), 31.0(CH>CH), 26.7(CH2CH:NH3), 22.2 (CH.CH>CH), 21.1
(CH3)

ESI-MS: m/z calc: 373.3 found: 396.3 [M+Na]", 260.2 [M-CF;COO]"

'"H NMR in D;O and in PBS (100 mM) (pD = 7,4) titrations

Starting concentration of the two solutions: [Peptide] mM | [calix] mM

1.58 10
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V added (Hl) V tot. added (ul) | V tot. (ul) | [Calix]omm) | [Peptide]o [Calix]o/[Peptide]o
(mM)
1 0 0 500 0.00 1.58 0.00
2 10 10 510 0.20 1.55 0.13
3 15 25 525 0.48 1.50 0.32
4 20 45 545 0.83 1.45 0.57
5 25 70 570 1.23 1.39 0.89
6 30 100 600 1.67 1.32 1.27
7 50 150 650 2.31 1.22 1.90
8 100 250 750 3.33 1.05 3.16

ITC experiments

For direct titrations, all experiments were conducted in a water maintained at atmospheric pressure
and 25° C. A fixed volume of 2.00 micro Liters per injection of the guest solution ranging from 2.00
to 5.00 millimolar was injected into the reaction cell with a 280 micro Liter capacity. The reaction
cell was charged with either 100 or 200 microMolar of the 4 solution, and each injection was
completed within 4 seconds under stirring at 750 rpm. A total of nineteen consecutive injections were
made for each titration. The heat of dilution was gauged by introducing the guest (dipeptide) solution
in water. The actual reaction heat was determined by deducting the dilution heat from the apparent
reaction heat. The resulting net reaction heat was then processed through computer simulation
employing the "One Set of Sites" model using the MicroCal PEAQ-ITC Analysis Software. The
binding stoichiometry was held constant at 1. The association constants were determined from the

reciprocal of the dissociation constants provided by the software.

4.2 Synthesis of TTR stabilizers
(4-(benzyloxy)-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanol (22a)

In a flame-dried three-necked round-bottomed flask, magnesium turnings (0.30 g, 12.52 mmol) were
suspended in dry THF (3 mL) under Ar atmosphere. Using a dropping funnel, a solution of 1-bromo-
3,5-dimethylbenzene (2.31g, 12.52 mmol) in dry THF (2.3 mL) was slowly added in 1 hour. Then, a
solution of 1 (2 g, 8.26 mmol) in dry THF (1.7 mL) was slowly added dropwise in 30 min into the
under stirring reaction mixture. The reaction proceeding was monitored by TLC (eluent: hexane/ethyl

acetate 7/3). After 1 hour the reaction was quenched by addition of saturated NH4Cl aqueous solution
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(5 mL) and extracted with EtcO (3x10 mL). The organic phase was washed with NaCl saturated
solution (3x10 mL), dried with anhydrous Na>SO4 and evaporated at reduced pressure. The residue

was crystallized from EtoO/petroleum ether to afford the product as white solid.

Yield= 69% (1.97 g)

'H NMR (DMSO-ds, 400MHz ): § 7.48 — 7.26 (m, 5H, ArH); 7.01 — 6.89 (m, 4H, ArH); 6.87 — 6.72
(m, 2H, ArH); 5.68 (d, J= 3.9 Hz, 1H, OH); 5.53 (d, J = 3.9 Hz, 1H, CH); 5.03 (s, 1H, CH,); 3.74 (s,
3H, OCHs); 2.23 (s, 6H, CHs).

13C NMR (DMSO-ds, 100MHz): § 149.3 (Ar), 147.0 (Ar), 146.2 (Ar), 139.4 (Ar), 137.8 (Ar), 137.3
(Ar), 128.8 (Ar), 128.4 (A1), 128.2 (Ar), 128.2 (Ar), 124.4 (Ar), 118.8 (Ar), 113.8 (Ar), 110.9 (Ar),
74.49 (CH), 70.4 (CHa), 56.0 (OCHs), 21.5 (CHs).

MS-ESI: m/z calc: 348.13, found: 371.14 [M + Na]".

m.p. 94-95 °C

(4-(benzyloxy)-3-methoxyphenyl)-1-(2,4-dimethylphenyl)methanol (22b).

In a flame-dried three-necked round-bottomed flask, magnesium turnings (0.30 g, 12.52 mmol) were
suspende in dry THF (3 mL) under Ar atmosphere. Using a dropping funnel, a solution in dry THF
(2.3 mL) of 1-bromo-2,4-dimethylbenzene (2.31 g, 12.52 mmol) was slowly added in 1 hour. Then,
a solution of 1 (2 g, 8.26 mmol) in dry THF (1.7 mL) was slowly dripped in 30 min into the stirred
reaction mixture. The reaction proceeding was monitored by TLC (eluent: hexane/ethyl acetate 4/1).
After 1 hour, the reaction was quenched by addition of saturated NH4Cl solution (5 mL), extracted
with Et2O (3x10 mL) and then the organic phase was washed with brine (3x10 mL). The organic
phase was dried over anhydrous Na;SOs, evaporated under reduced pressure and the residue was

crystallized from Et;O/petroleum ether to afford the product as white solid.

Yield=56% (1.6 g)

"H NMR (DMSO-ds,400 MHz) § 7.45 —7.27 (m, 6H, ArH); 6.98 (brd, 1H, ArH); 6.96 — 6.88 (m, 3H,
ArH); 6.67 (dd, J = 8.3, 2.0 Hz, 1H, ArH); 5.73 (d, /= 4.3 Hz, 1H, OH); 5.58 (d, /= 4.4 Hz, 1H,

CH); 5.03 (s, 2H, CH,); 3.72 (s, 3H, OCH3); 2.24 (s, 3H, CHs); 2.17 (s, 3H, CHs).
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13C NMR (DMSO-de, 100 MHz) & 149.2 (Ar), 147.0 (Ar), 140.8 (A1), 138.2 (A1), 137.7 (Ar), 135.9
(Ar), 135.0 (Ar), 131.1 (Ar), 128.8 (Ar), 128.2 (Ar), 128.2 (A1), 126.9 (A1), 126.6 (Ar), 119.4 (Ar),
113.7 (Ar), 111.7 (Ar), 71.5 (CH), 70.4 (CHa), 56.0 (OCH3), 21.0 (CHs), 19.5 (CHs).

MS-ESI: m/z calc: 348.13, found: 371.13 [M + Na]".

m.p.: 59-60 °C

(4-(benzyloxy)-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanone (23a)
t-BuONa (0.451 g, 3.61 mmol) and cyclohexanone (1.47 mL, 14.35 mmol) were added to a solution
of 22a (1 g, 2.87 mmol) in toluene (4 mL). The mixture was stirred at reflux for 16 h. The reaction
proceeding was monitored by TLC (eluent: hexane/ethyl acetate 7/3). The solution was cooled at 50
°C and then water (4 mL) was added. The organic phase was separated and the aqueous one was
extracted with ethyl acetate (3x5 mL). The combined organic phases were washed with water (20
mL) and brine (20 mL) and, then, evaporated at reduced pressure obtaining an oily residue, which

was crystallized with ethanol 96% to afford 3 as white powder.

Yield=75% (0.74 g)

'H NMR (DMSO-ds, 400 MHz): § 7.53 — 7.31 (m, 6H, ArH); 7.32 — 7.24 (m, 4H, ArH); 7.20 (d, J =
8.3 Hz, 1H, BnOCCH); 5.20 (s, 2H, CHa); 3.83 (s, 3H, OCHs); 2.35 (s, 6H, CHs).

13C NMR DMSO-ds, 100 MHz): § 195.2 (C=0), 152.3 (Ar), 149.3 (Ar), 138.4 (Ar), 138.1 (Ar), 136.9
(Ar), 133.9 (Ar), 130.2 (Ar), 129.0 (Ar), 128.6 (Ar), 128.5 (A1), 127.4 (Ar), 125.2 (Ar), 112.5 (Ar),
112.5 (BnOCCH), 70.4 (CHz), 56.0 (OCH3), 21.3 (CH3).

MS-ESI: m/z cal: 346.11, found: 347.12 ((M+H]"), 369.10 ([M + Na]").

m.p. 110-111 °C

(4-(benzyloxy)-3-methoxyphenyl)-1-(2,4-dimethylphenyl)methanone (23b)

t-BuONa (0.22 g, 2.32 mmol) and cyclohexanone (0.94 mL, 9.09 mmol) were added to a solution of
22b (0.49 g, 1.40 mmol) in toluene (2 mL). The reaction proceeding was monitored by TLC (eluent:
hexane/ethyl acetate 7/3). The solution was stirred at reflux for 16 h. The solution was cooled at 50

°C and then water (2 mL) was added. The organic phase was separated from water and the aqueous
131



phase was extracted with ethyl acetate (3x3 mL). The combined organic phases were collected and
washed with water (10 mL) and brine (10 mL). Subsequently, the solvent was evaporated under
reduced pressure obtaining an oily residue that was crystallized with ethanol 96% to afford 3 as white

powder.

Yield=57% (0.27 g)

'H NMR (CDCl3,400 MHz): § 7.58 (d, J = 2.0 Hz, 1H, ArH); 7.47 — 7.31 (m, SH, ArH); 7.24 — 7.17
(m, 2H, ArH); 7.11 (brs, 1H, ArH); 7.05 (d, 1H, ArH); 6.86 (d, J = 8.4 Hz, 1H, ArH); 5.25 (s, 2H,
CHa); 3.97 (s, 3H, OCHs); 2.39 (s, 3H, CHs); 2.31 (s, 3H, CH).

13C NMR (CDCls, 100 MHz) § 197.3 (C=0), 158.3 (A1), 152.5 (Ar), 149.5 (Ar), 140.1 (Ar), 136.6
(Ar), 136.3 (Ar), 136.0 (Ar), 131.7 (Ar), 131.2 (Ar), 128.5 (A1), 128.1 (A1), 127.2 (Ar), 125.7 (Ar),
125.7 (Ar), 111.9 (Ar), 111.7 (Ar), 70.8 (CHa), 56.1 (OCH3), 21.4 (CHs), 19.9 (CHs).

MS-ESI: m/z calc: 343.10, found: 369.11 [M + Na]".

m.p. 100-101 °C

(4-hydroxy-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanone (24a)

To a solution in methanol (4.3 mL) of 23a (0.5 g, 1.44 mmol) and ammonium formate (0.36 g, 5.77
mmol), Pd/C 10% (catalytic amount) suspended in methanol (1.7 mL) was added. The reaction
proceeding was monitored by TLC (eluent: hexane/ethyl acetate 7/3). The resulting mixture was
stirred at reflux for 1 hour. Subsequently, it was cooled in an ice/water bath and water (2 mL) and
HCl1 2M (0.4 mL) were slowly added up to slightly acidic pH. After addition of DCM (6 mL), the
mixture was filtered through a celite pad. The organic phase was separated and the aqueous one was
extracted with DCM (3x6 mL). The combined organic phases were washed with water (20 mL) and
brine (20 mL) and dried with anhydrous Na>SOs. Solvent was evaporated under reduced pressure and

product was obtained by crystallization from DCM/petroleum ether as yellow crystals.
Yield= 81% (0.30 g)
'"H NMR (CDCl5,400 MHz): § 7.53 (d, J= 1.9 Hz, 1H, H.); 7.39 — 7.33 (m, 3H, Hq, Hc); 7.22 (br s,

1H, He); 6.97 (d, J = 8.2 Hz, 1H, Hy); 6.08 (s, 1H, OH); 3.99 (s, 3H, OCH3); 2.40 (s, 6H, CHs).
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13C NMR (CDCls,100 MHz): § 196.0 (C=0), 150.0 (Ar), 146.6 (Ar), 138.4 (Ar), 137.8 (Ar), 133.5
(C-He), 130.2 (A1), 127.5 (Ar), 126.2 (C-H.), 113.4 (C-H), 111.7 (C-Ha), 56.2 (OCH3), 21.3 (CH3)

MS-ESI: m/z calc: 256.10 found: 257.10 ([M+H]"), 279.07 ((M+Na]")

m.p. 130-131°C

Ho O  Hg
MeO
HG O Hy G Hy
s
(4-hydroxy-3-methoxyphenyl)-1-(2,4-dimethylphenyl)methanone (24b)

To a solution in methanol (2.4 mL) of 9 (0.27 g, 0.79 mmol) and ammonium formate (0.20 g, 3.16
mmol), Pd/C 10% (catalytic amount) suspended in methanol (1.0 mL) was added. The resulting
mixture was stirred at reflux for 1 hour. The reaction proceeding was monitored by TLC (eluent:
hexane/ethyl acetate 7/3). Subsequently, it was cooled in an ice/water bath and water (1 mL) and
HCI1 2M (0.2 mL) were slowly added up to slightly acidic pH. After addition of DCM (3mL), the
mixture was filtered through a celite pad. The organic phase was separated and the aqueous one was
extracted with DCM (3x 3mL). The combined organic phases were washed with water (10 mL) and
brine (10 mL) and dried with anhydrous Na,SOj4. The solvent was evaporated under reduced pressure

and the product was obtained by crystallization from DCM/petroleum ether as yellow crystals.
Yield=94% (0.19 g)

"H NMR (400 MHz, CDCls): 7.58 (d, J= 1.9 Hz, 1H, H,); 7.24 —7.20 (m, 2H, H,, Hq); 7.12 (brs, 1H,
Hy); 7.06 (brd, 1H, He); 6.91 (d, J= 8.2 Hz, 1H, Hy); 6.09 (s, 1H, OH); 3.99 (s, 3H, OCH3); 2.40 (s,
3H, CHz3); 2.31 (s, 3H, CH3).

3C NMR (100 MHz, CDCls): 8(ppm) = 197.4 (C=0), 150.4 (Ar), 146.6 (Ar), 140.0 (Ar), 136.5 (Ar),
136.1 (Ar), 131.7 (C-Hy), 130.7 (Ar), 128.4 (Ar), 126.7 (Ar), 125.7 (C-He), 113.6 (C-Hyp), 110.9 (C-

H.), 56.1 (OCH3), 21.4 (CHs), 19.8 (CH3).

MS-ESI: m/z calc: 234.09, found: 257.10 [M + Na]".
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m.p. 116-117 °C

(4-hydroxy-3-methoxy-5-nitrophenyl)-1-(3,5-dimethylphenyl)methanone (16)

A mixture of glacial acetic acid (0.195 mL) and 65% nitric acid (0.140 mL) was slowly added to a
suspension of 24a (0.25 g, 0.97 mmol) in glacial acetic acid (1.95 mL). The reaction was stirred at
room temperature. The reaction proceeding was monitored by TLC (eluent: hexane/ethyl acetate 3/2).
After 30 minutes, an ice/water mixture was added. The precipitate was filtered and crystallized by
EtOH 96% to obtain yellow needle-shape crystal (0.087 g, 30%).

"H NMR (DMSO-dg, 400 MHz): § 7.75 (d, J = 2.0 Hz, 1H, H.); 7.57 (d, J = 2.0 Hz, 1H, Hy); 7.35
(brs, 2H, Hc); 7.32 (brs, 1H, Ha); 3.95 (s, 3H, OCH3); 2.36 (s, 6H, CH3).

13C NMR (DMSO-ds, 100MHz): § (ppm)= 193.8 (C=0), 150.1 (Ar), 147.3 (Ar), 138.4 (Ar), 137.4
(Ar), 136.7 (Ar), 134.4 (Ar), 127.5 (A1), 127.1 (A1), 120.1 (Ar), 115.5 (Ar), 57.2 (OCH3), 21.2 (CHs).

ESI-MS: m/z calc: 301.05, found: 324.08 [M+Na]") 346.05 ([M-H+2Na]").
HPLC (A270) purity 98.07%, tr 18.084.
m.p. 144-145 °C
Hy © H:
MeQ
HO C Ho G Hy
NO;
(4-hydroxy-3-methoxy-5-nitrophenyl)-1-(2,4-dimethylphenyl)methanone (17)
To a solution of 5-nitrovanillic acid (0.20 g, 0.93 mmol) in DCM (3 mL) prepared in a flame-dried
two-necked round bottom flask, oxalyl chloride (0.16 mL, 1.86 mmol) was added followed by a few

drops of DMF. The reaction proceeding was monitored by TLC (eluent: hexane/ethyl acetate

1/1). After 1 hours the solvent was evaporated under reduced pressure and all traces of oxalyl chloride
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were removed under vacuum. The residue was dissolved in dry DCM (4 mL) and m-xylene (4 mL).
The reaction mixture was cooled in an ice/water bath and AICI; (0.16 g, 1.20 mmol) was added. The
resulting suspension was kept stirred for 16 hours at rt. The reaction proceeding was monitored by
TLC (eluent: hexane/ethyl acetate 1/1). The reaction was quenched by evaporation at reduced
pressure of the volatiles. The residue was dissolved in DCM (5 mL), washed with HCI 1M (3x5 mL)
and water (2x5 mL) and basified with 30% ammonia solution (pH 9). The precipitate was filtered and
suspended in HC1 1 M (10 mL). DCM (10 mL) was added to dissolve the solid and the organic phase
was separated, dried over anhydrous Na>SO4 and evaporated under reduced pressure to obtain the

product as yellow powder.
Yield=57% (0.20 g)

'H NMR (CD;0OD) 6 7.81 (d, J= 1.9 Hz, 1H, H, ), 7.72 (d, J = 1.9 Hz, 1H, Hy), 7.25 (d, J = 7.8 Hz,
1H, He), 7.21 (brs, 1H, He), 7.15 (d, J = 7.3, 1H, Ha), 4.00 (s, 3H, OCHs), 2.42 (s, 3H, CHs), 2.31 (s,
3H, CHs).

13C NMR (CD;0D) § 196.0 (C=0), 150.2 (Ar), 141.1 (A1), 136.8 (A1), 135.2 (A1), 134.7 (Ar), 131.6
(Ar), 128.4 (Ar), 128.1 (A1), 125.7 (Ar), 120.1 (Ar), 114.5 (Ar), 57.0(0CH3), 21.8 (CHs), 19.1 (CHs).

ESI-MS: m/z calc: 301.09, found: 324.08 ([M+Na]") 346.06 ([M-H+2Na]").
HPLC (A270) purity 95.58%, tr 17.685

m.p. 126-127 °C

Hb O
Me l I He
HO Ha
He
N Hd
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Chapter 4: Synthesis and studies of
photosensitizers containing benzenesulfonamide-
based inhibitor of human Carbonic Anhydrase IX
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1. Introduction
1.1 Carbonic Anhydrases

Carbonic anhydrases (CAs) are a large family of zinc metalloenzymes that catalyse the reversible
hydration of carbon dioxide'. They play a role in bone resorption?, transport of CO, and bicarbonate?,
electrolyte secretion®, calcification®, acid-base balance®, and various biological processes such as
respiration’. CAs exhibit significant diversity in subcellular localization and tissue distribution and
are categorized into different types, but we can distinguish 4 main types: a, present in vertebrates,
bacteria, algae, and cytoplasm of green plants; [, in bacteria, algae, and chloroplasts of
monocotyledons and dicotyledons; y, mainly in archaea and some bacteria; 8, in marine diatoms?®,
Among these, a-CAs are the most extensively studied as they represent the most abundant group in
nature. Human carbonic anhydrases (hCAs) consist of 15 sub-classes or isoforms within the a-CA
family. These exhibit variations in catalytic activity, tissue and subcellular distribution, expression
levels, oligomeric arrangement, and response to different inhibitors. They are commonly classified
based on their subcellular distribution, as cytosolic hCAs (CA 1, 11, III, VII, XIII), membrane hCAs
(CA 1V, IX, XII, XIV, XV), mitochondrial hCAs (CA VA, VB), and saliva- and milk-secreted
hCAVYT.

All isoforms of a-CAs are characterized by the presence of zinc ion in the active site coordinated by
three histidines (His94, His96, and His119; Figure 1) and a molecule of water. This last molecule is
essential for the hydrolyzation of carbon dioxide'’.

Thanks to the hydrogen-bond with the hydroxyl moiety of Thr199, the zinc-bound water is bridged
to the carboxylate moiety of Glul06. These interactions play a crucial role in enhancing the
nucleophilicity of the zinc-bound water molecule and favorably positioning the substrate (CO>) for a
nucleophilic attack (Figure 1, right). The enzyme's active form is its basic form, wherein hydroxide
is bound to Zn?* (a). This potent nucleophile then attacks the CO, molecule, held within a
hydrophobic pocket nearby (b), resulting in the creation of bicarbonate coordinated to Zn>" (c).
Subsequently, a water molecule displaces the bicarbonate ion, releasing it into the solution, and
leading to the enzyme's acid form, with water coordinated to Zn?" (d), rendering it catalytically
inactive (Figure 1). The basic form is regenerated thanks to other residues of the active site or by

buffer in the medium''.
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Figure 1: X-ray structure of the hCA active site (on the left) and representative scheme of the carbon dioxide hydration on the right.
Image taken by reference?.

Cytosolic hCAs are the most significant due to their excellent catalytic activity properties. The
structure of human hCAs varies depending on their classification. Cytosolic and saliva- and milk-
secreted hCAs have a globular structure similar to CARPs (Carbonic Anhydrase Related Proteins)'?,
with the latter having additional internal disulfide bonds and oligosaccharides to enhance their
stability and secretion. In contrast, plasma membrane hCA IV has a phosphatidylinositol glycan chain
for linking itself to the cell surface'®, while hCAs IX, XII, and XIV are the most complex, consisting
of four different domains'*. Membrane-bound hCAs are associated with cell communication and
tumor progression and are therefore studied in greater detail. hCA VIII, IX and XII are three isoforms
that are frequently overexpressed in various types of tumors, particularly in solid tumors such as
kidney, colorectal, skin, breast, renal, and others. A main feature that differentiates hCA IX from hCA
VIII and hCA XII is the position relative to the tumor cell, being hCA IX exposed on the cell
membrane toward the extracellular matrix, while hCA VIII and hCA XII are inside the cell. For this
and for its overexpression caused by hypoxia, hCAIX is considered and studied as a bio-target for

therapy against tumors '°.

1.2 Carbonic Anhydrases IX and Inhibitors

Embedded in the cell membrane through a transmembrane domain, CA IX, a complex protein,
showcases diverse components essential for its functioning. Appearing as a compact globular domain,

the CA IX catalytic domain displays an oval shape measuring approximately 47x35x42 A3, Its
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structure exhibits a characteristic fold akin to other a-CAs, with a 10-stranded antiparallel B-sheet
forming the core. Notably, the four molecules in the asymmetric unit of the CA IX catalytic domain
crystals, denoted as A, B, C, and D, displays minor differences. Additionally, two glycans of a
pentasaccharide core were observed to be N-linked to Asn-213. Similar to the configuration in other
a-CA isozymes, the CA IX active site is situated within a sizable conical cavity, spanning from the
surface to the protein's center, with the zinc ion positioned at the cavity's base. The active site is
defined by two distinct regions consisting of hydrophobic and hydrophilic amino acids. Alongside
the catalytic domain, CA IX houses a crucial cytoplasmic tail responsible for facilitating signal
transduction processes. This tail comprises three phosphorylatable residues, enabling CA IX to

effectively react to distinct signals and control various cellular mechanisms'®,

Figure 2: Adapted from reference 40, the proposed model displays the structural configuration of the CA IX dimer on the cellular
membrane. The X-ray structure of the dimeric catalytic domain is denoted in cyan, featuring Arg-58, Arg-60, and Arg-130
highlighted in green, while the glycan moieties are represented in white. Schematically illustrated in the depiction are the

hypothetical layouts of the glycans domains, the transmembrane helices, and the cytoplasmic segments, indicated in magenta,

yellow, and green, respectively. Image taken by reference 16,

This enzyme plays a vital role in tumor growth activated by hypoxia. Tumor hypoxia, a key
characteristic of many tumors, is strongly associated with tumor propagation, malignant progression,
and resistance to chemotherapy and radiotherapy!'®. The hypoxia-inducible factor 1 (HIF1) cascade
regulates the expression of various genes, including that of hCA IX, under hypoxic conditions'’.
Under the influence of hypoxia, the expression of hCA IX is significantly upregulated and is inversely
regulated by the wild-type von Hippel-Lindau tumor suppressor protein (pVHL) (Figure 3)'®. Under
normoxia conditions, the HIFa, a subunit of HIF1, undergoes hydroxylation by prolyl-4-hydroxylase
(PHD)" . This modification on HIFa allows the interaction with VHL leading to the degradation of
HIFa. In the absence of oxygen, HIFa can enter the nucleus, where it can interact with HIFp to
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generate HIF1%°. This factor can stimulate the transcription of some factors exploiting the interaction
with the hypoxia response element (HRE). Among the factors expressed, there are the vascular
endothelial growth factor (VEGF), which triggers neoangiogenesis, and the enzyme CAIX*'. In
certain cancer cells, a mutation in the VHL gene leads to the robust upregulation of CA IX (up to

150-fold) due to constant HIF activation.
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Figure 3: Hypoxia-induced gene expression mechanism. Image taken by reference®.

By maintaining intracellular pH homeostasis through the reversible CO; hydration reaction, CA 1X
and XII help tumor cells and promote their survival and growth. Furthermore, they have been
associated with increased tumor aggressiveness, invasiveness, and metastatic potential.

Considering the different phases of tumor growth, we can individuate the role of CA IX in every step:

- Proliferation: /n situ ductal carcinoma induces CA IX expression through local hypoxia and
pH regulation, facilitating adaptation to metabolic processes that produce an excess of acidic

byproducts, enabling cancer cell survival and proliferation.
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- In the growing tumor: CA IX additionally shields cancer cells from hypoxia and intracellular
acidification. Furthermore, by exacerbating extracellular acidosis, CA IX appears to
contribute to angiogenesis, extracellular matrix degradation, epithelial-mesenchymal
transition, invasiveness, tumor-stroma crosstalk, and tumor-to-niche signaling.

- Metastasis formation: CA IX has the potential to mediate cancer cell adhesion to vessels and,
through localized acidosis generation, facilitates transmigration to the lumen. While in
circulation, CA IX purportedly protects cells from apoptosis and aids in their extravasation to
the site of secondary residence.

- Metastasis adhesion: CA IX-assisted formation of focal adhesion contacts and cell spreading
facilitate the metastatic lesion. The initial growth of metastasis benefits from CA IX-mediated

pH regulation.

Metastatic proliferation: metastatic expansion recapitulates the scenario in primary tumors,

with a potential role of CA IX in shielding cells from hypoxia and acidosis.

Considering the several roles and the importance of CA IX in tumor growth, its overexpression in
tumor cells, and its nature of transmembrane enzyme, carbonic anhydrase inhibitors (CAls) became

t22

an important object study for cancer treatment““, in particular for hypoxic tumors.

In the literature are reported several examples for the exploitation of the hCAIX targeting finalised to
the selective interaction with tumor cells to fight cancer with different strategies?>2°. One of these

strategies is the photodynamic therapy>-°.

1.3 Photodynamic therapy
Photodynamic therapy (PDT) is a treatment modality that uses a photosensitizer (PS), light, and

principally molecular oxygen to generate reactive oxygen species (ROS) that can preferentially
destroy cancer cells?’(Figure 4). When exposed to light of a specific wavelength, the photosensitizer
absorbs the light energy and transfers it to oxygen molecules, resulting in the production of ROS,
mainly singlet oxygen, that can damage cellular structures and induce cell death®®. The
photosensitizer is usually administered intravenously, topically, or orally, and it preferentially
accumulates in tumor cells due to their higher metabolic activity and blood supply. One of the
advantages of PDT is its ability to preferentially target cancer cells while mostly sparing healthy
tissue, which reduces side effects and improves the patient's quality of life. PDT is currently approved
by regulatory agencies for the treatment of a variety of cancers, including skin, lung, esophageal, and

bladder cancers, among others.
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Figure 4: (A) Schematic representation of PDT where a PS, upon light activation can serve as both an imaging agent and a
therapeutic agent. (B) Schematic representation of the sequence of administration, localization, and light activation of the PS for
PDT or fluorescence imaging. Image taken by reference®.

The mechanisms through which PDT elicits cellular demise can be broadly classified into two
categories: type I and type II*°(Figure 5). Type I entails the transference of an electron from the
excited photosensitizer (PS) to an adjacent molecule, culminating in the generation of radical species
like superoxide (O2°*") and hydroxyl radicals (OH®). These radicals engage with cellular components
such as proteins, nucleic acids, and lipids, engendering impairment and eventual cellular decay.
Conversely, type II involves the production of singlet oxygen ('0,) from the activated PS. Singlet
oxygen interacts with cellular constituents including lipids, proteins, and DNA, inducing oxidative
harm and cellular demise. Generally, type II mechanisms exhibit greater prevalence and efficiency in
generating cytotoxic species compared to type I mechanisms?!. The dominant mechanism in PDT is
contingent upon several factors, including the specific PS utilized, the wavelength of the illuminating
light, and the oxygen concentration within the target tissue. A comprehension of these mechanisms
is imperative for the optimization of treatment protocols and the development of novel PSs and light
sources to augment therapeutic outcomes. In certain cases, both type I and type II mechanisms
simultaneously contribute to cellular death induced by PDT. Certain PSs can in fact generate singlet
oxygen and free radicals when exposed to light, leading to a combination of type I and type Il
pathways. Additionally, the cellular context can influence the relative impact of type I and type II
mechanisms?. Cells equipped with elevated levels of antioxidants may demonstrate heightened
resistance to type I-mediated detriment, whereas those characterized by heightened unsaturated lipid
content may be more susceptible to type II-mediated injury. It is noteworthy that the implementation
of PDT results in a hypoxic state within cells due to the utilization of oxygen for the generation of

reactive oxygen species (ROS) or singlet oxygen.
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Figure 5: Perrin-Jablonski energy diagram for a photosensitizer (PS) molecule. Image taken by reference?®.

The biological transparency window is a spectral range within the electromagnetic spectrum where

biological tissues are relatively transparent to light. It refers to the near-infrared (NIR) region of the

spectrum, typically between 650 and 1300 nanometers, where light can penetrate deeper into

biological tissues due to lower levels of absorption and scattering®. This window is important in

photodynamic therapy (PDT) because it allows for deeper penetration, thus increasing the treatment

depth®* and widening its application scope. Various factors, including the wavelength of the light, the

absorption and scattering properties of the tissue, and the concentration and distribution of the PS,

can affect it>>.
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Figure 6:Phototherapeutic window: the spectral range of visible and NIR light (650-850 nm). In this range tissues are also the most

transparent.

However, even within the biological transparency window, the depth of light penetration is still

limited, particularly in thicker tissues or larger tumors. To address this limitation, various strategies

have been developed to improve the delivery of light to deeper tissues, such as using fiber optic
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probes, intratumoral injection of PS, or modifying the PS to improve tissue penetration®¢. In addition
to the depth of light penetration, another critical factor in the efficacy of PDT is the distribution of
the PS within the target tissue.
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Figure 7:Comparison of tissue penetration of different excitation sources. Image taken by reference3e.

The PS must be able to accumulate preferentially in the target tissue, while avoiding uptake by normal
tissues, to achieve selective cytotoxicity. Ongoing research is focused on developing new PS
molecules, delivery strategies, and targeting mechanisms to improve the selectivity and efficacy of

this promising therapeutic approach.

Tumor elimination through PDT can arise through both programmed (apoptotic) and non-
programmed (necrotic) pathways. Typically, when high-intensity light is utilized, tumor cells undergo
rapid destruction via necrosis. Necrosis is generally defined as a swift and expansive process of cell
demise, characterized by cytoplasmic vacuolization and breakdown of the cell membrane. This, in
turn, triggers a localized inflammatory response due to the discharge of cytoplasmic content and pro-
inflammatory agents into the extracellular environment. Conversely, apoptotic death can be induced
by PDT particularly with the use of low-light doses. Apoptosis is recognized as a genetically
programmed and energy-dependent process of cell death. Morphologically, it is marked by chromatin
condensation, fragmentation of chromosomal DNA into internucleosomal fragments, cell contraction,
membrane corrugation, and the formation of apoptotic bodies without plasma membrane rupture. As
no toxic substances are released, no significant immune response or effects are anticipated. The
absence of a significant immune response induced by PDT is the reason why this therapy is typically
administered with immune checkpoint blockade (ICB)*’. These medications inhibit receptors and
ligands that play a role in pathways that weaken T cell activation. This aspect combined with the limit

of PDT in hypoxic tumor, led to the exploration of a new strategy to overcome these limitations®®2®,
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Recently, Su and colleagues®® published an article on which, exploiting PS for PDT, they are able to
induce the death cell through pyroptosis (Figure 8).
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Figure 8: The difference type of cell death induced by PDT. Reprinted from Journal of Molecular Biology, 434, Ketelut-Carneiro, N.;
Fitzgerald, K. A., Apoptosis, Pyroptosis, and Necroptosis—Oh My! The Many Ways a Cell Can Die, 167378, © (2022), with permission
from Elsevier.3°

Pyroptosis represents a distinctive form of programmed cell demise that is inherently inflammatory

and vital for immune responses*

. The enzymatic cleavage of gasdermin D (GSDMD) by
inflammatory caspases serves as a pivotal event in facilitating pyroptosis, leading to the liberation of
its N-terminal domain (GSDMD-N) that binds to membrane phospholipids and instigates the
formation of pores on cell membranes*!. Consequently, the disruption of the osmotic potential of the
membrane triggers cellular swelling, membrane rupture, and the rapid discharge of inflammatory
cytokines, such as IL-1b and IL-18*. Intriguingly, even inducing pyroptosis in less than 15% of tumor

cells has proven sufficient for the eradication of an entire breast tumor graft**. Pyroptosis-induced

PDT is possible only by exploiting the ROS in this case generated by a Re-based photosensitizer?®+.
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1.4 Photosensitizers
As described in the previous paragraph, photosensitizers are molecules able to absorb light and

transfer it generating ROS. Starting from the PDT discovery, many photosensitizers were synthesized
and studied to overcome the limits of this therapy and improve its efficacy and feasibility. We can
distinguish two big families of PS: metal complexes PS and organic fluorophore*’. Among the organic

dyes, we select two scaffolds for PS: BODIPY's and phenothiazine derivatives.

1.4.1 BODIPYs

BODIPYs, or boron-dipyrromethene compounds, constitute a significant class of organic molecules

viable for incorporation as photosensitizers within the realm of PDT*®.
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Figure 9: the core structure of BODIPYs.

BODIPYs offer several advantageous characteristics that render them particularly suitable for PDT
application. Notably, they exhibit robust photostability and robust light absorption within the visible
spectrum (500-600 nm) and demonstrated minimal toxicity*’. By harnessing BODIPY derivatives,
researchers can affix them to targeting molecules, thereby bolstering their preferential attraction to
cancerous cells and subsequently enhancing the efficacy of PDT. Ongoing research on the utilization
of BODIPYs as PS in PDT has yielded promising outcomes, especially concerning the management
of diverse malignancies such as melanoma, breast cancer, and colon cancer, among others. Under
specific light exposure, BODIPYs have demonstrated the capacity to generate reactive oxygen species
(ROS) and singlet oxygen, both of which can elicit cellular harm, ultimately leading to cell mortality.
Furthermore, the relatively brief duration of the triplet state in BODIPY's diminishes the likelihood
of oxygen depletion during PDT, thereby facilitating the execution of multiple irradiation cycles.
However, it is worth noting that the majority of BODIPY dyes are predominantly excited into higher-
level singlet states and subsequently emit light from those states, rather than transitioning to triplets.
Since the prevailing consensus is that photo-damage in PDT largely arises through triplet excited
states, BODIPY dyes commonly employed in PDT underwent modifications intended to amplify
intersystem crossing (ISC). Among the prevailing techniques to stimulate ISC, the introduction of
heavy atoms, such as halogens, stands as the most widely utilized approach. The addition of heavy
atoms serves to foster spin-orbit coupling without resulting in energy loss from excited states.

Generally, heavy atoms are incorporated into positions on the BODIPY core that preserve planarity,
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as any deviation from planarity would impede conjugation*®. A distinctive advantage associated with
the integration of BODIPY s as photosensitizers lies in their adaptability. BODIPY derivatives can be
synthesized with a diverse array of functional groups, thus enabling alterations geared towards
augmenting their solubility, stability, and targeting attributes. Moreover, BODIPYs have
demonstrated efficacy in both type I and type II photochemical reactions, positioning them as highly

promising candidates for integration into PDT protocols.

1.4.2 Phenothiazine derivatives
PSs constructed from phenothiazine derivatives commonly include methylene blue (MB) derivatives

and Nile blue analogs (NBAs).
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Figure 10: Phenothiazine-based structures

These derivatives are cationic dyes that dissolve readily in water and exhibit clear absorption within
the therapeutic wavelength range. Initially employed as a stain for histological examinations targeting
lysosomes and lipids in controlled environments, NB has demonstrated superior fluorescence and
heightened stability compared to MB due to its compact aromatic structure. Although the original NB
dye is not well-suited for PDT, the introduction of sulfur or selenium in place of the oxygen within
its oxazine group has been found to significantly enhance its ability to produce ROSs*’. Recognizing

1.5 modified the oxazine of NB with sulfur, resulting in the synthesis of ENBS

this potential, Peng et a
(Figure 10) a NB analog. Their investigations revealed that this analog could effectively target the
biotin receptor and function as a potent Oz generator. Of significant note, their research discovered
that a portion of the O, produced by ENBS could be transformed into OH" via a cascade of reactions

mediated by superoxide dismutase (SOD).

1.5 The Scope of the Study
Like other a-CAs, CA IX is effectively inhibited by diverse categories of inhibitors. These include

inorganic anions, sulfonamides along with their bioisosteres (sulfamates, sulfamides, etc.), phenols,
and coumarins. In the enzyme cavity, anions and sulfonamides/sulfamates/sulfamides interact with
the metal ion, resulting in inhibition at millimolar—micromolar levels (for anions) or at micro—
nanomolar levels (for sulfonamides and their counterparts)®!. Zinc-coordinated water molecules are

bound by phenols that function as CA IX inhibitors at generally low micromolar concentrations™.
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Coumarins were discovered to act as mechanism-based suicide inhibitors, undergoing hydrolysis by
the enzyme's esterase activity to 2-hydroxy-cinnamic acids. These acids then bind to the enzyme
through a non-zinc mediated mechanism, anchoring themselves at the entrance of the active site
cavity. Recent studies have highlighted several isoform-selective CA IX inhibitors based on the
coumarin/thiocoumarin ring, demonstrating inhibitory activity in the low nanomolar range™. Despite
these findings, sulfonamides remain the most extensively researched class of inhibitors, with various
low nanomolar CA IX inhibitors identified. These include heterocyclic/aromatic sulfonamides as well
as aliphatic sulfonamides/sulfamates/sulfamides, exhibiting low nanomolar inhibitory activity against
CA IX?*. Many heterocyclic sulfonamides are in clinical use as anti-diuretics or anti-glaucoma drugs,

e.g. acetazolamide (AAZ).

Starting from this knowledge, in our lab, several sulfonamide-based compounds as inhibitors for
hCAs were recently synthesized linking one or more benzenesulfonamide units to a calixarene
scaffold®. The inhibition studies against different CA isoforms, did not evidence the searched
multivalent effect, but for some derivatives the stimulating perspective took place of having CA
inhibitors based on a macrocyclic scaffold that could represent the platform for the design of

multifunctional and multitargeting compounds for multifactorial diseases.

Moreover, in the same work, two simple, monovalent derivatives (1 and 2 in Figure 11, actually
prepared as reference compounds, rather surprisingly resulted very promising >°. The two compounds
were tested by Supuran’s research group at the University of Florence using a stopped-flow technique.
The inhibition constant (K;) observed towards the tested CA isoforms were very interesting. In
particular, compound 1 showed a better K; against the investigated hCAs and, among these, against

CAIX compared to the reference compound AAZ.
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Figure 11: On the left: Most promising compounds; On the right: the inhibition constant. AAZ inhibition constants are reported as
references.

This investigation centers on exploring Carbonic Anhydrase IX as a potential target for the specific
treatment of tumors, owing to its overexpression on the surface of malignant cells. Consequently, our
aim was to devise a ligand capable of binding to and inhibition of CA IX, at the same time conjugated
to a PS unit, to yield a new generation of conjugates suitable for improved PDT. As mentioned before,
PDT induces a hypoxic environment around the tumor, which triggers the tumor cells, as part of their
defense mechanisms and apparatus, to further activate CA IX expression. Consequently, this
phenomenon can render PDT ineffective over time, allowing the tumor to regain its strength. Utilizing
a CA IX-specific ligand, which also inhibits the enzyme activity, can potentially enhance PDT
effectiveness, reducing the tumor's capacity to shield itself from the treatment. To achieve binding
with the CA IX active site, we thus opted to design a ligand comprising the previously reported
sulfonamide-based inhibitor 2. For the PS, we chose BODIPYs and ENBS derivatives. These options
are characterized by low toxicity and a high rate of singlet oxygen generation, for BODIPY -based
PS, and ROS generation, for ENBS, upon irradiation. Exploiting two different photosensitizers, it
would be possible compare the type I and II mechanism for the PDT. Accordingly, we designed a
molecule that, with the appropriate spacers and frameworks, featured a photosensitizer (BODIPY or

ENBS) at one end and the benzensulfonamide group at the other.
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Figure 12: Structure of inhibitor 2 and target compounds 3 and 4.

2. Results and discussions

In order to ensure an optimal interaction between the ligand and the active site of CA IX, we
considered necessary to distance the PS group from the sulfonamide unit to prevent a detrimental
steric hindrance. In the available crystal structure of the complex between CA II and inhibitor 1,
analog of 2, the phenol unit of the ligand is inside the funnel of the active site, but in proximity of its

entrance’”.
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Figure 13: X-ray structure oh hCAIl-1 complex. Image taken by reference.

We then considered that it was not necessary a particularly long distance to allow the PS to be in
close proximity to the CA IX and, consequently, to the cell for an effective activity in PDT and, at
the same time, to avoid an unfavourable hindrance that would impair the proper binding of the ligand

to the active site of the enzyme.

2.1. Synthesis of the ligand for hCAIX

For the proper binding to hCA IX, several functional groups could be taken into account, such as
sulfonamides, phenols, and coumarins. Considering our research group's previous findings on hCA
binding, we opted to utilize a sulfonamide as the binding group for this project, specifically the ligand
2, which was modified to facilitate subsequent conjugation with the photosensitizer. In designing the
ligand, we also took into account a method to connect it to the photosensitizer under mild conditions.

Subsequently, we undertook the synthesis of 7 following the procedure outlined in scheme 1.
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Scheme 1: Synthetic route for the synthesis of ligand 7

Compound 5, prepared by reduction of azido derivatives obtained following the procedure reported
in literature®®, was coupled together with the commercially available 4-sulfamoylbenzoic acid to
obtain compound 6. We used EDC as a coupling reagent since its primary byproduct 1-ethyl-3-(3-
dimethylaminopropyl)urea is water soluble and can thus easily be removed during the work-up of the
reaction. The subsequent step in the synthesis for compound 7 was the hydrolysis of the methyl ester
of derivative 6. The correct identity of the product was confirmed by 'H-NMR (Figure 14) where the
presence of the signal for the sulfonamide at 7.47 ppm and the presence of carboxylic acid at 12.59

are diagnostic for compound 7.
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Figure 14:*H-NMR spectrum (400 MHz, 298 K) of compound 7 in DMSO-dg

2.2 Synthesis of the BODIPY photosensitizer
For the BODIPY-based PS we selected a derivative already published and used for analog purposes

that seemed to satisfy our needs®. Starting from the well-known BODIPY 8, compound 9 was
obtained by substituting bromine with an azido group using sodium azide. The procedure reported in
literature for this reaction provides the use of high temperature (100 °C) for 24 hours but in this
condition, we observed the degradation of starting material. Compound 9 was on the contrary
obtained at room temperature using a very concentrated solution of sodium azide in DMF. This
transformation is crucial for the subsequent attachment of the BODIPY to the ligand through a click
reaction. Then, NBS was used to attach two bromo atoms on the BODIPY core of compound 9,
resulting in the formation of compound 10. Finally, the PS 11 was obtained exploiting the
Knoevenagel reaction’’ using 4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzaldehyde. Despite of
the procedure reported in literature, the compound was obtained in sealed tube by replacing acetic
acid with p-toluenesulfonic acid. The two short PEG chains were included to increase the solubility

in aqueous environment.
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Scheme 2: Synthetic route for the synthetize of the BODIPY PS.
The '"H-NMR spectra (Figure 15) demonstrated the disappearance of the peak related to the methyl
groups of BODIPY core and the appearance of two peaks, at 6=8.13 and 7.64 ppm with a J value of
16.6 Hz, corresponding to the protons of the two double bonds.
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Figure 15: 1H-NMR spectrum (400 MHz, 298 K) of compound 11 in CDCls.
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2.3 Synthesis of phenothiazine photosensitizer
ENBS is a PS reported in an article by Peng and colleagues?®. Its principal feature is the production

of ROS as reported in the introduction.

Starting from the results reported in literature, we synthetized a similar photosensitizer using a
different linker. For the synthesis, two essential reagents are required: the Bunte's salt, an organic
thiosulfonic acid, and naphtylamine. The aromatic amine should possess an unoccupied para position

on the ring, allowing for the cyclization reaction that leads to the formation of the PS.

The synthesis of Bunte's salt 14 was carried out starting from p-fluoro-nitrobenzene, following the
reported procedure®®. The fluoro group was substituted with diethylamine through an SnAr reaction.
Subsequently, the nitro group was reduced to amine by using H» in the presence of Pd/C as catalyst.
To attach the thiosulfonic group, compound 13 was dissolved in an aqueous mixture of Al2(SO4)3,

ZnCl, Na»S,03, and K>Cr205. This reaction yielded compound 14, the desired Bunte's salt.

N2 ™ (SO4)s ZnCl e
2(5U4)3 £nLly,
HNEtK,COg Ha PIC_ K,CrpOr NayS,05 S205H
—_—
DMSO r.t. MeOH r.t. o
H,0, 0°C
73% r 89% rNj 70% rNj
13 14

Scheme 3: Bunte's salt synthetic strategy

In order to assess whether the cyclization reaction would yield the desired PS, we initiated the process
with bromonaphthalene. This compound was coupled with 1,3-diaminopropane through an Ulmann-
like coupling reaction. For this reaction, we dissolved the two reagents with proline, potassium
carbonate, and copper iodide. The potassium carbonate is needed to deprotonate the proline which
can then chelate the Cu” forming the pre-catalyst. The diamine then binds the copper atom followed
by an oxidative addition of the bromobenzene. Lastly a reductive elimination takes place reforming
the initial pre-catalyst and giving our desired product 15. The cyclization reaction between compound

14 and 15 was carried out using potassium dichromate.

e

B HN" " NH

r Cul, K,CO3, proline 2 14, K,Cr,0; /@[

et TR OO sy
M W

DMF, 100°C, 24h DMSO, rt., 3h

24% 15%

15 16

Scheme 4:Synthetic strategy for ENBS
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The absence in the "TH-NMR spectrum of one aromatic signal for naphthalene motif and another one

in ortho to the S group confirm the presence of compound 16 to the 'H-NMR.
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Figure 16: 1H-NMR spectrum (400 MHz, 298 K) of compound 16 in MeOD.

2.4 Synthesis of the inhibitor-PS conjugates

Once the two photosensitizer 11 and 16 have been prepared, we could perform the synthesis of the
two designed inhibitor-PS conjugates.. For the final step, compound 7 needed to be modified to
introduce a terminal alkyne group in order to exploit a click reaction with azide moiety on BODIPI-
based photosensitizer 11°°. This was accomplished by coupling compound 7 with propargylamine
using HBTU as a coupling agent, resulting in the formation of compound 17. Compound 17 was then
reacted with compound 11, sodium ascorbate and copper sulfate. The sodium ascorbate is used to
reduce the copper from Cu?* to Cu”. Once reduced the copper can act as the catalyzer for the click

reaction to selectively obtain the 1,4 product (scheme 5).
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Scheme 5: Synthesis of ligand 3
The final compound 3 was then completely characterized by NMR spectroscopy which, by
comparison with the spectra of the two precursors 17 and 11, confirmed its identity thanks in

particular to the singlet of triazole at 8.05 ppm and the absence of the alkyne signal (Figure 17).
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Figure 17: 1H-NMR spectrum (400 MHz, 298 K) of compound 3 in DMSO-ds.

The second inhibitor-PS conjugate 4 was synthesized by the amide formation between the ENBS-

based PS 16 and the inhibitor 7 using EDC as a coupling agent. Compound 4 was isolated with an
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unexpectedly poor yield of only 19% (scheme 6) This, at least in part, seemed to be ascribable to the
difficulties met during the work-up, in particular, in the extraction process strongly affected by the
deep blue color of both aqueous and organic phase, resulted, for this reason, very difficult to
distinguish, and by the very poor solubility of the desired product in both if them and the possible

formation of a not detected third phase, perhaps even solid.
Oy A
—/ \
S
Os_OH \
H+N4\j

NH

0
0 N
/@: \ EDC, DIPEA
+ SN s \N/\/\NH2 5
) H

DMF dry, rt, 24h, N,

Os_NH
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19 4
NH
HN-S=0 o)
0

10 20
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Scheme 6: Synthesis of ligand 4

In the '"H-NMR spectrum of 4 (Figure 18), the peak at 3.63 ppm, corresponding to the CH> of the
propyl chain directly bonded to the NH> in the EtNBS reagent, displayed, upon the reaction, a
downfield shift with respect to the resonance at 3.18 ppm observed for 7, indicating successful
conversion of the amino group into an amide. However, the spectrum evidenced also the presence of
some impurities that, also due to the very small amount of product obtained, we were not able to

remove.
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Figure 18:1H-NMR spectrum (400 MHz, 298 K) of compound 4 in MeOD.

2.5 Studies on ligand 3
The next step after the synthesis of the two target 3 and 4 was the study of solubility, inhibition and

singlet oxygen production. We obtained enough amount of compound 3 to perform all studies while,

unfortunately, we didn’t have enough compound 4 to carry out the same studies.

2.5.1 Solubility study

We undertook an assessment of the solubility characteristics of compound 3 with a look, in
perspective, to the possible biological tests with cells. The evaluation involved the determination of
its absorbance at a concentration of 10 uM in a PBS solution with a 10% concentration of DMSO
(blue line). Our observations revealed the presence of two absorption peaks at 623 and 683 nm (Figure
19). This finding suggests a potential tendency of compound 3 to form dimers, with the band at 623
nm likely corresponding to the dimeric species. Despite this, complete solubility was not achieved in
this medium. To address this, we conducted further measurements in the presence of BSA (Bovine
Serum Albumin), which is known for its ability to disperse partially soluble compounds in aqueous
environments through interactions. Using50 uM BSA in PBS, we obtained a solution of 3 with a very
low percentage of DMSO(0.5%) maintaining a concentration of 10 uM. The BSA led to an increase
in absorption (grey line), which further amplified when the DMSO concentration was raised to 10%
(orange line). These results support the notion that the inclusion of BSA enhances the solubility of
compound 3 in the tested medium. In fact, is well-known that BSA is able to include, in its

hydrophobic cavity, the organic molecules preventing their aggregation and, subsequently, enhancing
170



their solubility in aqueous media®’. Notably, the spectral profile remained unchanged, suggesting that
despite the presence of BSA, compound 3 may still be prone to dimerization. Alternatively, the band

at 623 nm could correspond to a vibronic band.
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Figure 19: Stacking of UV-vis spectra of compound 3. Blue line: UV-vis spectrum in PBS with 10% of DMSO; grey line: Uv-vis spectrum
in 50 uM BSA and 0.5% DMSO; orange line: : Uv-vis spectrum in 50 uM BSA and 10% DMSO

Furthermore, we conducted additional experiments utilizing TWEEN 20, a polysorbate surfactant
known for its ability to mitigate non-covalent interactions between hydrophobic components. In our
study, TWEEN 20 was employed to disrupt any potential dimers. The absorption spectra of
compound 3 (20 uM) were recorded in a PBS solution (10 mL) with 1% TWEEN 20, revealing a
reduction in the observed band at 623 nm, which we attributed to the disruption of dimers (Figure

20).
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Figure 20: Absorption spectra of compound 15 (20 uM) in PBS and DMSO 10% + BSA 50 uM (green line) and in PBS and DMSO 10% +
TWEEN 20 1% (red line).

2.5.2 Inhibition study

Subsequently, the behavior of compound 3 was examined in relation to its interactions with carbonic
anhydrases. Through a collaboration with the research team led by Professor C. T. Supuran at the
University of Florence, the compound's inhibitory activity against specific human CAs (hCAs) was
investigated. The assessment of enzyme inhibition was conducted by evaluating the CA-catalyzed
hydration of CO> using UV-vis-assisted stopped-flow technique®. To serve as a benchmark,
Acetazolamide (AAZ), a well-established drug for the treatment of glaucoma associated with CAs
dysregulation, was utilized. The K; values for ligand 3 and AAZ were determined for three distinct

hCAs, namely hCA 1, I, and IX, as presented in Table 1.

Compound Ki [uM]
hCA I hCA 11 hCA IX
2% 0.008 +0.001 0.004 +0.001 0.022 +0.001
3 4.073 £ 0.003 0.055 +0.003 0.092 + 0.005
AAZ 0.25+0.01 0.012 £0.001 0.025 +0.001

Table 6: Inhibition constants of Compound 21 utilizing Acetazolamide (AAZ) as a reference

Based on the obtained outcomes, it can be observed that compound 3 demonstrates more potent
inhibition of hCA II and IX in comparison to hCA 1, for which, rather surprisingly, is much less active
than the corresponding compound 2. In the case of our main interest, although the K; for 3 against

hCA IX is marginally higher, it remains comparable to those of 2 and AAZ. This indicates that the
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addition of this photosensitizer to the ligand does not introduce substantial steric hindrance capable

of significantly diminishing the inhibitory attributes of the sulfonamide unit.

2.5.3 Singlet Oxygen Quantum Yield

An initial examination was conducted to assess the capacity of compound 3 to generate singlet
oxygen, with the experiment taking place in DMSO. For this assessment, 1,3-diphenylisobenzofuran
(DPBF) was employed as a 'O trap, while Methylene Blue (MB) served as the necessary reference
compound (R) (¢»a=0.52)*. Compound 3, when dissolved in DMSO, was added to a DPBF solution
(60 uM) in DMSO until its absorption band intensity reached 0.1 (final concentration of 3 was 2 uM).
To stimulate compound 3, the solution was exposed to irradiation at 660 nm for a duration of 15
minutes. Throughout this period, an absorption spectrum was recorded every 1.5 minutes (refer to
Figure 21). Notably, a substantial reduction in the DPBF absorption band at 408 nm was observed
during the course of the experiment. The relative singlet oxygen quantum yield of compound 3 was

determined to be 0.33, calculated using the provided equation:

Mpg FR PFR

$a(PS) = p4(R) —

mp Fpg PFpg

where ¢a (R) denotes the singlet oxygen quantum yield of the reference compound, 'm' represents the
slope of a plot illustrating the change in DPBF absorption at 408 nm in the presence of PS (mps) or R
(mRg) during the period of irradiation, 'F' stands for the absorption correction factor (F = 1"10°P, where
OD refers to the Optical Density at the irradiation wavelength), and 'PF' indicates the absorbed
photonic flux (uEinstein dm™ s'). It is important to note that 'F' and 'PF' are dependent on the
wavelength. Thus, when irradiated at the same wavelength, both the 3 and R (MB) share the same 'F'

and 'PF' values.
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Figure 21: Time dependent absorption spectra changes of DPBF in the presence compound 21 in DMSO
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The resulting absorption maxima of DPBF at 408 nm were then plotted against time (see Figure 22),
illustrating a reduction in the DPBF absorption over time, directly corresponding to the quantity of

singlet oxygen produced.
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Figure 22: Decrease of DPBF maximum absorption in presence of 3 due to the production of singlet oxygen.

3. Conclusion
This chapter was focused on the synthesis of two conjugates combining a photosensitizer and a ligand,

designed to selectively bind to CA IX, impede its catalytic activity, and induce apoptosis in tumor

cells through the generation of singlet oxygen and/or reactive oxygen species (ROS).

The synthesis process involved the creation of ligand 7, incorporating a sulfonamide component,
based on a reference molecule previously identified for its promising inhibitory properties against
CA IX, as affirmed by our research team. As for the photosensitizer segment, a BODIPY unit 11 was
prepared, featuring two short PEG chains to enhance its solubility in aqueous environments, along

with a suitably functionalized spacer for the conjugation with ligand 7.

Additionally, a secondary photosensitizer 16, constructed on the phenothiazine structure, was
successfully developed, incorporating an amino terminal unit to facilitate its coupling with the
inhibitor units. The synthesis of compound 3, resulting from the click of ligand 17 and photosensitizer
11, was followed by comprehensive investigations concerning its binding and inhibitory
characteristics, singlet oxygen production, and water solubility. Notably, compound 3 exhibited a K;
value of 0.0925 uM towards hCA IX and demonstrated a singlet oxygen quantum yield of 0.33 in
DMSO. Unfortunately, we didn’t have enough time to perform the same studies for ligand 4 and to
expand the studies of compound 3. In future, the idea is to study the target compounds 3 and 4 to
evaluate their in vivo ability of inhibition exploiting cancer cells in hypoxic conditions that, therefore,

overexpresses the hCAIX.
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4. Experimental part
General information

Materials and methods: All solvents were dried using standard procedures. All other reagents were
of reagent-grade quality, obtained from commercial suppliers and were used without further
purification. “Brine” refers to a saturated aqueous solution of NaCl. Unless otherwise specified,
solutions of common inorganic salts used in workups are aqueous solutions. Reactions were
monitored by TLC using 0.25 mm Merck silica gel plates (60 Fs4). As stains KMnO4 and H>SO4
were used for oxidizable compounds, Ninhydrin for ammines-containing compounds and 2,4-
Dinitrophenylhydrazine for carbonylic compounds. NMR spectra were recorded at 400 MHz for 'H
and 100 MHz for the '3C, on a Bruker Avance 400 spectrometers. Chemical shifts (8) are expressed
in ppm using the residual solvent signal as an internal reference (7.26 ppm for CHCl3, 4.80 ppm for
Water, 4.78 and 3.31 ppm for CH30H, and 2.5 ppm for DMSO). Coupling constants (J values) are
given in hertz (Hz) and multiplicities are reported using the following abbreviation (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, br. s = broad signal). ESI-MS spectra were recorded

on an Waters’ SQ detector spectrometer.
Synthesis of ethyl 4-(3-(4-sulfamoylbenzamido)propoxy)benzoate (6)

Under N> atmosphere, 4-sulfamoylbenzoic acid (200 mg, 0.994 mmol) was dissolved in dry DMF (5
mL). Then EDC (210 mg, 1.09 mmol) and DIPEA (0,4 mL, 2.98 mmol) were added to the solution.
Compound 5 (244 mg, 0.994 mmol) in DMF (5 mL) was then added to the reaction mixture. The
reaction was stirred at room temperature for 16 hours, and monitored via TLC (DCM:MeOH 8:2,
stain: ninhydrin). It was diluted with AcOEt (50 mL), washed with brine (3 x 50 mL), dried with
NaxSOQs, filtered, and concentrated under reduced pressure. The resulting crude was dissolved in a
minimum amount of DMF. Water was then added to precipitate the desired product as a white solid.

Yield=69% (134 mg)

'"H-NMR (400 MHz, DMSO-ds): 6(ppm) = 8.69 (t, ] = 5.6 Hz, 1H, NH), 7.99 (d, J = 8.6 Hz, 2H, H,),
7.97 —7.85 (m, 4H, Ha Ha), 7.43 (s, 2H, NH>), 7.05 (d, /=9.0 Hz, 2H, Hs), 4.28 (q, J = 7.1 Hz, 2H,
OCH; ester), 4.15 (t, ] = 6.2 Hz, 2H, OCH>), 3.46 (q, J = 6.5 Hz, 2H, CH>NH), 2.03 (p, J = 6.5 Hz,
2H, OCH2CH>), 1.31 (t, J =7.1 Hz, 3H, CH3).

I3C-NMR (100 MHz, DMSO-ds): d(ppm) = 165.9 (CONHa), 162.9 (COOMe),146.7(CSO,NH,),
138.0 (CCONH,), 131.6 (Ca), 128.3(C.), 126.1(Cq), 122.6 (CCOOMe), 114.9 (Cb), 66.3 (OCH?), 60.7

(OCH, ester), 36.9 (CH:NH), 29.2 (CH,CH,CHb), 14.7 (CHs).
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ESI-MS: m/z calc: 406.45, found: 429.32 [M+Na]*

(@) Ov
Ha
Hp

JO
(0] NH
He
Hg
H2N_§:O

Synthesis of 4-(3-(4-sulfamoylbenzamido)propoxy)benzoic acid (7)

Methyl 4-(3-(4-sulfamoylbenzamido)propoxy)benzoate (9) (140 mg , 0.355 mmol) was dissolved in
MeOH (15 mL). Then NaOH (40 mg, 1 mmol) was dissolved in water and added to the solution. The
mixture was stirred at room temperature for 24 hours. The reaction was monitored via TLC
(DCM:MeOH 8:2, stain: ninhydrin). After which, amberlite® was added to the solution until pH=7
was reached and stirred for another hour. The suspension was filtered and washed with MeOH. The
solvent was removed under reduced pressure obtaining the desired product as a white solid.

Yield= quantitative (134 mg)

'H-NMR (400 MHz, MeOD): (ppm) = 7.91-8.03 (m , 6H, H, He Ha), 7.00 (d, J = 7.0 Hz, 2H, Hy),
4.18 (t, J=4.2 Hz, 2H, OCH,), 3.63 (t, ] = 6.9 , 2H, CH,NH), 2.16 (m, 2H, CH,CH,CH,)

I3C-NMR (100 MHz, DMSO-ds): d(ppm) = 167.6(COOH), 165.8(COONH), 162.7(C-0), 146.7
(CSO;NH,), 137.9(CCONHa), 131.8(Ca), 128.2(C.), 126.1(Cq), 123.4(CCOOMe), 114.8(Cp),
66.2(CH0), 36.9(CH.NH), 29,2(CH2CH,CHa)

176



Ha
Hp
JO
O NH
HC
Hq
H2N_§:O
(@]

ESI-MS: m/z calc: 378.15, found: 401.48 [M+Na], 417.23 [M+K]*
Synthesis of Compound 9

Compound 8 (262.3 mg , 0.587 mmol) and NaN3 (93.3 mg, 1.435 mmol) were dissolved in DMF (3.9
mL). The reaction mixture was stirred at room temperature for 20 hours and monitored via TLC
(DCM:Hex 1:1). The mixture was diluted with water (50 mL) and extracted with chloroform (3 x 50
mL). The organic phase was washed with water and brine (3 x 50 mL), dried with Na>SOs, filtered,
and concentrated under reduced pressure. The desired product was obtained as a dark red solid with
a yield of 87%.

Yield=87% (0.208) g

'H-NMR (400 MHz, CDCls): 8(ppm) = 7.22 (dt, J= 8.7 Hz, 2.7 Hz, 2H, Ha), 7.06 (dt, J = 8.7 Hz, 2.7
Hz, 2H, He), 6.00 (s, 2H, Hy), 4.23 (t, J = 4.9 Hz, 2H, OCHa), 3.69 (t, J = 4.9 Hz, 2H, CH,N3), 2.57
(s, 6H, H,), 1.45 (s, 6H, H.)

The spectroscopic data found are in agreement with those reported in literature 6!.

Synthesis of Compound 10
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Compound 9 (104 mg , 0.508 mmol) was dissolved in a solution of DMF-DCM (4:1, 5 mL). Then a
solution of NBS (90.8 mg , 1.016 mmol) in DCM (0.5 mL) was added. The reaction mixture was
stirred at room temperature for one hour and monitored via TLC (DCM:Hex 1:1). The mixture was
diluted with DCM (50 mL) and washed with water (1 x 50 mL) and brine (3 x 50 mL). The resulting
organic phase was dried with Na>SQg, filtered, and concentrated under reduced pressure. The crude
purified through flash chromatography (SiO>, DCM/Hex 1:1) to obtain the pure product as a pink
solid.

Yield=90 % (129 mg)

"H-NMR (400 MHz, CDCls): §(ppm) = 7.18 (dt, J= 8.7 Hz, 2.7 Hz, 2H, H.), 7.08 (dt, J= 8.7 Hz, 2.7
Hz, 2H, Hy), 4.25 (t, J = 5.2 Hz, 2H, OCH>), 3.70 (t, J/ = 5.2 Hz, 2H, CH2N3), 2.63 (s, 6H, H.), 1.45
(s, 6H, Hy)

The spectroscopic data found are in agreement with those reported in literature °'.

Synthesis of Compound 11

Compound 10 (58.5 mg , 0.103 mmol), 4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]benzaldehyde
(66.2 mg, 0.246 mmol), piperidine (0.34 mL, 3.09 mmol) and toluenesulfonic acid (587.8 mg, 3.09
mmol) were dissolved in toluene (6 mL) in sealed tube. The reaction was stirred at 110°C for 16
hours, and monitored via TLC (DCM:MeOH 95:5). The solvent was removed under reduced pressure.
The crude was purified via flash chromatography (SiO2, Hex:AcOEt 8:2 to 6:4) and the desired
product was obtained as a blue solid.

Yield=39% (110 mg)

'H-NMR (400 MHz, CDCl3): d(ppm) = 8.13 (d, J= 16.6 Hz, 2H, Hy), 7.64 (m, 6H, HiH;), 7.23 (d, J
= 8.6 Hz, 2H, Hm), 7.10 (d, J = 8.6 Hz, 2H, Hy), 6.99 (d, J = 8.9 Hz, 4H, Hy), 4.26 (t, J = 4.8 Hz, 2H,
H,), 4.22 (t,J=4.9 Hz, 4H, Hy), 3.92 (t, J = 4.9 Hz, 4H, Hy), 3.76-3.89 (m, 4H, H.), 3.70-3.75 (m,
8H, HaH.), 3.57-3.61 (m, 6H, Hy H,), 3.41 (s, 6H, Ha), 1.50 (s, 6H, H))

The spectroscopic data found are in agreement with those reported in literature °'.
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Synthesis of N-(prop-2-yn-1-yl)-4-(3-(4-sulfamoylbenzamido)propoxy)benzamide (17)

Under N; atmosphere, 4-(3-(4-sulfamoylbenzamido)propoxy)benzoic acid 7 (91 mg, 0.24 mmol) was
dissolved in dry DMF (3 mL). Then HBTU (91 mg, 0.24 mmol) and DIPEA (0,0418 mL, 0,24 mmol)
were added to the solution. The mixture was stirred for 10 minutes and a solution of propargylamine
(15.4 uL, 0.24 mmol) and triethylamine (67 uL, 0.48 mmol) was added. The reaction was stirred for
another 16 hours at room temperature and monitored via TLC (DCM:MeOH 9:1). The reaction
mixture was concentrated under reduced pressure and precipitated in DCM (15 mL), giving the

desired product as a beige solid.
Yield=74% (74 mg)

'H-NMR (400 MHz, DMSO-de): d(ppm) = 8.68 (m , 2H, NH), 8.00 (d, J = 8.6 Hz, 2H, H.), 7.90 (d,
J=8.6 Hz, 2H, Ha), 7.83 (d, J = 8.6 Hz, 2H, H.), 7.42 (s, 2H, NH,), 7.00 (d, J= 8.9 Hz, 2H, Hy), 4.13
(t, J = 6.3 Hz, 2H, OCH,), 4.04 (m, 2H, CH,CCH), 3.46 (q, J = 6.7 Hz, 5.8 Hz, 2H, NHCH,CH,),
3.06 (t, J = 2.6 Hz, 1H, CH), 2.03 (m, 2H, CH,CH,CH,)

BC.NMR (100 MHz, DMSO-ds): é(ppm) = 165.60(CONHa), 161.35(C-0), 146.59(CSO:NH,),
137.71 (CCONHa), 129.60(Ca), 128.26(Ce), 126.56(Caq), 126.03(CCONHSa), 114.48(Cy), 82.01(CCH),
73.13(CCH), 66,05(0CH,), 36.74(NHCH,CH,), 29.21(CH>CH2CHs), 28.88(CH.CCH)

ESI-MS: m/z calc: 415.32, found: 416.22 [M+H]", 438.09 [M+Na]", 454.02 [M+K]"
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Synthesis of BODIPY-Ligand conjugate (3)

Compound 14 (28 mg, 10.026 mmol), N-(prop-2-yn-1-yl)-4-(3-(4-sulfamoylbenzamido)propoxy)
benzamide (20) (8.71. mg, 0.021 mmol), sodium ascorbate (13 mg, 0.065 mmol), and copper sulfate
pentahydrate (1.7 mg, 0.010 mmol) were dissolved in DMF (2 mL). The reaction was heated in the
microwave at 80°C and 100 W for 30 minutes, then monitored via TLC (DCM:MeOH 95:5). The
crude product was then purified via flash chromatography (SiO2, Hex: Acetone 2:8). The desired

product was obtained as blue solid.
Yield=40% (12.4 mg)

'H-NMR (400 MHz, DMSO-ds): 6(ppm) = 8.83 (t, /= 5.7 Hz, 1H, NH), 8.65 (t, J= 5.6 Hz, 1H, NH),
8.06 (d, J=16.6 Hz, 2H, Hy), 8.05 (s, 1H, Hy), 7.98 (d, J= 8.5 Hz, 2H, Hy), 7.89 (d, J= 8.5 Hz, 2H,
H,), 7.86(d, J = 8.9 Hz, 2H, Hy) 7.61 (d, J = 8.9 Hz, 4H, H;), 7.47 (d, J = 16.6 Hz, 2H, H;), 7.34 (d, J
=8.7 Hz, 2H, Hy), 7.13 (d, J= 8.7 Hz, 2H, Hy), 7.08 (d, J = 8.8 Hz, 4H, Hy), 6.98 (d, J= 8.9 Hz, 2H,
H), 4.80 (t, J= 5.0 Hz, 2H, Ho), 4.52 (m, 4H, H, H,), 4.19 (t, /= 4.7 Hz, 4H, H), 4.09 (t, /= 5.8 Hz,
2H, Hu), 3.79 (t, J= 4.7 Hz, 4H, Hy), 3.59-3.64 (m, 4H, H.), 3.52-3.58 (m, 8H, Hq H.), 3.42-3.47 (m,
6H, Hy Hy), 2.00 (m, 2H, Hy), 1.42 (s, 6 H)

BC-NMR (100 MHz, DMSO-ds): é(ppm) = 166.2(CONH), 165.7(COCy), 161.5(CCh), 160.5(CCn),
147.9(CS), 146.6(CNB), 146.0(C1), 141.5(CCCwm), 139.1(CCx), 138.6(Ci), 132.4(Cy), 130.3(Cx),
129.5(Cy), 129.3(CiCC;), 128.3(CCs), 126.6(Cq), 126.1(Cs), 116.1(NCCBr), 115.9(C)), 114.4(Cy),
113.0(Cx), 110.1(CBr), 71.8(Cp), 70.5(Cq, Ce), 70.3(Cc), 70.1(Cs), 69.3(Cy), 68.0(Cu), 66.1(Ca),
58.5(Cyp), 36.9(Cy), 35.3(Cw), 29.2(Cy), 14.2(Cy).

ESI-MS: m/z calc: 1480.37 , found: 1506.09 [M+Na]*
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Synthesis of N,N-diethyl-4-nitroaniline (12)

Diethyl ammine (3 mL, 10.6 mmol), potassium carbonate (1.465 g, 10.6 mmol) and p-fluoro-
nitrobenzene (1 g, 7.1 mmol) were dissolved in DMSO (3.4 mL). The reaction mixture was stirred at
100°C for 4 hours and monitored via TLC (Hex:AcOEt 9:1). Water (50 mL) was then added and the

precipitate was filtered, obtaining the desired product as a yellow solid.
Yield=73% (1g)

'H-NMR (400 MHz, CDCLs): d(ppm) = 8.12 (d, J= 7.9 Hz, 2H, H.), 6.60 (d, J = 7.9 Hz, 2H, Hy),
3.18 (q, J= 7.4 Hz, 4H, CH,), 1.25 (t, J= 7.4 Hz, 6H, CHs)

The spectroscopic data found are in agreement with those reported in literature .

M
Synthesis of N',N!-diethylbenzene-1,4-diamine (13)
N,N-diethyl-4-nitroaniline (12) (0.6 g, 3.1 mmol) was dissolved in methanol (11 mL). Then a catalytic
amount of Pd/C was added. H> was influxed inside the flask for 5 hours at room temperature. The

reaction was monitored via TLC (Hex:AcOEt 8:2). The mixture was filtered and washed with MeOH.

The solution was concentrated under reduced pressure giving the desired product as a dark brown oil.

Yield= 89% (456 mg)
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'H-NMR (400 MHz, CDCls): (ppm) = 6.68 (s, 4H, ArH), 3.15-3.45 (br.s, 2H, NH>) 3.23 (q, J = 6.9
Hz, 4H, CHa), 1.11 (t, J = 6.9 Hz, 6H, CH3)

The spectroscopic data found are in agreement with those reported in literature .
Synthesis of 1-amino-4-(diethylamino)-2-sulfosulfanylbenzene (14)

p-diethylamino aniline (13) (456 mg, 2.78 mmol) was dissolved in water (5 mL). Then aluminum
sulfate (2 g, 3.17 mmol), sodium thiosulfate (1 g, 6.38 mmol), and zinc chloride (530 mg, 3.9 mmol)
were added to the reaction mixture. After a few minutes the reaction mixture was placed in an ice
bath. An aqueous solution (4 mL) of potassium dichromate (250 mg, 0.86 mmol) was added dropwise
over a period of 20 minutes. The mixture was stirred for 3 hours, filtered and washed with acetone.
The resulting dark green solid was refluxed in methanol for 1 hour and filtered to give the desired

product as a dark grey solid.

Yield=70% (580 mg)

'H-NMR (400 MHz, D,0): d(ppm) = 8.04 (s, 1H, Hy), 7.79 (d, J = 9.0 Hz, 1H, Ha), 7.50 (d, J = 9.0
Hz, 1H, He), 3.85-4.05 (br.s, 10H, CH,CH;)

NH,
H, S,03H

H Ho

Cc

M
The spectroscopic data found are in agreement with those reported in literature.®*
Synthesis of N-(1-Naphthyl)-1,3-propanediamine (15)

Under Nz atmosphere, bromonaphtalene (1.4 mL, 10 mmol), 1,3-propandiamine (2,5 mL, 30 mmol),
proline (230 mg, 2 mmol), potassium carbonate (2.76 g, 20 mmol), and copper iodide (190 mg, 1
mmol) were dissolved in dry DMF (20 mL). The reaction was stirred at 100°C for 24 hours, and
monitored via TLC (Hex:AcOEt 8:2). The mixture was extracted with AcOEt (3 x 100 mL). The
combined organic layers were dried over Na>SOys, filtered and concentrated under reduced pressure.
The crude product was purified via flash chromatography (Si02, Hex:AcOEt 8:2, then DCM:MeOH
1:1) obtaining the desired product as a brown oil.

Yield=24% (485 mg)
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'H-NMR (400 MHz, CDCls): (ppm) = 7.87 (m, 1H, Hy), 7.80 (m, 1H, Hy), 7.45 (m, 2H, Hr He), 7.37
(t, J=7.7Hz, 1H, Hy), 7.24 (d, J= 8.1 Hz, 1H, H,), 6.61 (d, J=7.7 Hz, 1H, He), 3.41 (t, J = 6.5 Hz,
2H, CHoNH,), 3.00 (t, J = 6.5 Hz, 2H, CH>NH), 3.41 (m, 2H, CH,CH.CH,)

The spectroscopic data found are in agreement with those reported in literature.*.
Synthesis of the EtNBS derivative (16)

1-amino-4-(diethylamino)-2-sulfosulfanylbenzene (14) (248 mg, 0.898 mmol) and N-(naphthalenyl)
propane-1,3-diamine (15) (246 mg, 1.23 mmol) were dissolved in DMSO (6 mL), then potassium
dichromate (265 mg, 0.900 mmol) was added. After the mixture was stirred at room temperature for
20 min, methanol (40 mL) and hydrochloric acid (1M, 8 mL) were added to above mixture. The
reaction was stirred for another 40 min at room temperature, and monitored via TLC (DCM:MeOH
8:1). When the reaction was complete, methanol and water were removed under reduced pressure.
The remaining solution was poured into a saturated solution of sodium chloride (100 mL). The
suspension was then filtered and the blue solid was washed with water. The crude was purified via

flash chromatography (Si02, DCM:MeOH 8:1). The desired product was obtained as a blue solid.
Yield= 15% (53 mg)

'H-NMR (400 MHz, MeOD): (ppm) = 8.90 (d, J = 8.1 Hz, 1H, H.), 8.35 (d, J = 8.1 Hz, 1H, Hy),
7.89 (d, J= 9.5 Hz, 1H, Hy), 7.82 (t, J= 7.1 Hz, 1H, Hy), 7.75 (t, J= 7.1 Hz, 1H, Hy), 7.33 (m, 2H,
H. Ha), 7.16 (d, J = 2,6 Hz, 1H, He), 3.80 (t, J = 7.1 Hz, 2H, CHLNH,), 3.68 (q, J = 7.1 Hz, 4H,
CH,CH:), 3.18 (t, J= 7.6 Hz, 2H, NHCH,), 2.24 (m, 2H, CH,CH,CH>), 1,34 (t, J= 7.1 Hz, 6H, CHs)

BC-NMR (100 MHz, MeOD): é(ppm) = 156.6(NCCCh), 154.9(C=NH), 143.5(C,CN), 140.8(CNEL,),
137.2(CCh), 136.9(Cs), 136.7(Cy), 135.9(Ce), 134.5(C4aCS), 133.1(CCe), 128.6(C.CS), 127.7(Cn),
126.3(Cy), 121.4(C.), 108.6(C.), 105.6(Ca), 49.6(CH.CHs), 44.8(CHNH), 41.0(CH:NH»),
30.3(CH2CH2CH»), 15.8(CH3)

Synthesis of EtNBS-Ligand (4)

Under N; atmosphere, compound 10 (43 mg, 0.114 mmol) was dissolved in dry DMF (5 mL). Then
EDC (48 mg, 0.25 mmol) and DIPEA (0,12 mL, 0.684 mmol) were added to the solution. Compound
19 (45 mg, 0,114 mmol) in DMF (5 mL) was then added to the reaction mixture. The reaction was
stirred at room temperature for 24 hours, and monitored via TLC (DCM:MeOH 8:2,). It was diluted
with water (20 mL) and washed with DCM (3 x 30 mL). After the extraction a blue solid was observed
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in the funnel. The solid was dissolved in methanol. The solution was concentrated under reduced

pressure giving the desired product as a blue solid.

Yield=19% (19 mg)

'H-NMR (400 MHz, MeOD): é(ppm) = 9.17 (d, J = 7.8 Hz, 1H, H;), 8.41 (d, J = 8.2 Hz, 1H, H,),
8.12 (d, J=9.3 Hz, 1H, He), 7.91-8.02 (m, 5H, H; H, Hy), 7.87 (t, J= 7.4 Hz, 1H, Hy), 7.78 (d, J=9.0
Hz, 2H, Hy), 7.46 (dd, J=9.3 Hz, J = 2.9 Hz, 1H, Ha), 7.42 (s, 1H, Hy), 7.31 (d, /= 2.9 Hz, 1H, H.),
6.95 (d, J=9.0 Hz, 2H, H,), 4.15 (t, J= 6.0 Hz, 2H, H,), 3.84 (t, J = 6.5 Hz, 2H, Hy), 3.74 (q, J = 7.3

Hz, 4H, Hy), 3.61 (m, J= 4H, Hn Hy), 2.16 (m, 4H, Hi Hy).
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Chapter 5: Carbohydrate-based derivatives as
immunostimulants against encapsulated bacteria
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1. Introduction
Starting from the starch, passing to the cellulose, and ending with the recognition role, carbohydrates

are fundamental for life on Earth. For these and many other reasons, carbohydrates are the most
abundant biomolecules in the world. A highly regulated multistep process, cellular glycosylation is
found in all life forms, though it varies significantly across different taxa'. In mammalian cells,
glycans can be bonded to proteins and lipids on the cell surface, as well as in the cytoplasm or even
the nucleus. In contrast to viruses, which typically exploit the glycosylation machinery of host cells,
bacterial species, fungi, and parasites carry their own set of glycosylation enzymes to decorate their
surface with glycans. Bacteria, for example, possess a dense glycan coat exposed to their outer surface
or as a polysaccharide capsule, and some species even contain properly glycosylated glycoproteins.
Each of these glycoforms can engage with the immune system, triggering the generation of antibodies
specific to carbohydrates. As a result, they present appealing prospects for the development of

vaccines.

1.1 Carbohydrates as immunogenic elements in vaccines
Vaccines are one of the most important tools against pathogens and cancer. The birth of the vaccine

is due to Edward Jenner, in 1796, who exploited cowpox to immunize the human body against
smallpox. The use of cowpox gives the origin of the name vaccine, which is derived from cow, in
Latin vacca®. Conventional vaccines typically involve using inactivated or weakened forms of
pathogens achieved through the reduction of pathogen virulence using physical or chemical means?.
Advances in science and technology, particularly in immunology and molecular biology, have led to
an increased focus on developing subunit vaccines. These vaccines rely on short, specific fragments
of pathogens to address the limitations associated with traditional vaccines, such as concerns about
low biosafety (risk of reversion to virulence), inefficient pathogen cultivation, and the potential for
allergies and autoimmune reactions*. Additionally, epitope-based vaccines play a crucial role in
current vaccine research, offering several advantages over traditional vaccines. These advantages
include heightened specificity, improved safety, simplified production, and storage, as well as
enhanced stability. Consequently, epitope-based vaccines have garnered growing interest within the
field of vaccine research’. Avery and Heidelberger initially proposed the idea of carbohydrate-based
antibacterial vaccines in the 1920s°. Their groundbreaking work revealed the immunogenic nature of
capsular polysaccharides (CPSs) from the Gram-positive bacterium Streptococcus pneumoniae and
more in general, the CPS of every bacterium. Nevertheless, polysaccharide vaccines, when used
independently, demonstrate effectiveness only in adult populations and temporally limited’. To
overcome this limitation, carbohydrate-based conjugate (glycoconjugate) vaccines have been

developed. The fundamental concept involves the covalent linking of a highly immunogenic carrier
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molecule, such as a protein, to carbohydrate antigens®. To understand this concept, we must

understand how the human immune response works.

1.2 Immune response in the human body
The human immune system operates as a complex network of biomolecules and cells responsible for

defending the body against both internal and external threats, encompassing bacterial and viral
infections, as well as cancer. It comprises two main types of immune responses: innate immunity and
adaptive immunity (Figure 1). Innate immunity is triggered by recognizing pathogen-associated
molecular patterns (PAMPs), such as glycolipids or nucleic acids, through pattern recognition
receptors (PRRs) on the surfaces of macrophages, neutrophils, and dendritic cells’. While innate
immunity is characterized by a rapid onset, the response lacks specificity and repeated exposure to
the same PAMPs results in a consistent immune reaction'®. In contrast, adaptive immunity targets
specific antigens or small-molecule haptens based on the recognition of chemical epitopes and
functionalities. Antibodies play a crucial role in the adaptive immune response by precisely
identifying surface-exposed chemical epitopes on foreign antigens with high specificity and affinity.
The humoral component of the adaptive immune system generates diverse antibody repertoires by
maturing and hypermutating B cell receptors after exposure to foreign pathogenic epitopes, facilitated

by appropriate costimulatory signals initiated during the innate response'!.
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Figure 1: Innate and adaptive immunities. Image taken from reference 12,

Regarding vaccine development, PRR agonists plays a pivotal role as immunogenic carrier
molecule'®. Achieving optimal antigen-specific and memory immune responses constitutes the
primary goal of vaccination. While T cells and B cells, key players in the adaptive immune system,
carry out these responses, their initiation and quality are predetermined at the innate level. Both

macrophages and B cells can function in the antigen-presenting role. However, dendritic cells (DCs)
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excel as superior professional antigen-presenting cells (APCs). This superiority is attributed to the
unique ability of DCs to sample and present antigens, along with their efficient detection of pathogens

through the expression of the previously mentioned PRRs'.

1.3 Antibodies switching and immunogenic memory's
When DCs sample the pathogens, in a few days they are transported to lymph nodes and spleen. Here,

thanks to the presence of T cell-dependent antigen, starts the formation of the germinal centers (GCs).
At this point, the production of specific antibodies starts through follicular dendritic cells (FDCs), T
follicular helper (Trn), and B cells that express antibodies as receptors (BCRs). The germinal center

is divided into two regions: light and dark zone (Figure 2).
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Figure 2: Overview of the GC Reaction. Reprinted from Immunity, 45, Mesin, L.; Ersching, J.; Victora, G. D., Germinal Center B Cell
Dynamics, 471, © (2016), with permission from Elsevier.16,

The light zone is rich in FDC and BCR, the dark zone in Tru. FDC presents the antigen of pathogens,
and BCR binds it through the antibody exposed on its surface. The BCR takes up the antigen,
processes it, and exposes it on its surface using the major histocompatibility complex II (MHC II)"".
This complex can interact with Try, allowing BCR to do not undergo apoptosis. The lack of this
interaction does not allow the switching from IgM to IgG, responsible for immunogenic memory.
Therefore, the Trn leads the BCR to enter in the dark zone and to be subjected to random mutations
of the Ig gene. After the mutation, BCRs move through the light zone and interact again with the
antigens exposed by FDC. The BCR with a major affinity presents more antigens to Tru and has more
possibilities to reenter the dark zone and start again the process of affinity maturation. Gradually, the

BCRs with the highest affinity exit from GC becoming plasma cells and memory B cells.
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1.4 Glycoconjugate vaccine
Glycoconjugate vaccines typically consist of three essential components: a carbohydrate antigen, a

carrier molecule, and a linker'®. In the development process of these vaccines, the initial step is to
identify the target antigen, conserved, and exposed on the cell surface to facilitate immune
recognition. Following this, the appropriate carrier molecule is selected to serve as an
immunostimulator, enhancing the immunogenicity of the system that, otherwise, if simply based on
carbohydrate antigen would be weak. The final step involves identifying a linker for coupling the
carbohydrate antigen and the carrier molecule, guided by conjugation chemistry and related reaction
conditions. Licensed in Cuba in 2004, Quimi-Hib'® (Figure 3) is a glycoconjugate vaccine
representing a milestone as the first licensed vaccine of its kind based on a synthetic carbohydrate
antigen. Comprising a synthetic antigen with an average of seven repeating units of ribosyl rybitol
phosphate, this vaccine is conjugated to a thiolated TT (tetanus toxoid) carrier protein through a 3-
(maleimido)-propylamide linker. The synthesis of the poly(ribosyl ribitolphosphate), a crucial
component of Quimi-Hib, involved a large-scale production achieved through a one-step

polycondensation reaction.
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Figure 3: Chemical structure of Quimi-Hib. Image taken by reference 2.

We can categorize glycoconjugate vaccines into three distinct types based on the properties of

carbohydrate antigens, carrier molecules, and preparation methods'®.
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(a) Polysaccharide-based glycoconjugate vaccines:
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Figure 4: Three major classes of glycoconjugate vaccines. Image taken by reference?é.

One type of glycoconjugate vaccine involves polysaccharides derived from natural sources, such as
bacterial cultures, directly conjugated with carrier proteins®!. Another type, known as semi-synthetic
conjugate vaccines (Figure 4b), comprises synthetic oligosaccharide antigens linked to carrier
proteins, where the structure of carbohydrate antigens and their linkage to carrier proteins are well-
defined, although the protein's conjugation sites are usually undefined (an example is Quimi-Hib).
The third type of glycoconjugate vaccines (Figure 4c) features synthetic carbohydrate antigens
conjugated with synthetic carrier molecules like lipids, glycolipids, glycopeptides, and synthetic
oligosaccharides, as well as other synthetic materials, and are referred to as fully synthetic
glycoconjugate vaccines. An example is the monophosphorylated derivative of Neisseria meningitidis
lipid A (MPLA) as a completely synthetic immunostimulant (Figure 5). Differing from conventional
protein conjugate vaccines, this investigation utilized the bacterial antigen o-(2-2>9)-polysialic acid,
focusing specifically on the CPS of serotype C of Neisseria meningitidis, as a model to assess the

immunogenicity of MPLA conjugates®.
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Figure 5: synthetic glycoconjugates containing the repeating unit of CPS of serotype C of Neisseria meningitidis. Image taken by
reference?2.

1.5 Carbohydrates in Gram-positive and Gram-negative bacteria
The ubiquity of bacteria, their synergy with the environment, and with many living things are a

consequence of their essentiality for life on Earth. We can identify two main classes of bacteria: Gram-

positive and Gram-negative bacteria (Figure 6).
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Figure 6: Gram-positive and Gram-negative bacteria. Image taken by reference?3.

The bacterial cell wall is encased in a dense layer comprising polysaccharides and glycoproteins,
recognized as the glycocalyx. This configuration enables bacteria to not only thrive in their
surroundings but also facilitates the exchange of nutrients from the external environment and the
elimination of internal waste products. Typically, the outermost surface of both Gram-positive and
Gram-negative bacteria displays capsular polysaccharides (CPS)** which can exhibit varying
structures even within the same bacterial species, allowing for their utilization in serotyping. In the
case of Gram-negative bacteria, there is an outer membrane (OM) housing lipopolysaccharide (LPS),
CPS, and proteins (Figure 6). A thin peptidoglycan layer is positioned between the OM and the inner
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cytoplasmic cell membrane. Conversely, Gram-positive bacteria lack an outer membrane and are
enveloped by a considerably thicker layer of peptidoglycans compared to their Gram-negative
counterparts. Carbohydrates perform several important roles in bacteria’s life, from protection against
ionic and mechanical stress to the communication and recognition role'. Capsular polysaccharide has
critical roles in interaction with the human body: bacterial adhesion, host cell infection, and protection
against the immune defense?*. Due to the efficient way they infect the human body, in third and sixth
position of the list of the causes of mortality, there are two diseases caused by bacteria: lower

respiratory (i.e., Streptococcus pneumoniae) infections and diarrhea®s.

1.6 Streptococcus pneumoniae and serotype 19F
S. pneumoniae, 1dentified as a Gram-positive organism, significantly contributes to a spectrum of

illnesses, encompassing pneumonia, otitis media, meningitis, and septicemia?’. The virulence of
pneumococci is ascribed to various elements, including the variable capsular polysaccharide (CPS),
pneumolysin toxin, and surface lectins. Bentley and colleagues meticulously deciphered the DNA
sequence of capsular biosynthesis genes for all 90 serotypes of S. pneumoniae, revealing a distinctive
CPS composition for each serotype?®. In children, a handful of types, such as 6A, 14, 19F, and 23F,
are responsible for a significant portion of pneumococcal diseases, constituting almost 60% of all
infections. Conversely, in adults, serotypes 3, 19F, and 6A only accounted for 31% of isolations®’.
Among these serotypes, 19F is particularly virulent causing numerous upper respiratory and
meningitis infections, especially in children and immunodeficient individuals. It is characterized by
a trisaccharide repetitive unit illustrated in Figure 7, comprising N-acetylmannosamine unit linked by
a B 1-4 linkage to glucose, connected with o 1-2 linkage to rhamnose. The repetitive trisaccharide
units are linked together through a phosphate group connecting the anomeric position of the o-

rhamnose with position 4 of ManNAc.
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Figure 7: Molecular structure of 19-SP CPS repeating unit
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The first-generation carbohydrate-based vaccine against S. prneumoniae, PPV23 (Pneumovax®,
Merck), covers the 23 most prevalent serotypes and is available in the United States and Europe,
though conflicting efficacy data have been reported’’. To enhance immunogenicity, licensed
glycoconjugate vaccines like PCV7 (Prevnar®), PCV13 (Prevnar 13™), and PCVI10
(GlaxoSmithKline’s Synflorix™) have been developed and commercialized. Despite the
incorporation of S. pneumoniae CPS-based glycoconjugate vaccines into routine immunization
programs and the broader coverage of strains, concerns persist regarding diseases caused by serotypes
not addressed by the existing vaccines in the long term?®!. Moreover, Seeberger et al. successfully
synthesized the hexasaccharide repeating unit of S. pneumoniae serotype 12F, a serotype not included

in marketed formulations>2.

1.7 Campylobacter Jejuni and serotypes HS 23/36

Diarrheal diseases pose a significant public health challenge, ranking second among the leading
causes of death in children under five years and sixth in the global burden of disability-adjusted life-
years (DALY)?3. Six pathogens account for 78% of all attributable diarrhea, with Campylobacter spp.
being one of them**. Campylobacter spp. are estimated to cause approximately 400 million cases of
campylobacteriosis each year®®, and 90% of these cases are attributed to the enteric Gram-negative
bacterium (GNB) Campylobacter Jejuni. While campylobacteriosis is generally considered self-
limiting, it has been linked to various post-infection chronic sequelae, including Guillain—Barré
autoimmune syndrome (GBS), with an estimated prevalence of 1/1000 cases of C. jejuni infection’.
Indeed, C. jejuni lipooligosaccharides (LOSs), a truncated form of lipopolysaccharides (LPSs),
contain a-N-acetyl-D-neuraminic acid (a-NeuS5Ac) moieties that mimic gangliosides®’. Gangliosides
are glycosphingolipids abundant in the human peripheral nervous system. Notably, this molecular
mimicry is not limited to specific C. jejuni strains. An effective strategy currently advocated for
minimizing C. jejuni infections involves the development of vaccines designed for human use.
However, a significant challenge in this endeavor is the production of lipooligosaccharides (LOSs)
that mimic human gangliosides by this enteric Gram-negative bacterium (GNB). This obstacle poses
a substantial barrier to the development of immunoprophylactic tools due to the potential risk of
triggering Guillain—Barré syndrome (GBS). Consequently, live attenuated and killed whole-cell
vaccines are discouraged, with subunit vaccines emerging as a safer alternative. A significant
structural modification is the incorporation of O-methyl phosphoramidate (MeOPN) moieties at
diverse positions in these polysaccharides, with up to 70% prevalence in C. jejuni isolates.
Remarkably, this feature has never been detected in any other living organisms until now. Among the
most diffuse serotypes of C. Jejuni, HS 23/36 is the only one of which we know the stereochemistry

of the phosphoramidate making it the most reproducible repeating unit of CPS*. It is characterized
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by a trisaccharide repetitive unit illustrated in Figure 8, comprising N-acetylglucosamine units linked
by a B 1-3 linkage to galactose with a phosporoamidate in position 2,4 or 6, connected with o 1-2
linkage to altroheptose. One unit is connected to another unit between the reducing end of

altroheptose to position 3 of N-acetylglucosamine.
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Figure 8: molecular structure of C. Jejuni HS 23/36 CPS repeating unit. Image adapted by reference®.

Guerry and colleagues demonstrated the feasibility of CPS-based vaccines against C. jejuni in 2009
by creating a glycoconjugate, CPSsi-176-CRM 97, administered subcutaneously to mice*. This
conjugate not only provided significant protection upon intranasal challenge with homologous C.
Jjejuni strains but also ensured complete protection against diarrheal disease in the New World monkey
Aotus nancymaae model following orogastric challenge with C. jejuni strain 81-176 (serotype
HS23/36). The dose-dependent production of CPS-specific IgG further underscored its efficacy.
Despite its promising outcomes in a non-human primate model, a phase 1 clinical trial in 2014
(ClinicalTrials.gov NCT02067676) yielded limited immune responses in most subjects. This was
attributed to the absence of MeOPN moieties on isolated CPS*!.

1.8 Calix[n]arenes as immunostimulant
The previous paragraph reported several times on the use of CPS as antigen for the production of

antibodies against bacteria. Anti-carbohydrate antibodies often display affinities that are several
factors lower compared to their protein- and peptide-specific counterparts. The distinctive limitation
observed in the affinity of anti-carbohydrate antibodies finds partial compensation through their
multivalent nature. These antibodies adopt a clustered configuration, confronting numerous densely
displayed antigen molecules simultaneously, thereby amplifying the impact of the immune response.

t42

This phenomenon deals with the so-called glycoside cluster effect™, actually identified in the

recognition process occurring between carbohydrate binding proteins and their saccharide substrates.
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As described in the introduction of the thesis, the calixarene scaffold results in a good platform for
the presentation of multiple units of saccharides. Based on the efficiency of the calixarenes as

scaffolds to exploit the glycoside cluster effect, Geraci et al.*?

designed, synthesized, and studied a
calix[4]arene-based immunostimulant. In this work, calix[4]arene was functionalized at the upper rim
with four units of Tn antigen (red) and at the lower rim with an immunoadjuvant moiety (green),

tripalmitoyl-S-glycerylcysteinyl-serine (P3CS) (Figure 9).
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Figure 9: Structure of calixarene-based vaccine proposed by Geraci. Image taken by reference®3.

Specific tumor-associated carbohydrate antigens (TAs) such as Tn, cryptic in normal epithelial cells,
are overexpressed on the surface of tumor cells as portion of a great family of glycoproteins, the
mucines. TAs are autoantigens showing a weak immunogenicity and the presence of adjuvant plays
an important role in immunostimulation. The efficiency of calixarene was evaluated by the ELISA
assay with sera of the groups of immunized mice. The value of IgG in the mice immunized with the
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calixarene vaccine candidate was 2-fold higher compared to that observed upon treatement with the
monovalent analog using the same equivalents of saccharide (0.120 uM/mouse for monovalent and

0.030 uM/mouse for tetravalent), showing the presence of the glycoside cluster effect.

The study of the calixarene as a scaffold to exploit the cluster effect, exploring different geometries,
was performed by my research group, in collaboration with Federica Compostella’s research group
at the University of Milan**. In that work, different geometries of calix[4]arene (1,3-alternate, mobile,
cone geometries) and calix[6]arene functionalized at the upper rim with N-acetyl--D-mannosamine
residues were investigated (Figure 10). As mentioned before, this sugar is one of the three saccharides
of the repeating unit of the Streptococcus Pneumoniae serotype 19F (SP 19F) CPS (Figure 7). Among

the three monosaccharides, f-ManNAc is supposed to be the immunodominant element.
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Figure 10: Molecular structures of calixarenes synthesized by our research group

Through competitive ELISA assays, the ability of those multivalent systems to inhibit the binding of
anti-19F antibodies to SP 19F native polysaccharide linked to the plate surface was studied. All the
calixarenes showed a better inhibition ability compared to the monovalent analog MON (Table 1). In
particular, the blocked geometries 1b and 1¢ displayed a low efficacy compared to the mobile isomer

1a which evidently can adapt itself for better interaction with the antibodies as it allows the epitope
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units to better adapt to the binding sites. Compound 1d resulted in a better scaffold compared to 1a

for the presence of two more units of saccharide.

Compound IC,, (mg/mL) Max inhibition (%)
19F 1.8x107* 100 +2
la 34+7
1b 10£2
1c 1.2x107" 21+3
1d 9.5x1072 48 £8
MON 16 £7
SP19F-RU 2.1x1072 52+4
2a 1.9x1073 78 £8
2b 8.6x107* 75+7

Table 1: Results of the competitive ELISA assay

Calix[6]arenes 2a and 2b functionalized with the a and B anomer, respectively, of the trisaccharide
showed an inhibition ability 1.5-fold higher compared to the SP 19F repeating unit SP19F-RU and
close to the 80% of inhibition with respect the natural CPS despite the rather limited number of
repeating trisaccharide units exposed (4 or six). In general, it had been concluded that the
conformationally mobile derivatives, in particular the calix[6]arene-based ones, were promising
compounds because they seem to well reproduce the CPS folding and exposure to the specific

antibodies. Therefore, they deserved further studies as potential immunostimulant compounds.

The interesting ability of calixarene-based derivatives to act as immunostimulants was recently

1. who synthesized two calixarenes as anti-cocaine vaccines. In this

reaffirmed by da Silva Neto ef a
work, calix[4]- and calix|8]arene were functionalized at the lower rim with n-butyl groups to conserve
the cone geometry and at the upper rim with cocaine units linked through hexanoic acid as spacer.
The goal of this work was to modulate the biodistribution of cocaine with antibodies avoiding the
overcome of blood-brain barrier (BBB). The test was performed by injection of calixarene in mice
showing a high production of IgG against cocaine. The immunized mice were subjected to brain
scintigraphy, after the administration of cocaine analog °’"Tc-TRODAT-1, to evaluate the

biodistribution showing a low level of this analog in the brain.
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Figure 11: The two anti-cocaine vaccines proposed by da Silva Neto. Image adapted by reference®.

Based on the results reported in the literature and the work of our research group, we designed two
compounds, calix[4]- and calix[6]arene functionalized with the same trisaccharide of the repeating

unit of the SP 19F CPS, prepared by Federica Compostella’s research group.

During my period abroad, at the Institut Pasteur by the Laurence Mulard’s research group, I took part
to the synthesis and scale up of a trisaccharide for the development of a vaccine against C. jejuni HS

23/36. In perspective this could be linked to a calixarene scaffold.

2. Results and discussions

2.1 Calix|[n]arene as immunostimulant of antibodies against SP 19F
As described in the introduction of this chapter, my research group explored the calixarene as a

scaffold to exploit the glycoside effect for interaction with antibodies against SP 19F**. This work led
to the conclusion that conformationally free calixarenes are the best scaffold for this goal. We started
from this evidence to design, in collaboration with Federica Compostella (University of Milan), two
glycocalixarenes (3 and 4, Figure 12) with the aim of verifying their ability of stimulating the
production of antibodies against SP 19F. At the same time, two galactosylated analogues (5 and 6)

were prepared to use as negative control.
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Figure 12: Molecular structure of target compounds.

The two target compounds 3 and 4 were designed with methoxy groups at the lower rim of calixarene

scaffolds and with the trisaccharide as immunogenic elements exploiting the aminopropyl linker.

To establish the immunogenicity of trisaccharide and to exclude a possible effect by the simple
calixarene scaffolds, the two negative controls 5 and 6 were designed based on the same calixarene

scaffolds as 4 and 5 but bearing a non-related sugar (galactose) with the same aminopropyl linker.

2.1.1 Synthesis of potential immunostimulants 3 and 4
The conjugation between calixarene scaffolds and sugar moieties was performed exploiting the click

reaction between the aminopropyl linker on trisaccharide 7 and the isothiocyanate units on calixarene
scaffolds 8 and 9. The trisaccharide was prepared by Federica Compostella’s research group following
the procedure reported in literature®® and exploiting the same modification performed in the previous
work**. Using the procedure reported in literature*, the calix[4]arene 8 and the calix[6]arene 9 were

synthetized and exploited to obtain the glycocalixarenes 3 and 4 (Scheme 1).
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Scheme 1: Synthetic route of immunostimulant targets 3 and 4.

The trisaccharide unit 7 was used as a mixture of anomers because, in the previous work, the data

collected by ELISA tests suggested no preferential affinity between anti-SP 19F antibodies and a
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specific anomer. The synthesis of the two glycocalixarenes was performed with the same method but,
for glycocalix[4]arene 8 was necessary a higher amount of trisaccharide per unit of isothiocyanate
(1.5) compared to the synthesis of glycocalix[6]arene 9 (1.25 eq). This could be explained by the
lower reactivity for the complete functionalization of scaffold 8 due to major steric hindrance
compared to the calix[6]arene 9. In fact, the structure of the calix[6]arene 9 is more flexible compared
to the calix[4]arene 8. This phenomenon is observable also through the "TH NMR comparison between
calixarenes 8 and 9. For simplicity, analysing the aromatic peaks, the calixarene 8 has four peaks due
to the interconversion between the cone conformer and the partial cone conformer (in ratio 4:1,
respectively), in deuterated chloroform at 25°C. On the other hand, at the same temperature and the
same solvent, the higher flexibility of the calix[6]arene 9 leads to obtain sharp singlets for the

aromatic hydrogen to the 'H NMR analysis (Figure 13).
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Figure 13: 1H NMR spectra of calixarene scaffolds 8 and 9 in CDCl; (400 MHz, 298K)

For both compounds, the "H-NMR spectra and mass analysis confirmed the successful outcome of
the coupling reactions. In the Figure 14, it is reported the spectrum of the new synthetized
glycocalix[4]arene 10. The broad signals for the aromatic protons indicate a slow interconversion

between the partial cone and the cone conformers generating a beginning of coalescence.
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Figure 14: 'H NMR spectra of glycocalixarene 10 in MeOD (400 MHz, 298 °K)

Through the Zemplen deacetylation*’, we obtained the two target compounds 3 and 4. These reaction
were carried out at 0 °C to avoid possible epimerization on thioureidomannosides, as reported in
literature®®. Compound 3 was fully characterized by NMR and HRMS; the spectroscopic data
recorded for compound 4 are in agreement with those reported in literature**. Moreover, the '"H-NMR
comparison of the two target compounds demonstrates the higher flexibility of the larger
glycocalixarene 4 (Figure 15). In fact, the presence of several broad signals for the aromatic peaks in
spectrum of the compound 3 means that the conformational freedom is lower compared to compound

4 the aromatic protons of which result in a single broad signal.
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Figure 15: 1H NMR spectra of calixarenes 3 and 4 in mixture D,O/MeOD (600 MHz, 298K); in the inset, the signals relative to the
aromatic protons.

2.1.2 Synthesis of galactocalixarenes as negative control
To synthetize the two negative controls, we started by the functionalization of galactose with

aminopropyl linker protected with Boc group (Scheme 2).

AcO AcO AcO
OAc OAc OAc
o) 3-bromopropanol, BF3-Et,0 NaN o
> o s O(CHy)sN
AcO OAc e O(CHy)3Br > AcO (CH2)3N3
AcO dry DCM, 4 A MS, 0°C to rt AcO dry DMF, 100°C AcO
51% 12 35% 13
AcO gi\o
C@&/ Boc,0, NEty Hj (3 bar) g&/
H.)-N ? O(CH,)3NHBoc
AcO M= O(CHz)3N3 EtOAG 1t AcO=7
13 90% 14

Scheme 2: The functionalization with linker.

Starting from B-D-galactose pentaacetate, a glycosylation reaction with 3-bromopropanol and
BF3°Et,O as promoter was carried out. The product was purified and used directly to obtain the azido
derivative 13 by displacement of bromine, as reported by Joosten et al*’. Then, the azido group was
reduced and protected in the same step to obtain the Boc protected amine 7, as reported by Szekely

I°°. The necessity to protect amine is due to the degradation of product during the reaction probably

eta
caused by the side reaction between amine and ester groups on sugar. The '"H-NMR spectrum of
compound 14 confirms the presence of the product by diagnostic signal associated to Boc group and

to the signal of the hydrogen of urethane group (Figure 16).
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Figure 16: 1H NMR spectrum of compound 14 in CDCl3 (400 MHz, 298K).

To obtain the glycocalixarenes 5 and 6, the first step is the deprotection of compound 14 from Boc
group, performed without solvent and using HCI in gas phase (Scheme 3), as reported by Verscheuren

et al'.

AcO
0 o)
o]
AcO o
NCS ACO HO— 75
AcO
OAc
1. HCI
0 (9 MeONa
* ACQ%Q/O(CHZ)WHBOC > NH >

? s NH

O~ n AcO 2. NEtg, dry DCM, rt MeOH, rt
15 n=4, 1% S NH n=4, 45% s NH
n=6, 19% n=6, 30%

8 n=4 ‘
. w w

16 n=4 5n=4
17 n=6 6 n=6

Scheme 3: Synthesis of negative controls.

This unusual method to deprotect the Boc group was exploited to compensate the unsuccessful trial
performed to obtain the compound 16 and 17. The deprotection using trifluoroacetic acid was
performed several times but we never isolated the conjugated products. The conjugation reaction,

performed through the method reported in the scheme, allowed us to obtain compound 16 and 17 with
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low yields. The product 16 and 17 were characterized by NMR and ESI-MS. During the
characterization by NMR, for compound 16 we could observe significant changes in the spectra

depending on the solvent and temperature (Figure 17).
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Figure 17:1H NMR spectra of compound 16. Top: in CDCl3 (298 K, 400 MHz); in the middle: MeOD (298 K, 400 MHz); bottom: MeOD
(333 K, 400 MHz)

The presence of several aromatic signals in chloroform suggests that the presence of hydrogen bonds
(for example between thiourea and acetyl groups) interferes with the mobility of calixarene 16. This
assumption was validated by using methanol as solvent. In fact, this solvent can break the hydrogen
bonds increasing the flexibility of glycocalixarene 16 as conformed by the presence of aromatic
signals, like the pattern recorded in methanol for compound 10. The mobility of calixarene scaffold
was further increased by temperature, recording the '"H NMR spectrum at 60 °C. In this condition,
the signal associated to the sugar moiety became sharper and the aromatic signals resulted closer to

coalescence. The behaviour of this compound makes impossible the '*C-NMR analysis.

Also, glycocalixarene 17 was analysed by 'H-NMR in chloroform and in methanol showing a
different behaviour compared to 16 (Figure 18). In fact, in CDCl3 there are one broad signal for the
aromatic protons indicating a faster conversion among conformers while in methanol the same signal
becomes sharper confirming an increasing mobility due to the absence of intermolecular hydrogen

bonds. For this compound, *C-NMR characterization was possible.
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Figure 18: 'H NMR spectra of compound 17. Top: MeOD (298 K, 400 MHz); bottom: in CDCls (298 K, 400 MHz)
Finally, the reactions of deacetylation were performed obtaining the two negative controls 5 and 6.
The low solubility of compound 5 allowed the NMR characterization only at 80 °C in deuterated
DMSO (Figure 19) while compound 6 was characterized in the same solvent but at 25 °C (Figure

20). The outcome of both reactions was confirmed by the presence of the signals for the OH groups,

the upfield shift of the galactose signals and the absence of acetyl group signals.
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Figure 19: 1H NMR spectra of compound 5 in DMSO-ds (400 MHz, 353 K)
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Figure 20: 1H NMR spectra of compound 6 in DMSO-ds (400 MHz, 298 K)
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2.1.3 Immunization studies
Once obtained the desired compounds, the studies to evaluate the immunostimulant ability of

glycocalixarene 3 and 4 were performed by Prof. Sho Yamasaki and Sheige Ishizuka at the University
of Osaka, in Japan, using a mice model. The experiments were carried out using five members groups
of female BALB/cAlJcl mice. Each group was treated by injections of 200 pL of of a phosphate buffer
solution containing one of the glycocalixarene 3-6 at 2.5 or 3.75 uM concentration (Table 2) and 12
pL of Alhydrogel as adjuvant. A boost, constituted by the same dose and composition as the first
injection, was administered after 24 weeks. The injection with calixarene 3 at 3.75 uM in mice group
4 was performed to have the same concentration of trisaccharide as for compound 4 in mice group 3.
This comparison should have given an idea about the role of the specific exposition provided by the

two different scaffolds, being the amount of epitope in the body the same for both experiments.

Mice group Compounds [Compound] [Saccharide]
(uM) (uM)
Control NO ANTIGEN
2 3 2.5 10
3 4 2.5 15
4 3 3.75 15
5 5 2.5 10
6 6 2.5 15
7 PPS19F 2 ug as positive control

Table 2: Set of immunization experiments.

The levels of sera anti-SP19F IgG and IgM were monitored once a week by ELISA tests. The data
were collected for 9 weeks plotting the reciprocal of ECso recorded by ELISA (Figure 21).
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Figure 21: the graphical results of the immunization tests.

Unfortunately, both compounds 3 and 4 did not elicit production of anti-SP19F antibodies. The
polysaccharide of SP 19F (PPS19F), despite its poor immunogenicity, showed a more efficient ability
to induce the production of antibodies These results are probably due to the lack of an immunogenic
element in the structure of the two compounds. Therefore, in order to validate this hypothesis and to
obtain a potential glycoconjugate vaccine, a calixarene linked at the upper rim with trisaccharide and

at the lower rim with an immunostimulating element, will be synthetized in the future.

2.2 Synthesis of trisaccharide as immunogenic elements against
Campylobacter Jejuni HS 23/36

During a period of six months in Laurence Mulard’s lab at the Institut Pasteur, in Paris, I focussed my
activity on the synthesis of the trisaccharide repeating unit of C. Jejuni HS23/36 CPS (Figure 8) to
exploit it for the development of a vaccine. Indeed, this group works on the development of synthetic
glycovaccines based on the use of oligosaccharide as immunogenic element against the target

bacterium, as reported for Shigella Flexneri serotype 2a°>>*,

Starting from the composition of the CPS (Figure 8) and their previous experience in
oligomerization®, Laurence Mulard’s research group preferred to design the synthesis of the
orthogonally protected trisaccharide 18 that in perspective should undergo oligomerization through
glycosylation to afford longer oligosaccharides (Figure 22) or, in alternative, be linked, through a

proper spacer, in multiple copies to a core that could be constituted by a calix[n]arene.
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Figure 22: Retrosynthetic scheme from HS 23/36 CPS to trisaccharide.

2.2.1 From trisaccharide to monosaccharides
The trisaccharide repeating unit is composed by galactose, altroheptose and glucosamine units (Figure

7). For its synthesis the three monosaccharides 19, 20 and 21 had been identified by Mulard as suitable
building blocks (Figure 23).

oR,OR2
o
NapO
OR BY By BnQ
’Si\O BnO!- OBOZ
0 BnO - PhTX-0 o
0 %o OAll
BnO - NapO SPh |:> OMe OH H NHTCA
OBz
/EO o Galactose Altroheptose Glucosamine
OAll 19 20 2

Figure 23: Retrosynthetic scheme from trisaccharide to monosaccharides

When [ started my activity in this project, glucosamine 21 was already present in lab, previously
prepared as reported by Hu et al*%, and the synthetic procedure for the preparation of galactoside 19
was already available in literature®’. In contrast, the synthesis of altroheptose 20 represented a hard
challenge. In fact, in the literature, all attempts to synthesize the trisaccharide target reports the
simpler 6-deoxy analog®®*®. For its preparation there are two key steps: the homologation to pass
from hexose to heptose and the isomerization of 2 and 3 positions to obtain the altrose configuration.
Glucose was selected as starting material due to the knowledge in Mulard’s group on homologation®

(Scheme 4).
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26 75% 25
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Scheme 4: The homologation part of altroheptose unit synthetic strategy.

Starting from D-glucose pentaacetate, p-methoxyphenol (PMP-OH) was introduced at the anomeric
position by glycosylation using BF3¢Et,O as promoter. The reaction was conducted at 80 °C to favour
the formation of the thermodynamic o anomer®'. In this condition, the o/ ratio was around 8:2 but
degradation also occurred leading to a low yield. Initially, the o/p anomers were separated by several
purification procedures through flash column chromatography using large amount of eluent.
Considering the large scale of this step (50 g), we tried to find an alternative method to obtain pure o
anomer. Deacetylation and subsequent benzylidene introduction using benzaldehyde dimethyl acetal
and 10-camphorsulfonic acid as acidic catalyst had been initially performed on pure a anomer. During
this protection reaction, it was observed a large amount of precipitate due to the insolubility of
benzylidene product. Starting from this observation, we thus performed the same reaction on o/
mixture to verify the possibility of exploiting the higher insolubility of one anomer compared to the
other one. We indeed observed the selective precipitation of o anomer 22 as confirmed by the 'H-

NMR analysis (Figure 24) that is in agreement with the data reported in literature®?.
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Figure 24: *H-NMR of 22 in CDCl3 (298 K, 400 MHz)

Then, through the protection of second and third positions with p-methoxybenzyl group, we obtained
compound 23. The selective opening of benzylidene was performed to obtain the primary alcohol
exploiting the reduction with BH3*THF. This reaction was carried out using Bu,BOTT as Lewis acid
to promote the deprotection of position 6 thanks to the selective interaction between the Lewis acid
and oxygen in 6 due to the steric hindrance of the BuuBOT{®. The identity of compound 24 was
confirmed by '"H-NMR analysis thanks to the disappearance of the benzylidene signal and the
downshift of the protons in position 6 (Figure 25).
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Figure 25:1H-NMR of 24 in CDCl; (298 K, 400 MHz)

With the free primary alcohol available, we performed the oxidation and Wittig reaction to convert
hexose in heptose. The aldehyde was obtained through Parikh-Doering oxidation and directly used
for the Wittig reaction. This reaction was carried out using methyl triphenyl phosphonium bromide
as ylide precursor and NaHMDS as base. The compound 26 was completely characterized by NMR
and HRMS to confirm the successful outcome of the reaction, particularly thanks to the presence of

the characteristic signal of the alkene at 'H-NMR (Figure 26).
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Figure 26: 1H-NMR of 26 in CDCl; (298 K, 400 MHz)

The diol formation was performed using a catalyst amount of osmium tetroxide and a mixture of
acetone and water (9:1) and N-methylmorpholine N-oxide to regenerate the osmium tetroxide in order
to use the minimum amount of osmium limiting the use of this very toxic reagent. The osmylation
reaction is possible on both a and B faces generating two possible diastereoisomers, respectively R
and S. The purification with flash column chromatography was enough to obtain both isomers pure.
From the structure of CPS, we know the absolute configuration of altroheptose that is R for the carbon
in 6. Preliminary studies showed which isomer was of R configuration using NOE analysis and we
continued the synthesis with this one. The presence of pure R isomer 27 was confirmed by 'H-NMR

analysis (Figure 27).
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Figure 27: *H-NMR of 27 in CDCl3 (298 K, 400 MHz)

Once obtained the heptose, we proceeded with the second phase of the preparation finalized to the

isomerization at positions 2 and 3 (Scheme 5).

HO,
BnO,
HO... NaH. BnBr, BnO:.. TFA/DCM, MsCI,
BnO BnO O > BnO:. o —_—
PMBO DMF, PMBO 0°C,1h BnO Pyridine, rt
PMBO OPMP 0°C tor.t. OPMP HO OH 3h
0,
16h 76% OPMP
27 28 29
93%
t-BuONa, t+BuOH,
rt, 16 h
75 %
(two steps)
BnO
CAN BzCl, DMAP, NaH
Pyridine, BnO:
- "~ 0
ACN/H,0 9:1, bCM MeOH,  BnO 20
OH  rt, 20 min 0°C to }t DMSO
OPMP 16 h o OMe OPMP 95°C, 16 h OPMP
80% 31
20 33 91% 32 67 %

Scheme 5: The isomerization part of altroheptose unit synthetic strategy

The two hydroxyl groups of 27 were protected with benzyl groups to obtain 28. Then, exploiting a
selective deprotection with trifluoroacetic acid, we performed the p-methoxyphenyl removal leading

to compound 29. The isomerization of the position 2 and 3 was performed by epoxide opening
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strategy. To obtain the correct isomerization of the two positions, we need to selectively form the
epoxide on B-face (B-epoxide). Therefore, the selective functionalization OH in second position of a-
sugar plays a crucial role. Indeed, using the similar approach reported by Pasetto and Franck®, this
reaction was performed using methanesulfonyl chloride in pyridine obtaining the selective conversion
of hydroxyl group in second position in a good leaving group and the compound 30 was used directly
to perform the epoxide formation in t-BuOH as solvent and sodium t-butoxide as base to deprotonate
hydroxyl group in 3 obtaining the epoxide 31. The successful outcome of this reaction was confirmed

by 'H-NMR analysis thanks to the presence of epoxide signal at low ppm (Figure 28).
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Figure 28: 1H-NMR of 31 in CDCl; (298 K, 400 MHz).

The epoxide opening is the second key step of the whole synthetic route that allows the isomerization
of positions 2 and 3 to pass from glucose to altrose configuration. In this step, using sodium methoxide
as nucleophile, it was performed the methoxy introduction in position 3. This reaction was studied
and performed several times (Table 3) to increase the yield and to reduce the formation of by product

32b (Scheme 6). Each attempt was carried out using 150 mg of epoxide 31.
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Scheme 6: Opening epoxide studies.

Experiment T (°C) | Solvent Time Reagent Results
1 95 DMSO 16 h | MeONa (24% in MeOH), No conversion

Mg(MeO), (5-10% in MeOH) (both

15 equivalents)
2 95 DMF 4h |Methanol/NaH (15 equivalents) 28%32+37% 32b
3 95 DMSO 48 h |NaOMe powder (5 equivalents) No conversion
4 rt DCM 16 h | NaOMe, 5-crown-15 (5 equivalents) No conversion
5 95 DMSO 16 h |[NaOMe (24% in MeOH) (15 32b (55%)

equivalents)
6 -10 MeOH/DCM 16 h | TMSOTf No conversion
7 reflux ACN/MeOH 16 h NH,CI No conversion
8 95 DMSO 16 h |Methanol/NaH (15 equivalents) 67% 32
9 reflux Toluene/DCM | 16 h | NaOMe in MeOH (24% in MeOH) |[40% 32
10 reflux Toluene/THF |16 h | MeOH/NaH No conversion

Table 7: Opening epoxide studies.

Following a procedure reported in literature®, the first experiment was performed using sodium
methoxide and magnesium methoxide in DMSO at 95 °C, but we isolated only starting material.
Nishiyama et al.® studied the epoxide opening on a- and B-oxarine synthetizing altrose from glucose.
We tried the same procedure to obtain compound 32 and we could indeed isolate it but also obtaining,

for the first time, the by-product 32b. The hypothesis that we formulated to explain the formation of
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by-product 32b is the possible formation of epoxide between positions 1 and 2 and a consequent
reaction with sodium methoxide that leads to 32b. Therefore, the reaction was carried out using less
equivalent of sodium methoxide (used in powder to have a better control of the equivalents used) but
in this case we did not observe any conversion of the starting material. Evaluating the problem of
poor reactivity, we tried to use 15-crown-5 exploiting the complexation of sodium to enhance the
reactivity of methoxide. Also in this case, we isolated only the starting epoxide 31. Another attempt
to obtain 32 was performed using a large excess of sodium methoxide in DMSO at 95 °C but, in this
case, we obtained only by-product 32b. In parallel, we tried the epoxide opening in acidic condition
using a Lewis acid and a Brensted acid to evaluate the effect of the two different approaches. In both
cases, we did not observe any conversion. Trying to combine the approach reported in literature and
our data, we used the same reagent and temperature of the second experiments but DMSO as solvent.
This condition led to obtain product 32. To increase the yield, two attempts using toluene as solvent
were carried out obtaining, in the experiment 9, the compound 32. The idea behind the use of toluene
as solvent is due to the hypothesized presence of n-m interactions between the aromatic rings of the
benzyl groups that generate steric hindrance influencing the reactivity of the epoxide 31. This
hypothesis was not further explored due to the lack of time. So, the reaction was performed using 1
gram of epoxide and the product 32 obtained was characterized by 'H-NMR analysis which the
presence of the methoxy group that confirm the presence of opening epoxide. The configuration was
evaluated by NOESY analysis and the interaction between proton in position 3 with protons in 1 and

4 confirmed the altrose configuration.
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Figure 29: NOESY analysis of compound 32.
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Then, the OH in position 2 was protected with benzoyl group to obtain compound 33 and p-

methoxyphenol group was removed by oxidation with ammonium cerium (IV) nitrate (CAN)

obtaining the final compound 20 as mixture of o and f anomers. The HRMS analysis confirmed the

presence of the desired product.
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Figure 30: HRMS spectrum of compound 20

2.2.2 Glycosylation studies

Through the different possibilities of arrangement of trisaccharide, we had to consider which linkage

through glycosylation are the easiest to make in order to have the most efficient synthesis of one

trisaccharide.

As described above, from the epoxide opening reaction performed in certain conditions we obtained

byproduct 32b. To avoid of wasting the right derivative 32, we exploited 32b as acceptor to set up

the the glycosylation reaction with galactoside 19 as donor (Scheme 7).

tBu\S{tBu tBu. {tBu
vo o
o) o)
BnO tBu
Bu. O o
I—
Bno+( OH \ O o
BnO -Q + 0 OB
NIS, TMSOTf, MS 4 A DDQ
O 0 » BnO -
OMe OMe o SPh DCM, -50 °C DCMI/PBS, rt
OBz '
32b 19 23%
(two step)

Scheme 7: Glycosylation reaction using 32b as acceptor and 19 as donor and subsequent deprotection.
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Starting from the conditions reported in literature®’, the reaction was performed using N-
iodosuccinimide for the activation of thiol, TMSOTT as catalyst and DCM as solvent at -50 °C. In
this case, the donor 19 was used in excess (1.5 equivalents) to maximize the complete reaction of
acceptor 32b but this excess caused the formation also of hemiacetal of 19 as byproduct. The presence
of this byproduct made impossible the isolation of disaccharide 34. We thus decided to perform the
selective cleavage of napthylmethyl group, by oxidation with DDQ, to exploit the different polarities
of the two molecules allowing us to isolate the disaccharide 35 as confirmed by '"H-NMR spectrum

(Figure 31).
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Figure 31: H-NMR of 35 in CDCl; (298 K, 400 MHz).
The presence of the di-tert-butylsilylidene group on galactoside is able to direct a-selective
galactosylation as reported in literature®. To evaluate the configuration of disaccharide 35, NOESY
and HSQC-nD studies were recorded. Especially with the latter one, the 'H-'>C coupling constants

("Jcn) were recorded and compared with those reported in literature, confirming the glycoside a-

(1->2) bond (Figure 32).
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Figure 32: 1y of anomeric protons of galactose (177 Hz) and altroheptose (161 Hz).

Considering the impossibility to remove methyl from anomeric position of 35, we decided to continue

the synthesis of the trisaccharide using the disaccharide 35 as acceptor and modifying the

glucosamine 21 in the donor. This glycosylation step allowed us to study the performance about the

use of glucosamine analog as donor for the possible oligomerization. Therefore, we synthetized the

donor 39 and then we performed the glycosylation to obtain trisaccharide 40 (Scheme 8).
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After the introduction of naphtylmethyl group in position 3 of glucosamine, the allyl group removal

was performed to obtain 38 that was directly used for the activation with trichloroacetonitrile. The

donor 39 was used for the glycosylation reaction with acceptor 35, using TMSOTT as catalyst, to

obtain trisaccharide 40. Through 'H-NMR analysis we identified the trisaccharide (Figure 33).
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Figure 33: 1H-NMR of 40 in CDCl; (298 °K, 400 MHz).

The presence of trichloroacetate group on amine of unit 39 allowed us to exploit neighboring group
participation to obtain the selective B-(1->3) glycosidic bond. In the same way performed for the

disaccharide, HSQC-nD study confirms the presence of B anomer for glucosamine (Figure 34).
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Figure 34: 1)oy of anomeric protons of glucosamine (167 Hz).

2.2.3 From monosaccharides to trisaccharide
After the glycosylation studies, we finally performed the glycosylation reactions to obtain the

designed trisaccharide 18. Starting from the activation of altroheptose 20, we performed the
glycosylation reaction using the same strategy previously exploited to obtain the trisaccharide 40

(Scheme 9).
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Scheme 9: Synthesis of disaccharide 42

The donor 41, obtained by the reaction between 2,2,2-trifluoro-N-phenylacetimidoyl chloride (PTFA-
Cl) and hemiacetal 20, was used in the glycosylation reaction with 20 using TMSOTT as catalyst. The

successful outcome of the reaction was confirmed by '"H-NMR analysis (Figure 35).
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Figure 35: 1H-NMR of 42 in CDCl3 (298 K, 400 MHz).

Through the HSQC-nD experiment, in particular observing the 'Jcu for anomeric carbon of
altroheptose and comparing it with that relative to the same atoms in disaccharide 35, we could
conclude that the anchimeric effect, due to the presence of the participating benzoyl group, allowed

us to obtain the a-selective glycosylation.
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Figure 36: 1y of anomeric protons of glucosamine (177 Hz).

The deprotection from the benzoyl group with sodium methoxide gave us the acceptor 43 that was

used to perform the final glycosylation with 19 as donor (Scheme 10).
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Scheme 10:Synthesis of trisaccharide 18

Considering the low yield obtained in the reaction producing the disaccharide 35, we changed the
protocol carrying out this reaction at room temperature and using triflic acid as catalyst having a slight
increase of the yield. The HRMS confirmed the identity of the trisaccharide 18 as adduct with

ammonium providing the signal at m/z = 1493.532 corresponding to [M+NH4]".
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Figure 37: HRMS spectrum of compound 18

3. Conclusions
In this chapter, it is described the work finalised at the synthesis of saccharide species and

glycosylated calixarenes for the development of immunogenic species against bacteria. In the first
part, we focused on the synthesis of glycocalix[4]arene 3 and glycocalix[6]arene 4 functionalized
with the same trisaccharide of the repeating unit of SP-19F CPS prepared by Federica Compostella’s
research group and subsequently conjugated with a linker to the macrocyclic scaffold. To perform
functionalization, we exploited the click reaction between isothiocyanate on calixarenes scaffolds and
amino group on linker. The same strategy was exploited to obtain the negative controls 5 and 6 by
the functionalization with galactose using the same linker used for compound 3 and 4. Then, the
immunostimulation ability of these compounds was studied by mice immunization. Unfortunately,
after several weeks, we did not observe any immunization against SP 19F. In future, we are planning
to synthesize a more sophisticated derivative having in its structure even an adjuvant species such as
an immunogenic peptide in order to provide the polyglycosylated calixarene to show effective

immunostimulation ability.

In the second part of this chapter, we dealt the synthesis of the trisaccharide constituting the repeating

unit of C. Jejuni HS 23/36 CPS. This work was realized in the Laurence Mulard’s lab, with her
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research group, at Institut Pasteur, in Paris. The synthesis of this trisaccharide 18 was divided in three
parts: the synthesis of one of the three monosaccharide, the glycosylation studies and the trisaccharide
formation. Most of the time was spent in the synthesis of altroheptose unit 20 that required several
attempts for the optimization of the key step of the synthesis. At the end, the trisaccharide was
obtained and in the future can be used both for the preparation of oligomers composed of several
trisaccharide units and for the functionalization of calixarene scaffolds to obtain immunostimulant
species against C. Jejuni HS 23/36 with the final aim of setting up a new example of saccharide-based
synthetic vaccine. We designed a calix[6]arene-based immunostimulant of antibodies against C.

Jejuni HS23/36 (Figure 38).
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Figure 38: hypothetical structure of potential calix[6] arene-based immunostimulant.
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The absence of immunogenicity observed for compounds 3 and 4 led us to develop the
glycocalixarene reported in the Figure 38 with immunogenic carrier elements for each trisaccharide

to maximize the immune response.

4. Experimental section
4.1 Synthesis of potential calixarene-based immunostimulants for

antibodies anti-SP19F

General information

Commercially available reagents and solvents were used without carrying out any prior purification
or treatment except as indicated. All moisture- and air-sensitive reactions were conducted under a
nitrogen atmosphere. Dry solvents were prepared according to standard procedures and stored in the
presence of molecular sieves. Monitoring of synthetic processes was performed by direct-phase thin-
layer chromatography (TLC) using 60 F254 silica gel plates. Reverse phase TLC were performed
using silica gel 60 RP-18F-254 on aluminium sheets. Merck silica gel 60 was used for flash
chromatography (40—63 um) and for preparative TLC plates (10—12 pm). Sigma Aldrich C18 reverse
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phase silica gel was used for flash chromatography. For the detection of reagents and products with
amine groups, the TLCs were sprayed with a 5% solution of ninhydrin in ethanol; for those with
phenolic groups, a solution of FeCls in water was used; for the detection of hydroxyl groups, a
solution of 10% H>SOj4 in ethanol; and for easily oxidized compounds, a 0.05% solution of KMnO4
in water was used. Flash chromatography columns on silica gel 60 (230-400 mesh), under nitrogen
pressure, and commercial preparative TLC 20x20 cm, silica gel F2s4, 0.5 mm were used for product
purification. Product characterization was performed by 'H and *C NMR spectroscopy and mass
spectrometry using the ESI technique. NMR spectra were recorded with Bruker AVANCE 400
spectrometer ('H at 400 MHz, '*C at 100 MHz); chemical shift values are reported in ppm using the
resonance frequency of the partially deuterated solvent as a reference. Mass spectra were recorded
with a single quadrupole SQ detector spectrometer, Waters. High-resolution mass spectra (HRMS)
were obtained in the positive ion mode using a Q-TOF mass spectrometer equipped with an

electrospray ion source.

5,11,17,23,-Tetrakis-N-[3-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-p-D-
mannopyranosyl-(1—4)-2,3,6-tri-O-acetyl-a-D-glucopyranosyl-(1—2)-3,4-di-O-
acetyl-L-rhamnopyranosyloxy)-propylthioureido]-25,26,27,28-

tetramethoxycalix[4]arene (10)

In a two-neck round-bottom flask, trisaccharide 7 (24.6 mg, 0.024 mmol) and 8 (2.8 mg, 0.004 mmol)
were dissolved in dry DCM (3 mL). Then, NEt3 (28 uL, 0.197 mmol) was added under Ar atmosphere.
The mixture was stirred for 48 hours at room temperature. The reaction was monitored by TLC
(DCM/MeOH 98:2, visualized by H>SO4). Then, the reaction was quenched by the removal of the
solvent at reduced pressure. The desired product was obtained after column chromatography

(DCM/MeOH 98:2) as a white solid.
Yield=90% (16.2 mg)

'"H NMR (400 MHz, MeOD) & (ppm): 7.11 (br, 8H, ArH), 5.39 (br t, 4H, H-1"), 5.27 (br t, 4H, H-3")
5.15-5.02 (m, 8H, H-4",H-4), 4.79 (s, 4H, H-3), 4.74 (br, 4H, H-1"), 4.69 (br, 4H, H-2"), 4.62 (br,4H,
H-2"), 4.50 (br, 4H, H-1), 4.39 (dd, 6H, H-6a") 4.28 (br, 6H, H-6a"), 4.13 (br, 18H, H-2, H-5', H-6b’),
4.05 (d, J=12.0 Hz, 6H, H-6b"), 3.86 (br, 12H, CHNHCS), 3.75 (br, 6H, H-4"), 3.66 (br, 6H, H-5"),
3.45 (br, 18H, H5, OCH») 2.16 (s, 18H, CH3CO), 2.12 (s, 36H, CH3CO), 2.11 (s, 18H, CH3CO), 2.061
(s, 18H, CH3CO), 2.056 (s, 18H, CH3CO), 2.05 (s, 18H, CH3CO), 2.03 (s, 18H, CH3CO), 2.01 (s,
18H, CH3CO), 1.75 (br, 12H,CH2.CH>CH>), 1.23 (d, J=5.8 Hz, 18H, H-6).
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ESI-MS: m/z calc 4397.46 found: 1468.49 [M+3H]*", 1475.81 [M+2H+Na]**

5,11,17,23,29,35-Hexakis-N-[3-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-f3-D-
mannopyranosyl-(1—4)-2,3,6-tri-O-acetyl-a-D-glucopyranosyl-(1—2)-3,4-di-O-
acetyl-L-rhamnopyranosyloxy)-propylthioureido]-37,38,39,40,41,42-

hexamethoxycalix[6]arene (11)

In a two-neck round-bottom flask, trisaccharide 7 (24.2 mg, 0.023 mmol) and 9 (3.25 mg, 0.003
mmol) were dissolved in dry DCM (3 mL). Then, NEt3 (21 pL, 0.157 mmol) was added under Ar
atmosphere. The mixture was stirred for 48 hours at room temperature. The reaction was monitored
by TLC (DCM/MeOH 98:2, visualized by H>SO4). Then, the reaction was quenched by the removal
of the solvent at reduced pressure. The desired product was obtained after column chromatography

(DCM/MeOH 98:2) as a white solid.
Yield= quantitative (14.7 mg)

'H NMR (400 MHz,CDCls) & (ppm): 7.11 (br, 12H, ArH), 5.93 (d, /=7.3 Hz, 6H, NHAc), 5.60 (br,
6H, H-1'), 5.41 (t, J=9.1 Hz, 6H, H-3") 5.17-5.02 (m, 12H, H-4",H-4), 4.96 (dd, J3,=3.0, J34=10.1
Hz, 6H, H-3), 4.93 (dd, J32"=5.8, J34-9.9 Hz, 6H, H-3") 4.74 (br, 6H, H-1"), 4.69 (br, 6H, H-2"),
4.62 (br, 6H, H-2"), 4.50 (br, 6H, H-1), 4.39 (dd, 6H, H-6a") 4.28 (br, 6H, H-62’), 4.13 (br, 18H, H-
2, H-5', H-6b'), 4.05 (d, J=12.0 Hz, 6H, H-6b"), 3.86 (br, 12H, CHaN), 3.75 (br, 6H, H-4"), 3.66 (br,
6H, H-5"), 3.45 (br, 18H, H-5, OCHa) 2.16 (s, 18H, CHsCO), 2.12 (s, 36H, CH5CO), 2.11 (s, 18H,
CH;CO), 2.061 (s, 18H, CHsCO), 2.056 (s, 18H, CH;CO), 2.05 (s, 18H, CH;CO), 2.03 (s, 18H,
CH;CO), 2.01 (s, 18H, CH3CO), 1.75 (br, 12H, CH,CH,CH,), 1.23 (d, J=5.8 Hz, 18H, H-6).

The spectroscopic data found are in agreement with those reported in the literature*.

5,11,17,23-tetraakis-N-[3-(2-acetamido-2-deoxy-f-Dmannopyranosyl-(1—4)-a-
D-glucopyranosyl-(1—2)-L-rhamnopyranosyloxy)-propyl-thioureido]-
25,26,27,28-tetramethoxycalix[4]arene (3)

To a solution of the peracetylated compound 10 in MeOH at 0 °C, freshly prepared MeONa was
added until to pH 9. The progress of the reaction was followed by ESI-MS and TLC
(AcOEt/iPrOH/H20O 6:3:1, visualized by H2SO4). The solution was stirred for 3 h, after which
Amberlite IR-120 (H") was added and the mixture was stirred at rt till neutral pH. The resin was
filtered off and the solvent was removed under reduced pressure. The pure product was obtained after

purification by C18 reverse phase column chromatography (H20 and then MeOH) as a white solid.
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Yield= 65% (8.173 mg)

'"H NMR (400 MHz, MeOD/D>0 9/1) § (ppm): 7.36-6.53 (m, 8H, ArH), 4.99 (br s, 4H, H-1"), 4.88
(br, 4H, H-1"), 4.81 (br, 4H, H-1), 4.51 (br s, 4H, H-2"), 4.08-3.33 (ovelapped, 96H, H-3", H-4", H-
5", H-6a,b”, H-2', H-3', H-4', H-5', H-6a,b’, H-2, H-3, H-4, H-5, OCH>», CH2N, OCH3, ArCH>Ar),
2.04 (s, 20H, CH,CH>CH;), NHCOCHj3) 1.29 (br, 12H, H-6).

3C NMR (101 MHz, MeOD/D>0 9/1) & (ppm): 174.4, 99.4, 98.1, 97.8, 78.7, 76.9, 72.5, 72.4, 71.6,
70.5, 70.1, 68.9, 66.7, 65.2, 60.4, 59.9, 53.5, 42.0, 28.8, 21.8, 16.7.

HRMS (ESI-TOF) m/z: calc 3053.128, found: 1272.33 (M+2Na)**

5,11,17,23,29,35-Hexakis-N-[3-(2-acetamido-2-deoxy-B-Dmannopyranosyl-
(1—4)-a-D-glucopyranosyl-(1—2)-L-rhamnopyranosyloxy)-propyl-thioureido]-
37,38,39,40,41,42-hexamethoxycalix[6]arene (4)

To a solution of the peracetylated compound 11 in MeOH at 0 °C, freshly prepared MeONa was
added until to pH 9. The progress of the reaction was followed by ESI-MS and TLC
(AcOEt/iPrOH/H>0 6:3:1). The solution was stirred for 3 h, after which Amberlite IR-120 (H") was
added and the mixture was stirred at rt till neutral pH. The resin was filtered off and the solvent was
removed under reduced pressure. The pure product was obtained after purification by C18 reverse

phase column chromatography (H>O and then MeOH) as a white solid.
Yield=70% (9.182 mg)

'H NMR (400 MHz, MeOD/D,0 75/25) & (ppm): 7.04 (br, 12H, ArH), 5.11 (br, 6H, H1'), 4.83 (s,
6H, H1"), 4.67 (br, 6H, H1), 4.63 (br, OH), 4.53 (br, 6H, H2"), 4.24-3.27 (overlapped, 144H, H-3",
H-4", H-5", H-6a,b", H-2', H-3', H-4', H-5', H-6a,b’, H-2, H-3, H-4, H-5, OCH,, CH.N, OCHs,
ArCHaAT), 2.07 (s, 18H, NHCOCH3),1.90 (br, 12H, CH,CH,CH,), 1.34 (br, 18H, H-6).

The spectroscopic data found are in agreement with those reported in the literature*.
3-Azidopropyl 2,3,4,6-Tetra-O-acetyl-p-D-galactopyranoside (13)

A solution of 1,2,3,4,6-penta-O-acetyl--D-galactopyranoside (5.000 g, 11.78 mmol) and 3-
bromopropanol (1.600 mL, 17.67 mmol) in dry DCM (50 mL), containing molecular sieve 4 A (0.750
g) was chilled to 0 °C. Subsequently, BF3-Et;O (7.500 mL, 24.33 mmol) was added over 2 minutes.
The resulting mixture was kept stirring for 16 hours and monitored by TLC (Tol/EtOAc 8:1,
visualized by H>SO4). Then was neutralized with NEt3;, and subjected to sequential washes with

NaHCO:s saturated solution, water, and aqueous saturated NaCl. After drying with Na,SOs, filtration,
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and concentration, the residue was purified by flash column chromatography (Tol/EtOAc 8:1),
yielding compound 12 (2.831 g, 51%) as a slightly yellow syrup. Compound 12 (2.831 g, 5.981
mmol) was dissolved in dry DMF (20 ml), and NaN3 (1.950 g, 29.90 mmol) was added. The resulting
mixture was kept stirring at 100 °C for 16 hours and monitored by TLC (Tol/EtOAc 8:1, visualized
by H2SO4). Then was filtered, and co-concentrated with toluene. The residue was dissolved in DCM
(20 mL), washed with brine (20 mL), dried by Na>SOg, filtered, and concentrated, obtaining product
6 as a slightly yellow syrup.

Yield=35% (0.920 g)

'H NMR (400 MHz, CDCls) 8(ppm): 5.41 (dd, J= 3.4, 1.1 Hz, 1H, H-4), 5.22 (dd, /= 10.5, 7.9 Hz,
1H, H-4), 5.04 (dd, J= 10.5, 3.4 Hz, 1H, H-3), 4.49 (d, J= 7.9 Hz, 1H, H-1), 4.25 — 4.10 (m, 2H, H-
6AA+H-6b), 4.03 — 3.90 (m, 2H, H-5 and OCHHCH,CH.N3), 3.68 — 3.58 (m, 1H,
OCHHCH,CH2N3), 3.39 (t, J = 6.1, 2.2 Hz, 2H, CH:N3), 2.21 — 1.97 (m, 12H, CH;CO), 1.97 — 1.78
(m, 2H, OCH2CH>CH,NG3).

The spectroscopic data found are in agreement with those reported in the literature®.

3-(N-tert-butyloxycarbonyl)aminopropyl-2,3,4,6-tri-O-acetyl-p-D-
galactopyranoside (14)

In a Parr flask, azide derivate 13 (0.200 g, 0.461 mmol) was dissolved in AcOEt (10 mL). Then, EtsN
(0.130 mL, 0.94 mmol), di-tert-butyl dicarbonate (0.153 g, 0.700 mmol), and a catalytic amount of
10% Pd/C were added. The solution was kept stirring at room temperature, under 3 bar of hydrogen,
and monitored using TLC (DCM/MeOH 98:2, visualized by ninhydrin). After 2 hours, the solution
was filtered through celite. The solvent was evaporated, and the crude was purified by column

chromatography (DCM/MeOH 98:2) to give the product as a colorless oil.
Yield= 82% (0.190 g)

'H NMR (400 MHz, CDCL3)= 5 5.41 (2d, J = 3.4, 1H, H-4), 5.26 — 5.16 (m, 1H, H-2), 5.03 (2d, 3.4
Hz, 1H, H-3), 4.73 (brs, 1H, NHBoc), 4.48 (d, J=7.9 Hz, 1H, H-1), 4.27 — 4.08 (m, 2H, H-6), 4.00
— 3.88 (m, 2H, H-5, OCH,), 3.59 (m,1H, OCH>), 3.20 (m, 2H, CH>NHBoc), 2.22 — 1.95 (m, 12H,
CH;-CO), 1.85 — 1.72 (m, 2H, CH,CH,CHa), 1.46 (s, 9H, tBu ).

13C NMR (101 MHz, CDCls) 8(ppm)= 170.41 (CHs-CO), 170.26 (CH3-CO),), 170.17 (CH3-CO),),
169.51 (CH3-C0),), 156.01 (COBoc), 101.29 (C-1), 79.3 (C(CHs)3) 70.91 (C-3) 70.73 (C-5), 68.80
(C-2), 67.80 (OCH,), 67.06 (C-4), 61.31 (C-6), 37.83 (CH:NHBoc), 29.73 (CH,CH.CHa), 28.43

(C(CHs)3) 20.59 (COCH3).
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ESI-MS: m/z calc 505.52 found: 505.47 [M +H]", 406.40 [M-Boc+H]"
General procedure for the conjugation with galactose unit (compound 16 and 17)

In a flask containing the compound 14 (1.25 equivalents for each isothiocyanate group) was fluxed
HCI generated by the addition of sulfuric acid to sodium chloride. The reaction was kept stirring at
room temperature and was monitored using TLC (eluent: DCM/MeOH 8:2, visualized with
ninhydrin). After 2 hours, the reaction was complete, and the product was obtained 15 as a brown
solid. The crude was then transferred in a two-necked flask using dry DCM (10 mL), under Argon
flow. Then, 8 or 9 (1 equivalent) was added. To the flask, EtsN (50 equivalents) was added. The
reaction was kept stirring at room temperature and was monitored using TLC (eluent: DCM/MeOH
20:1, visualized with sulfuric acid). After 48 hours, the reaction was complete, and the solvent was
evaporated under reduced pressure. The product was isolated through chromatographic separation

(DCM/iPrOH 98:2 to 97:3) as a white solid.

5,11,17,23-tetrakis(3-(2,3,4,6-tri-O-acetyl-p-D-galactopyranosyloxy)-
propylthioureido]-25,26,27,28-tetramethoxycalix[4]arene (16)

Yield=11% (34.34 mg)

'H NMR (400 MHz, MeOD, 60 °C) & (ppm): 7-25-6.38 (m, 8H, ArH), 5.38 (dd, J=3.0, 1.1 Hz,
4H, H-4), 5.19 — 5.05 (m, 8H, H-2+H-3), 4.67 (d, J = 7.0 Hz, 4H, H-1), 4.43 —3.45 (m, 48H, H-

6a+H-6b+H-5+OCHs+ArCH,Ar+CH,N+OCH,), 2.24 — 1.73 (m, 56H, CH;CO+OCH.CH,CH,).
ESI-MS: m/z calc 2329.75 found: 1164.60 [M]*", 1176.28 [M+Na+H]**

5,11,17,23,29,35-hexakis(3-(2,3,4,6-tri-O-acetyl-p-D-galactopyranosyloxy)-
propylthioureido]- 37,38,39,40,41,42-hexamethoxycalix[6]arene (17)
Yield=19% (43.12 mg)

'"H NMR (400 MHz, CD;0D) § (ppm): 7.01 (br s, 12H, ArH), 5.49 — 5.42 (m, 6H, H-4), 5.36 (dd, J
=10.0, 3.5 Hz, 6H, H-3), 5.12 (d, /= 9.8 Hz, 12H, H-2+H-1), 4.35 (t, ] = 6.6 Hz, 6H, H-5), 4.15 —
4.06 (m, 12H, H6a-H6b), 4.04 — 3.90 (m, 12H, ArCH:Ar), 3.82 (m, 6H, NCHH), 3.72 (br s, 30H,
OCH3+0OCH>»), 3.57 (br s, 6H, NCHH), 2.24 — 1.87 (m, 84H, CH3;CO+OCH,CH:CH,).

13C NMR (101 MHz, CD;OD) & (ppm): 180.6 (NHCS), 170.9 (C=0), 170.7 (C=0), 170.6 (C=0),
170.2 (C=0), 154.1 (Ar), 134.9 (A1), 133.4 (A1), 125.4 (Ar), 96.3 (C-1), 68.3 (C-4), 68.0 (C-2), 67.8
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(C-3), 66.3 (C-5), 66.0 (NCH,), 61.7 (C-6), 60.1 (OCH3), 41.6 (OCHa), 30.0 (ArCH»Ar), 28.8
(OCH,CH,CHb), 19.5 (CH3CO), 19.3 (CH3CO), 19.2 (CH3CO).

ESI-MS: m/z calc 3495.75 found: 1749.56 [M+2H]*", 1759.07 [M+H+Na]*", 1770.51 [M+2Na]*,
1778.36 [M+Na+K]**

General procedure for deacetylation of galactose derivatives (compound 5 and 6)

After the isolation of the compound, peracetylated glycocalixarenes were dissolved in MeOH, and
freshly prepared CH3ONa (solution) was added until pH 8-9. The mixture was stirred at rt for 1.5 h.
The progress of the reaction was followed by ESI-MS and TLC (AcOEt/iPrOH/H>0 6:3:1, visualized
by H>SOs). After the complete deacetylation, the Amberlite resin IR-120 (H") was added for
quenching and stirred for another 30 minutes till neutral pH. After the resin removal by filtration on

the paper filter, the solvent was evaporated under vacuum to give the final product.

5,11,17,23-tetrakis[(aminopropyl-p-D-galactopiranosyl)thioureido]-25,26,27,28-

tetramethoxycalix[4]arene (5)

Yield=4.7 % (10.9 mg)

'H NMR (400 MHz, DMSO-ds) 5 (ppm): 8.99 (br s, 4H, NH), 7.20 (br s, 4H, NH), 6.99 (br s, SH,
ArH), 4.52 (d, J= 4.0 Hz, 4H, OH), 4.42 — 4.31 (m, 8H, OH), 4.13 (d, J = 6.9 Hz, 4H, H-1), 4.09 (d,
J = 4.5 Hz, 4H, OH), 3.85 — 3.28 (m, 86H, H-2,H-3,H-4,H-5, H-6, H-6’, OCH;, OCH,, CH,NH,
ArCHaAT) 1.83 (p, J = 6.7 Hz, 8H, OCH,CH,CH,).

ESI-MS: m/z calc 1657.89 found: 848.48 [M+H+K]?**, 1658.96 [M +H]", 1697.12 [M+K]"
5,11,17,23,29,35-hexakis[(aminopropyl-p-D-galactopiranosyl)thioureido]-
37,38,39,40,41,42-hexamethoxycalix[6]arene (6)

Yield= 5.7 % (8.68 mg)

'H NMR (400 MHz, DMSO-de) & (ppm): 9.66 (br s, 6H, NH), 7.95 (br s, 6H, NH), 7.11 (s, 12H,
ArH), 4.66 (br s, 30H, OH+H-1), 3.97 — 3.02 (m, 90H, H-2,H-3,H-4,H-5, H-6, H-6’, OCHs, OCH,
CHoNH, ArCH,Ar), 1.78 (p, J = 7.3 Hz, 12H).

3CNMR (101 MHz, DMSO) § (ppm): 181.0, 152.9, 135.1, 134.2, 124.3,99.4, 71.7, 70.1, 69.3, 69.0,
65.6,61.1, 60.5, 41.7, 29.1.

ESI-MS: m/z calc 2498.76 found: 1249.56 [M+2H]**, 1272.33 [M+2Na]**
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4.2 Synthesis of trisaccharide CPS repeating unit of C. Jejuni HS 23/36

General information

Anhydrous (Anhyd.) solvents and solvents for purification including dichloromethane (DCM), 1,2-
dichloroethane (DCE), tetrahydrofuran (THF), N,N-dimethylformamide (DMF), methanol (MeOH),
acetonitrile (ACN), pyridine (Py), and toluene (Tol) were delivered from commercial suppliers and
used as received. Reactions requiring anhyd. conditions were run under an argon (Ar) atmosphere.
Freshly activated 4 A MS were prepared before use by heating with a hot air gun (20—30 min) under
high vacuum. Analytical TLC was performed using silica gel 60 F254, 0.25 mm pre-coated TLC
aluminium foil plates. Compounds were visualized using UV (A = 254 nm) and orcinol (1 mg/m) in
10% aqueous (aq.) H2SO4 with charring. Automated flash column chromatography was carried out
using prepacked columns of silica gel (40 um particle size). Manual flash column chromatography
was carried out using silica gel (40—63 um particle size). NMR spectra were recorded at 303 K on a
Bruker Avance spectrometer equipped with a BBO probe at 400 MHz ( 1 H) and 101 MHz ( 13C).
Spectra were recorded in CDCl3 or DMSO-ds. HRMS spectra were recorded in the positive-ion
electrospray ionization (ESI+) mode on a Q exactive mass spectrometer (Thermo Fisher Scientific)
equipped with a H-ESI II Probe source. Solutions were prepared using 1:1 MeCN/H20 containing
0.1% formic acid. In the case of sensitive compounds, solutions were prepared using 1:1 MeOH/H20

to which was added 10 mM ammonium acetate.
p-methoxyphenyl 4,6-O-benzylidene-o-D-glucopyranoside (22)

A solution of B-D-glucopyranose peracetylate (50.00 g, 128.1 mmol) and 4-methoxyphenol (23.85 g,
192.14 mmol) in dry toluene (384 mL) was cooled at 0 °C and then was added BF3*Et>O (23.88 mL,
192.14 mmol). The solution was kept stirring at 80 °C. The reaction was monitored through TLC
(Tol/EtOAc 8:2, visualized with H>SOs4). After 90 minutes, the solution was diluted with toluene (100
mL) and let cooling at room temperature and then poured into ice. Then, to the mixture, was added
saturated sodium carbonate solution (500 ml). The organic phase was separated and washed with a
saturated sodium carbonate solution (2x500 mL), water (1x500 mL), and brine (1x500 mL). The
organic phase was collected and dried with Na;SO4, and the solvent was evaporated under reduced
pressure. The crude was purified via flash column chromatography (Tol/EtOAc 8:2). The mixture of
anomer obtained was dissolved in MeOH (171.6 mL) and a solution of 24% sodium methoxide in
methanol was added (6.50 mL) and solution was kept stirring for 16 hours. The reaction was
monitored by TLC (Tol/EtOAc 7:3, visualized with H2SO4). At the end of the reaction, the Amberlite
IR-120 (H") was added and the mixture was stirred at rt till neutral pH. The resin was filtered off and
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the solvent was removed under reduced pressure. The crude was dissolved in dry ACN (228.9 mL)
and camphorsulfonic acid (0.226 g, 1.14 mmol). Then, benzaldehyde dimethyl acetal was added
(18.89 mL, 125.9 mmol) and the solution was kept stirring for 16 hours. The reaction was monitored
by TLC (Tol/EtOAc 8:2, visualized with H2SO4). At the end of the reaction, the mixture was filtered,

and the product was obtained as a white powder.
Yield=20% (9.59 g)

"H NMR (400 MHz,CDCls) § (ppm): 7.55 — 7.48 (m, 2H, ArH of benzylidene), 7.44 — 7.36 (m, 3H,
ArH of benzylidiene), 7.08 — 7.02 (m, 2H, ArH of 4-methoxyphenol group), 6.91 — 6.84 (m, 2H, ArH
of 4-methoxyphenol group), 5.58 (s, 1H, CH of benzylidene), 5.50 (d, J=4.0 Hz, 1H, H-1), 4.28 (dd,
J=10.3, 4.9 Hz, 1H, H-6a), 4.17 (td, J = 9.3, 2.2 Hz, 1H, H-3), 4.05 (td, /= 9.9, 4.9 Hz, 1H, H-5),
3.86 —3.73 (m, 5H, H-6b, H-2, OCH3), 3.61 (t,J=9.4 Hz, 1H, H-4), 2.75 (d, /= 2.2 Hz, 1H, OH-3),
2.33 (d, J=9.7 Hz, 1H, OH-2).

The spectroscopic data found are in agreement with those reported in the literature®?.

p-methoxyphenyl-2,3-di-O-p-methoxybenzyl-4,6-di-O-benzylidene-a-D-
glucopyranoside (23)

A solution of compound 22 (14.50 g, 38.73 mmol) in dry DMF (193.6 mL) was cooled at 0 °C. Then,
was added 60% sodium hydride in oil (3.255 g, 135.5 mmol) and the solution was kept stirring at rt
for 15 minutes. Finally, the p-methoxybenzyl chloride (21.76 mL, 154.9 mmol) was added and the
solution was kept stirring for 16 hours. The reaction was monitored by TLC (Tol/EtOAc 8:2,
visualized with HoSOs). After the disappearance of starting material, methanol (10 mL) was added to
the solution. The solution was diluted with EtOAc (300 mL) and washed with a saturated ammonium
chloride solution (400 mL), water (400 mL) and brine (400 mL). The organic phase was collected
and dried with Na;SO4, and the solvent was evaporated under reduced pressure. The crude was

purified by crystallization in hot cyclohexane (100 mL). The product was obtained as a white powder.
Yield=98% (23.30 g)

"H NMR (400 MHz, CDCls) § (ppm): 7.57 — 7.49 (m, 2H, ArH of benzylidene), 7.43 — 7.27 (m, 7H,
ArH of benzylidiene+ ArH of p-methoxybenzyl group), 7.08 — 6.98 (m, 2H, ArH of 4-methoxyphenol
group), 6.94 — 6.81 (m, 6H, ArH of 4-methoxyphenol group+ ArH of p-methoxybenzyl group), 5.59
(s, 1H, CH of benzylidene), 5.29 (d, J = 3.7 Hz, 1H, H-1), 4.92 — 4.69 (m, 4H, CH> of p-
methoxybenzyl group), 4.33 — 4.18 (m, 2H, H-6a+H-5), 4.05 (td, J = 10.0, 4.9 Hz, 1H, H-3), 3.88 —
3.79 (m, 9H, 3 OCH3), 3.78 — 3.66 (m, 3H, H-4+H-6b+H-2).
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B3C NMR (101 MHz, CDCls) § (ppm): 159.5 (C-OCH3), 159.3 (C-OCH3), 155.3 (C-OCH3), 150.8
(Ar), 137.5 (Ar), 131.1 (Ar), 130.3 (Ar), 129.7 (Ar), 129.0 (Ar), 128.3 (Ar), 126.2 (Ar), 118.5 (Ar),
114.7 (Ar), 114.0 (Ar), 113.8 (Ar), 101.4 (CH benzylidene) , 97.7 (C-1), 82.1 (C-4) , 78.9 (C-2), 78.3
(C-5), 75.1 (CH; of p-methoxybenzyl group), 73.4 (CH: of p-methoxybenzyl group), 69.0 (C-6),
63.2 (C-3), 55.7 (OCH3), 55.3 (OCHa).

HRMS (ESI-TOF) m/z: calc 614.25, found: 632.28 [M+NH4]"

p-methoxyphenyl-2,3-di-O-p-methoxybenzyl-4-O-benzyl-a-D-glucopyranoside
(24)

A solution 0f 23 (23.05 g, 37.42 mmol) in BH3*THF (175.9 mL) was cooled at 0 °C. Then, was added
1 M di-butyl-boryltriflate in DCM (37.42 mL, 37.42 mmol). The solution was kept stirring at 0 °C
for 20 minutes. The reaction was monitored by TLC (Tol/EtOAc 8:2, visualized with H>SO4). At the
end of the reaction, NEt; (500 uL) was added, followed by MeOH (10 mL). The solution was diluted
with DCM (200 mL) and washed with saturated sodium carbonate solution (300 mL), water (300
mL), brine (300 mL). The organic phase was collected and dried with Na>SO4 and the solvent was
co-evaporated under reduced pressure with methanol (2x100 mL). The crude was purified by flash

column chromatography (Tol/EtOAc 9:1) and the product was obtained as a yellow oil.
Yield= 58% (13.48 g)

'"H NMR (400 MHz, CDCls3) & (ppm): 7.36 — 7.30 (m, 9H, ArH of benzyl and p-methoxynezyl
groups), 6.99 (m, 2H, ArH of 4-methoxyphenol group), 6.92 — 6.82 (m, 6H, ArH of 4-methoxyphenol
group and p-methoxybenzyl groups), 5.27 (d, /= 3.5 Hz, H-1), 4.97 (dd, /= 19.8, 10.8 Hz, 2H, CH»),
4.87 —4.75 (m, 2H, CH»), 4.67 (dd, J=16.4, 11.4 Hz, 2H, CH>»), 4.19 (t, /= 9.2 Hz, 1H, H-3), 3.88
—3.78 (m, 10H, 30CH3+H-5 ), 3.76 — 3.68 (m, 2H, H-6a+H-6b), 3.65-3.60 (m, 2H, H-4+H-2).

3C NMR (101 MHz, CDCls) § (ppm): 159.3 (C-OCH3), 155.1 (C-OCHs3), 150.7 (C-OCH3), 138.2
(Ar), 131.0 (Ar), 130.2 (Ar), 129.6 (Ar), 129.6 (Ar), 128.5 (Ar), 128.2 (Ar), 128.0 (Ar), 127.9 (Ar),
118.3 (Ar), 114.6 (Ar), 113.9 (Ar), 113.9 (Ar), 96.6 (C-1), 81.6 (H-5), 79.7 (C-2), 77.2 (C-4), 75.5
(CHy), 75.1 (CH), 73.0 (CH>), 71.5 (C-5), 61.7 (C-6), 55.6 (OCH3), 55.3 (OCH3).

HRMS (ESI-TOF) m/z: calc 616.25, found: 634.28 [M+NH4]"

p-methoxyphenyl-6-methylene-2,3-di-O-p-methoxybenzyl-4-O-benzyl-a-D-
glucopyranoside (26)
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To a solution of 24 (13.48 g, 21.86 mmol) in dry DCM (153.0 mL) were added DIPEA (11.42 mL,
65.67 mmol) and dry DMSO (7.76 mL, 109.29 mmol). The solution was cooled at 0 °C and was
added sulfur trioxide pyridine complex (10.43 g, 65.57 mmol). The solution was kept stirring at rt for
3 hours and monitored by TLC (Tol/EtOAc 8:2, visualized with H2SO4). After the complete
conversion, the solution was diluted with DCM (100 mL) and was washed with saturated ammonium
chloride solution (200 mL), water (200 mL) and brine (200 mL). The organic phase was collected
and dried with Na>SO4, and the solvent was evaporated obtaining the product 25 as an orange oil. In
parallel, methyl triphenylphosphonium bromide (25.77 g, 72.13 mmol) was suspended in dry THF
(120.2 mL) and was cooled at 0 °C. Then, ] M NaHMDS in THF (61.20 mL, 61.20 mmol) was added.
This solution was kept stirring at rt for 3 hours and then was cooled at 0 °C, before the addition of
the compound 25 dissolved in dry THF (10 mL). The solution was kept stirring at rt for 16 hours and
was monitored by TLC (Tol/EtOAc 9:1, visualized with H>SO4). At the end of the reaction, the
solution was diluted with EtOAc (200 mL) and washed with saturated ammonium chloride solution
(300 mL) and brine (300 mL). The organic phase was collected and dried with Na>SO4and the solvent
was evaporated. The crude was purified by flash column chromatography (Tol/EtOAc 95:5) to obtain

the product as a colorless oil.
Yield=71% (9.532 g)

'"H NMR (400 MHz, CDCls3) § (ppm): 7.35 — 7.27 (m, 9H, ArH of benzyl and p-methoxybenzyl
groups), 7.03 — 6.97 (m, 2H, ArH of 4-methoxyphenol group), 6.91 — 6.78 (m, 6H, ArH of 4-
methoxyphenol group and p-methoxybenzyl groups), 5.88 (ddd, J = 17.0, 10.5, 6.2 Hz, 1H,
HC=CH>»), 5.34 (dt, J=17.2, 1.5 Hz, 1H, HC=CHH ), 5.25 (d, J= 3.6 Hz, 1H, H-1), 5.21 (ddd, J =
10.5, 1.7, 1.1 Hz, 1H, HC=CHH), 4.93 (d, J = 10.4 Hz, 1H, CH»), 4.81 (dd, J = 10.6, 5.9 Hz, 2H,
CH»), 4.75 (d, J=11.7 Hz, 1H, CH»), 4.63 (d, /J=11.2 Hz, 2H, CH>), 4.28 (dd, /=9.9, 6.3 Hz, 1H,
H-5), 4.14 (t, J=9.2 Hz, 1H, H-3), 3.83 — 3.74 (m, 9H, 30CH3), 3.62 (dd, J= 9.6, 3.6 Hz, 1H, H-2),
3.30 (dd, J=9.9, 8.9 Hz, 1H, H-4).

3C NMR (101 MHz, CDCls) § (ppm): 159.3 (C-OCH3), 155.1 (C-OCHs), 150.7 (C-OCH3), 135.0
(HC=CH,) (Ar), 131.0 (Ar), 129.6 (Ar), 129.6 (Ar), 129.3 (Ar), 128.4 (Ar), 127.9 (Ar), 127.7 (Ar),
118.41 (Ar), 118.12 (HC=CH,) , 114.5 (Ar), 113.9 (Ar), 113.8 (Ar), 96.6 (C-1), 82.2 (C-3), 81.3 (C-
4), 79.6 (C-2) , 75.5 (CHz), 75.2 (CH>), 72.9 (C-5) 55.6 (OCH3), 55.3 (OCH3).

HRMS (ESI-TOF) m/z: calc 612.27, found: 630.30 [M+NH4]"
p-methoxyphenyl-2,3-di-O-p-methoxybenzyl-4-O-benzyl-D-glycero-a-D-gluco-

heptopyranoside (27)
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To a solution of 26 (8.940 g, 14.59 mmol) in 9:1 Acetone/H>O (218.9 mL) was added N-
methylmorpholine N-oxide (3.419 g, 29.18 mmol). Then, 4% osmium tetraoxide in water (4.621 mL,
0.732 mmol) was added and the solution was kept stirring at rt for 5 hours. The reaction was
monitored by TLC (Tol/EtOAc 9:1, visualized with H>SO4). At the disappearance of starting material,
a saturated sodium thiosulfate solution (300 ml) was added. The product was extracted with DCM
(2x200 mL). The organic layers were collected and washed with brine (300 mL), dried and the solvent
evaporated. The product was obtained by flash column chromatography (DCM/cyclohexane/acetone

7:1:2) as colorless needle-like crystals.
Yield=64% (6.03 g)

'"H NMR (400 MHz, CDCl3) § (ppm): 7.41 — 7.29 (m, 9H, ArH of benzyl and p-methoxynezyl
groups), 7.10 — 6.95 (m, 2H, ArH of 4-methoxyphenol group), 6.93 — 6.79 (m, 6H, ArH of 4-
methoxyphenol and p-methoxybenzyl groups ), 5.23 (d, /J=3.6 Hz, 1H, H-1), 5.05 (dd, J=13.5, 10.7
Hz, 2H, CH>), 4.84 — 4.75 (m, 2H, CH>»), 4.68 (dd, J =22.2, 11.3 Hz, 2H, CH>), 4.21 (t, /= 9.2 Hz,
1H, H-3), 3.94 (dd, J=9.9, 5.2 Hz, 1H, H-6), 3.87 — 3.77 (m, 9H, 30CH3), 3.63 (m, 2H, H-2+H-5),
3.55(dd, J=6.5,4.1 Hz, 2H, H-7), 2.97 (d, J=4.2 Hz, 1H, OH-6), 1.91 (t, /= 6.5 Hz, 1H, OH-7).

13C NMR (101 MHz, CDCL3) § (ppm): 159.3 (C-OCHz), 155.1 (C-OCHs), 150.7 (C-OCHs), 138.6
(Ar), 133.0 (Ar), 129.7 (Ar), 128.6 (Ar), 128.1 (Ar), 118.5 (Ar), 114.6 (Ar), 114.0 (Ar), 113.9 (Ar),
96.4 (C-1), 81.8 (C-3), 79.7 (C-2), 77.2 (C-5), 75.4 (CHa), 74.9 (CHa), 73.0 (CH,), 72.7 (C-4), 70.9
(C-6), 63.1 (C-7), 55.6 (OCH3), 55.3 (OCH3), 55.3 (OCH3).

HRMS (ESI-TOF) m/z: calc 646.28, found: 648.33 [M]*

p-methoxyphenyl-2,3-di-O-p-methoxybenzyl-4,6,7-tri-O-benzyl-D-glycero-a-D-
gluco-heptopyranoside (28)

A solution of compound 27 (5.400 g, 8.351 mmol) in dry DMF (83.52 mL) was cooled at 0° C. Then,
was added 60% sodium hydride in oil (1.200 g, 18.37 mmol) and the solution was kept stirring at rt
for 15 minutes. Finally, the benzyl bromide (2.182 mL, 18.37 mmol) was added, and the solution was
kept stirring for 16 hours. The reaction was monitored by TLC (Tol/EtOAc 8:2, visualized with
H>SO4). After the disappearance of starting material, methanol (10 mL) was added to the solution.
The solution was diluted with EtOAc (300 mL) and washed with a saturated ammonium chloride
solution (400 mL), water (400 mL) and brine (400 mL). The organic phase was collected and dried
with Na;SOg4, and the solvent was evaporated under reduced pressure. The product was obtained by

flash column chromatography (Tol/EtOAc 9:1) as a colorless oil.
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Yield=90% (6.21 g)

'"H NMR (400 MHz, CDCI3) § (ppm): 7.39 — 7.17 (m, 19H, ArH of benzyl and p-methoxynezyl
groups), 7.12 — 7.03 (m, 2H, ArH of 4-methoxyphenol group), 6.91 — 6.84 (m, 4H, ArH of p-
methoxynezyl groups), 6.82 —6.74 (m, 2H, ArH of 4-methoxyphenol group), 5.26 (d, J = 3.5 Hz, 1H,
H-1), 4.95 (dd, J = 28.4, 10.6 Hz, 2H, CH>), 4.83 — 4.73 (m, 2H, CH»), 4.68 — 4.57 (m, 4H, 2CH>),
4.52 — 4.39 (m, 2H, CH»), 4.22 — 4.13 (m, 2H, H3+HS5), 3.97 (ddd, J = 6.4, 4.8, 1.3 Hz, 1H, H-4),
3.85-3.77 (m, 9H, 30CH3), 3.77 — 3.57 (m, 4H, H-6+H-7a+H-7b+H-2).

13C NMR (101 MHz, CDCL3) & (ppm): 159.4 (C-OCHz), 159.2 (C-OCHs), 155.2 (C-OCHs), 151.0
(Ar), 138.6 (A1), 138.4 (Ar), 131.0 (Ar), 130.3 (Ar), 129.7 (Ar), 129.5 (Ar), 129.0 (Ar), 128.4 (Ar),
128.3 (Ar), 128.2 (A1), 128.1 (A1), 127.7 (Ar), 127.6 (A1), 127.6 (Ar), 127.5 (Ar), 127.3 (Ar), 118.9
(Ar), 114.5 (Ar), 113.9 (Ar), 113.9 (Ar), 96.7 (C-1), 82.2 (C-3), 79.9 (C-2), 78.2 (C-4), 78.0 (CHo),
75.5 (CHa), 74.7 (CHa), 73.2 (CH,), 72.8 (CHa) , 72.5 (C-6),71.2 (C-5), 70.6 (C-7), 55.6 (OCHs),
55.3 (OCH3), 55.3 (OCH3).

HRMS (ESI-TOF) m/z: calc 826.98, found: 644.93 [M+NH4]"
p-methoxyphenyl-4,6,7-tri-O-benzyl-D-glycero-o-D-gluco-heptopyranoside (29)

To a solution of 28 (6.90 g, 8.35 mmol) in dry DCM (75.20 mL) was cooled at 0 °C and was added
trifluoroacetic acid (8.35 mL, 109.1 mmol). The solution was kept stirring at 0 °C and monitored by
TLC (Tol/EtOAc 8:2, visualized with H2SOs). After 1 hour, was added MeOH (10 mL) and the
solution was diluted with DCM (75 mL). Then, the solution was washed with saturated sodium
carbonate solution (150 mL) and brine (150 mL). The organic phase was collected and dried with
NaxSOs, and the solvent was evaporated under reduced pressure. The crude was purified by flash

column chromatography (Tol/EtOAc 8:2) to obtain the product as a white solid.
Yield=70% (3.43 g)

'"H NMR (400 MHz, CDCl3) § (ppm): 7.42-7.20 (m, 15H, ArH of benzyl groups), 7.12 —7.03 (m, 2H,
ArH of 4-methoxyphenol group), 6.83 — 6.70 (m, 2H, ArH of 4-methoxyphenol group), 5.37 (d, J =
3.8 Hz, 1H, H-1), 4.87 (d, J = 11.2 Hz, 2H, CH>), 4.72 (d, J = 11.2 Hz, 2H, CH>), 4.69 —4.59 (m,
2H, CH>), 4.50 (dd, J=11.9, 9.1 Hz, 2H, CH>), 4.20 (d, J=10.2 Hz, 1H, H-4), 4.09-4.00 (m, 2H, H-
3+H-6), 3.89 —3.57 (m, 7H, H-2+H-5+H-7a+H-7b+ OCH3), 2.54 (s, 1H, OH-3), 2.18 (d, /=9.8 Hz,
1H, OH-2).

13C NMR (101 MHz, CDCls) & (ppm): 155.5 (C-OCHs), 150.4 (Ar), 138.5 (Ar), 138.4 (Ar), 138.2

(Ar), 128.5 (Ar), 128.4 (Ar), 128.2 (Ar), 128.0 (Ar), 127.8 (A1), 127.7 (A1), 127.7 (Ar), 127.6 (Ar),
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127.4 (A1), 119.0 (Ar), 114.7 (A1), 98.3 (C-1), 77.9+77.8 (C-6,C-5), 75.8 (C-3), 74.5 (CHz), 73.3
(CHa), 72.6 (CHa), 72.6 (C-2), 71.4 (C-4), 70.2 (C-7), 55.6 (OCH3).

HRMS (ESI-TOF) m/z: calc 586.29, found: 604.29 [M+NH4]"

p-methoxyphenyl-2,3-anhydro-4,6,7-tri-O-benzyl-D-glycero-a-D-gluco-
heptopyranoside (31)

To a solution of 29 (0.538 g, 0.953 mmol) in pyridine (8.2 mL) was added methansulfonyl chloride
(0.087 mL, 1.14 mmol). The solution was kept stirring at rt for 4 hours. The reaction was monitored
by TLC (Tol/EtOAc 8:2, visualized with H>SO4). At the end of the reaction, the solvent was
evaporated, and the crude was dissolved in EtOAc (50 mL) and washed with saturated ammonium
chloride solution (50 mL) and brine (50 mL). The organic phase was collected and dried with Na;SOs,
and the solvent was evaporated under reduced pressure. The crude with compound 30 was dissolved
in t-BuOH (11.4 mL) and then, was added sodium tert-butoxide (0.165 g, 1.713 mmol). The reaction
was kept stirring at rt for 16 hours and monitored by TLC (Tol/EtOAc 8:2, visualized with H2SO4).
At the disappearance of starting material, the solution was diluted with EtOAc (40 mL) and washed
with saturated ammonium chloride solution (50 mL) and brine (50 mL). The organic phase was
collected and dried with Na,;SOy4, and the solvent was evaporated under reduced pressure to obtain

the product as an orange oil.
Yield=54% (0.291 g)

"H NMR (400 MHz, CDCI3) & (ppm): 7.40 — 7.19 (m, 15H, ArH of benzyl groups), 7.12 — 7.00 (m,
2H, ArH of 4-methoxyphenol group), 6.84 — 6.73 (m, 2H, ArH of 4-methoxyphenol group), 5.55 (s,
1H, H-1),4.74 (d, J= 11.3 Hz, 1H, CH>), 4.70 —4.54 (m, 3H, CH>), 4.49 —4.41 (m, 2H, CH>), 4.10
(dd, J=9.7, 1.8 Hz, 1H, H-5), 3.92 (d, /= 9.6 Hz, 1H, H-4), 3.87 (ddd, /= 6.9, 5.0, 1.8 Hz, 1H, H-
6), 3.78 (s, 3H, OCH3), 3.70 — 3.62 (m, 2H, H-7a+H-7b), 3.45 (d, /= 3.7 Hz, 1H, H-3), 3.31 (d, J=
3.6 Hz, 1H, H-2).

13C NMR (101 MHz, CDCls) & (ppm): 152.1 (C-OCHz), 150.8 (Ar), 150.8 (Ar), 138.6 (Ar), 138.4
(Ar), 137.4 (Ar), 128.5 (Ar), 128.3 (Ar), 128.1 (A1), 128.0 (Ar), 127.8 (Ar), 127.6 (A1), 127.45 (Ar),
127.3 (Ar), 118.6 (Ar), 114.6 (Ar), 94.8 (C-1), 78.0 (C-6), 73.2 (CHz) , 72.4 (CH,), 72.0 (CHa), 70.4
(C-7), 69.0 (C-4), 68.5 (C-5), 55.6 (OCHs3), 53.6 (C-3), 49.5 (C-2).

HRMS (ESI-TOF) m/z: calc 568.61, found: 686.28 [M+NH4]"
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p-methoxyphenyl-4,6,7-tri-O-benzyl-3-O-methyl-D-glycero-a-D-altro-
heptopyranoside (32)

To a solution of 31 (1.000 g, 1.76 mmol) in dry DMSO (3.500 mL) and MeOH dry (7.030 mL) was
carefully added 60% sodium hydride in oil (1.125 g, 28.14 mmol). The solution was kept stirring at
95 °C for 16 hours. The reaction was monitored by TLC (Tol/EtOAc 8:2, visualized with H>SO4). At
the end of the reaction, the solution was left cooling at rt and then, diluted with EtOAc (50 mL). The
solution was washed with saturated ammonium chloride solution (50 mL) and brine (50 mL) and the
organic phase was collected and dried with Na;SO4 and the solvent was evaporated under reduced
pressure. The crude was purified by flash column chromatography (Tol/EtOAc 8:2) to obtain the

product as a colorless oil.
Yield= 64% (0.638 g)

"H NMR (400 MHz, CDCls) § (ppm): 7.41 — 7.15 (m, 15H, ArH of benzyl groups), 7.09 — 6.99 (m,
2H, ArH of 4-methoxyphenol group), 6.84 — 6.73 (m, 2H, ArH of 4-methoxyphenol group), 5.19 (d,
J=4.1Hz, 1H, H-1), 4.77 — 4.53 (m, 4H, 2CH>), 4.53 — 4.40 (m, 2H, CHy), 4.35 (t, /= 5.0 Hz, 1H,
H-5), 4.22 (dd, ] = 8.2, 4.2 Hz, 1H, H-2), 4.11 (dd, J=5.2, 3.5 Hz, 1H, H-4), 3.84 (dt, /= 5.8, 4.3
Hz, 1H, H-6), 3.77 (s, 3H, ArOCH3), 3.68 (dd, /= 10.4, 4.0 Hz, 1H, H-7a), 3.65 — 3.51 (m, 1H, H-
7b), 3.44 (dd, J= 7.8, 3.6 Hz, 1H, H-3), 3.36 (s, 3H, OCH3), 2.31 (d, J = 19.1 Hz, 1H, OH-3).

13C NMR (101 MHz, CDCl3) & (ppm): 155.2 (C-OCHs), 150.9 (Ar), 138.3 (Ar), 138.3 (Ar), 138.2
(Ar), 129.0 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (A1), 128.0 (A1), 127.6 (Ar), 127.6 (Ar),
125.3 (Ar), 119.1 (Ar), 114.4 (Ar), 101.3 (C-1), 79.5 (C-3), 77.7 (C-6), 73.4 (CHa), 72.9 (C-5), 72.5
(CH,), 71.8 (CHo), 71.1 (C-4), 70.3 (C-7), 69.7 (C-2), 57.8 (3-OCHs), 55.6(ArOCHs).

HRMS (ESI-TOF) m/z: calc 600.71, found: 618.30 [M+NH4]"

p-methoxyphenyl-2-O-benzoyl-4,6,7-tri-O-benzyl-3-O-methyl-D-glycero-a-D-
altro-heptopyranoside (33)

To a solution of X (0.290 g, 0.48 mmol) in dry DCM (4.800 mL) were added NEt3 (0.262 mL, 1.932
mmol) and 4-dimethyl-aminopyridine (0.006 g, 0.0482 mmol). The solution was cooled at 0 °C and
then, was added benzoyl chloride (0.17 mL, 1.452 mmol). The reaction was monitored by TLC
(Tol/EtOAc 8:2, visualized with H2SOs). The solution was kept stirring for 16 hours and then, the
solution was diluted with DCM (50 mL). The solution was washed with saturated ammonium chloride

solution (50 mL) and brine (50 mL). the organic phase was collected and dried with Na;SO4 and the
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solvent was evaporated under reduced pressure. The crude was purified by flash column

chromatography (Tol/EtOAc 8:2) to obtain the product as a colorless oil.
Yield= 90% (0.306 g)

'"H NMR (400 MHz, CDCI3) & (ppm): 8.02 — 7.93 (m, 2H, ArH of benzoyl group), 7.69 — 7.60 (m,
1H, ArH of benzoyl group), 7.51 — 7.40 (m, 2H, ArH of benzoyl group), 7.36 — 7.17 (m, 15 H, ArH
of benzyl groups), 7.09 — 7.00 (m, 2H, ArH of 4-methoxyphenyl group), 6.82 — 6.72 (m, 2H, ArH of
4-methoxyphenyl group), 5.53 (dd, J = 3.8, 1.4 Hz, 1H, H-2), 5.32 (s, 1H, H-1), 4.75 (s, 2H, CH>»),
4.66 — 4.49 (m, 5H, 2 CH,+H-5), 4.13 — 4.04 (m, 2H, H-4+H-6), 3.84 — 3.72 (m, 5H, H-7atH-
7b+ArOCHa), 3.67 (t, J = 3.4 Hz, 1H, H-3), 3.60 (s, 3H, OCH3).

13C NMR (101 MHz, CDCl3) § (ppm): 177.6 (C=0), 150.8 (C-OCHs), 139.0 (Ar), 138.5 (Ar), 133.5
(Ar), 133.0 (Ar), 129.8 (Ar), 129.5 (Ar), 128.5 (Ar), 128.4 (Ar), 128.3 (Ar), 128.23 (Ar), 128.1 (Ar),
127.8 (Ar), 127.7 (Ar), 127.6 (Ar), 127.5 (Ar), 127.3 (Ar), 118.9 (Ar), 114.5 (Ar), 97.6 (C-1), 79.5
(C-6), 75.6 (C-3), 73.3 (CHa), 73.1 (CHa), 71.6 (C-4), 71.4 (CH,+C-7), 69.0 (C-2), 68.8 (C-5), 58.4
(OCHs), 55.6 (ArOCH3).

HRMS (ESI-TOF) m/z: calc 704.82, found: 722.30 [M+NH4]"

2-O-benzoyl-4,6,7-tri-O-benzyl-3-O-methyl-D-glycero-ao/p-D-altro-
heptopyranoside (20)

To a solution of X (0.478 g, 0.74 mmol) in ACN/H>0 9:1 (38.48 mL) was added ammonium cerium
(IV) nitrate (1.952 g, 3.70 mmol). The solution was kept stirring for 20 minutes and monitored
through TLC (Tol/EtOAc 8:2, visualized H2SOs4). After 20 minutes, DCM was added to the solution
and washed with water, dried with Na,SO4, and the solvent was evaporated under reduced pressure.
The crude was purified by flash column chromatography (Tol/EtOAc 8:2) to obtain product as a white
solid.

Yield=80% (0.344 g, 81% a and 19% P)
0. anomer:

"H NMR of o (400 MHz, CDCl3) & (ppm): 8.04 — 7.74 (m, 2H, ArH of benzoyl group), 7.60 — 7.45
(m, 1H, ArH of benzoyl group), 7.36 — 6.99 (m, 15H, ArH of benzyl and benzoyl groups), 5.11 (dd,
J=4.1,1.4Hz, 1H, C-2),5.02 (d, J = 10.7 Hz, 1H, H-1),4.92 (d, J=11.2 Hz, 1H, OH), 4.84 — 4.66
(m, 2H, CH»), 4.51 — 4.40 (m, 4H, 2 CH»), 4.24 (dd, J= 9.5, 1.4 Hz, 1H, H-5), 4.08 — 3.95 (m, 3H,
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H-4+H-6), 3.75 — 3.63 (m, 2H, H-7a+H-7b), 3.60 (ddd, J = 4.2, 2.9, 1.3 Hz, 1H, H-3), 3.48 (s, 3H,
OCHa).

13C NMR (101 MHz, CDCls) & (ppm): 165.08 (C=0), 139.1 (Ar), 138.5 (Ar), 137.4 (Ar), 133.5 (Ar),
129.8 (A1), 129.3 (A1), 128.6 (A1), 128.4 (A1), 128.4 (A1), 128.3 (A1), 128.2 (A1), 128.0 (Ar), 127.7
(Ar), 127.6 (A1), 127.5 (Ar), 127.3 (Ar), 92.8 (C-1), 80.0 (C-6), 76.9 (C-3), 73.5 (CHa), 73.2 (CHo),
72.0 (CHa), 71.7 (C-5), 71.6 (C-7), 69.0 (C-2), 60.2 (OCHs).

B anomer:

'"H NMR (400 MHz, CDCI3) & (ppm): 8.04 — 7.74 (m, 2H, ArH of benzoyl group), 7.60 — 7.45 (m,
1H, ArH of benzoyl group), 7.36 — 6.99 (m, 15H, ArH of benzyl and benzoyl groups), 5.16 (m, 2H,
H-1+H-2), 4.84 — 4.66 (m, 2H, CH>), 4.51 — 4.40 (m, 4H, 2 CH>), 4.08 — 3.95 (m, 2H, H-5+H-6),
3.88 (dd, /=9.0, 3.1 Hz, 1H, H-4), 3.75 — 3.63 (m, 2H, H-7a+H-7b), 3.55 — 3.51 (m, H-3), 3.40 (s,
3H, OCH3).

13C NMR (101 MHz, CDCls) & (ppm): 165.7 (C=0), 138.9 (Ar), 138.4 (Ar), 137.5 (Ar), 133.5 (Ar),
129.5 (Ar), 129.3 (A1), 129.1 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.0 (Ar), 127.9 (Ar), 127.7
(Ar), 127.6 (Ar), 127.6 (Ar), 127.4 (Ar), 91.6 (C-1), 79.4 (C-6), 75.5 (C-3), 74.3 (C-5), 73.3 (CHa),
73.2 (CHa), 72.1 (C-4), 72.0 (C-7), 71.2 (CHo), 70.4 (C-2), 59.3 (OCHs).

HRMS (ESI-TOF) m/z: calc 598.69, found: 616.29 [M+NH4]"

Methyl(2-O-benzoyl-4,6-O-di-tert-butylsilylene-a-D-galactopyranosyl)-(1->2)-
4,6,7-tri-O-benzyl-3-O-methyl-D-glycero-a-D-altro-heptopyranoside (35)

To a solution of acceptor 32b (0.120 g, 0.241 mmol) and donor 19 (0.201 g, 0.314 mmol) in dry DCM
(1.7 mL) was added 4 A MS (0.100 g). The solution was kept stirring for 1 hour at rt, then was cooled
at -40 °C. NIS (0.066 g, 0.291 mmol) and triflic acid (3.614 pL, 0.040 mmol) were added. The
reaction was monitored through TLC (Tol/EtOAc 9:1, visualized H>SO4) and kept stirring for 2 hours
at -50 °C. At the end of the reaction, NEt3 was added (1 mL), and the solution was filtered and diluted
with DCM (5 mL). The solution was washed with a saturated sodium thiosulfate solution (10 mL),
and brine (10 mL), the organic phase was dried with Na,SO4, and the solvent was evaporated under
reduced pressure. The crude was purified by flash column chromatography (Tol/EtOAc 9:1) to obtain
most of the product in a mixture with hydrolyzed galactose. The crude with 34 was dissolved in 19:1
DCM/PBS (1.500 mL) and DDQ (0.022 mL, 0.17 mmol) was added. The solution was kept stirring
at rt and monitored through TLC (Tol/EtOAc 85:15, visualized H2SOs). After 24 hours, the solvent

was evaporated, and the crude dissolved in EtOAc (50 mL). The organic phase was washed with
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water (50 mL) and brine (50 mL), dried with Na,SOs, and the solvent was evaporated under reduced

pressure. The crude was purified by flash column chromatography (Tol/EtOAc 9:1)
Yield=23% (0.050 mg)

'"H NMR (400 MHz, CDCI3) § (ppm): 8.11 (dt, J = 8.3, 1.3 Hz, 2H, ArH of benzoyl group), 7.63 —
7.47 (m, 1H, ArH of benzoyl group), 7.43 —7.16 (m, 17H, ArH of benzoyl and benzyl groups), 5.39
(d, J=3.8 Hz, 1H, H-1"), 5.34 (ddd, J = 10.1, 3.8, 1.3 Hz, 1H, H-2"), 4.81 — 4.67 (m, 2H, OCH2Ph),
4.62 (d, ] =2.7 Hz, 1H, H-1), 4.49 (dd, ] = 17.2, 3.9 Hz, 3H, OCH,Ph+H-4"), 4.38 (d, J = 11.7 Hz,
1H, H-62a”), 4.32 —4.21 (m, 2H, H-6b"), 4.19 (m, 1H, H-4), 4.10 (br s, 1H, H-3"), 3.97 — 3.86 (m, 4H,
H-2+H-5+H-6+H-5"), 3.76 — 3.62 (m, 2H, H-7ab), 3.44 (dd, J = 5.9, 3.4 Hz, 1H, H-3), 3.36 (s, 3H,
OCHs in 1), 3.14 (s, 3H, OCH3 in 1), 2.60 (s, 1H, OH), 1.24 — 1.04 (m, 18H, tBu).

3C NMR (101 MHz, CDCI3) § (ppm) 166.5, 138.8, 138.3, 138.1, 133.3, 129.9, 129.0, 128.4, 128.4,
128.3,128.2, 128.2, 127.8, 127.6, 127.6, 127.6, 127.5, 127.5, 100.7, 97.5, 78.7, 77.8, 74.7, 73.6, 73.4,
72.9,71.8,71.8,71.1, 71.0, 70.0, 68.4, 67.6, 66.7, 58.4, 55.4, 27.6, 27.3.

HRMS (ESI-TOF) m/z: calc 914.43, found: 932.46 [M+NH4]"

Allyl-4,6-O-benzylidiene-3-O-naphtyl-2-deoxy-2-trichloroacetamido-f-D-
glucopyranoside (37)

A solution of 21 (1.236 g, 2.73 mmol) in DMF (27.30 mL) was cooled at -10 °C.60% sodium hydride
in oil (0.218 g, 5.46 mmol) and 2-(Bromomethyl)naphthalene (1.401 g, 8.19 mmol) were added. The
solution was kept stirring at -10 °C and was monitored through TLC (Tol/EtOAc 8:2, visualized
H>SO4). After 1.5 hours, MeOH (5 mL) was added and the solution was diluted with EtOAc (100
mL), washed with a saturated solution of ammonium chloride (100 mL) and brine (100 mL). The
organic phase was collected and dried with Na>SO4, and the solvent was evaporated under reduced
pressure. The crude was purified by flash column chromatography (Tol/EtOAc 9:1) to obtain the

product as a white solid.
Yield=62% (1.023 g)

"H NMR (400 MHz, CDCls3) & (ppm): 7.88 — 7.71 (m, 5H, ArH), 7.60 — 7.39 (m, 7H, ArH), 6.90 (d,
J =7.6 Hz, 1H, NH), 5.88 (dddd, J = 16.8, 10.3, 6.3, 5.3 Hz, 1H, CH=CH>), 5.64 (s, 1H, CH of
benzylidene), 5.31 (dq, /= 17.2, 1.6 Hz, 1H, Allyl CH>»), 5.22 (dq, /= 10.4, 1.4 Hz, 1H, Allyl CH>»),
5.07 (d, J = 11.5 Hz, 1H, OCH:Nap), 5.03 (d, J = 8.3 Hz, 1H, H-1), 4.90 (d, J = 11.5 Hz, 1H,
OCH:xNap), 4.45 — 4.33 (m, 3H, H-3+H-6a+CH=CHH), 4.12 (ddt, J = 12.7,0 6.3, 1.3 Hz, 1H,

252



CH=CHH), 3.86 (t, J = 10.3 Hz, IH,H-6b ), 3.80 (t, J = 9.2 Hz, 1H, H-4), 3.62 — 3.54 (m, 2H, H-
2+H-5).

13C NMR (101 MHz, CDCls) 8(ppm): 161.9 (C=0), 137.2 (Ar), 135.2 (Ar), 133.3 (CH=CHp,), 133.2
(Ar), 133.1 (Ar), 129.1 (A1), 128.3 (Ar), 128.3 (Ar), 128.0 (Ar), 127.7 (Ar), 127.2 (Ar), 126.2 (Ar),
126.1 (A1), 126.0 (Ar), 118.3 (Allyl CHy), 101.4 (CHPh), 98.9 (C-1), 92.5 (CCls), 82.7 (C-4), 75.8
(C-3), 74.8 (CHaNaph), 70.7 (CH=CHa), 68.7 (C-6), 66.1 (C-2), 59.0 (C-5).

HRMS (ESI-TOF) m/z: calc 591.102, found: 609.132 [M+NH,]"

Methyl-(4,6-O-benzylidiene-3-O-naphtyl-2-deoxy-2-trichloroacetamido-p-D-
glucopyranoside)-(1->3)-(2-O-benzoyl-3-O-(2-napthylmethyl)-4,6-O-di-tert-
butylsilylene-a-D-galactopyranosyl)-(1->2)-4,6,7-tri-O-benzyl-3-O-methyl-D-
glycero-a-D-altro-heptopyranoside (40)

To a solution of 37 (0.500 mg, 0.851 mmol) in 75:25 DCM/H>0 (18.00 mL) was added PdClI (0.020
g, 0.071 mmol), and the solution was kept stirring at reflux for 24 hours. The reaction was monitored
through TLC (Tol/EtOAc 85:15, visualized with H>SO4). After 1 day, the reaction was cooled at rt
and NIS (0.381 g, 1.692 mmol) in THF (5.000 mL). The reaction was monitored through TLC
(Tol/EtOAc 85:15, visualized with H>SO4) and after 2 hours a saturated solution of sodium thiosulfate
(50 mL) was added. The solution was filtered on celite and celite pad was washed with DCM (50
mL). The organic layer was separated and washed with saturated sodium thiosulfate solution (50 mL),
saturated sodium bicarbonate solution (50 mL) and brine (50 mL). The organic phase was collected
and dried with Na,;SO4, and the solvent was evaporated under reduced pressure. The crude was
purified by flash column chromatography (DCM/MeOH 98:2) to obtain the product as a brown solid
with a yield of 90% (0.420 g). The hemiacetal 38 (0.200 g, 0.34 mmol) was dissolved in dry DCE
(3.400 mL) and cooled at 0° C. DBU (0.015 g, 0.090 mmol) and trichloroacetonitrile (0.2827 mL,
1.690 mmol) were added. The reaction was kept stirring at rt and monitored through TLC
(Tol/EtOAc+1% NEt3 9:1, visualized with H>SOs). After 16 hours, the solvent was evaporated, and
the crude was purified by flash column chromatography (Tol/EtOAc+1% NEt3 9:1) to obtain the
donor with a yield of 77% (0.193 g). The donor 39 (0.107 g, 0.18 mmol) and the acceptor 35 (0.050
g, 0.100 mmol) were dissolved in dry DCM (2.000 mL) and 4 A MS (0.100 g) were added. The
solution was kept stirring for 1 hour and then was cooled at -10 °C and TMSOTTf (2.353 pL) was
added. The solution was kept stirring at -10 °C for 1 hour. The reaction was monitored through TLC

(Tol/EtOAc 8:2, visualized HoSO4). At the disappearance of the donor, NEt3 was added (1 mL), the
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solution was filtered, and the solvent was evaporated under reduced pressure. The crude was purified

by flash column chromatography (Tol/EtOAc 9:1) as a colorless oil.
Yield=72% (0.071 g)

"H NMR (400 MHz, CDCl3) & (ppm): 7.95 (d, J = 7.7 Hz, 2H, ArH of benzoyl), 7.74 — 7.56 (m, 5H,
ArH on benzoyl and benzylidene), 7.47 — 7.00 (m, 27H), 6.89 — 6.79 (m, 1H, NH), 5.53 (s, 1H,
CHPh), 5.40 (dd, J=10.5, 3.7 Hz, 1H, H-2"), 5.33 (d, /= 3.9 Hz, 1H, H-17), 5.27 (d, /= 8.0 Hz, 1H,
H-17"), 4.94 (d, J = 11.5 Hz, 1H, H-6a’), 4.73 (d, J = 11.3 Hz, 1H, H-6b"), 4.68 — 4.52 (m, 3H, H-
4’+0OCH>), 4.50 —3.99 (m, 13H, H-5’+H-3"+H-3"+H-5"+40CH,+H-1), 3.80-3.40 (m, 10H, H-4+H-
5+H-6+H-7ab+H-6ab”’+H-2"+H-4"+H-2), 3.23 (s, 3H, OCH3 in 3), 3.19 (dd, J= 6.3, 3.3 Hz, 1H,
H-3), 2.83 (s, 3H, OCH3 in 1), 1.00 (d, J = 6.4 Hz, 18H, tBu).

3C NMR (101 MHz, CDCls) § (ppm): 165.9, 163.6, 161.9, 138.6, 138.2, 138.1, 137.9, 137.2, 135.3,
133.4,133.2,133.0,129.9, 129.8,129.2, 129.1, 128.6, 128.4, 128.4, 128.3, 128.2, 128.2, 128.2, 127.9,
127.7,127.7,127.7, 127.6, 127.6, 127.5, 127.0, 126.1, 126.1, 126.0, 125.3, 101.4, 101.0, 99.9, 96.7,
92.2,91.9,82.6, 78.1, 78.0, 75.7, 75.5, 74.8, 74.2,73.4,73.4,72.7, 71.7,71.1, 70.7, 70.4, 70.0, 68.8,
67.7,66.9, 66.1, 59.4, 57.9, 55.4.

HRMS (ESI-TOF) m/z: calc 1449.48, found: 1467.51 [M+NH4]"

'H NMR (400 MHz, CDCl3) & (ppm): 7.93 — 7.81 (m, 4H, ArH), 7.64 — 7.55 (m, 3H, ArH), 7.55 —
7.45 (m, 2H, ArH), 7.37 — 7.26 (m, 3H, ArH), 5.00 (d, J = 11.8 Hz, 1H, OCHHNaph), 4.85 (d, J =
11.9 Hz, 1H, OCHHNaph), 4.65 — 4.55 (m, 2H, H-1+H-4), 4.32 — 4.21 (m, 2H, H-6), 4.09 (t, J= 9.4
Hz, 1H, H-2), 3.45 (dd, J=9.0, 3.1 Hz, 1H, H-3), 3.38 (p, J= 1.3 Hz, 1H, H-5), 1.11 (d, J=4.8 Hz,
18H, tBu).

3C NMR (101 MHz, CDCl3) § (ppm): 132.6 (Ar), 129.0 (Ar), 128.9 (Ar), 128.4 (Ar), 128.2 (Ar),
127.9(Ar), 127.7 (Ar), 127.7 (Ar), 126.7 (Ar), 126.2 (Ar), 126.0 (Ar), 125.8 (Ar), 125.3 (Ar), 89.3
(C-1), 81.8 (C-3), 75.3 (C-5), 70.6 (C-6), 69.5 (C-4), 68.6 (C-2), 67.4 (CH:Nap), 27.7 (tBu), 27.6
(tBu).

HRMS (ESI-TOF) m/z: calc 552.80, found: 570.14 [M+NH4]"

Allyl(2-O-benzoyl-4,6,7-tri-O-benzyl-3-O-methyl-D-glycero-a-D-altro-
heptopyranosyl)-(1->3)-4,6-O-benzylidiene-2-deoxy-2-trichloroacetamido-p-D-
glucopyranoside (42)
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To a solution of 20 (0.100 g, 0.173 mmol) in dry acetone (1.721 mL) were added K>COs (0.052 g,
0.33 mmol) and 2,2,2-trifluoro-N-phenylacetimidoyl chloride (0.067 mL, 0.25 mmol). The reaction
was monitored through TLC (Tol/EtOAc 8:2, visualized H2SO4). The suspension was kept stirring
for 16 hours and then filtered on celite and the solvent evaporated under reduced pressure. The crude
was purified by flash column chromatography (Tol/EtOAc 9:1) to obtain the product as a white
powder with a yield of 77% (0.100 g). The activated hemiacetal 41 was dissolved in dry DCM (2.6
mL). Acceptor Y (0.088 g, 0.19 mmol) and 4 A MS (0.100 g) were added. The solution was kept
stirring for 1 hour and then was cooled at 0 °C and TMSOTT (2.353 uL) was added. The solution was
kept stirring at 0 °C for 1 hour. The reaction was monitored through TLC (Tol/EtOAc 8:2, visualized
H>S0O4). At the disappearance of the donor, NEt; was added (1 mL), the solution was filtered and the
solvent was evaporated under reduced pressure. The crude was purified by flash column

chromatography (Tol/EtOAc 9:1) as a colorless oil.
Yield= 75% (0.101 g)

"H NMR (400 MHz, CDCls) & (ppm): 7.93 — 7.85 (m, 2H, ArH of benzoyl group), 7.67 — 7.56 (m,
1H, ArH of benzoyl group), 7.47 — 7.13 (m, 27H, ArH of benzylidene, benzoyl and benzyl groups),
5.79 (ddt, J=17.3, 10.5, 5.6 Hz, 1H, CH=CH>), 5.53 (s, 1H, CH of benzylidene), 5.37 (dd, J = 4.3,
1.9 Hz, 1H, H-2), 5.30 (d, /= 1.9 Hz, 1H, H-1), 5.24 (dq, J = 17.2, 1.6 Hz, 1H, allyl CH>), 5.15 (dq,
J =104, 1.4 Hz, 1H, allyl CH»), 4.87 (d, J = 11.3 Hz, 1H, OCH2Ph), 4.66 (d, J = 11.3 Hz, 1H,
OCH,Ph), 4.60 — 4.34 (m, 9H, H-5+H-1"+H-6a’+H-6b’+H-3"+2 OCH,Ph), 4.23 (ddt, J = 12.8, 5.3,
1.5 Hz, 1H, CH=CHH), 4.10 (dt, J = 6.3, 3.6 Hz, 1H, H-6), 3.92 (ddt, J = 12.7, 5.9, 1.4 Hz, 1H,
CH=CHH), 3.86 (dd, J = 8.7, 3.0 Hz, 1H, H-4), 3.84 — 3.69 (m, 3H, H-4> +H-7ab), 3.66 (t, J = 3.7
Hz, 1H, H-3), 3.44 (s, 4H, H-2’+OCH3).

B3C NMR (101 MHz, CDCls) & (ppm): 165.0, 161.9, 138.7, 138.2, 137.9, 137.0, 133.4, 133.3, 129.8,
129.7,129.6,129.0, 128.8, 128.4, 128.4, 128.4, 128.3, 128.2, 128.1, 128.1, 128.0, 127.7, 127.6, 125.9,
125.3, 117.6, 101.1, 99.8, 97.8, 93.9, 82.2, 77.9, 77.2, 75.1, 73.4, 73.0, 72.9, 72.0, 70.7, 69.5, 68.7,
65.6, 58.0.

HRMS (ESI-TOF) m/z: calc 1033.39, found: 1051.70 [M+NH4]*

Allyl(4,6,7-tri-O-benzyl-3-O-methyl-D-glycero-a-D-altro-heptopyranosyl)-
(12>3)-4,6-O-benzylidiene-2-deoxy-2-trichloroacetamido-p-D-glucopyranoside
43)
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To a solution 0f 42 (0.140 g, 0.14 mmol) in MeOH (2.000 mL) was added 24% sodium methoxide in
methanol (0.092 mL, 0.41 mmol). The reaction was monitored through TLC (Tol/EtOAc 8:2,
visualized H2SO4). The solution was kept stirring for 45 minutes and then Amberlite IR-120 (H") was
added. The solution was kept stirring until pH=7 and filtrate. The solution was evaporated under
reduced pressure and the crude was purified by flash column chromatography (Tol/EtOAc 8:2) to

obtain the product as a white solid.
Yield=93% (0.118 g)

"H NMR (400 MHz, CDCl3) § (ppm): 7.51 — 7.12 (m, 20H, ArH of benzyl and benzylidene groups),
5.85(dddd, /=172, 10.4, 6.1, 5.2 Hz, 1H, CH=CH>»), 5.58 (s, 1H, CH of benzylidene), 5.29 (dq, J =
17.2, 1.6 Hz, 1H, allyl CH>), 5.19 (dq, /= 10.4, 1.4 Hz, 1H, allyl CH»), 4.87 (d, J= 5.6 Hz, 1H, H-
1),4.79 (d, J=8.3 Hz, 1H, H-1"), 4.69 (d, /= 11.6 Hz, 1H, OCHPh), 4.55 (s, 4H, 2 OCH;Ph), 4.51
—4.26 (m, 5SH, OCH>Ph+H-3’+H-6ab’+H-5), 4.05 (ddt, J=12.8, 6.2, 1.4 Hz, 1H, CH=CHH), 3.98 —
3.87 (m, 2H, H-2+H-4), 3.87 — 3.55 (m, 6H, CH=CHH+H-2’+H-5’+H-6+H-7ab), 3.42 (td, /= 9.9,
5.1 Hz, 1H, H-4"), 3.31 (dd, J = 8.3, 3.3 Hz, 1H, H-3), 3.21 (s, 3H, OCH3), 2.19 (d, /= 2.9 Hz, 1H,
OH).

B3C NMR (101 MHz, CDCls) & (ppm): 138.2, 138.1, 137.8, 137.1, 133.4, 129.0, 128.5, 128.5, 128.3,
128.3, 128.0, 127.8, 127.7, 127.6, 126.0, 118.0, 101.3, 100.9, 99.5, 81.6, 79.0, 77.2, 76.4, 73.5, 73.2,
72.4,71.4,71.0,70.7, 69.9, 69.8, 68.7, 66.0, 58.0, 57.3.

HRMS (ESI-TOF) m/z: calc 929.28, found: 946.65 [M+NH4]"

Allyl(2-O-benzoyl-3-O-(2-napthylmethyl)-4,6-O-di-tert-butylsilylene-a-D-
galactopyranosyl)-(1->2)-(4,6,7-tri-O-benzyl-3-O-methyl-D-glycero-o-D-altro-
heptopyranosyl)-(1->3)-4,6-O-benzylidiene-2-deoxy-2-trichloroacetamido-f-D-
glucopyranoside (18)

To a solution 0f 43 (0.118 g, 0.131 mmol) and donor 19 (0.109 g, 0.172 mmol) in dry DCM (4.2 mL)
was added 4 A MS (0.100 g). The solution was kept stirring for 1 hour at rt, then was cooled at 0 °C.
NIS (0.066 g, 0.291 mmol) and triflic acid (3.614 pL, 0.040 mmol) were added. The reaction was
monitored through TLC (Tol/EtOAc 8:2, visualized H2SO4) and kept stirring for 2 hours at rt. At the
end of the reaction, NEt; was added (1 mL), and the solution was filtered and diluted with DCM (5
mL). The solution was washed with a saturated sodium thiosulfate solution (10 mL), and brine (10

mL), the organic phase was dried with Na>SOs, and the solvent was evaporated under reduced
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pressure. The crude was purified by flash column chromatography (Tol/EtOAc 9:1) to obtain the

product as a yellow oil.
Yield=17% (0.033 mg)

'"H NMR (400 MHz, CDCl3) & (ppm): 8.32 — 6.76 (m, 35H, ArH of naphtyl, benzyl, benzoyl and
benzylidene groups), 5.78 (ddt, J = 17.3, 10.8, 5.5 Hz, 1H, CH=CH>), 5.51 — 5.42 (m, 2H, H-1, H-
2°%), 5.40 (s, 1H, CHPh), 5.24 (dq, /= 17.2, 1.6 Hz, 1H, allyl CH>), 5.18 —5.11 (m, 2H, allyl CH>+H-
17), 4.89 — 4.62 (m, 3H, OCH2Ph+H-6a"), 4.54-4.27 (m, 8H, H-6b’’+H-3’+H-6ab’+H-5+H-1""+H-
6+H-3"’, H-5""), 4.22 (ddt, J = 12.7, 5.3, 1.5 Hz, 1H, CH=CHH), 4.14 (d, J = 11.7 Hz, 1H, OCH>),
3.98 (dd, /=5.0, 2.7 Hz, 1H, H-4), 3.96 — 3.55 (m, 12H, CH=CHH+H-2+H-7ab+ OCH,Ph, H-2’+H-
5%), 3.50 (m, 1H, H-4"), 3.39 (m, 2H, H-3, H-4""), 3.07 (s, 3H, OCH3), 1.21 — 1.01 (m, 18H, tBu).

BC NMR (101 MHz, CDCls) § (ppm): 165.9, 161.9, 138.6, 138.2, 137.1, 136.1, 133.3, 133.3, 133.0,
130.1, 129.8,129.0, 128.5, 128.4, 128.4, 128.2,128.1, 128.1, 127.8, 127.7, 127.5, 127.3, 126.1, 126.0,
125.9, 125.5, 125.3, 117.6, 101.2, 100.2, 99.0, 96.3, 82.5, 75.4, 73.3, 72.6, 72.4, 72.0, 71.0, 70.8,
70.6,70.4,70.2,70.1, 68.8, 67.7, 66.5, 57.7, 53.4,27.7,27.3, 23.4, 21.5, 20.7.

HRMS (ESI-TOF) m/z: calc 1476.01, found: 1494.53 [M+NH]"
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