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Conception de nouveaux copillar[4+1]arénes en tant
gue ligands de la protéine spike du SARS-CoV-2

CORTINA Florence
Résumé

En décembre 2019, I’émergence du virus SARS-CoV-2, un coronavirus humain hautement transmissible et
pathogéne, a entrainé des urgences sanitaires mondiales. Le mécanisme de liaison virus-héte n’est pas encore tout

a fait connu. Sa compréhension pourrait mener a de nouvelles stratégies antivirales.™

Un premier contact entre les virus et les cellules hotes doit étre établi avant tout lien avec le site de liaison des
récepteurs. Les acides sialiques sont souvent utilisés par les coronavirus comme éléments de reconnaissance
primaires. Cela initie I’entrée virale dans les cellules hotes, par un procédé multi-étapes dans lequel le domaine de
liaison du récepteur (RBD) de la glycoprotéine spike lie le récepteur hote ACE2 (enzyme de conversion de
I'angiotensine 2). Ensuite se produisent des changements conformationnels de la protéine spike, menant a la fusion
des membranes virales et cellulaires.’* Cela montre & quel point la protéine spike joue un réle crucial dans

I’infection par le virus.

Dans ce projet de recherche, nous nous concentrons sur la synthése de structures hétéromultivalentes telles que les
copillar[4+1]arenes, dans le but d’exploiter un effet multivalent et ainsi générer des ligands forts de la protéine
spike du SARS-CoV-2 (Figure 1).1% Des couplages orthogonaux avec des molécules biologiques, a savoir des
dérivés d’acides sialiques, et des peptides spécifiques devraient permettre la conception de telles molécules

antivirales.6
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Figure 1 — Structure de la cible synthétique copillar[4+1]arene de ce projet de recherche
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Design of novel copillar[4+1]arenes as ligands of SARS-
CoV-2’s spike protein

CORTINA Florence
Abstract

In December 2019, the emergence of SARS-CoV-2, a highly transmissible and pathogenic human coronavirus,
led to global public health emergencies. The mechanism of the virus-host binding is still not fully known. Its

understanding could lead to novel anti-viral strategies.™

A first contact between viruses and host cells needs to be made before any link with receptors binding site. Sialic
acids are often used by coronaviruses as primary recognition elements. This initiates viral entry into host cells, by
a multi-step process in which the Receptor Binding Domain (RBD) of the spike glycoprotein binds the host ACE2
(Angiotensin Converting Enzyme 2) receptor. Then, conformational changes of the spike protein occur, leading to
the fusion of viral and cellular membranes.'-4 This reveals that the spike proteins play a crucial role in virus

infection.

In this project, we focus on the synthesis of heteromultivalent scaffolds such as copillar[4+1]arenes to exploit a
multivalent effect to generate strong ligands of the SARS-CoV-2 spike protein (Figure 2).[ Orthogonal couplings
with biologically molecules namely sialic acid derivatives and specific peptides should achieve the design of such

anti-viral molecules.[®
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Figure 2 - Copillar[4+1]arene’s structure as synthetic target of this research project
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Introduction




.1 SARS-CoV-2 virus

1.1.1 Coronaviruses

On December 2019, started the pandemic of COVID-19 in Wuhan (China), which was
initially considered to be a severe pneumonia.l”! This disease was found to be caused by a virus
called SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2). Accordingly, this
virus was found to be a coronavirus, from the Coronavirinae subfamily in the Coronaviridae
family. Coronaviruses are positive-stranded RNA viruses that infect a wide variety of

mammalian and avian species.[” 8l

Human coronaviruses are known since the mid-1960s. We can distinguish seven human
coronaviruses and all of them seem to have animal origins: SARS-CoV, SARS-CoV-2, MERS-
CoV, HCoV-NL63 and HCoV-229E are thought to originate in bats while HCoV-OC43 and
HCoV-HKUL1 are likely to originate in rodents.[”] The transmission of the virus to humans may
have happened via domestic animals, playing a role of intermediate hosts.’). Human
coronaviruses exhibit acommon structure (Figure 3).[1 These viruses contain viral RNA packed
by the nucleocapsid proteins (N) into the capsid. Envelope (E) and membrane (M) proteins are
involved in the viral assembly and budding.l”:*%! As many viruses, human coronaviruses display
a glycoprotein on their surface. This spike protein (S protein) mediate their entry into host cells.

Therefore, the S protein plays a crucial role in virus infection.*!l

@ Spike protein (S)

®  \embrane protein (M)
Envelope protein (E)
= Pphospholipids

Nucleocapsid protein (N)

rSC) Genomic RNA

Figure 3 — Coronaviruses schematic structurel!?

1.1.2 Spike protein

The coronavirus spike protein, a glycoprotein protruding from the viral surface, is
essential for the infectivity and host recognition (Figure 4).1"%% In the case of SARS-CoV-2,
the S protein is divided into two subunits: S1 and S2. The first subunit (S1) forms the head of



the spike and hosts the receptor biding domain (RBD). S1 facilitates viral attachment to target
cells via its receptor binding domain, by binding the host ACE2 (angiotensin-converting
enzyme 2) receptor. The ACE2 receptor is located on the human cells’ surface and more
specifically on the surface of lung alveolar epithelial cells and enterocytes of the small
intestine.[** In human cells, regulation of blood pressure and other cardiovascular functions,
like heart and kidney regulation are functions provided by the ACE2 receptor./>*®! The second
subunit (S2) allows conformational changes of the spike glycoprotein, once cleaved by a host
protease, and makes possible the fusion between the viral and cellular membranes.*161 S2 forms
the stalk, which anchors the glycoprotein to the viral envelope, composed of three joints: the
hip, knee and ankle. A degree of flexibility of spike protein is allowed by unusual hinge bending
movements of these joints, which are movements along one plane. This flexibility allows the
simultaneous action of several spike proteins from the same virus particle to bind one human
cell.®*171 This glycoprotein is coated in glycans, which makes it nearly invisible to the human

immune system.[17:181

Receptor-binding
domain

S1
subunit

S2
subunit

Figure 4 — Spike protein’s structure, a hidden glycoprotein}

SARS-CoV-2 virus is known for its high infectivity. This activity can be explained for
two reasons. Firstly, human cells are strongly bound by the virus (two or four times more than
its predecessor, SARS-CoV).[**1 Secondly, SARS-CoV-2 has the particularity to shut down the
cell’s alarm system. In fact, the virus suppresses the translation of host mRNA and thus prevent
the production of host proteins, called interferons, responsible for alerting the immune system.

This suppression happens once the virus begins translating its genome into viral proteins, which

10



will recruit host proteins to eliminate host mRNA. For those reasons, it is difficult for the

immune system to fight against the virus.['"]

1.1.3 Infection cycle

Viruses need to pass through the glycocalyx of cells’ surface, composed of a dense
mixture of glycans, before engaging their receptors to mediate the entry into the target cell.
Therefore, an evolution of many viruses has allowed them to employ glycans as co-receptors
to make initial contact with target cells.[?”l Although some coronaviruses are known to use sialic
acids as primary recognition elements, the specific binding of SARS-CoV-2 to sialic acid has
been debated.[*®21 Sjalic acids, are nine-carbon sugar neuraminic acid derivatives located at the
end of cell surface oligosaccharides.®! It was demonstrated in the Prof. Vincent laboratory, in
collaboration with Prof. Alsteens (UCLouvain), that 9-O-acetyl-sialic acid (90Ac-SA) displays
a better affinity for the SARS-CoV-2 spike protein compared to sialic acid (Figure 5).1520

A) B)
HO  OH AcO  OH
OH OH
HO'"' fe) COOH HO'" fe) COOH
AcHN AcHN
HO HO
Sialic acid 9-O-acetyl-sialic acid

Figure 5 — Schematic representation of A) sialic acid (called N-acetyl-neuraminic acid) - B) 9-O-acetyl sialic acid

So, sialic acids are carbohydrates and exhibits two possible diasteroisomers (a and ),
which can be differentiated by the substituent’s configuration (equatorial or axial) at the 2-
position, named anomeric carbon (Figure 6). Depending on the conformation of the
carbohydrate chair (*C4 or *Cy), the axial substituent at the 2-position is in a or 8 configuration.
The a anomer of carbohydrates in 1C4 conformation presents an equatorial substituent at the 2-
position, and the B anomer presents an axial substituent at the 2-position. The contrary is true
for “C1 conformation: @ anomer displays an axial substituent at the 2-position and £ anomer
displays an equatorial substituent at the 2-position.[??! In this project research, all carbohydrates

schemes are drawn in the more stable 1C4 conformation.

11



a) b) oH c) d)
1 a 1 o 0
L7 T =
R! a R! OH
OH B
'C,4 chair 4C4 chair

Figure 6 — Schematic representation of possible diasteroisomers for the two carbohydrates conformation - a) @ anomer for
1C4 chair - b)  anomer for 'Cy4 chair - ¢) @ anomer for “Ca chair - d) 8 anomer for *C: chair

In carbohydrates, there is a phenomenon, called anomeric effect, in which the
electronegative substituent (X= halogens, OR, OAc, SR, etc.) in the 2-position (anomeric
carbon) is preferentially axial. An overlap of one endocyclic oxygen atom lone pair with the
antibonding molecular orbital o* of the C-X bond stabilizes this electronegative substituent,

when axial. These two orbitals have to be parallel to each other (Figure 7).12%

A) B)

axial lone pair equatorial lone pair
fg U o

)

k/ equatorial lone pair @ axial lone pair

Figure 7 — Schematic representation of the anomeric effect present in A) and not present in B)22

The steps following the entry of the virus into host cells are not fully understood as it is
more difficult to observe what happens at the cell level.[*”] Once the ACE2 receptor is bound
by the virus via the spike protein S1 subunit, the entry of the virus in the cytosol is allowed by
endocytosis (Figure 8). Indeed, a proteolytic activation occurs, where the S2 subunit is cleaved
from the S1 subunit, by the host protease TMPRSS2 (Transmembrane Serine Protease 2). This
proteolytic activation results in the exposure of some hydrophobic amino acids that bury
themselves in the host cell membrane, leading to the merging of viral and cell membranes
(Figure 9).[*2% Immediately after the entry of the virus by endocytosis, the viral RNA (genome)
is released into the host cytosol. The viral RNA is sequenced in a particular manner. The amino
acids sequence is constituted of two major parts. The amino acids in the first part are coding for
non-structural proteins and the ones in the second part are coding for structural proteins. The
first part of the genome sequence is translated by ribosomes into non-structural proteins, such
as viral polymerase which enables genome replication.>*?l The second part of the genome

sequence is translated into structural proteins, such as spike, membrane and envelope proteins.
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All these proteins then transit through the endoplasmic reticulum-Golgi pathway to generate
virions. These new virions are then released from the host, by exocytosis and are generated to

produce more virus particles to infect more and more cells.!>4

SARS-CoV-2 @.

SARS-CoV-2 life cycle

Binding of SARS-CoV-2 spike protein
to angiotensin converting enzyme 2
(ACE2) Vi

ACE2

\[’~ /
\ Y s /4 Viral entry and

\T/\ ¢ ACE2 down-regulation
\~ ) Y wocad)
Assembly and release of
- new viral particles via the
l Release of viral RNA ER-Golgi-exocytosis pathway
Ribosomes e & RNA replication Translation 04000 0g0 Endoplasmatic reticul
SO gy L 0

\‘«‘,MNWM,\NVW

Translation of viral polymerase

Figure 8 - Schematic view of SARS-CoV-2s life cyclel®)

Initial binding ——— Proteolitic activation ——— Membrane fusion
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Seeessee

VIRUS

— Proteases

«— S2

Spike —

VIRUS

SOLEEES

VIRUS

Figure 9 — Scheme of the membrane fusion process initiating SARS-CoV-2 infection cyclel?]

1.2 Multivalent effect

SARS-CoV-2 spike proteins play a crucial role in virus infection, using host ACE2 as a
receptor and 90OAc-SA as co-receptor. However, the affinity between the spike protein and its

ligands is generally weak (in the mM range), especially for carbohydrates, such as sialic
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acids.I?®! This weak affinity is compensated by a strong local free ligand concentration during
the lung infection.! Chemists get inspired from this natural phenomenon to create objects able
to reproduce this enhancement of affinity, which is the so-called multivalent effect. In this
multivalent effect, the affinity of a given ligand with a receptor can be dramatically enhanced

if the ligand is locally concentrated.?%?"] There are five possible multivalent effects (Figure 10):

(A) Chelate effect: simultaneous multiple interactions of a multivalent ligand with several
receptors.

(B) Clustering effect: receptors cluster together when approaching a multivalent ligand.

(C) Steric stabilization: the binding of multivalent ligands prevents the binding of another
compound, by their size.

(D) Subsite binding: presence of several binding sites on receptors.

(E) Statistical effect: the multivalent ligand slides along the receptors.

The binding of a multivalent ligand towards a receptor can be enhanced by one or more

of these five multivalent effects.

(A) (B)

00 AN
v

ey A
> L

Chelate effect Clustering effect

(©)
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IaYa) v
An |
v v
vy )

>

Steric stabilization
(D) (E)

"
. V - < nd)

> \/f‘/
.

Subsite binding Statistical effect

Figure 10 — Schematic representation of the five multivalent effects!?’]

1.3 Macrocycles

1.3.1 Generalities

Great interest has been shown in macrocycles because of their many potential
applications including ion transport, catalysis, medicines synthesis, drug delivery, food
processing, molecular machines etc.[?82°1 Macrocycles are particularly attractive molecules in

this study. Indeed, macrocycles are exploited during the past decade as ideal platform for
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multivalent scaffold development.B% These molecules are mainly known in the field of
supramolecular chemistry, performing non-covalent host-guest interactions with their
cavities.*!l Cyclodextrins, calixarenes, cucurbiturils and crown ethers are four of the most well-
known macrocycles and some were even discovered as early as the 19" century.[®Y Recently, a

new generation of macrocycles has been discovered: pillar[n]arenes.[*

1.3.2 Pillar[n]arenes

Pillar[n]arenes are a new class of macrocyclic compounds, synthetized by serendipity
by Tomoki Ogoshi and co-workers in 2008. The resulting compound was named
DMpillar[5]arene due to the starting material used, the DMB (1,4-dimethoxybenzene).[*%
Pillar[n]arenes are macrocycles composed of several dialkoxybenzene units, linked together by
methylene bridges at para position. The number of repeating units (n) ranges from 5 to 10
(Figure 11).

L 1 n=5-10

Figure 11 — Two possible schematic representations of pillar[n]arenes

Pillar[n]arenes synthesis can proceeds under thermodynamic or kinetic control.
Pillar[5]arenes and pillar[6]arenes syntheses are the only one proceeding by thermodynamic
control, which are directed by template effect. This effect relies on non-covalent interactions in
which the reaction solvent controls the synthesis (Figure 12). Indeed, oligomerization of
monomer precursors around the solvent molecule occurs to form the macrocycle. The solvent
choice is crucial as the size of the solvent directly impacts on the size of the pillar[n]arene and
on whether or not cyclization takes place. Bulky hydrocarbon molecules such as
chlorocyclohexane acts as template solvent for pillar[6]arenes synthesis.[*® The solvent used to
synthetize pillar[5]arene is dichloroethane, which size perfectly fits to be included in the
pillar[S]arene’s cavity. However, chloroform does not enable pillar[5]arene synthesis as the
solvent molecule size is too large.*% In fact, chloroform is used to the synthesis of larger
pillar[n]arenes (n =7-10), which occurs under kinetic control and do not benefit from the

template effect. So, reaction time needs to be carefully selected for each pillar[7-10]arene.l?

15



OR OR
Template Effect No Template Effect
Cyclization No Cyclization

Figure 12 —Template effect for pillar[5]arenel*"!

Pillar[5]arenes have immediately attracted the interest of scientists and they are already
playing a major role in supramolecular chemistry. In fact, pillar[5]arenes are the most studied
as the synthesis is the easiest one, leading to highest yields (> 80%). Pillar[6]arenes are also
widely used, giving good yields (> 70%). However, the synthesis of pillar[7-10]arenes leads to
low yields (< 5%).534 As the syntheses of pillar[7-10]arenes are kinetically controlled, various
pillar[n]arenes are formed, which explains the lower yields than pillar[5]arenes synthesis.3!
Furthermore, pillar[n]arenes display three advantages compared to other macrocycles. Firstly,
selective binding to guests is ensured by the high symmetry of pillar[n]arenes. Second, host-
guest properties can be tuneable thanks to their versatile functionalization. Finally,
pillar[n]arenes are soluble in organic solvents, which complements the other macrocycles

water-soluble, such as cucurbiturils and cyclodextrins.]

Various applications have already been found, such as drug delivery systems,
supramolecular catalysis, multivalent recognition, artificial water channels, molecular sensor
etc.[?] Indeed, they have unique structural features, which further develops this field in

chemistry.F7]

1) Totally symmetrical pillar shape: pillar[5]arenes’ is a one dimensional pentagon
structure (Figure 13).32]

2) m-electron rich cavity: pillar[5]arene is composed of five electron-rich dialkoxybenzene
units and the para-methylene bridges force the rings to face each other, it leads to a -
electron rich cavity (Figure 13).%8l Pillar[S]arene can therefore form host-guest
complexes with electron-accepting molecules and linear neutral molecules, such as

viologen and n-hexane, respectively.[!
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Negative N I Positive

Figure 13 — Calculated electron-potential profile and cavity size of pillar[5]arenel*®!

3) Versatile functionalization: the dialkoxybenzene units increase the molecular diversity
by their functionalization.[*°!

4) High biocompatibility: pillar[n]arenes are molecules readily accepted by biological
media, performing with an appropriate host response in a specific application.64%

5) Planar chirality: the substituents are not perpendicular to the methylene bridge linkages,
each unit in pillar[n]arenes can rotate along these bonds and generate conformational
isomers (Figure 14).141

*45*‘ @@@@'

Figure 14 — a) Rotational mode of the dialkoxybenzene units of pillar[5]arene — b) Planar chirality of pillar[5]arenes*"

In a homopillar[5]arene, all five dialkoxybenzene units are the same. However, if one

dialkoxybenzene unit differs from the others, the compound is called a copillar[4+1]arene. If

two units differ from the others, the compound is called a copillar[3+2]arene (Figure 15).12942

Prof. Vincent laboratory has been recently interested in the synthesis of copillar[4+1]arene to

generate multivalent scaffolds functionalized at one arene unit of the copillar.[®?% Indeed,

copillar[4+1]arenes provide molecular diversity and functionalization of different objects on

one scaffold.
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Homopillar[5]arene Copillar[4+1]arene Copillar[3+2]arene

Figure 15 - Different types of pillar: homopillar[5]arene, copillar[4+1]arene and one isomer of copillar[3+2]arene

There are two types of multivalent ligands: homomultivalent and heteromultivalent. As
proof of concept, an homomultivalent scaffold based on pillar[5]arenes functionalized with
90Ac-SA was used successfully for SARS-CoV-2 neutralization.[®! Indeed, targeting the
90Ac-SA binding site on spike protein can be an efficient way to inhibit infection.[2%4% The
90AC-SA exhibits a satisfying 1Cso value, above 100 uM.®! However, the 90Ac-SA on a
multivalent scaffold (called glycocluster) such as pillar[5]arene has a better ICsp, in the range
of 1-10 uM, confirming the multivalent effect.’>] Moreover, focusing also on the ACE2 receptor
may inhibit SARS-CoV-2 infection. According to the literature, ACE2-derived peptides are
used for this purpose.[*!! The ICso displayed by these peptides is in the uM range while the
binding affinity of the RBD with the host ACE2 receptor is 120 nM (measured by atomic force
microscopy).? Interestingly, recent studies have shown that the sialic acid binding site on S
protein and the ACE2 binding pocket might not overlap. If both binding pockets are
simultaneously occupied, there may exist an heteromultivalent effect from the inhibition point

of view.[?% This shows the appeal of heteromultivalent scaffolds such as copillar[4+1]arenes.

There are two possible copillar[4+1]arenes A and B targeted in this project research
(Figure 16). The first one is composed of two 90Ac-SA and eight peptides (copillar[4+1]arene
A) and the second one is composed of eight 9OAc-SA and two peptides (copillar[4+1]arene B).
As the ICsg is the concentration of an inhibitor needed to inhibit a biological process by 50%,
the lower the ICxo, the better the inhibition. The ICso of ACE2-derived peptide (uM range) is
lower than the one of 90Ac-SA (above 100 uM). It is not necessary to functionalize eight
peptides on the copillar[4+1]arene as the ICso is good enough. However, the 1Cso displayed by
90Ac-SA is high, so it is mandatory to functionalize more 90Ac-SA on the copillar[4+1]arene
to benefit from the multivalent effect. The 1Cso of 90Ac-SA will therefore be reduced (to 1-10

uM). In summary, the copillar[4+1]arene B is the best potential antiviral candidate among both.
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Copillar[4+1]arene A Copillar[4+1]arene B

Yo,

hooo HooQ H /4<
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Rl= CF,CO0 HZN/\H/ N/\n/ N/\n/ o) N
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o) 0 o)

Preliminary pentaglycine peptide "clicked"

AcO OH
COOH

& _ R
R = HO! 0 O/\K\N §
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9-0O-acetyl-sialic acid "clicked"

Figure 16 — The two possible structures of copillar[4+1]arenes A and B

The reasons why we selected a pentaglycine peptide in copillar[4+1]arene B (R! group

in Figure 16) will be explained in the next section.
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Objectives
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The overall objective of this project is the development of copillar[4+1]arene 20 as a
heteromultivalent scaffold to interrupt the binding process of SARS-CoV-2’s spike protein to
host cells, at an early stage (Figure 17). Specifically, this means that the interruption of binding
will take place before the cleavage of the spike protein which normally leads to the entry of the

virus into host cells. (2044

Vn,

ho$ o § H f4<
® N\)J\ N\)J\ N NN
Rl= CF,CO0 H3N/\n/ N/\n/ N/\n/ 0 N
S H H n
0 0 o)

Preliminary pentaglycine peptide "clicked"

AcO  OH
COOH
R?= HO" o O/Y\N—§
AcHN NSy
HO

9-0O-acetyl-sialic acid "clicked"

Figure 17 - Copillar[4+1]arene’s 20 structure as synthetic target of this research project

The final copillar[4+1]arene’s 20 retrosynthetic pathway is presented in Scheme 1.
Orthogonal couplings, by copper-catalysed alkyne-azide cycloaddition (CuAAC), with 90Ac-

SA and specific peptides should achieve the design of such anti-viral molecules.[®!

' C-Nj
Click Disconnection
f— ——
[3+2] Azidation

Click
p—
[3+2]
cycloaddition

J/Br
o}
c-C
Disconnection .
f—
Macrocyclization
> 5 } o) 0 o
Br g Br x
Br \\ Br | |

Br 5 2 4

Scheme 1 — Retrosynthetic pathway of the target copillar[4+1]arene 20
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CUuAAC is a cycloaddition reaction based on Huisgen 1,3-dipolar cycloaddition, which
makes react a molecule carrying an alkyne with another carrying an azide to ligate both through
a triazole formation. However, there is a difference between both of these cycloadditions.
CUuAAC is copper(l)-catalyzed, while Huisgen 1,3-dipolar cycloaddition is not. Copper-
catalysed alkyne-azide cycloaddition is fast and high-yielding reaction, so that it belongs to the
ensemble of “click reactions” (Figure 18). The catalytic process also offers the advantage to
regiospecifically generate the 1,4 regioisomer triazole.[*?]
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- Click —
®©Johan Jarnestad/The Royal Swedish Academy of Sciences

Figure 18 — Schematic representation of a CUAAC reaction (click chemistry)[e!

Once the final copillar[4+1]arene 20 synthesis is achieved, the functionalization of
ACE2-dervied peptides (structure is still confidential) needs to be performed. Indeed, these
peptides can be used to mimic the host ACE2 receptor used by SARS-CoV-2 to enter into host
cells.l! As a preliminary pentaglycine peptide is present on the copillar[4+1]arene 20, a sortase-
mediated ligation reaction can be performed, to achieve ACE2-derived peptides’
functionalization. This enzymatic reaction consists in a transfer of the LPXTG motif, carried
by a substrate protein to an aminoglycine nucleophile, through a sortase.[*”] This leads to the
ligation of the substrate protein and the aminoglycine peptide (Figure 19). In other words, such
a strategy may allow to graft virtually any peptide to copillar[4+1]arene 20 scaffold, as long as
it bears the signal LPXTG motif.
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sortase-catalyzed ligation
aminoglycine nucleophile

ortase A acyl acceptor)
LPXTG motif

site-specific I.'ga tion
(acyl donor)

Figure 19 - Catalytic cycle of sortase-mediated ligation [47]

As the project is quite ambitious, we focused on the synthesis of the central scaffold
(copillar[4+1]arene 5) and of 9-O-acetyl-sialic acid (9-OAc-SA). On one hand,
copillar[4+1]arene synthesis is known to be rather complicated, giving low yields and leading
to purification difficulties.**#8 A methodological work is probably necessary to optimize the
copillar[4+1]arene 5 synthesis. The design of this scaffold is possible by a cyclization reaction
between two different monomers: 1,4-bis(2-bromoethoxybenzene) 2 and 1,4-bis(2-
propargyloxybenzene) 4. On the other hand, the synthesis of 90Ac-SA is possible through a
multi-step pathway from N-acetyl-neuraminic acid. Moreover, the stereoselective installation
of a propargyl group onto the sialic acid will be a really crucial step as only the a diasteroisomer
has to be isolated, in a pure form. So, a a/f mixture separation will have to be performed,

probably requiring a methodological work.
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Results and discussion
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[11.1 Synthesis of copillar[4+1]arene

Initial efforts focused on synthesizing the copillar[4+1]arene pattern. The first reactions
carried out were the synthesis of reagents 2 and 4 which are the copillar[4+1]arene 5 precursors.
Compound 2 was synthetized by Appel reaction from 1,4-bis(2-hydroxyethoxybenzene) 1 with
93% vyield. In parallel, compound 4 was synthetized with an excellent 98% yield by nucleophilic

substitution of propargyl bromide by hydroquinone 3 under basic conditions (Scheme 2).
J/OH J/Br J|
(e} O OH 0}

1
1
1
1
i
1
CBry, PPh; i Propargyl bromide, K,CO3
1
CH;CN,0°C-r. t.,4h i dry acetone, reflux, 48 h
5 93% 5 : o 98% S
I I s
1
HO™ 1 Bre 2 | 3 | 4

Scheme 2 - Synthesis of the 1,4-bis(2-bromoethoxybenzene) 2 and the 1,4-bis(2-propargyloxybenzene) 4

With these two reagents in hands, the synthesis of the copillar[4+1]arene 5 can be
carried out (Scheme 3). This synthesis leads to modest yields and give several by-products such
as homopillar[5]arene and polymers (composed of 1,4-bis(2-bromoethoxybenzene) 2).14
Indeed, the copillar[4+1]arene 5 is formed as the minor product. The major product formed is
the pillar[5]arene, with a ratio copillar/pillar of 35/75. In this context, a methodological study
needs to be done to optimize the synthesis of copillar[4+1]arene 5. Several purification
conditions have been tested and all attempts are summarized in the Table 1.

I

BF;.Et,0
+
(CH,O),, 1,2-DCE, 1. t., 1 h30

J/O 0] 30%
1
4

2

Br

Scheme 3 - Synthetic pathway of the copillar[4+1]arene 5

For the initial conditions, 23 mg of reagent 4 were used on a 1:16 ratio between 4 and
2, with 25 equivalents of the Lewis acid catalyst (BFs.Et.O). These conditions were inspired
both by literature data and our laboratory preliminary investigations.[2%1 A preparative TLC

was performed as purification step. Unfortunately, the desired copillar[4+1]arene could be
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isolated with a yield lower than 1% (entry 1). The purification step was not adapted because of

difficulties due to solubility issues, as explained in the next paragraph.

Table 1 — Conditions and results obtained for copillar[4+1]arene 5 synthesis

Entry  Mass of 4 (mg) Eg. of BF3.Et,0 Ratio 4:2 Yield (%) Comments
1 23 25 1:16 <1 Preparative TLC
2 23 25 1:16 2 One column?
3 52 25 1:16 / One column
4 52 45 1:16 / One column
5 52 25 1:16 10 Two columns
6 52 25 1:16 9 Two columns
7 52 39 1:16 9 Two columns
8 52 39 1:16 16 One column
9 52 39 1:8 30 One column
10 52 45 1:8 29 One column
11 200 39 1:8 / One column
12 100 39 1:8 9 One column

a - The term “column” refers to the separation of the products by standard silica gel chromatography (see experimental
part for conditions)

For attempt 2, it was decided to change the purification method, while using the same
parameters as in entry 1. Column chromatography on silica gel was performed instead of the
preparative TLC, but led to 2% yield (entry 2). The low yields obtained can be explained by
two hypotheses. First, some solubility issues were encountered with the crude mixture, leading
to purification difficulties. Those issues are probably caused by the presence of polymers,
known as one of the by product’s copillar[4+1]arene synthesis.** Indeed, the excess of 2 can
react to form either pillar[5]arene, or polymers. Second, the scale used for the
copillar[4+1]arene 5 synthesis is probably too low for the synthesis. In fact, as the
copillar[4+1]arene 5 is the minor product, it is difficult to purify it with a large excess of
pillar[5]arene and polymers. It was thus decided to increase the quantity of 4 engaged in the
reaction from 23 mg to 52 mg (entry 3). However, the desired copillar[4+1]arene 20 could not
be isolated, even if some traces of copillar[4+1]arene were seen in the crude NMR. The
equivalent number of boron trifluoride diethyl etherate used is maybe not sufficient to achieve
the synthesis, which could explain why the quantity of copillar[4+1]arene is so low. Indeed, as
BFs.Et2O increases the electrophilicity of paraformaldehyde, allowing the synthesis of
methylene bridges of the copillar[4+1]arene, this Lewis acid catalyst must be added in a

sufficient amount. Therefore, the equivalent number of boron trifluoride diethyl etherate was
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increased from 25 to 45 equivalents (entry 4). Unfortunately, the desired copillar[4+1]arene 20
could not be isolated. Although copillar[4+1]arene 20 was clearly formed, no chromatographic
fraction was pure. It was thus decided to perform two column chromatographies on silica gel
as the purification step, using the same reagents conditions as entry 3. The desired
copillar[4+1]arene 5 could be isolated with 10% yield (entry 5). This result could be reproduced
a second time (entry 6). From those attempts, it can be concluded that two flash
chromatographies have to be performed to isolate molecule 5. As impurities remained in the
product harvested after one flash chromatography, a second one must be performed to remove
these impurities from the copillar[4+1]arene 5. With those promising results in hands, it was
decided to test again the influence of boron trifluoride diethyl etherate on the synthesis. The
equivalent number of BF3.Et2O was increased from 25 to 39 equivalents (entry 7).
Unfortunately, attempt 7 gave the same 9% vyield than attempts 5 and 6. The problems
encountered are related to purification issues and not to reactivity. In fact, retention factors of
all molecules (copillar[4+1]arene, pillar[5]arene and polymers) in the crude are so close, which
make the purification step complicated. Thanks to the advice of our predecessor (Dr. W. Chen),
the quantity of silica gel must be significantly increased, to make the purification step easier.
In attempt 8, the same parameters as the entry 7 were used, while increasing the quantity of
silica gel during the purification step by one flash chromatography (entry 8). Consequently,
attempt 8 gave the desired copillar[4+1]arene 5 with 16% yield. Those conditions enabled to
purify more desired product 5, as the loss of product due to a second flash chromatography is
minimized. Based on another advice of Dr. W. Chen and on the literature, the ratio between
reagents 4 and 2 can be decreased from 1:16 to 1:8.11 Indeed, decreasing the amount of 2
should limit the formation of by-products (pillar[5]arene and polymers) and thus, improve the
yield. However, the ratio between 2 and 4 cannot be stoichiometric as copillar[3+2]arene
formation can occur and therefore increase the by-product quantity.!® The decrease of the ratio
between 4 and 2 from 1:16 to 1:8 enabled to obtain the desired copillar[4+1]arene 5 with a
satisfying 30% yield (entry 9). Then, to further exploit the influence of BF3.Et2O number of
equivalents on the copillar[4+1]arene synthesis, it was increased from 39 to 45 equivalents
(entry 10). However, the yield was the same (29%). Indeed, once all reagent 4 (limiting reagent)
has been already consumed, catalysis of the reaction is no longer useful as no more
copillar[4+1]arene 5 can be synthetized. There will only be synthesis of by-products
(pillar[5]arene and polymers), due to the excess of 2.
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With the yield improvement from 1% to 30%, the reaction was further scaled up, from
52 to 200 mg of product 4 in the same conditions as entry 9 (entry 11). Unfortunately, at this
reaction scale, the desired copillar[4+1]arene 5 could not be isolated. Perhaps the scale up
should be done step by step and not directly from 52 mg to 200 mg of 4. So, next attempt was
performed on a 100 mg scale, using the same conditions as entry 9. This allows the synthesis
of desired molecule 5 with 9% (entry 12). It can be concluded from these last attempts (entry
11 and 12) that scaling up the synthesis does not seem to be easy, as the thermodynamic of the

reaction seems different at a larger scale.

[11.2 Synthesis of 90Ac-SA

The copillar[4+1]arene 5 now synthetized, the focus was on the synthesis of sialic acid
derivatives (Scheme 4). The synthesis of the final product 13 (90Ac-SA) can be achieved
thanks to a multi-step pathway. The first reaction, leading to the synthesis of carbohydrate 7,
was achieved with a quantitative 99% yield on a multigram scale. The commercial starting
material 6 was engaged in an esterification reaction in presence of Dowex®50WX2 (H*) in dry
methanol.®® Then, peracetylation on a multigram scale was achieved by reaction of compound
7 with acetic anhydride in pyridine, catalysed by DMAP and gave 84% yield. A a/f mixture
(14/86, as determined by 'H NMR) was obtained, after a purification step by flash
chromatography. The next step gave the intermediate chloride 9 with 84% vyield, by treating the
peracetylated molecule 8 with acetyl chloride, in a mixture of methanol and dichloromethane,
on a multigram scale. A purification step was also needed for this reaction, taking care to
separate the two diasteroisomers to only keep the 8 one.[® In fact, the final clickable derivative
13 needs to be a configured and as the following propargylation reaction normally inverts the
configuration, it is necessary to isolate the B diasteroisomer of intermediate chloride (9b).>2!
Indeed, the mechanism of molecule 9 synthesis is likely a Sn1, due to the polar and acidic nature
of the reaction medium. The purification of 9 led to a a/fmixture (greater than 5/95, as
determined by *H NMR). However, molecule 9b (the 5 anomer of 9) was successfully isolated

after a second flash chromatography, on a 200 mg batch.

Molecules 7, 8, and 9 are known compounds and their characterization and

configuration assignments is based on literature data.[°-52
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Scheme 4 - Synthetic pathway of the sialic acid derivatives

The synthesis of the a diastereoisomer of 10 by treating the intermediate chloride 9 with
propargyl alcohol catalysed by silver triflate was then attempted on a 1 g scale. The first try
was unsuccessful probably due to the degradation of commercial silver triflate used, by water.
Indeed, distillation of propargyl alcohol is mandatory to avoid the degradation of the catalyst,
silver triflate, by water. The reaction using freshly distilled propargyl alcohol then led to 91%
yield. A a/f mixture (85/15, as determined by *H NMR) was obtained, after a purification step
by column chromatography on silica gel. So, a second flash chromatography was performed,
trying to separate the two diasteroisomers and only keep the a one. Unfortunately, this trial

failed because of the co-elution of both diasteroisomers during flash chromatography.

To have a better understanding of the propargylation mechanism, a propargylation
reaction was carried out on pure g anomer 9b (200 mg) to see whether or not it would lead to
a pure « diasteroisomer of 10 (10a). A a/B mixture (77/23, as determined by *H NMR) was still
obtained, confirming that the glycosylation is not a pure Sn2 reaction. If the propargylation
mechanism was a pure Sn2, there would have been a total inversion of configuration and would
have resulted in molecule 10a. Indeed, glycosylation reactions are mostly a Sn1/Sn2 continuum,
meaning that these reactions can take place through a Sn1 and Sn2 mechanism simultaneously,

which is either called Sn1-like or Sn2-like reactions.>¥ In this case, the hypothesis of a Sn2-
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like mechanism is most likely, as the mesomeric electron-withdrawing character of the methyl
ester disfavours the Sy1 mechanism. Kinetic measurements should be performed to confirm
this hypothesis.>

Because of the Sn2-like propargylation reaction, another way to purify carbohydrate 10
has to be performed. So, recrystallization conditions were attempted to separate the a
diasteroisomer (10a) from the £ one (10b).1551 A methodological work has been done to

optimize the separation. All conditions are summarized in Table 2.

Table 2 — Conditions and results obtained for molecule 10 recrystallization

Entry m(g) Solvent V (mL) Work-up Condition  a/p ratio®® /B ratio*®  Yield (%)
1 0,10 EtOH 3,0 Filtration -20 °C 84/16 84/16 /
2 0,75 EtOH 3,0 Filtration -20 °C 84/16 84/16 /
3 0,75 EtOH 1,0 Centrifugation -20 °C 84/16 84/16 1
4 1,50  EtOH 4,0  Centrifugation rt. 85/15 85/15 <1
5 2,50 EtOH 15 Centrifugation r.t. 84/16 Degradation <1
Et.O 5,0 . .

6 1,00 MeOH 36 Centrifugation r.t. 85/15 85/15 2
Et.O 2,5 r.t.to4°Cto

7 0,50 MeOH 0.90 / 20 °C 85/15 85/15 /
Et,O 2,5 . .

8 0,50 MeOH 0.40 Centrifugation r.t. 85/15 95/5 27
Et,O 3,7 . .

9 0,75 MeOH 0.60 Centrifugation r.t. 85/15 95/5 26
Et,O 15 . .

d Ll
10 0,30 MeOH 0.24 Centrifugation r.t. 95/5 97/3 71

a - All o/ ratios are quantified by *H NMR

b - a/B ratios of molecule 10 before recrystallization

C - o/p ratios of molecule 10 after recrystallization

d - The 300 mg are composed of enriched product (a/g: 95/5) harvested of entry 8 and 9. This is a second recrystallization
to further purify product 10.

The first recrystallization attempts were performed in ethanol.®® For the first attempt,
recrystallization has been tested on 100 mg scale, with 3 mL of ethanol (entry 1). Unfortunately,
the small amount of product used for this recrystallization did not allow to obtain an efficient
precipitation. The next experiment was attempted on a larger scale (750 mg), while using the
same volume of ethanol (3.0 mL). Unfortunately, the fine powder observed as a suspension
passed through the fritted glass filter (entry 2). Centrifugation was therefore chosen for the next
experiments. In entry 3, the quantity of ethanol was reduced to 1.0 mL, using the same mass of
product as entry 2. The 10 mg of solid obtained after centrifugation exhibits the same a/g ratio

as in the starting material. In order to have a pure a molecule, the conditions were changed,
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letting now to room temperature exclusively. Attempt 4 gave the same results as before.

Attempt 5 led to product degradation as not enough solvent was added during the heating.

The recrystallization solvent was then changed, in accordance with the literature.
Diethyl ether was used as non-solvent and methanol as solvent. Attempt 6 was performed on a
1.00 g scale, using 5.0 mL of Et2O and 3.6 mL of MeOH added progressively while heating.
The result was the same as too much MeOH was added. The desired product and the impurities
were therefore both solubilized at room temperature (before heating) in the solvent, making the
separation difficult. The first parameter changed was the temperature, going from room
temperature through 4 °C to -20 °C (entry 7). However, no crystals were observed. The second
parameter changed was the volume of co-solvent added. We further decreased the quantity of
methanol to 0.4 mL with 2.5 mL of diethyl ether, on a 500 mg scale. After being left at room
temperature over week-end (70 h), crystals were formed. Product 10 was obtained (134 mg)
and the ratio was changed from 85/15 to 95/5 (entry 8). This result was reproduced a second
time, on a 750 mg scale (entry 9). Then, a second recrystallization was attempted on 300 mg,
composed of enriched product (a/B: 95/5, as determined by *H NMR) harvested of entry 8 and
9 (entry 10). This second recrystallization, using the same conditions as entry 8 and 9, allowed
to further purify product 10 (o/B: 97/3, as determined by *H NMR).

We are aware that *H NMR is not the most suited analytical technique to precisely
quantify impurities present in less than 5%. However, the results described in entries 8-10
signify that the use of the dual solvents system Et,O:MeOH can lead to significant enrichment
in the desired a anomer which is still contaminated by, rougly, 3% of the 8 anomer. This level
of purity is still not sufficient to go further in the preparation of molecules amenable to

biological assays, but these results are more than encouraging.

In parallel of the recrystallization assays, the next steps achieving the synthesis of 90Ac-
SA were tested with a a/8 mixture (79/21, as determined by *H NMR) of 10. Molecule 12 was
successfully synthetized, in a/f mixture (82/18, as determined by *H NMR), with 90% vyield
(see Scheme 4, above). The synthesis was carried out in two deprotection steps. The first was
the treatment of the acetates by methanol and sodium methoxide to give the resulting alcohols,
by the so-called Zemplén reaction. The second was the deprotection of methyl ester with lithium
hydroxide monohydrate in water, to give the resulting carboxylic acid. Finally, one more step
needs to be performed to finally achieve the synthesis of clickable derivative 13.

31
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Thanks to a methodology study, copillar[4+1]arene 5 has been successfully synthesized
and the yield was improved from 2% to 30%, for a 50 mg scale. The global amount of
copillar[4+1]arene 5 obtained to date is 130 mg. Firstly, the issues encountered mostly arise
from the purification step due to the close retention factors of the different molecules generated
and because the desired product is not the major one. Furthermore, boron trifluoride diethyl
etherate (BF3.Et20) should be added in sufficient amount which is 39 equivalents. Then, the
ratio’s best compromise between the two units, 2 and 4, contained in the copillar[4+1]arene 5,

is 1 equivalent of 4 for 8 equivalents of 2 (Scheme 5).
BF3.Et,0 (39 eq.), (CH,0), (51 eq.)
1,2-DCE, r. t., 1 h30

J/o 30%
Br |(
(1eq.)

2
(8eq.)

Scheme 5 — Optimized synthetic pathway of the copillar[4+1]arene 5

Concerning the sialic acid derivatives, clickable derivative 13 synthesis is already well
underway (Scheme 6). The first reaction, leading to the synthesis of carbohydrate 7, was
achieved with a quantitative 99% yield. Then, molecule 8 synthesis gave 84% yield, with a a/f
mixture (14/86, as determined by *H NMR). The intermediate chloride 9 and molecule 10 were
synthetized with good yields of respectively 84 and 91%, with a/f mixtures greater than 5/95
and of 85/15. The propargylation reaction, leading to molecule 10 is a crucial step as the
separation of the two diasteroisomers has to be performed here. Recrystallization is mandatory
as the diasteroisomers cannot be separated by flash chromatography due to co-spotting. An
optimization of this purification led us to various conclusions. Recrystallization in ethanol did
not work in our hands, as only a suspension was obtained. The best recrystallization conditions
are therefore 2.5 mL of diethyl ether as non-solvent and 0.4 mL of methanol as solvent on a
500 mg scale. Enrichment was obtained, over week-end (70 h) at room temperature, increasing
the a/p ratio from 85/15 to 95/5. A second recrystallization of this enriched product further
allow the purification of product 10 (o/B: 97/3). Next, to better understand the mechanism of
propargylation reaction, a glycosylation has been carried out with a g diasteroisomer of
intermediate chloride 9. As a a/f mixture (77/23, as determined by *H NMR) was still obtained,
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this showed that the mechanism is not a Sn2, it is probably a Sn2-like. Indeed, it is explained in

the literature that glycosylations are most of the time a Sn1/Sn2 continuum. !
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AcHN AcHN

AcO 2) LIOHHzO, Hzo HO
10 90% 12
(a/B: 85/15) (a/B: 82/18)
AcO OAc
‘ 9 allizati COOMe
recrystallizations
, AcO"" o 0/\
18% AcHN
AcO
10
(a/B: 97/3)

Scheme 6 — Summary of the sialic acid derivatives already synthetized

The two following deprotection steps of the 90Ac-SA multi-step synthesis were tested,
although a/f mixtures were used as starting materials. These reactions gave promising results
as product 12 was successfully synthetized, despite the presence of impurities, with an a/f
mixture (82/18, as determined by *H NMR).
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V. Outlooks
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V.1 Synthesis of 90Ac-SA

On one hand, the multi-step pathway for the synthesis of the sialic acid derivative 13
should be achieved, once the a diasteroisomer of molecule 10 (10a) is obtained (Scheme 7).
This will still require purification of molecule 10 by recrystallization, although promising
results have already been obtained. Then, the two deprotection steps will have to be performed
on molecule 10a, to complete the synthesis of product 12. Finally, a methodological work on
the last step, achieving the synthesis of 90Ac-SA 13 will probably have to be carried out as
monoacetylation must be selective to the 9-positon.l®! The most usual selective acetylation
procedure relies on the protocol pioneered by Ogura which uses trimethyl orthoacetate under

acidic catalysis.l>”]

COOH COOH
\ Trimethyl orthoacetate N
HO" o S ik St - HO! o 0N
AcHN p-TsOH.H ,0, DMSO AcHN

Scheme 7 — Completion of the synthetic pathway of the sialic acid derivative 13

V.2 Peptide synthesis

On the other hand, the peptide synthesis will have to be carried out (Scheme 8). To insert
ACE2-derived peptide, a pentaglycine peptide will be first functionalized on the
copillar[4+1]arene 5. Then, it will be possible to carry out a sortase-mediated ligation reaction.

O (0]
H H H
® N N N N
CF4CO0 H3N/\n/ \)J\N/\n/ \)J\N/\n/ o 3
S} H H n
o O o}
17

Scheme 8 - Structure of preliminary pentaglycine peptide 17

V.3 CuAAC reactions

Afterwards, both sialic acid derivative 13 and peptide 17 will be coupled on the
copillar[4+1]arene 5 by copper-catalysed alkyne-azide cycloadditions (CUAAC). Three steps
are needed to finally achieve the synthesis of the target copillar[4+1]arene 20 (Scheme 9). This
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is essential to avoid having both alkynes and azides simultaneously on the scaffold, due to the
possible polymerisation between them. This is why peptide 17 is first coupled to the
copillar[4+1]arene 5, by CUAAC. Then, an azidation reaction is carried out to enable the second

click reaction between copillar[4+1]arene 19 and 90Ac-SA 13.

R'=Pentaglycine peptide "clicked" ’

‘ R2= 9-O-acetyl-sialic acid "clicked"

Scheme 9 - Synthetic pathway of final copillar[4+1]arene 20
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VI.

Experimental part
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V1.1 General information

Reagents and chemicals were purchased from Merk-Sigma-Aldrich or Acros at ACS
grade and were used without purification if not stated. Propargyl alcohol was distilled before
used. The distillation was carried out under pressure, at 180 mbar and 80°C, in the presence of
pumice stones and K>COs. Dry acetonitrile, acetone and methanol used as reaction solvents
were purchased with an AcroSeal packaging.

All reactions were monitored by thin-layer chromatography (TLC) carried out on Merck
aluminium sheets silica gel 60-F2s4, using UV light (fluorescence quenching detection at 254
nm) and/or a potassium permanganate solution as TLC stain. Retention factors (Rr) are

indicated with the corresponding eluent used.

All column chromatographies were performed on Roth silica gel 60, 0.040-0.063 nm
(400-230 mesh). The indicated solvents mixture ratios are given in volume fractions.

The NMR spectra used for the characterization of all the synthetized molecules were
recorded either on a JEOL ECX-400 (at 400 MHz for *H and 101 MHz for *C) or on a JEOL
ECZ-500R (at 500 MHz for *H and 126 MHz for $3C). All compounds were characterized by
'H and 3C NMR. The abbreviations used to define the multiplicities are, s= singlet, d= doublet,
t= triplet, g= quadruplet, m= multiplet, dd= doublet of doublets, ddd= doublet of doublet of
doublets, td= triplet of doublets, dtd= doublet of triplet of doublets. Chemical shifts (6) are
reported in ppm and referenced indirectly to residual solvent signals. (CDCls: *H 7.26 ppm, *C
77.16 ppm, CD30OD: 'H 3.31 ppm, *C 49.00 ppm). All the spectra were realized in CDCl3 or
CD3s0OD.

Melting points were determined in capillary tubes with a Biichi M-560 melting points

instruments.
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V1.2 Syntheses and protocols
VI1.2.1 Synthesis of 1,4-bis(2-bromoethoxy)benzene (2):

OH Br

CBr,PPhs 2
CH3CN,0°C-r.t,4h
93% o
HO 1 BrJ/z
To a solution of 1,4-bis(2-hydroxyethoxy)benzene 1 (4.01 g, 20.23 mmol, 1 eg.) and PPhs
(11.65 g, 44.42 mmol, 2.2 eq.) in dry acetonitrile (80 mL) was slowly added CBr4 (14.73 g,
44.42 mmol, 2.2 eq.). The mixture was vigorously stirred under argon atmosphere at 0 °C for
10 min. After stirring for 4 h at room temperature, H>O (60 mL) was added to the reaction
mixture. The mixture was filtered and the crude was washed with methanol/water mixture (90
mL/60 mL) to give the desired product 2 as a white amorphous powder (6.08 g, 18.76 mmol,
93%).
Chemical Formula: C10H12Br.0>
Molecular weight: 324.01 g/mol
Aspect: white amorphous powder
Rr: 0.6 (EtOAc/Cyclohexane: 1/1)
IHNMR (500 MHz, CDCls) & (ppm): 6.86 (s, 4H, H-4), 4.24 (t, J= 6.3 Hz, 4H, H-2),

3.62 (t, J= 6.3 Hz, 4H, H-1).
e 13C NMR (126 MHz, CDCl3)  (ppm): 152.9, 116.2, 68.8, 29.4.

NMR analyses are in agreement with literature.[®®!
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'H NMR spectrum of compound 2 recorded in CDClz at 500 MHz

o wn ™M Mmoo
o NIRRT
0 < < ™ e
| VN >

100 95 90 85 80 75 7.0 6.5 55 50 45 40 35 30 25 20 15 1.0 05 0.0

6.0
f1 (ppm)

13C NMR spectrum of compound 2 recorded in CDCls at 126 MHz

152.94
68.82
29.41

;0.00010
;0.00009
;0.00008
;0.00007
;0.00006
0.00005
r0.00004
;0.00003
;0.00002

J 0.00001

0.00000

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
200 190 180 170 160 150 140 130 1?{)( 11)0 100 9 8 70 60 50 40 30 20 10 0
ppm

41



V1.2.2 Synthesis of 1,4-bis(2-propargyloxy)benzene (4):

il
2
OH o ?
4
Propargyl bromide, K,CO3 5
dry acetone, reflux, 48 h
OH 98%

o)
3 [
4

To a solution of hydroquinone 3 (4.01 g, 36.42 mmol, 1 eq.) in dry acetone (91 mL) was added

K.CO3(25.12 g, 181.8 mmol, 5 eq.) under argon atmosphere. The reaction mixture was refluxed
for 30 min. Then, propargyl bromide 80% (12 mL, 111 mmol, 3 eq.) was added dropwise and
the reaction mixture was refluxed for 48 h before cooling down, followed by filtration. The

filtrate was then evaporated, giving a brown solid (6.61 g, 35.50 mmol, 98%).

Chemical Formula: C12H100-

Molecular weight: 186.21 g/mol

Aspect: brown solid

Rr: 0.6 (EtOAc/Cyclohexane: 1/1)

!HNMR (500 MHz, CDCIs) & (ppm): 6.93 (s, 4H, H-5), 4.65 (d, J= 2.4 Hz, 4H, H-3),
2.51 (t, J= 2.4 Hz, 2H, H-1).

e 13C NMR (101 MHz, CDCIs) & (ppm): 152.5, 116.2, 78.9, 75.5, 56.6.

NMR analyses are in agreement with literature.[®!
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'H NMR spectrum of compound 4 recorded in CDClz at 500 MHz
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V1.2.3 Synthesis of copillar[4+1]arene (5):

]

o)
BF;.Et,0
+
(CH,0),,, 1,2-DCE, r. t., 1 h30
J/o (0

30%
Br | |

2 4

To a mixture of 1,4-bis(2-propargyloxy)benzene 4 (52 mg, 0.277 mmol, 1 eq.), 1,4-bis(2-
bromoethoxy)benzene 2 (697 mg, 2.15 mmol, 8 eq.) and paraformaldehyde (427 mg, 14.2
mmol, 51 eq.) was added 1,2-DCE (34.5 mL) under argon atmosphere. Then, BF3.Et.O (1.3
mL, 10.53 mmol, 39 eq.) was added dropwise to the reaction mixture. After stirring for 1 h30
at room temperature, the reaction was quenched by addition of MeOH (30 mL) before being
concentrated under vacuum. Afterwards, DCM (25 mL) was added to the residue before
filtrating. The filtrate was then concentrated under vacuum and the crude was purified by
column chromatography on silica gel using DCM/Cyclohexane 50/50 as eluent, under isocratic
conditions. The desired compound 5 was isolated as a white solid (130.3 mg, 0.084 mmol, 30%
yield).

Chemical Formula: Cs7HsgBrsO1o

Molecular weight: 1542.31 g/mol

Aspect: white solid

Rr: 0.1 (DCM/Cyclohexane: 1/1)

'HNMR (500 MHz, CDCls) & (ppm): 6.91 (s, 2H, H-5), 6.87 — 6.86 (m, 6H, H-5), 6.76
(s, 2H, H-5), 4.58 (d, J= 2.3 Hz, 4H, H-3), 4.23 — 4.13 (m, 16H, H-8), 3.85 — 3.83 (m,
10H, H-7), 3.60 (dtd, J= 26.3, 5.6, 3.2 Hz, 16H, H-9), 2.20 (t, J= 2.3 Hz, 2H, H-1).

e BCNMR (126 MHz, CDCIs) § (ppm): 149.9, 149.8, 149.8, 149.4, 129.5, 129.2, 129.1,

129.0, 116.3, 116.3, 116.0, 115.9, 115.8, 79.3, 75.0, 69.2, 69.2, 69.0, 68.9, 56.7, 30.8,
30.7, 30.5, 29.9, 29.8, 29.5, 29.5.

NMR analyses are in agreement with literature.®!
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'H NMR spectrum of compound 5 recorded in CDClz at 500 MHz
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V1.2.4 Synthesis of N-acetyl-neuraminic acid methyl ester (7):

HO  OH HO O

OH ° OH
Dowex®50WX2 (H*) B\__s
HO''' 0 COOH HO''7 40 »,“COOMe
AcHN
AN dry MeOH, r. t., 18 h nd b
6 99 % 7

To a solution of N-acetyl neuraminic acid 6 (4.04 g, 13.06 mmol, 1 eq.) in dry MeOH (150 mL)
was added Dowex®50WX2 (H*, 2.03 g) under argon atmosphere. The reaction mixture was
stirred for 18 h at room temperature. The resin was then filtered and washed with MeOH (25
mL). Finally, the filtrate was evaporated under vacuum to obtain a white solid (4.18 g, 12.93
mmol, 99% vyield).

Chemical Formula: C12H2:NOg

Molecular weight: 323.30 g/mol

Aspect: white solid

Rr: 0.6 (MeOH/DCM: 3/7)

m. p.: / (degradation point at 184 °C)

!HNMR (500 MHz, CD30D) & (ppm): 8.17 (d, J= 8.7 Hz, 1H, NH), 4.06 — 3.98 (m,
2H, H-4, H-6), 3.84 — 3.78 (m, 2H, H-5, H-9a), 3.78 (s, 3H, CO2CH3), 3.72 — 3.68 (m,
1H, H-8), 3.62 (dd, J=11.3, 5.7 Hz, 1H, H-9b), 3.48 (dd, J=9.2, 1.4 Hz, 1H, H-7), 2.21
(dd, J=12.9, 4.9 Hz, 1H, H-3eq), 2.02 (s, 3H, NAc), 1.89 (dd, J= 12.8, 11.5 Hz, 1H, H-
3ax).

e 13CNMR (126 MHz, CDsOD) & (ppm): 175.1,171.8,96.7, 72.1,71.6, 70.2, 67.8, 64.8,
54.3,53.1, 40.7, 22.6.

NMR analyses are in agreement with literature.]
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'H NMR spectrum of compound 7 recorded in CD3OD at 500 MHz
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V1.2.5 Synthesis of N-acetyl-neuraminic acid methyl ester 2,4,7,8,9-pentaacetate (8):

HO OH AcO OAc

OH 0 OAc
\ Ac,0, DMAP, Pyridine BN__56
HO" o COOMe 2 y AcO"T 7 ~0—75COOMe
AcHN e r. t., overnight AcHN— 3
7 84% AcO

(a/B: 1/9)

To a solution of white solid 7 (4.15 g, 12.84 mmol, 1 eq.) and DMAP (157 mg, 1.29 mmol, 0.1
eq.) in pyridine (50 mL) was slowly added Ac2O (36 mL, 383 mmol, 30 eq.) at room
temperature. After stirring overnight (16 h), the reaction mixture was concentrated under
vacuum. The residue was dissolved in a minimum of DCM and the organic phase was washed
respectively with 25 mL of HCI, water and brine. The organic phase was dried over MgSOsa,
filtrated and concentrated under vacuum. The yellowish crude obtained was purified by column
chromatography on silica gel using EtOAc/Cyclohexane as eluent from 70/30 to 100/0. The
liquid deposit was done with DCM. The desired compound 8 was isolated as a white solid (5.76
g, 10.80 mmol, 84% vyield, a/f mixture: 14/86%).

Chemical Formula: C22H3:NO14

Molecular weight: 533.48 g/mol

Aspect: white solid

Rr: 0.1 (EtOAc/Cyclohexane: 8/2)

m. p.: 113 °C

IH NMR (500 MHz, CDCls) & (ppm): 5.42 — 5.40 (m, 1H, NH), 5.37-5.35 (td, 1H, H-
7),5.26 —5.21 (m, 1H, H-4), 5.05 (ddd, J= 6.8, 5.1, 2.6 Hz, 1H, H-8), 4.48 (dd, J= 12.4,
2.6 Hz, 1H, H-9a), 4.15 — 4.09 (m, 3H, H-5, H-6, H-9b), 3.78 (s, 3H, CO2CH3), 2.53
(dd, J= 13.4, 5.0 Hz, 1H, H3-ax), 2.13 — 2.02 (m, 16H, OAc), 1.88 (s, 3H, NAC).

e BCNMR (126 MHz, CDCIs) & (ppm): 171.0, 170.6, 170.4, 170.3, 170.3, 168.3, 166.4,
975,729,715, 68.4, 67.8, 62.2,53.2, 49.2, 36.0, 23.2, 21.0, 20.9, 20.8, 20.8, 20.8.

NMR analyses are in agreement with literature.[®?

%The a/p ratio is quantified by *H NMR.
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'H NMR spectrum of compound 8 recorded in CDClz at 500 MHz
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VI1.2.6 Synthesis of N-acetyl-2-chloro-g-neuraminic acid methyl ester 4,7,8,9-
tetraacetate (9):

AcO OAc AcO OAc
OAc A o~ Cl
cCl, MeOH, DCM N8
AcO'’ o COOMe AcO'''7 o) 2"~ COOMe
AcHN 0°C-r.t,16h ACHN— A
AcO 8 84 AcO 0
(a/B: 1/9) (a/B: > 1/19)

Toasolution of 8 (4.11 g, 7.70 mmol, 1 eg.) in MeOH/DCM (5.4 mL/69 mL) was slowly added
acetyl chloride (42 mL, 589 mmol, 76 eg.) under argon atmosphere at 0 °C and the mixture was
stirred for 30 min. The mixture was then stirred for 16 h at room temperature before being
concentrated under vacuum. The crude obtained was purified by column chromatography on
silica gel using EtOAc/Cyclohexane as eluent from 80/20 to 100/0. The desired compound 9
was isolated as a white solid (3.31 g, 6.49 mmol, 84% yield, a /B mixture: > 5/95).

Chemical Formula: C2oH2sCINO12

Molecular weight: 509.89 g/mol

Aspect: white solid

Rr: 0.2 (EtOAc/Cyclohexane: 9/1%)

m. p.: 103 °C

IH NMR (500 MHz, CDCls) & (ppm): 5.73 (d, J= 10.2 Hz, 1H, NH), 5.46 (dd, J= 6.7,
2.4 Hz, 1H, H-7), 5.38 (td, J= 11.0, 4.8 Hz, 1H, H-4), 5.15 (td, J= 6.2, 2.7 Hz, 1H, H-
8), 4.42 (dd, J= 125, 2.7 Hz, 1H, H-9a), 4.35 (dd, J= 10.8, 2.4 Hz, 1H, H-5), 4.20 (q,
J=10.4 Hz, 1H, H-6), 4.05 (dd, J= 12.5, 6.1 Hz, 1H, H-9b), 3.85 (s, 3H, CO2CH3), 2.76
(dd, J=13.9, 4.8 Hz, 1H, H-3eq), 2.25 (dd, J= 13.9, 11.2 Hz, 1H, H-3ax), 2.10 (s, 3H,
OAC), 2.06 (s, 3H, OACc), 2.03 (s, 3H, OAC), 2.03 (s, 3H, OACc), 1.89 (s, 3H, NAC).

e 13C NMR (101 MHz, CDCls) & (ppm): 170.9, 170.6, 170.6, 169.9, 165.6, 96.6, 73.9,
70.3, 68.8, 67.0, 62.1, 53.7, 48.4, 40.6, 23.0, 20.9, 20.8, 20.7.

%The a/p ratio is quantified by *H NMR.

A batch of 9 was taken to separate the two anomers and get 100 % of 5 anomer. Thus, a second
column chromatography on silica gel using EtOAc/DCM as eluent from 50/50 to 60/40 was

performed.

e HNMR (500 MHz, CDCls) § (ppm): 5.47 (dd, J=7.1, 2.4 Hz, 1H, H-7), 5.42-5.36 (m,
2H, H-4, NH), 5.17 (ddd, J= 7.1, 5.7, 2.7 Hz, 1H, H-8), 4.42 (dd, J= 12.5, 2.7 Hz, 1H,
H-9a), 4.34 (dd, J= 10.8, 2.4 Hz, 1H, H-5), 4.21 (q, J= 10.4 Hz, 1H, H-6), 4.06 (dd, J=
12.6, 5.7 Hz, 1H, H-9b), 3.88 (s, 3H, CO2CHs3), 2.78 (dd, J= 13.9, 4.8 Hz, 1H, H-3eq),
2.28 (dd, J= 13.9, 11.2 Hz, 1H, H-3ax), 2.12 (s, 3H, OAC), 2.08 (s, 3H, OAC), 2.06 (s,
3H, OAC), 2.05 (s, 3H, OAC), 1.91 (s, 3H, NAC).

NMR analyses are in agreement with literature.!!
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H NMR spectrum of compound 9 (a/B mixture) recorded in CDCIz at 500 MHz
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13C NMR spectrum of compound 9 (a/B mixture) recorded in CDCls at 101 MHz
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VI1.2.7 Synthesis of N-acetyl-2-propargyl-a-neuraminic acid methyl ester 4,7,8,9-

tetraacetate (10):

AcO OAc AcO OAc

¢l Propargyl alcohol, AgOTf 9 g 6 GoOMe "
AcOM’ o COOMe AcO"T /T ~0—753 ONQ
AcHN 4 AMS,2h,rt AcHN
AcO 91% 5AcO 8
9 10
(a/B: > 1/19) (a/B: 9/1)

To a solution of 9 (1.00 g, 1.96 mmol, 1 eq.) and 4 A molecular sieve (2 g) in freshly distilled

propargyl alcohol (22 mL) was added silver triflate (756 mg, 2,94 mmol, 1.5 eq.) under argon

atmosphere, at room temperature. The mixture was stirred for 2 h at room temperature before

filtrating on cotton. The filtrate was then concentrated under vacuum and the crude obtained

was purified by column chromatography on silica gel using EtOAc/Cyclohexane as eluent from
60/40 to 100/0. 10 was isolated as a white solid (947 mg, 1.79 mmol, 91% yield, a/f mixture:
85/15%).

Chemical Formula: C23H31NO13

Molecular weight: 529.50 g/mol

Aspect: white solid

Rr: 0.3 (100 % EtOAC)

IH NMR (500 MHz, CDCls) & (ppm): 5.43 — 5.40 (m, 1H, H-8), 5.31 (dd, J= 8.7, 1.6
Hz, 1H, H-7), 5.14 - 5.12 (m, 1H, NH), 4.87 (ddd, J=12.3, 10.0, 4.6 Hz, 1H, H-4), 4.41
(dd, J=15.7, 2.5 Hz, 1H, H-10a), 4.28 (dd, J= 12.4, 2.8 Hz, 1H, H-9a), 4.17 (dd, J=
15.7, 2.4 Hz, 1H, H-10b), 4.11 — 4.03 (m, 3H, H-5, H-6, H-9b), 3.82 (s, 3H, CO2CHj),
2.64 (dd, J=12.8, 4.6 Hz, 1H, H-3eq), 2.44 (t, J= 2.5 Hz, 1H, H-12), 2.16 (s, 3H, OAC),
2.14 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.03 (s, 3H, OAC), 1.88 (s, 3H, NAC).

It is noteworthy that the resulting compound 10, after two recrystallizations, still is a a/p mixture

(97/3%), so only the *H NMR spectra are shown here.

IH NMR (500 MHz, CDCls) § (ppm): 5.41 (ddd, J = 8.6, 5.7, 2.8 Hz, 1H, H-8), 5.31
(dd, J = 8.8, 1.6 Hz, 1H, H-7), 5.20 — 5.18 (m, 1H, NH), 4.87 (ddd, J = 12.3, 10.0, 4.7
Hz, 1H, H-4), 4.40 (dd, J = 15.7, 2.5 Hz, 1H, H-10a), 4.28 (dd, J = 12.4, 2.7 Hz, 1H, H-
9a), 4.16 (dd, J = 15.7, 2.5 Hz, 1H, H-10b), 4.08 (dd, J = 12.3, 5.6 Hz, 3H, H-5, H-6, H-
9b), 3.81 (s, 3H, CO2CHs), 2.63 (dd, J = 12.8, 4.6 Hz, 1H, H-3eq), 2.44 (t, J = 2.5 Hz,
1H, H-12), 2.16 (s, 3H, OAC), 2.14 (s, 3H, OAC), 2.04 (s, 3H, OAC), 2.03 (s, 3H, OAC),
1.88 (s, 3H, NAC).

13C NMR (101 MHz, CDCls) & (ppm): 171.1, 170.8, 170.4, 170.3, 170.2, 167.9, 98.2,
79.1, 74.6, 72.7, 68.9, 68.3, 67.3, 62.5, 53.0, 53.0, 49.5, 38.0, 23.3, 21.3, 21.0, 21.0,
20.9.

The a/p ratio is quantified by *H NMR.

NMR analyses are in agreement with literature. "]
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'H NMR spectrum of compound 10, before recrystallization (o/f: 95/5) recorded in

CDCls at 500 MHz
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'H NMR spectrum of compound 10, after recrystallization (o/B: 97/3) recorded in CDCls

at 500 MHz
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13C NMR spectrum of compound 10, after recrystallization (o/B: 97/3) recorded in
CDCls at 126 MHz
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