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RESUME

De nombreuses infections débutent par adhésion de I’agent pathogéne sur la paroi
cellulaire de I’héte. Les agents pathogénes, bactériens ou viraux, ciblent les cellules
hétes au moyen d’interactions complémentaires entre les sucres présents a la surface
de la membrane cellulaire. Ces sucres liés de maniére covalentes sont appelés des
_ glyconjugués. Notamment, le Pseudomonas aeruginosa, le responsable de la fibrose
kystique, cible les cellules pulmonaires par I’entremise de ses lectines (PA-IL et PA-
IIL) qui interagissent avec les galactosides et fucosides présents a la surface de la
cellule hote. A cet effet, il a été démontré que la présence de récepteurs
complémentaires aux lectines pathogéniques était capable d’interférer avec le
mécanisme de reconnaissance par effet de compétition. Ainsi, les infections

pathogéniques peuvent étre traitées en inhibant le mécanisme de reconnaissance.

Ma thése porte sur le développement d’un traitement contre la fibrose kystique en
agissant sur le mécanisme de reconnaissance du Pseudomonas aeruginosa. Plus
spécifiquement, par le design de dendriméres avec des unités de galactosides capable
d’interagir avec la lectine PA-IL du Pseudomonas aeruginosa. Pour ce faire, des
dendrimeéres multivalents avec 3,5 et 12 unités de galactosides furent synthétisés. La
synthése des dendriméres furent effectuées par le couplage d’oxime entre des
galactopyranoside qui ont €té¢ amino oxylé et un squelette de polyaldéhyde. Les
galactopyranoside ont été préparés en utilisant la chimie “Click” pour coupler le 2-

_ azidoéthyle B-D-galactopyranoside avec des dérivés de O-propargyle hydroxylamino.
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(CHO),

NH
(0] = o’ 2
Sugar” \/\N/\‘/\ Ny
g ‘N:N + — Sugar/o\/\N‘/T\o
N=

n

Mots-clés: Dendrimére, Glycodendrimere, PA-IL, Chimie “Click”, Couplage d’oxime,

Ligand amino oxylé, Squelette de polyaldéhyde.



ABSTRACT

Infections by pathogenic agents are frequently triggered by their adhesion on host
surfaces. The early step in adhesion strategy involves initial recognition of host cell
glycoconjugates by sugar-binding proteins (lectins) on, or released by the viruses or
the bacteria that are specific for the targeted tissues. Pseudomonas aeruginosa is an
opportunistic pathogen implicated in the development of lung infections in cystic
fibrosis (CF) patients through these sugar—protein complementary interactions. P.
aeruginosa’s mechanism of action is governed by the adhesion of their virulence
lectins (PA-IL and PA-IIL) that bind to galactoside and fucoside subunits of
glycoconjugates, respectively. Our project is to design potent anti-adhesion inhibitors
against the galactoside-dependent PA-IL. To enhance the binding affinities of

galactoside residues, nanometer size glycodendrimers have been synthesized.

The synthesis of three multivalent glycodendrimers with 3, 6, and 12 galactoside
moieties were prepared using oxime ligation between aminooxylated galactosides and
three different synthesized poly-aldehyde scaffolds. The necessary aminooxylated
galactopyranoside has been prepared using efficient and versatile “click chemistry”
between the known 2-azidoethyl-B-D-galactopyranoside and a suitably O-
propargylated hydroxylamino derivative (Figure below as model study).
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CHAPTER

INTRODUCTION TO DENDRIMERS

1.1 Introduction to dendrimers

1.1.1 Dendrimers

Dendrimers are known as a hyper-branched, monodispersed and three-dimensional
macromolecules; it is composed of a well-defined core, backbone and multivalent
periphery.!? As a result of their distinctive architectural morphology and structural
properties, it has been the subject of studies for decade in various field of research that
spans catalysis, pharmaceutical, biological and many more field of applications. >

The concept of dendrimer as three-dimensional hyper branched architecture was first
proposed on theoretical evidence by Flory in 1940°s.%1® A German scientist, Fritz
Vogtle synthesized these molecules successfully at University of Bonn in 1978 based
on cascade molecules referring to the polyamines synthesis cascade.!"!? In other words,
the synthetic methodology to generate dendrimers was presented by Vogtle and his
coworkers.’ In 1981, R. G. Denkewalter designed new polylysine dendrimers up to
10™ generation.’ The first series of dendrimers were designed and synthesized in 1985
based on the well-established method by presenting the poly(amidoamine) (PAMAM)

by Tomalia.!
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Significant efforts were made to overcome the synthetic complexity of these macro-
entities by building molecules with diverse and well-designed architectures for
different applications. Moreover, the extreme interest of scientists in exploring the
dendrimers potential as therapeutic agents has been due to their versatility in
architecture and multivalency.'* 16

A dendrimer consists of two words “dendron” which means “tree like” and “meras”
which means “part of” in Greek language. Dendrimers are designed in a sequential
pattern around the central core in layer by layer style where each layer is considered as
anew generation. Also, they are star-shaped macromolecules in which each layer could

vary in chemical identity.!

The size of the dendrimers is related to the number of their generations; that is, the
dendrimers in lower generations are more asymmetric, while higher generations tends
to form the spherical style. However, as the size of the dendrimer increases, the steric
encombrance between the chemical moieties at the periphery becomes more important
and restrict the dendrimer growth. This phenomenon is named "starburst limit effect"
and vary from dendrimer to dendrimer depending on the chemical entities used to

produce the dendrimer.

1.1.2 Dendrimer anatomy

A typical dendrimer anatomy can be divided in four constituents as shown in Figure
1-1: 1) central core, 2) repetitive branching units called generations, 3) peripheral

terminal groups, 4) internal cavities.

Thus, all the above-mentioned components have principal roles in the chemical and
physical properties of dendrimers which makes them different from linear polymers.
The core provides the total shape and direction of the dendrimers; in addition, it

determines the number of surface group. In addition, the multiplicity of polymeric




branches is related to the type of central core used to. Dendrimers platform possess
multivalent and multifunctional nanoconjugates. The peripheral terminal groups also
control the solubility of dendrimers. Moreover, dendrimer activity is not restricted to
chemical interactions of peripheral moieties but they can also trap compounds of

interest in their internal cavities. Hence, the interest in dendrimers as a drug delivery

vessel.
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Figure 1-1. Dendron and dendrimer architecture.
1.1.3 Applications

Dendrimers have been explored in a wide range of applications such as drug and gene

18-21 22,23

delivery, sensing,?>? electronics,?*?3 diagnostics,?® and nanoengineering?’ which
is shown in Figure 1-2. In addition, dendrimers are majorly used for other principal
applications such as bacterial biofilm inhibitors?® which is the main subject of this study
2 as therapeutic agents®® due to their versatility, multivalency and their low
polydispersity. Briefly, dendrimers are presented as convenient candidates for all
different applications mentioned in the scheme below. Their surfaces and their interior

part (as their core) can be utilized to attach different functional moieties.
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Dendrimers have been largely used in drug delivery due to their monodisperse nature
and because they are small enough to travel across biological barriers. Among them,
PAMAM and triazine based dendrimers have been investigated for drug delivery.*! As
shown Figure 1-3 (a) and (b), drug delivery by dendrimers can occur mainly from three

different mechanisms :

- Covalent conjugation: The existence of large functional groups on the surface
of dendrimers make them appropriate for covalent conjugation of numerous
drugs with relevant functional groups in which the targeting agents and drug

molecules are covalently attached to the multivalent surface of the dendrimers. .

- Electrostatic interaction: The high density of functional groups like amine or
carboxyl on the surface of dendrimers have potential applications in enhancing

the solubility of hydrophobic drugs by electrostatic attractions.

- Encapsulation: Hydrophobic drugs can be solubilized by physical incorporation

in their interior part and inserted into internal layers of dendrimers in higher

generations.>
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Figure 1-2. Dendrimers applications.'~3

In other words, the internal cavities of the dendrimers can serve as a pocket that can
encapsulate a molecule of interest through self-assembly. It is kept inside the dendrimer
through intermolecular interaction (hydrophobic or hydrogen bonding) or electrostatic
interaction until they reach their intended target. In this way, dendrimer can deliver
drugs locally with high efficiency, which allows to reduces drug cytotoxicity and is

known as theranostics (combining therapy and diagnostics).**3*



Drug or
chemical group

Drug

Figure 1-3. (a) Encapsulation & covalent conjugation for drug delivery on
dendrimers (b) Combination drug delivery system on dendrimers: concurrent
delivery of water-soluble and -insoluble drugs by adsorption to the surface (ionic
interaction), encapsulation within hydrophobic micro cavities inside branching
clefts or direct covalent conjugation to the surface functional groups.>

Additionaly, dendrimer can serve as a scaffold to increase the drug loading capacity
and improve bio availability due to the multivalent interaction of peripheral moieties

and internal cavities.

For example, dendrimers are highly advantageous for cancer treatment where the tumor
can be targeted with high precision. Another application of dendrimers is connected to
gene delivery. DNA and siRNA can be attached to terminal groups of dendrimers
through electrostatic interactions to form a complex named dendriplex which leads to

a better transfection efficiency.

1.1.4 Dendrimers as multivalent ligands and inhibitors against bacterial biofilm
formation

Pathogenic bacteries produces biofilm through interaction of surface proteins with
oligosaccharides on epithelial of host cells and is known as glycoprotein interaction.

Dendrimers with oligosaccharides as peripheral terminal moieties can be used to mimic
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the glycoprotein interaction. In this way, they can as a competitive pathway inhibit

interaction with bacterial protein and inhibit biofilm formation.

1.2 Strategies for dendrimer synthesis

Historically, dendrimers has been synthesized following three different strategies:
divergent, convergent and “onion peel”. Where each method possesses its own

advantages and disadvantages as shown in Figure 1.4.

1.2.1 The divergent method

Dendrimers were first synthesized by the divergent method which was developed by

3738 and Newkome. The divergent method involves an inside-outward and

Tomalia
stepwise approach, where a monomer, a molecule which possess one reactive site and

multiple dormant groups, is added iteratively to a core molecule.

The dendrimer growth starts with the addition of the monomer reactive site to the core,
resulting in the 1% generation dendrimer where the dormant groups of the monomer
stands at the periphery and the core at the center of the macromolecule. Then the
dormant sites can be activated for subsequent monomer addition, to produce the next
generation of dendrimer. The dendrimer growth then proceeds iteratively by addition
of monomer until it reaches the desired size. At this point, the dendrimer can be capped

off with the terminal moieties of interest.*®

The divergent approach offers great control over the size and terminal functionalities
of the dendrimers which is impossible when using the convergent approach. However,
at each monomer addition step there is a chance of incomplete reactions, resulting in

dendrimers with structural defects. And because it is difficult to purify dendrimers,
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monodispersity is an issue for the divergent approach especially at higher dendrimer
generation. Thus, the divergent approach requires high yield monomer reactions,
excess amount of monomers and lengthy purification steps to produce monodisperse

dendrimers.

1.2.2 The convergent method

As oppose to the divergent approach, the convergent method presented by Hawker and
Fréchet is an outside-inward approach.*’ In this method, the branches of the dendrimer
called “dendrons” are synthesized separately in earlier steps; where the dendrons can
serve as large building blocks that can be attached to a central core to obtain a
dendrimer. Using this approach enables the attachment of different dendrons on the
same core to design multifunctional dendrimers. Moreover, there is a greater control
over the synthesis of dendrons resulting in reduced reagents consumption and
simplified purification procedure. Nonetheless, due to steric hindrance, there is a limit
to the size of the dendrons tha.t can be attached to a single core. Consequently, the
convergent method produces smaller dendrimers compared to the divergent method

and is not suitable for biological applications.*!

1.2.3  Onion-peel method

The onion-peel method is a novel strategy which was developed by R. Roy and co-
workers.**** This method was mostly used for divergent construction of dendrimers
and glycodendrimers in which, the various species of building blocks are used at each
layer of the dendritic growth. The synthesized dendrimers through this strategy are
essentially different from the conventional dendrimers due to their different chemical
composition of branches at each generation. Dendrimers provided by this method have
heterogeneous layers meanwhile the conventional dendrimers follow the repetitive
manner to form the different generations. In addition, they include similar and

monotonous chemical units at their scaffold. “>** In other words, the novel “onion peel”
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approach provides the opportunity to accelerate the collection of surface groups
together with different chemical entities considering the biophysical versatility
between the dendrimer generations. Recently the construction of dendrimers through
onion peel methodology via convergent and divergent has been recently reported by R.
Roy and his group.*® According to this prominent strategy, heterogeneous layers were
chemically assembled at each generation by utilization of extremely effective chemical
reactions, namely “click chemistry” including the copper-catalyzed azide-alkyne
cycloaddition (CuAAC), thiol-ene (TEC), thiol-yne (TIC).*67 It also includes coupling
and esterification via diverse orthogonal building blocks. Notably, it enables the use ot
building block to tailor the dendrimer properties such as the presence of UV-vis

transitions.
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Figure 1-4. Dendrimers synthesis strategies: divergent, concergent and onion
peel method.*
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1.3 “Click chemistry”

“Click chemistry” designate a group of reactions that fulfill a set of criterias, namely
reactions that are stereospecific, that can be performed under mild conditions, that gives
high yield and are easy to purify.**° “Click reactions” are well adapted for the
synthesis of dendrimers and are critical to the development of new dendrimers. Among
the existing click reaction, thiol-ene (TEC), thiol-yne (TYC)*” and copper-catalyzed
azide-alkyne cycloaddition (CuAAC) are the most widely used.*®

“CuAAC”is a copper-catalyzed reaction of an azide with an alkyne functional group in
order to form stereospecific 1,4 heterocycles of triazole. The first synthesized triazole
was reported by Arthur Michael in 1893, but the study of 1,3 dipolar cycloaddition to
form 1,2,3-triazole has been introduced by Huisgen in 1963 based on the reaction
kinetics and the conditions. According to Huisgen’s studies, the cycloaddition through
this process leads to two regioisomers: 1,4 and 1,5-isomers, which basically requires
energy such as heat as the essential factor.’! Later in 2002, the discovery of the copper
(I)-catalysis of 1,3 dipolar cycloaddition by K. Barry Sharpless®? and Morten Meldal

3 solved the problem of Huisgen regiochemistry and kinetic. Significantly,

groups’
Sharpless and coworkers spéciﬁed the concept of “click chemistry” as the fast, versatile,
regioselective method that thermodynamically is the favored reaction which leads to
regiospecific 1,2,4-triazole ring. Hawker and coworkers iilustrated the synthesis of

dendrimers via two types of click methodology:

1. Azide-alkyne reaction followed by halogenation and azido substitution using

the convergent method.>*

2. Thiol-ene reaction divergent synthesis of dendrimer up to the 4" generation

4.54
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Thus, Cu (I) catalyzed alkyne-azide “click reaction” is known as an effective method
to synthesize diverse kind of dendrimers as the fast regioselective reactions in high
yield with minimum purification. The major drawback of “click” reaction is due to the
copper cytotoxicity in biological, biomedical and pharmaceutical applications. To
address this issue, incubation with EDTA (ethylenediaminetetraacetic acid) is applied
as one of the practical technique, (the lower limit of detection in quantifying methods),

to remove the majority of residual copper.

By means of “click chemistry” reaction via “onion peel” approach, various dendrimers
with different building blocks at their periphery can be constructed. Referred to as
“multivalent ligands”, these synthetic dendrimers offer multiple functionalities on their
scaffold with more productivity and efficiency. Thus, they are significantly useful as

therapeutic agent in anti-adhesion therapy.

In 2005, Sharpless and co-worker published the article®> in which the “click”
mechanism via Copper (I)-catalysis has been clarified in 5 stages which is shown in
Figure 1-5°! including stage (A): copper acetylenide formation, stage (B): azide-
copper acetylenide coordination, stage (C): cyclization to form an uncommon six-
member metallocycle, stage (D): rearrangement 1,2, stage (E): proteolysis which leads

to form the final favored product (1,4-isomer).
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Figure 1-5. CuAAC five stages mechanism proposed by Sharpless.*®

1.4 Glycodendrimers and their role aas inhibitor

Glycodendrimers are dendrimers with sugar moieties as terminal groups and most often
serve as a biomimetic macromolecules, (Figure 1-6). The exposed sugar moieties on
the periphery are responsible for binding-recognition process with their cognate pfotein
receptors.*>>" %2 Typical glycodendrimers are composed of dendrons capped with
glycans e.g. mannose, fucose, galactose, etc. that are attached to various multivalent
cores such as cyclotriphosphazene (N3P3) or cyanuric chloride (C3CI3N3). Their
specific potencies to provide the carbohydrate-protein interaction make them notable
for biomedical studies as agents in anti-adhesion therapy. Several reports including the

very first example of Janus glycodendrimer® (Gal-Fuc) have been published.®'
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Besides, they afford other diverse applications as dendrimers. For instance, they are

employed as drug delivery mediators or carrier agents in gene therapy.’’

A B

Figure 1-6. Structure of a glycodendrimer where glycans (mannose, fucose,
galactose, etc.) are shown in blue, branching units in black and the core in red
(A) Glycan dendron. (B) Glycodendrimer*?

1.5 Aromatic scaffold for glycodendrimers

The mimetic glycoconjugate provided by glycodendrimer shows superior affinities in
comparison to monovalent glycan-protein interaction. This artificial glycan-protein
interaction is afforded through the “glycoside cluster effect” known as “multivalent
glycoside effect>63%6 Accordingly, the synthesis of multivalent glycosylated
structures has been vastly developed.®”-6%6168-74 yarious synthetic strategies have been
displayed for glycoclusters and glycodendrimers where using multivalent scaffolds

plays the principal role that contributes to the formation of the arranged architectures.

Using different multivalent scaffolds in glycoclusters structures allow them to have
better structural diversity with various building blocks which differs in valency and
peripheral functionalities. Their utilization can promote the glycan-protein interaction

due to the appropriate spatial orientation of sugar residues as suitable recognition units
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on their periphery for proper binding. Correspondingly, fitting the topology of this kind
of glycoclusters with geometry of proteins of the pathogen such as lectins, enhances

their role of inhibitors in anti-adhesion therapy.

The first “aromatic scaffold” has been provided by Yariv and co-workers in the early
1960.%17° Despite the presence of an hydrophobic aromatic core, the dendrimer is still
soluble in aqueous solution due to the presence of Hydrophilic sugar moieties at éhe
periphery. Consequently, dendrimer based on aromatic core can still be characterized
in aqueous media by biological surveys and biophysical measurements. The molecules
synthesized by wusing different rigid frameworks such as aromatic rings,
heteroaromatics and complex polycyclic derivatives have various fascinating
biological applications as well as anti-adhesion, vaccines, drug delivery agents, gene

transfer functionary, imaging agents, biosensors, etc as shown in Figure 1-7.°!




17

&f@@ﬁ

X=C,N. O S

&, N
Tetraphenyimethane |  Triazine |

Figure 1-7. “Aromatic scaffold” used in designed glycodendritic architectures.®!

Cyclotriphosphazene and triazine cores as aromatic scaffolds

Cyclotriphosphazene is a well known building block used in in organic, inorganic and
high-polymer chemistry that can serves as a scaffold for the synthesis of a new class of
glycodendrimers.’® It has the advantage of being non-toxic and its aromatic m-m*

transitions can be followed by UV-vis spectroscopy.

Allcock and his coworkers’” synthesized the polyphosphazene compounds as a usage
of carriers in drug delivery systems due to their biodegradability and biocompatibility
which was followed by their thermal and chemical properties. Also, the star-shaped

amino acids using N3P3 have been achieved by Inoue and his coworkers.”*”® The
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primary phosphonium cascade molecule was reported by Rengan and Engel®® in the
year 1991. Then many dendrimers were made by using the cyclotriphosphazene as the
core by Majoral group since 1994. Above all advantages of the cyclotriphosphazene
family, the antimicrobial and biological effects on bacterial cells is considered as an

81-83 They highly possess potential to

efficient eye-catching characteristic.
accommodate a higher number of functional units (such as dendrons) on their scaffold
which leads to the higher generation in dendrimer synthesis. Triazine and
cyclotriphosphazene core possess hydrophobic properties; however, upon
functionalization with hydrophilic sugar moieties, they become water soluble which is
important factor for glycoconjugate interaction in vivo. Thus, they offer better
hydrophilic interaction between sugar residues and protein receptors. Therefore, we
have projected our synthetic strategy using cyclotriphosphazene and triazine due to the

mentioned significant properties.
1.6 Multivalency role in anti-adhesion therapy

Biologically, the carbohydrates of cell surface are derived from glycolipids,
glycoproteins, and proteoglycans. Mostly, they exist on the cell surface as short units
of oligosaccharides generally between one to six carbohydrate residues responsible for
carbohydrate-protein interaction process, via sugar recognition site on protein of the
pathogens.2¢ The first carbohydrate-protein interaction between the bacteria and the
host cell leads to the first pathological event. Subsequently the cascade of aggregation
of such interaction results in a serious occurrence as infection. Although, the biological
carbohydrate-dependent event highly depends on the short oligosaccharide sequences
on host cells, it is not dispersed in a wide range. Moreover, according to the reported
studies, the binding affinity of individual oligosaccharide groups with pathogen is low,
with a dissociation constant (Kp) in the range of uM to mM.¥7-388% Therefore, the nature
of low affinities of carbohydrate-protein interaction, as well as the nature of insufficient .

quantity of carbohydrate residues on glycolipids prompts the important concept of
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multivalency of glycodendrimers. In other words, the orgal?ized multivalent
architectures offers enhanced binding interactions compared to host cells. |
Consequently, due to mimetic glycoconjugate interactions with their complementary
protein receptors of the pathogen with higher affinities, they can be considered as
inhibitors to block the biological carbohydrate-protein interactions. Briefly,
multivalent glycodendrimers can enhance the glycoconjugate binding force which is
the worthful target of this study.®”*° Furthermore, the multivalency concept provided
by glycodendrimers is essential to accomplish the effective recognition and binding, as
well as the improvement of their antimicrobial activity®>°* The multivalent binding of
a bacterium or a bacterial toxin to a glycodendrimer is shown in Figure 1-8 where the
inhibitory role of glycodendrimer to block the biological carbohydrate-protein
interaction is demonstrated.”® Figure 1-8A is the depiction of a host cell with two
dissimilar carbohydrates interacting with bacterium and bacterial toxin, in the absence
of glycodendrimer. Figure 1-8B shows two different glycodendrimers containing the

sugar moieties similar to host cells, the binding of the bacterium and the toxin to

glycodendrimers will be achieved through the multivalent interaction to prevent the
90

infection of host cells in a competitive manner.

A. Sugar surface

Multivalent Binding to
Glycodendrimers
— -

Toxin

Figure 1-8. The multivalent binding of a bacterium or a bacterial toxin to a
glycodendrimer.”



CHAPTER II

GLYCOBIOLOGY AND CYSTIC FIBROSIS

2.1 Carbohydrate-protein interactions

2.1.1 Introduction

Both physiologically and pathologically, carbohydrate-protein interactions are
considered as the source of several biological processes.”* Additionally, the mentioned
interaction has a principle role in cell adhesion in which, the bacteria, virus, fungi, etc
attach to the host cells resulting in the initial step of infection. That pathological
phenomenon such as bacterial infection is due to the formation of the glyco-protein
interaction. As explained earlier, the complex carbohydrates which are commonly
situated at the cell surface, can interact with their complementary and appropriate
proteinaceous receptors. This formation of carbohydrate-protein interaction is due to
the contribution of a specific amino acid of a protein such as Lectin PA-IL with specific
group of carbohydrate ligands like D-Galactose via two dissimilar methods namely
hydrogen bond and hydrophobic interaction. X-ray crystallography study provides us
with the major data about the combining sites of lectins with their specific ligands; in
addition., it can offer the detailed information at the atomic level for interaction between
the two molecules.®® In this chapter the interaction between Lectin PA-IL as a

galactophilic protein and its specific ligand D-Galactose will be discussed.
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2.2 Lectin-Carbohydrate bonding

Lectins as well as other protein receptors can bind to their specific ligands through
three major hydrogen bonds, hydrophobic interactions and electrostatic through salt
bridges. There are other secondary interactions for the formation of such event like ion
pairing; correspondingly, the coordination with metal ions.**®’ Moreover, water

molecules facilitate the bonding which would be described in the following pages.®’

2.2.1 Hydrogen-bond as noncovalent interactions

Hydrogen-bonds are profoundly involved in granting specificity to the protein-
carbohydrate interaction and their efficiency in protein-carbohydrate affinity.”**® The
foundation of hydrogen-bonds is fundamental for proteins such as lectins to recognize
selectively their appropriate carbohydrate ligands shown in Figure 2-1.74%%1% The
presence of multiple hydroxyls on the carbohydrate architectures as the functional
groups allow them to form the hydrogen-bonds between the OH groups of sugars and
OH, C = O and NH functional groups of the amino acid side chains of the protein,
mostly Asp, Asn, Glu, Gln, Arg, Ser, His, Tyr.!! Moreover, the probability of multiple
hydrogen-bonds on the same atom, enhances the interaction with more rigidity and
specificity. This interaction is directional and the energy of such an interaction is
estimated at intermediate level between van der Waals interactions and covalent
interactions.”*19213  Hydrogen-bonds are considered as vital phenomena for
biochemical events due to their contribution to the dynamic and rapid

association/dissociation at room temperature in physiological milieu.




22

Asn 108

Asp 100
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Figure 2-1. Amino acids involved in monomer of PA-IL bonding site in
interaction with D-galactose (PDB code 10KO). The interactions include direct
hydrogen bonds, hydrogen bonds with water, interactions with calcium ion and

hydrophobic interactions. Water molecule is shown as a red ball.344

2.2.2 Hydrophobic interaction

Carbohydrates are highly polar molecules; however, the steric disposition of hydroxyl
groups of the pyranose ring generate additional hydrophobic C-H bond on their surface.
This provides them with the ability to interact with their complementary amino acids
of proteins via a and B sides (30 glycomimic).324194195- The creation of the apolar face
leads them to form a type of interaction with hydrophobic side chains of the lectin
proteins frequently under “C-H = stacking™ of the carbohydrate ring with aromatic
amino acids of the binding sites of the lectin proteins such as Phenylalanine (Phe),
Tryptophan (Trp). Tyrosine (Tyr). Hydrophobic stacking is presumed as the foundation
of the hydrophobic interaction.”**#1%% Stacking a carbohydrate ring on a side chain of
an aromatic amino acid is related to the partially positive charges on the aliphatic
protons of pyranoside ring and partially negative charges from the n electrons of the

aromatic amino acids which can be summarized to “multiple weak C-H...n
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interactions”.!9%196.197 In addition, the methyl groups correlated to the 6-deoxy
carbohydrates normally provide the hydrophobic interaction with aromatic amino acid
residue as well as stacking event. Hydrophobic interactions can also occur with the
aliphatic amino acids such as valine or leucine. According to the reports and surveys,
the hydrophobic interactions play an undeniably principal role in stereospecific binding
lectin A to the B-galactoside ligands with various chemical entities which is shown in

Figure 2-1.107-110

2.2.3 Ionic interactions

Carbohydrates are frequently neutral; although, there is vast category of charged sugars
which participate in ionic interactions such as sialic, iduronic acids, glucuronic,
aminosugars and sulfated sugars. There are also modified-sugars such as sulfated
sugars and phosphorylated sugars that are negatively charged or other types of sugars
positively charged.3? Basically, there is a strong affinity between the charged sugars
and amino acids of lectin proteins due to the electrostatic forces (Coulomb's law and
Pauli's repulsion) resulting in ionic interaction as an additional interaction with lectins.
Figure 2-2 presents ionic interactions between the anomeric sulfated functional group
of sulfo-sialic acid with arginine 371, arginine 292 and arginine 118 “red dashed lines”
with strong electrostatic forces also ionic interactions between glycerol moiety of sulfo-

sialic acid analogue with glutamic acid “yellow dashed lines”.*
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Figure 2-2. (Left) Ionic interactions between sulfated functional group of sulfo-
sialic acid with Arg 371, Arg 292 and Arg 118 in red dashed lines. (Right) Ionic
interactions of sulfo and glycerol moiety in sulfo-sialic acid analogue respectively
with Arg 371, Arg 292, Arg 118 and Glu 276 in dashed lines, with stronger
electrostatic interaction colored orange. Sulfur atom colored yellow (ref sialic
acid).'"!

2.2.4 Metal interaction

Metal ions such as Ca®" are situated in the vicinity of the binding sites of bacterial
lectins and they are able to be bound indirectly to certain sugars. 7' The calcium
cations as the complex with lectins, are often coordinated with negatively charged
amino acids of lectins and the oxygen atoms of hydroxyl groups on carbohydrates. Ca**
ion has a principal role to enhance the sugar-protein interaction through the relative
stereochemistry and to maintain structural integrity of the lectin.”®!'? Tetrameric Lectin
A and B of the opportunistic Pseudomonas aeruginosa bacteria are examples of
calcium-dependent lectins, in which each monomer binding site is associated
respectively with one and two Ca?" atom. The complex of lectin-calcium atom is
followed by the network of hydrogen bonds which provide them with the adequate
binding sites considering the selective specificity that creates the remarkable medium
affinity to the D-galactoside moiety and very higher affinity in micromolar range to

fucose and mannose sugars. '3 The galactose -binding site of PA-IL includes one
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calcium atom as shown in Figure 2-3.'"* According to Figure 2-3, cach monomer of
the tetrameric lectin is in direct interaction with one calcium ion in the specific binding
zone planned for galactoside residue to be locating there. In the PA-IL/galactose

complex. the oxygen atoms on the position 3 and 4 of galactose residue are directly

3 114,115

involved in the spherical coordination with calcium ion, Figure 2-

Figure 2-3. Binding site in the crystal structure of the PA-1L/galactose complex
(PDB 10KO). (Left) Stick model of the amino acids PA-IL coordinated with
Ca*? and in binding with galactose residue. Ca*? coordination bond is shown in
solid orange line, hydrogen bonds by dashed green line. Color coding: red for
oxygen, blue for nitrogen, black for carbon, pink for calcium. (Right)
Electrostatic surface of the protein-binding site related to PA-IL with Ca*? and
galactose. Color coding: from violet for negative to orange for positive of the
protein-binding site, large pink sphere for Ca*? and stick model for galactose
residue. !'#4!15

2.2.5 Role of water

As shown earlier in Figure 2-1. the extra hydrogen bonds between the ligand and PA-
IL are related to the water bridges. The ligand-protein interactions are mostly mediated
by water bridges.''® In aqueous milieu. there are ligand-water and protein-water
connections. The overall process of these bindings is replaced by the ligand-protein

connections that is followed by water release turning to the aqueous system as the
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solvent. The establishment of the hydrogen bond network in carbohydrate-protein
complex where water act as hydrogen bond donor or acceptor is essential for ligand

recognition.’!

2.3 Galactose-PA-IL complex interaction

The interactions between a galactose ligand and a monomer lectin A of P. aeruginosa,
as an example of the carbohydrate-protein interaction, are shown in Figure 2-1.%% These
interactions involve direct and indirect hydrogen bonds, hydrophobic interactions, and
other interactions which are bridged to calcium ion and water molecules. Coordination
of calcium ion with various type of lec 4 amino acids include Tyr36, Asp100, Thr104,
Asnl07, Asn108, and with Gal.O3 and Gal.O4 related to hydroxyl groups. Hydrogen-
bonds include Gal.02 with Asnl107, Gal.O3 with Asnl07, Gal.0O4 with Asp100,
Gal.0O4 with Aspl00, Gal.O6 with His50 and Gal.06 with GIn53. Hydrophobic
interactions include Gal.C1 with Tyr36, Gal.C2 with Tyr36, Gal.C4 with Thr104 and
Gal.C6 with Val101. Moreover, there are several hydrogen bonds of 4 water molecules
with Gal.O1, Gal.02, Gal.O3 and Gal.0O6. Additionally, there are bridging water
molecules with Pro51 and GIn53 which help to establish and enhance the hydrogen
bond network of the system.*

In conclusion, the lectin-galactoside interactions possess six direct hydrogen bonds
between hydroxyl groups of the galactose and lectin A, and one additional water
molecule bridge. Moreover, few hydrophobic interactions which can establish the
carbohydrate-protein interaction via the contact between the apolar face of galactose
residue and specific hydrophobic amino acids which has been explained earlier in

Figure 2-1.%%4
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2.4 Cystic fibrosis and the role of Pseudomonas aeruginosa lectin A

Cystic fibrosis is the most lethal genetic disease amongst the middle-aged Canadian
population. The chronic lung infection resulting in the respiratory failure, is considered
as the major cause of the mortality in cystic fibrosis and hospitalized patients. The
chronic lung infection is due to the colonization and adhesion of the opportunistic
bacteria Pseudomonas aeruginosa on the surface of lung epithelium which leads to the
formation of a thick layer of bacterial aggregation in a term of a biofilm. Pseudomonas
aeruginosa is a ubiquitous gram-negative bacteria which is found in various
environment such as soil, water and vegetation. Moreover, it is responsible for
numerous nosocomial infection that can affect people not only with the genetic disorder
cystic fibrosis but also with human immunodeficiency such as HIV/AIDS. '8 The
first adhesion to the host tissues is the initial concerned step toward infection achieved
via oligosaccharide-mediated recognition by binding the sites of P. aeruginosa protein
as shown in Figure 2-4.2%!!8 Referred to this event, the initial carbohydrate-protein
connection is fairly sufficient as a key role to provide the opening for pathogen for next
phase of interactions that ends up with the severe cohesive attachments and eventually
severe tissue damage. Correspondingly, galactose plays a fundamental role in
carbohydrate recognition by the P. aeruginosa to initiate the adhesion process as shown

in Figure 2-4. !4
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Lectin A of P. aeruginosa attached to galactoside
receptors on glycolipid surface of epithelium cells

Tissue damage

PA-IL/galactose

Figure 2-4. The initial process of the adhesion schematic description by P.
aeruginosa on epithelium cells via galactose/PA-IL complex which leads to tissue
damage. 4446

2.5 Biofilm formation

The colonies of microbial genotypes drive to the respiratory system and after their
aggregation, their growth and division lead them to form the mature bacterial biofilm
in the airway. Consequently, by dispersing a part of the biofilm. the free-floating
bacteria would be released for future colonization which enters the cycle and forms the
biofilm as a long-lasting infection. resistant to antibiotic-based treatments.?® Figure 2-
5 illustrates the mechanism of biofilm formation.''” The utilization of antibiotics such
as ciprofloxacin for cystic fibrosis treatment has been correspondingly reported as a
temporary treatment due to its short-term effect on the outer layer of microbial
genotypes. However, the depth of the layer still includes a vast quantity of alive bacteria

with reproductive functionality while discontinuing the treatment stimulates them to
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recolonize and expand the biofilm layer. Accordingly, seeking for an alternative
strategy is essentially crucial in order to avoid taking the antibiotic as the inefficient
temporary solution. In fact. the biofilm formation is followed by the growth in the
number of the galactose / PA-IL complexes; which is directly related to the tendency

of galactophilic LecA to the galactose moieties exist on the cell surface.

Dispersion to release free bacteria
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Figure 2-5. Mechanism of biofilm formation

2.6  Structures and roles of Pseudomonas aeruginosa lectins

There are two types of carbohydrate-binding proteins of P. aeruginosa causing cystic
fibrosis in which both proteins have been found on the outer membrane of the pathogen,
named LecA or PA-IL and LecB or PA-IIL with their specificity for D-galactose and
L-fucose, respectively.'2>122 Through this study we are mainly interested in PA-IL, a
calcium dependent lectin that particularly recognizes D-galactose. PA-IL is considered
as the first lectin of P. aeruginosa which is isolated by affinity chromatography. it is
also the first bacterial protein which described galactose specificity.!?>1?* PA-IL is a
tetrameric protein with total molecular weight of 51KDa which consists of four

identical monomers with 121 amino acids per subunit. Each monomer of the tetrameric
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PA-IL is furnished with one calcium ion and water molecules which provides them
with the adequate binding sites for galactose moieties as displayed in the crystal
structure in Figure 2-6. (left and right).”> Carbohydrate-binding proteins of
Pseudomonas Aeruginosa has a organized geometry. The topology of PA-IL based on
conformational analysis was assessed to be as a tetrameric protein with rectangular

architecture with the distance binding site (Ca*?) ~71 A° for the long side and ~32 A°

)_125

for the short side according to their ribbon structure shown in Figure 2-6. (right

LecA (Gal)

Figure 2-6. (Left) Crystal three-dimensional view of tetrameric PA-IL followed
by calcium ion on the binding sites of each monomer, Roy. R scheme (Right) The
distance measurement between calcium ions in tetrameric PA-IL binding sites
showing their geometrically well- organized structure. (PBD code
10K Q)*2:48:49,110
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2.7 Multivalent interactions via multivalent mechanisms, non-aggregative
mechanisms

Mono carbohydrate-protein interaction is a connection between a monovalent ligand
and monovalent receptor considered as a reference for the noncovalent multivalent
glyco-protein interactions through the biological or biomimicry process (glycosylated
cell surface). Such multivalent interactions are followed by the complexity of binding
as an issue due to the competition between the different biological mechanisms that
can yield the various biological response which some of them are desirable and vice
versa. Tetrameric PA-IL proteins possess 4 binding sites on a single face. This potency
makes them able to interact with multiglycosylated ligands simultaneously such as
glycosylated cell surface. Accordingly. these multivalent interactions occur through the
known Chelate Association Mechanism (multivalency-driven increase of affinity) as
shown Figure 2-8. (a).”*Atomic force microscopy (AFM) has confirmed the chelate
aggregative model in various cases, particularly for the interaction of tetravalent PA-
IL. a galactose specific lectin. and a tetragalactosylated calixarene-based as its

adequately well-matched ligand according to Figure 2-7.'26-114

Figure 2-7. (left) Chelate aggregative model of tetravalent Calixarene-based in
binding PA-IL from Pseudomonas aeruginosa. (Right) AFM observation of PA-
IL filaments in interaction with the same glycocluster and model of the 1D-
network.74126-130
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The other mechanism is named Receptor Clustering in which the monomer receptors
such as lectins are provoked to interact with multivalent ligands; therefore. the
monovalent receptors are diffused through the dynamic lipid bilayer to provide the
maximum interactions with their multivalent partners. Thus, they form a clustered
figure by the ligands according to Figure 2-8 (b). Receptor clustering is considered as
an intra cellular mechanism.”!3'=137 The Subsite Association as the other mechanism
is known when a heterobivalent ligand is connected simultaneously with two various
binding sites correspondingly with two various affinities according to Figure 2-8
(c).7+136.137 Additionally. the interaction between multivalent glycosylated ligands and
monovalent receptors such as lectins can enhance the affinity by the intense density of
ligands adjacent to the binding site region which leads to the higher number of

reassociation according to Figure 2-8 (d).74 138

Sod

(a) Chelate binding mechanism through three possible

-88 88-88 ¥

@ Chelate (2) Aggregative chelate (3) Aggregation
- g
(¢) Subsite  (d) Statistical

Figure 2-8. Nonaggregative mechanisms of noncovalent interactions between
multivalent ligands and multivalent receptors.®® Chelate binding model is
exceptionally considered as both nonaggregative and aggregative which depends
on the binding mode.'!5-122
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2.8 Intra- vs Inter- Molecular cross- linking, aggregative mechanism

The various range of multivalent glyco-protein interactions are achieved through an
“intramolecular or intermolecular approach. Intermolecular approach is accomplished
due to the aggregative non-covalent interactions between a high number of small
ligands and receptors which lead them to the formation of a massive polymer chain or
commonly two or three-dimensional network. The linear architecture of this type of
approach between lectin and a divalent ligand related to Galectin-1, shown in Figure
2-9 (a)’4, has been confirmed in vitro by X-ray diffraction data.'>® Accordingly, the
increase glycoclusters valency can raise the formation of the massive three-
dimensional network due to the marvellous affinity enhancement according to Figure
2-9 (b).”* As aresult, the formed massive network via cross-linking precipitates.5%74140
The overall diminution of microscopic dissociation kinetics is a satisfactory approve
for tremendous affinity enhancement in such a cross-linked network. The architecture
of such networks using soybean agglutinin has been confirmed by X-ray diffraction.
141 The vast study of cross-linked networks has been done by Dam and co-workers.
They have also illustrated the remarkable affinity enrichment between SBA and mucin

of porcin origin.!4?
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Figure 2-9. Multivalency generated cross-linking network of multivalent lectins
by multivalent ligands. (a) The long chain polymer due to the interaction of
divalent ligand and divalent lectin. (b) The Cross-linked network due to the

interaction of tetravalent ligand and divalent lectin. 74

In order to show the efficiency of galactoside residues and their inhibitory potentials
as anti-adhesive agents considering their specificity for binding PA-IL, vast studies
were done on the family of tetra propargylated calixarene. The effect of multivalencies
on the various derivatives of this cluster has been also studied. The varieties were due
to the different numbers of galactose moieties on their periphery (maximum 4 galactose
residues). Isothermal titration microcalorimetry (ITC) as reproducible and reliable
technique, provided the precise estimation on their inhibitory potencies and their
binding affinities to tetrameric PA-IL with competitive efficiency.!*® ITC is a
bioanalytical technique in which the measure of the released or absorbed heat is
provided via association process between the ligand and protein entities based on the
affinity concept. Correspondingly, it presents the thermodynamic data of such
multivalent interactions as i) stoichiometry of binding. ii) variation of enthalpy and iii)

dissociation constant which is achieved through the titration of a glycocluster ligand
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solution with a solution involving the well-matched proteins such as lectins. According
to ITC results, all the family of galactosylated calixarene cluster included monovalent,
bivalent, trivalent and tetravalent have provided the low dissociation constant in a sub
micromolar range. Among all, the two tetravalent ligands with 4 galactose residues
possessed the highest affinities and the lowest value of dissociation constant (Kg),
around 200 nM and 176 nM. However, both mentioned tetravalent glycoclusters with
similar binding affinities, presented the dissimilar behaviour thermodynamically due
to their topology and stoichiometry aspect. Therefore, ITC experiment indicated that
the interaction of ligands with PA-IL was not only dependent on the valency but also
was strdngly dependent on the topology. Among the derivatives, the mentioned
tetravalent clusters with Kq~176 nM and ~200 nM had the topology 2:2 with binding
stoichiometry (n=0.24) and the topology 3:1 with binding stoichiometry (n=0.26)
respectively. Binding stoichiometry (n) is the number of a galactoside moieties which
bind per monomer of PA-IL. Binding stoichiometry (n=0.24 and n=0.26) in both above
clusters indicates that all four galactose residues in both derivatives were bound to PA-
IL. However, in equal situation, the determining factor to proceed the binding is the
effect of thermodynamic parameters such as enthalpy contribution as a favourable
factor is observed in tetravalent with the topology 2:2. According to the binding
stoichiometry and the topology, a single tetravalent galactosylated cluster should
potentially interact with four different PA-IL tetramers simultaneously as an alternative
shown in Figure 2-8. This approach as an intermolecular interaction leads to the vast
aggregates. Chelation of the binding sites of two PA-IL tetramer is noted as another
option for binding according to the Figure 2-8 and Figure 2-10.26 This approach is
considered as an intramolecular interaction in which the two galactose residues of the
intended tetravalent cluster, interact with two binding sites of a lec4 in close vicinity
on the same face. Therefore, the two other galactose residues of the same cluster are
available to interact with another two binding sites of the other lecA which are situated
diametrically in the opposite position in neighbouring site shown in Figure 2-10.'2

The resulted complex through this method is named “chelate”. The interaction of a
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single tetravalent cluster with all four binding sites of the same PA-IL is not possible
due to the geometry of the protein. According to this survey, it is concluded that both
tetravalent ligands have tremendous affinity enhancement for binding PA-IL.
Moreover, they possessed the higher efficiency as an inhibitor compare to the other
derivatives. In order to assess the most appropriate tetravalent glycoclusters with the
higher capability as an effective ligand, the molecular modelling study was utilized.
The achieved result was well-matched with chelate binding model. According to the
chelate binding model, the tetravalent Calixarene with 2:2 topology can proficiently
chelate two of the binding sites of a tetrameric PA-IL. In terms of geometry and energy,
the best results were achieved when two of the galactoside residues of a single
tetravalent cluster interacted with both binding sites on the small face of a one PA-IL
monomer and the other two galactoside residues in interaction with both binding sites
of another PA-IL on the opposite position. The chelates bonding is the best binding
model according to the molecular studies and docking calculations considering the
energy and geometry followed by highly enthalpy contribution as favourable factor
which is not entirely opposed by the entropic cost.!** Moreover, there was no steric
conflict between the two lectin dimers facing each other. Hence, according to the above
explained results and cross-linked network, the tetravalent Calixarene cluster, as a
reference, was situated in the position to take the optimal topology to offer the intra-
tetramer and inter-tetramer binding, shown in Figure 2-10. Correspondingly, a similar
behaviour is expected for other designed ligands with terminal galactose moieties on
their scaffold in which they are prompted to follow the same sequences to provide the

cross-linked network for better efficiency.
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Tetravalent (Glyco)Dendtimer Tetramer PA-IL

PA-IL -Tetravalent glycoclusterintra- vsinter-molecular crossLinking interactions

Figure 2-10. Glycoclusters are perfectly suited to inhibit bacterial lectins, Roy. R
scheme.%¢

Additionally, there is another productive bioanalytical technique termed “‘surface
plasmon resonance” (SPR), which is the study of receptor-ligand interaction. Through
this method. measuring the affinity of the ligands to their well-matched receptor
considering the kinetic parameters is achievable. SPR provides the real-time
monitoring of adhesion on to a modified surface and can assess the inhibitory potencies
of glycoclusters as anti-adhesive molecules and their potential applications as
antimicrobial agents. Furthermore, this technique indicates whether the synthesized
multivalent ligands have the competitive behaviour compare to the glycosylated
surface.’' SPR is the complementary method for ITC in which the mimics of biological
process of binding the lectin to glycosylated cell surface is attainable by the synthetized
glycoclusters. Such mimic glycoconjugates are evaluated to be confirmed as effective
candidates to act as an inhibitor for binding of PA-IL to galactosylated surface.

Through this technique, the interaction between lectin and glycosylated surface is
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monitored in the presence and absence of a competitive ligand with more affinity
compare to the glycosylated surface. The monitoring purpose is to assess the potency
of the added ligand for formation the new glycoconjugate with more efficiency in order
to inhibit the further adhesion of the lectin to the surface. SPR data, on the family of
tetravalent Calixarene prooved that such multivalent galactosylated clusters are
extremely efficient and highly impressive to behave as inhibitors to inhibit the
Pseudomonas aeruginosa bacterial binding to the galactose ligands which exist on the
surface of the host cells. Besides, according to ITC results, it is concluded that
tetravalent Calixarene family has tremendous affinity enhancement for binding PA-IL.
Such chelate-based interactions through the three-dimensional network, provide the
appropriate and competitive glycoconjugates from both sides with more efficiency as
explained earlier. Table 2-1 indicates inhibition of the adhesion of PA-IL to the surface
containing galactoside in presence of Calixarene family determined by SPR. This table
also displays the ITC results consist of dissociation constants (Kq4), thermodynamic
parameters and binding stoichiometry (n) related to the glycoconjugates of Calixarene
family bonded to PA-IL.'?¢ K4 is the dissociation constant obtained from ICso with Kg
= 150 mM for monovalent as the reference. ICso is considered as a minimum
concentration of the inhibitor needed to prevent %50 of the adhesion of PA-IL on
galactosylated surface. B is relative potency of the multivalent inhibitor compares to

the monovalent compound with p=1 as reference.'!°
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Table 2-1. Microcalorimetry and SPR result related to glycoconjugates of

Calixarene family binding to PA-IL. Monovalent is considered as the

reference.!26
~ Valency Tupolo_gy n -AH® -TAS® -AG® Ka 1Cso i
(<3 mol ] | [K3mol 1] | (Kymol ] | (nM] | [nM)
1 Gal
- ~1 ~36 ~14 ~22 150 000 | 71900 | 1

(ref)

3 Gal 3:0 ~0.79 | ~28.1 ~4.4 ~32.5 2050 6400 | 73
4 Gal 351 ~0.26 ~98 ~60 ~38 200 1700 | 750
4 Gal 2.2 ~024 | ~104 ~65 ~39 176 500 | 852
4 Man 4:0 - No binding observed

2.9 Carbohydrate specificity and affinity of the P. aeruginosa lectin A, PA-IL

The high level of affinity of PA-IL among the monosaccharides belongs to galactose

with the remarkable specificity for N-acetyl-D-galactosamine as an exception

considering its lower affinity compare to galactose; However, the notable grade of

binding can be referred to the compensatory hydrogen bond provided by the O atom of

the acetamido group as a one reason as well as the hydrophobic interaction offered by

the methyl moiety of the same group as the other reason.!'>!!%145 According to the

reports, PA-IL displays the moderate affinity toward D-galactose with an association

constant in the range of 3.4 x 10* M™.!'* However, prior to that, the existence of
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hydrophobic groups on the anomeric position of galactose sugar regardless to the a or
B configuration, can boost the affinity with the highest inhibitory potential and that
belongs to phenyl-B-thiogalactoside due to the stacking phenomenon.!!* Moreover, a
anomer of galactose with methyl moiety on anomeric carbon enhance the affinity
compare to B anomer due to the participation of methyl group in hydrophobic
interaction.'*> Among disaccharides, those with terminal a-D-galactose moiety can be
recognized by lectin A with quantitative inhibitory potential such as aGall-6Glc with
affinity more than D-galactose and aGall-3Gal less than D-galactose. The inhibitory

ability of such ligands is shown in table 2-2 according to the reported studies.!!4146-150

Table 2-2. Carbohydrate specificity of PA-IL. D-Galactose is a reference value of
1.0 for a ICso of 40 nM for inhibition binding of PA-IL to cyst hydatid
glycoprotein,!14146-150

PA-IL inhibitor ==~ Potency

phenyl-p-Gal BT
aGall-6Glc | 133
aGall-3aGal-O-Me 4.7
aGal-O-Me 2.7
pGal-O-Me 2
aGall-4Gal 1.8
D-Galactose 1.0*
aGall-3Gal 0.8
D-GalNAc 0.5
1 BGall-4Glc 0.5
| D-Fucose 0.02
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2.10 Conclusion

According to all the information above, PA-IL has a considerable affinity to a-
galactosyl residues which exist on glycosphingolipid in lung epithelial cell
membranes.!3!2 Such mentioned affinity causes to the formation of galactoside-
binding lectins as adhesion to lung tissues which leads to the first step of bacterial
infection. Therefore, various species of monosaccharide with glycomimetic ability
have been evaluated through competition for their binding to PA-IL (i.e., galactose,
fucose and mannose) in order to block the Pseudomonas aeruginosa bacterial infection.
Among the mentioned monosaccharides, galactose showed the satisfactory behavior as
an active ligand against the spread of infection in a murine pneumonia model.'>
Moreover, the treatment of infected lung cells by PA-IL, (the galactoside-binding
lectins), with galactose or N-acetylgalactosamine (GalNAc) in mice model showed the
inhibitory role and the protective effect of such compounds, preventing the infection
from progression according to the reported literatures.!9126154-160 Giyen that, the
biological carbohydrate-protein interactions in living cells are of low affinity.!! Thus,
in order to compensate the weak-binding interactions and to overcome the low-affinity
of such interactions, the necessity of multiple copies of glycomimetic is required with
inhibitory potency in higher level than biological glyco-protein complex; thus, it is
reasonably desired to generate synthetic inhibitors - with multivalent structures.
Moreover, due to the affinity of PA-IL specifically to galactose residue; therefore, the
presence of multivalent carbohydrate ligands is required with galactose terminal
functionalities wherein they can offer higher-affinity glycomimetic as therapeutic
agents in anti-adhesion therapy. This event is achievable through the design and
synthesis of multivalent galactose-based glycodendrimers with their role of inhibitory
for LecA as an attractive strategy for new anti-infection compounds. Glycodendrimers
prepared through this strategy are well-known as one of the most potent multivalent

ligands against infectious factor from a bacterial lectin of Pseudomonas aeruginosa.
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The numerous synthetized LecA inhibitors have been reported according to the

reports. 126,162-170

Therefore. according to the all information above, it is concluded; infections by
pathogenic agents are frequently triggered by their adhesion on host surfaces. The early
step in adhesion strategy involves initial recognition of host cell glycoconjugates by
sugar-binding proteins (lectins) on, or released by the viruses or the bacteria that are
specific for the targeted tissues. Pseudomonas aeruginosa is an opportunistic pathogen
implicated in the development of lung infections in cystic fibrosis (CF) patients through
these sugar—protein complementary interactions. P. aeruginosa’s mechanism of action
is governed by the adhesion of their virulence lectins (PA-IL and PA-IIL) that bind to
galactoside and fucoside subunits of glycoconjugates, respectively. Our project is to
design potent anti-adhesion inhibitors against the galactoside-dependent PA-IL. To
enhance the binding affinities of galactoside residues, nanometer size glycodendrimers
have been designed and carried out.

Therefore, the synthesis of three multivalent glycocluster in zero generation with 3, 6
and 12 galactoside moieties were achieved by efficient and versatile “click chemistry”
involving oxime ligation between aminooxylated galactosides and three suitably
prepared different poly-aldehyde scaffolds. Also, glycodendrimers with 9, 18, and 36
galactoside moieties were designed to prepare using recently developed “onion peel”
strategy by our group. The necessary aminooxylated galactopyranoside has been
synthesized from the known 2-azidoethyl-B-D-galactopyranoside that was condensed
with a suitably O-propargylated hydroxylamino derivative. The model study of this

strategy is shown in the figure below.

NH, (CHO),
(o) S5 o i
Sugar™” \/\N/\'/\ N
g N=N o — Sugar/o\/\N‘ N
N= n



CHAPTER III

AMINOOXY ROLE AND OXIME-LIGATION

3.1.1 Aminooxy and Oxime ligation study

As explained earlier, carbohydrates have the crucial roles in biological events such as
cellular adhesion, disease progression, and many other biological events,!7!-17517
Together the carbohydrates with aminooxy entities, represent their key role as major
building blocks which in term, offer the glycoconjugate mimetics enhancement.
Aminooxylated carbohydrates have been employed in various research fields in past
few decades.!” Their utilization as major building blocks for biomedical applications
and biopharmaceutical research has been reported for their role in synthesis of
antibiotics and anti-adhesive agents. They can mimic the glycoprotein interaction with
significant potencies via their conjugation to various entities such as peptides or
compounds bearing aldehyde or ketone terminal groups like the prepared poly-

177-181

aldehyde precursor in this study through oxime ligation. There are various

synthetic approaches which lead to the formation of aminooxylated sugar derivatives

as shown in Figure 3.1.'75:176
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Figure 3-1. Aminooxylated carbohydrates as key building blocks toward
therapeutic agents and the various synthetic approach toward sugar-ONH:
derivatives.!7176

Oxime ligation as an efficient reaction offers several advantages such as mild reaction
condition, short reaction times, free coupling reagent. It ensures excellent
reproducibility, high yield and purity. The resulted compounds prepared through this
strategy can be employed as inhibitors such as antitumoral, in vaccines, as anti-

adhesive agents, and so on in various biological phenomena.

3.1.2 Formation of oxime bonds and their stability

Generally, the condensation of amines, hydrazides, and oxyamines with carbonyl
functional group leads to the formation of imines, hydrazones, and oxime linkages
respectively as is shown in Figure 3-2.'” These simple ligations display a productive
methodology in which, it can offer the vast diversity of bioconjugates under

physiological conditions. Oxime compounds compared to imines, are more stable and
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these are more widely utilized in biological applications due to their stability in aqueous
media.'®?'85 Their stability is due to the electron delocalization of the two lone pair
electrons of the oxygen adjoining to nitrogen which causes more stability via a-effect
which is shown in Figure 3-3.!7> Moreover, the participation of both the atoms
involving nitrogen and oxygen in resonance, leads to the reduction of the
electrophilicity of the sp2 carbon. For this reason, the nucleophilic attack by water is
controlled. Moreover, due to the presence of inductive effect in such compounds
resulting from the decrease of basicity of sp® nitrogen, the rate of acid-catalyzed
hydrolysis is noticeably decreased. Accordingly, harsh acidic condition is needed for

the hydrolysis of oxime bond. This shows the stability of oxime bonds which make

these molecules appropriate for different biological applications.'#¢'*!
R 67”7:HNHR }'{
X 2 2 M2 2 X . N.
R1/\N/ 2 T2R2 : )L ; R/\N N R,
H,0
Imine T Alkylhydrazone
H,N-0- Rz%: :\%N NHC(O)R2
>
R1/\N'O\R2 AN\ N\n/Rz
0
If R \hk..,_\m,' Oxime ' If R = Galactose Acylhydrazone

Figure 3-2. The chemistry of C=N double bonds, including aminooxylated
spacer.!75176

Oxime bond formation reaction is fast and quantitative. The main drawback of the
Oxime-based compounds come from the formation of a mixture of E/Z-stereoisomers
through the oxime-ligation from the aminooxylated ligand and aldehyde
precursors.!7¢12 The formation of E/Z-stereoisomers leads to complicate the
purification procedures and NMR studies in macromolecules such as glycoclusters as

we observed through this research.
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o ®.. X= 0, Oxime

Acylhydrazone

Figure 3-3. Relative stabilities of C = N double bonds and the a-effect.!”>!176

Oxime-ligation is an orthogonal chemoselective reaction that can yield the
biomacromolecules in a controlled manner with reproducibility. Because of the
stability of oxime-based conjugates and of their synthetic versatility, aminooxylated
sugars play chemically the key role for their abilities to couple with various multivalent
precursors leading to the formation of compounds with biological functionalities. The
reasons, explained above, were satisfactory enough for choosing the aminooxylated
galactopyranoside for this study. The oxime-based approach founded on oxime-
ligation was considered as a method for synthesizing a large variety of glycoconjugates

with predefined stereoisomeric glycosidic linkage.

3.2 Synthetic strategy

3.2.1 Synthesis of three different multivalent glycoclusters in zero generation,
Strategy 1

The design and synthesis of three multivalent glycoclusters of zero generation with 3,
6 and 12 galactoside moieties was carried out. The goal was to achieve the mentioned

glycoclusters according to the Figure 3.4 by efficient and versatile “click chemistry”

|
|
If X:
/\) / X=NR, . Alkylhydrazone
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involving oxime-ligation between aminooxylated galactosides and three suitably
prepared different poly-aldehyde scaffolds, thus providing the zero generation
dendrimers. The synthesis of aminooxylated B-D-galactopyranoside was anticipated

from 2- phthalimidoethyl-B-D-galactopyranoside.
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Figure 3-4. 3-mer, 6-mer and 12-mer glycoclusters in zero generation

3.2.2 Synthesis of multivalent poly-aldehyde core ‘

The synthetic strategy was initiated based on the construction of series of symmetric

polyaldehyde cores. These types of cores were designed and synthesized with varying

|
\
(3, 6 and 12-mer) number of reactive aldehyde termini. These polyaldehyde scaffolds
could be used as a starting material for oxime-ligation via the reagent free coupling
between the aldehyde functional groups on the periphery of cores and aminooxylated
B-p-galactose as the monomer in a convergent way. Oxime-ligation is eye-catching
because of the speed of reaction as well as the reagent free nature. Synthesis of these

building-blocks (cores) have been achieved by using trimeric cyanuric chloride
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(trichloro triazine) and hexachlorocyclotriphosphazene (N3P3Clg) which were
commercially available. In all three poly-aldehyde building-blocks, the strategy was
based on the displacement of a chlorine by 4-hydroxybenzaldehyde 10, which resulted
the 3-mer 11, and 6-mer 14, cores. On the other hand, 12-mer 20 was prepared by
reaction of pre-synthesized 3-hydroxyisophthalaldehyde 19 consist of two aldehyde
functionalities, and hexachlorotriphosphazene using the same strategy as explained for
cores 11 and 14. Due to an additional aldehyde group on the periphery of each aromatic
groups in compound 20 compare to compound 14, it would provide higher number of
aldehydic termini which can enhance the multivalent effect upon final ligation with
. sugar. Cyclotriph.osphazene is a UV visible aromatic scaffold which offers the
multivalency due to the branched architecture and can provide various pharmaceutical
applications as explained earlier. Utilizing such aromatic clusters with many aldehyde
groups would provide the easy control and better modulation of the peripheral ligands's
density. These molecules with various aldehyde groups will facilitate the ligation with
sugar. In this study wé followed Prof. Majoral’s typical models to build up the
polyaldehyde scaffold which is explained below.

3.2.2.1 Synthesis of the Tri-(4-formacylphenoxy)-1,3,5-triazine (Trif), trivalent core

The synthesis of the symmetrically substituted cyanuric acid derivative 11 was
achieved using the commercially available cyanuric chloride 9 as an initial building
block. Cyanuric chloride 9 was treated with 4-hydroxybenzaldehyde 10 in presence of
mild basic condition to afford the desired tri-substituted aldehyde 11 in a good yield
(74%) (Scheme 3.1). The 'H NMR spectrum of compound 11 showed the aldehyde
protons at 6 9.99 as well as the disappearance of phenolic group signal at § 6.29
compared to the starting material, Figure 3-5. FT-IR spectrum of compound 11
(compared to compound 10) showed the disappearance of the phenolic hydroxyl broad
peak at 3209.24 cm’!. Also peaks related to compound 11 were observed in the IR
spectrum at 1732.97 cm™! (C=0), 1697.97 cm™! (CHO), 1563.34 cm™! and 1591.66 cm”
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I (C3N3), 1360.30 cm™ (C-N), 1208.22 cm™ and 1159.79 cm™ (C-O-ph) (Figure 3-7).
Besides, 1*C NMR of the compound 11 showed the formation of a new signal at § 173
which is related to the carbon of cyanuric chloride after linkage to the compound 10,
Figure 3-6. All the spectral data confirmed the structural integrity of the final product

which is totally identical to the reference protocol.!”

OHC
cl CHO \@L
e o)

NN Na;CO,3
e R OHC NS CHO
cI” N= el 80 °C.6h \©\ Oy /@f
OH Acetone 0" >N o
9 10 74% 1

Scheme 3-1. Synthesis of 3-mer aldehyde cluster (Triazine) using cyanuric acid

chloride (trichloro triazine) 11
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Figure 3-7. FT-IR spectrum of compound 11 compared to compound 10

3.2.2.2 Synthesis the hexavalent core of  hexa-(4-formylphenoxy)-
cyclotriphosphazene

Cyclotriphosphazene (N3P3) is non-toxic, UV visible and possess a symmetrical core,
nicely equipped with 6 branches (As monomer). The three situated upward and the rest
three situated in downward forms a symmetric architecture. The family of such
aromatic scaffold offer antimicrobial and biological effects on bacterial cells.?!* Their
potential to accommodate a higher number of functional units such as dendrons on their
scaffold leads to the formation of higher generation of dendrimers, as explained earlier,
which are considered as significant properties for us through this study. The

commercially available hexachlorocyclotriphosphazene scaffold was treated with 6.2
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equiv. of 4-hydroxybenzaldehyde 10 in presence of mild basic condition by using
KoCO3 with optimized stoichiometry. The complete hexa-substitution of
hexachlorotriphosphazene 13 upon treatment with 4-formylphenoxy 10 resulted in
formation of hexaformylphenoxy core 14 in a good yield (81%) (Scheme 3.2).!°* The
presence of the aldehyde protons signal (CHO) at & 9.95 in the 'H NMR confirmed the
formation of the compound 14. Also, the disappearance of phenolic hydroxyl group
signal at 3 6.29 in the 'H NMR spectrum of compound 14, compared to the starting
material provided additional evidence (Figure 3-9). FT-IR spectrum of compound 14
compared to compound 10 showed the disappearance of the phenolic hydroxyl broad
peak at 3209.24 cm™ (Figure 3-11). In addition, the final confirmation of compound
14 came from 3'P NMR which showed singlet at § 7.08 which is different from
chemical shift of the initial N3Pz at 8 19.99 as shown in Figure 3.8 (a) and (b). It is
known that the 3'P NMR of completely substituted cyclotriphosphazene, shows a
singlet peak as compare to partially substituted cyclotriphosphazene where in *'P-NMR
display multiple peaks. '*C NMR did not provide any new indication due to the equal
number of carbons in both compounds 14 and 10 except of a slight chemical shifts in
compound 14, (Figure 3-10). All the spectral data obtained are identical to the

literature data and the data agrees with the reported literature values.!®’

OHC CHO
Cl He Q
N« Cl
C'>'f|/ \ﬁ(CI KzCOs b Nsp
N 2N i —_— OHC—@—O’H I\O—O—CHO
N Dry THF NygzN
ClI” ¢ 12h P
H O O
81%
13 10 14
QHC CHO

Scheme 3-2. Synthesis of 6-mer aldehyde cluster using
hexachlorocyclotriphosphazene (N3P3Cls) 14.
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3.2.2.3 Synthesis the 12-mer aldehyde core using hexachlorocyclotriphosphazene
(N3P3Cle)
The main goal of synthesis of such a 12-mer core was to achieve a higher level of
functional termini which can provide us with higher number of functional groups which
eventually enhance the efficiency of these type of glycoclusters. The required 12-mer
was synthesized using the similar protocol of Jean Pierre Majoral’s procedure with 3-
hydroxyisophthalaldehyde 19 as a starting precursor.'”® The synthesis was initiated
with preparation of 19 using 3-hydroxyphthalic acid 16 as commercially available

starting material (Scheme 3.3).

\
OHC 0" o CHO
HOzC COZH CH30H,H20 Meozc COzMe OHC 20 CHO
HS04 \©/
OH 10h,65°C 55 Vi sl
16 90% s
LiAIH, > N3P3Clg Cl\ ,N\VCI
90% [THF,0 °C,3h 22% 13 CI/E N\CI
Reflux to r.t K>CO3, THR Nee
12h cr
HO OH
V\ PCC OHC\Q/CHO
OH THF, DCM
rt,2h OH
18
80% 19

Scheme 3-3. Synthesis of 12-mer aldehyde cluster using (N3P3Cls) 20.

Indeed, synthesis was initiated by the esterification of 3-hydroxyphthalic acid 16 in
acidic condition which led to the formation of the 3-(hydroxyldimethyl) isophthalate
17 having di-ester groups in good yield (90%) (Scheme 3.3). In the next step, the di-
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ester 17 was transformed to the di-alcohol 3-hydroxy-isophthalylalchohol 18 through
the reduction reaction in the presence of 3 equiv. LiAlH4 as a reducing agent.
Optimized condition led to increase the yield (90%) compare to the reported
protocol.'?® Subsequently the di-alcohol 18 was oxidized to the di-aldehyde functional
groups by oxidation with pyridinium chlorochromate (PCC) which led to the formation
of 3-hydroxyisophthalaldehyde 19 in good yield (80%) (Scheme 3.3). The completion
of the reaction was confirmed by monitoring a singlet at 10.05 ppm in 'H NMR which
corresponds to the di-aldehyde protons as shown in Figure 3.12. Moreover, the
characteristic frequency of the carbonyl and phenolic hydroxyl stretching were
observed respectively in the IR spectrum at 1697 cm™ and 3343 cm™ which confirmed
compound 19 as shown in Figure 3.13. However, the grafting of dialdehyde 19 in
N3P3Clg, 13, in order to form the desired precursor 20 showed the slow progression
-with non-satisfactory yield (22%); however, it was relatively comparable to the
repofted protocol (Scheme 3.3). The completion of the reaction was confirmed by 3!P
NMR spectrum (122 MHz) with the singlet signal at 7.80 which suggested the
formation of the expected compound as is shown in Figure 3.15. Also the
disappearance of phenolic hydroxyl signal at § 5.79 in the '"H NMR spectrum of
compound 20, compared to the precursor 19 (Figure 3-14) and slight chemical shift of
aromatic protons provided additional evidence for the formation of the compound 20
which is identical to the compound reported by Majoral ef al.!%® The data agrees with

the reported literature values.
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3.2.3 Synthesis of the 2-(aminooxy)ethyl B-D-galactopyranoside as the monomer
ligand 8

In order to achieve the syntheses of final glycoclusters 12, 15, and 21, convergent
synthetic strategy was anticipated wherein, the preparation of the aminooxy building
blocks with galactose termini were essential. Importance of aminooxy building block
lies in their simplicity of coupling with poly-aldehyde cores, which is reagent free and
spontaneous. Therefore, the synthesis of aminooxy ligand 8 containing galactose was
chosen as a peripheral functionality which was synthesized using commercially
available D-galactopyranose 1 as starting precursor (mixture of alpha, beta isomers). In
the first step D-galactopyranose 1 was protected using anhydrous sodium acetate in
acetic anhydride to afford the compound 2 in a good yield (60%). In order to achieve
exclusively B-isomer, the reaction mixture was extracted, separated and crystalized
twice. The 'H NMR and '3C NMR signals at 5.69 (doublet, i) and 92.0 (C1) indicated
the completion, whereas the anomeric B-D-configuration was unequivocally confirmed
by the presence of clear Ji 2 trans coupling constant of 8.3 Hz. In addition, *C NMR
signal at 6 92.0 corresponds to the anomeric C; indicated the formation of the B-isomer
of 2.

According to the earlier studies, the flexibility enforcement can offer the mimic
glycoconjugates with more efficiency through the hydrophilic-hydrophobic
interactions with PA-IL. Thus, in order to provide the sugar ligand with a flexibility
enhancement, the compound 2 was treated with 2-bromoethanol 3 in presence of
BF3.Et;0 Lewis acid which led to the formation of B-isomer of 2,3,4,6-tetra-O-acetyl-
2-bromoethyl-B-D-galactoside § with ethyl spacer (Scheme 3.4). Dropwise and slow
addition of (BF3.Et,0) was essential to afford desired glycosylated product 5 in good
yield (67%) without undergoing the decomposition of the sugar ring. Moreover, there
is exclusive formation of B-isomer due to the neighboring group effect as shown in

Figure 3.16
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According to the mechanism of glycosidation reaction which is shown in Figure 3.16,

the Lewis acid BFs. Et2O is intended to activate the acetate functional group of the

anomeric position in order to facilitate it's expulsion in to the reaction medium and to

lead in to the formation of a glycosyl cation. The presence of the acetate function on

the adjacent carbon in the equatorial position as a participating group, makes it possible

to stabilize the positive charge by the intramolecular creation of an acetoxonium in the
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form of the five-membered ring blocked by the critical anchimeric effect that controls
the stereoselectivity to make the B-side more accessible for the nucleophilic attack of
reagent 3 toward the anomeric carbon of acetoxonium to form compound 5. In the 'H
NMR of compound 5 multiplet at 6 3.50 corresponds to CH>Br and presence a signal
at 8 29.82 in 3C NMR corresponds to CH2Br indicated the completion of the
glycosidation. The anomeric B-D-configuration was unequivocally confirmed by the
presence of anomeric proton at & 4.53 with a Ji» trans coupling constant of 7.9 Hz and
by the signal at § 101.3 in 3C NMR spectrum which indicated the formation of -
isomer. Subsequently, the bromide group of the compound S5 was replaced with
phthalimide functionality through the substitution reaction using deprotonated N-
hydroxyphthalimide spacer 6 in a mild basic condition provided by triethylamine to
afford 2-phthalimidoethyl B-D-galactopyranoside 7 as a stable crystalline compound in
a good yield (70%) (Scheme 3.4). Once again, the formation of the compound 7 was
showed by standard characterization techniques of the 'H NMR wherein, the presence
of aromatic protons (CHO) at 6 7.89-7.72, and changing in the chemical shift of the
anomeric proton (H-1) in compound 5 from & 4.53 to & 4.73, indicates the formation of
compound 7 as shown in (Figure 3-17). Moreover, the (Hy) in compound 7 in 'TH NMR
shows two signals, one multiplet at 5 4.09-3.99 and another at 8 3.95 corresponding to
CH>;ONPhthalimido group compared to thé chemical shift of CH>Br at & 3.50 in
compound 5 (Figure 3-17). The signal 6f Cy of compound 7 in '3C NMR appeared at
d 61.2 while Cy in compound 5 showed the signal at 6 29.82. Also the presence of a
signal at § 163.4 in 1*C NMR corresponding to carbonyl carbon of phthalimido group
(CO) confirmed the formation of compound 7 (see Annex). FT-IR spectrum of

compound 7 is shown in Figure 3-18.
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3.2.3.1 Synthesis of aminooxylated sugar in this study and oxime ligation

The synthesis of aminooxylated glycopyranosyl moieties and their conjugation with 3-
mer, 6-mer and 12-mer poly-aldehyde precursors lead to the formation of different
glycocluster compounds 12, 15, and 21 (Figure 3.4). After successful synthesis of 2-
phthalimidoethyl B-D-galactopyranoside 7, the desired aminooxy derivative 8 had to
be synthesized by treating compound 7 with hydrazine hydrate (N2H4.H20) in
methanol at room temperature for 20 minutes. However, to our disappointment, this
synthetic protocol did not furnish the desired ligand. Therefore, we revised the
synthetic protocol by conducting the reaction at lower temperature (-20 °C).

In order to hydrolyze the phthalimido functionality without affecting the protected
acetate groups, the selective deprotection of phthalimido group of compound 7 (using
1.1 equivalent of the reagent) was accbmplished to obtain the compound 8a (Scheme
3.4). Freezing of the reaction mixture at -20 °C was carried out in anticipation of
restricted motion which in turn would reduce acyl migration rate based on our
hypothesis. Indeed, the present methodology afforded desired product 8a in moderate
yield. It is important to note that the pH of the reaction mixture was maintained neutral
to avoid the possible acyl migration or O-N bond cleavge. The compound 8a was
characterized using 'H NMR and '*C NMR spectroscopy wherein disappearance of
aromatic CH corresponding phthalimide functionalities and appearance of amine
proton (NH2), at 8 5.5 confirmed the formation of ligand 8a as shown in Figure 3.19.
The ninhydrin test on TLC analysis showed positive response indicating the presence
of free amino group. However, the resulted compound found to be unstable as coupling
reaction with compound 29 did not lead to the corresponding oxime product. It could
be due to less energetic O-N (~200 kJ/mol) bond cleavage or undergoing acyl migration
or the presence of hydrazine acetatmide (as indicated by a sharp singlet at § 1.85 in 'H
NMR spectrum shown in Figure 3-19). Having learned about t_he instability of the

compound 8a, we contemplated two strategies: i) Complete deprotection of sugar (in
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order to avoid acyl migration as our hypothesis) as well as the deprotection of
phthalimido group using excess of N2Hs.H20 (8 equiv.). Indeed, treatment compound
7 with excess of hydrazine hydrate led to form the product, 8b, with impurities as
shown in Figure 3.19. To our disappointment, we did not observe the desired product
8b. The ninhydrin test on TLC analysis showed negative response for compound 8b
indicating the absence of free amino group which proves aforementioned the O-N bond

cleavage hypothesis or acyl migration which needs the further research.
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Figure 3-19. Comparison of 'H NMR of aminooxylated ligands
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ii) To deprotect the sugar acetate selectively using potassium carbonate (K2COs3) in
methanol. Treatment of K2COj3 in methanol afforded selective deprotection of sugar
acetates but it would need an additional step to deprotect phthalimido functionality.
Eventually, we discarded both protocols and revised the synthetic rout using
completely different strategy.

The new synthetic strategy includes incorporation of longer linker using triazole moiety
36 as shown in Scheme 3-5. The aim of introducing a longer spacer was contemplated
to forbid an intra molecular acyl migration. Having this in mind, we began synthesis of
a new aminooxylated ligand with longer linker 37 using propargylated phthalimide 35
and 2,3,4,6-tetra-O-acetyl-2-Azidoethyl-B-D-galactoside 22 as starting material
(Scheme 3-5).
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Scheme 3-5. Synthesis of new aminooxylated ligand with longer spacer 37
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Compound 35 was synthesized in a single step from N-hydroxyphthalimide 6 upon

treatment with propargyl bromide 25 in presence of DBU in DMF in a 55% yield.

Completion of the reaction was characterized using '"H NMR, HSQC '>C NMR and

FT-IR. From '"H NMR, propargylic proton (CH) was identified by the appearance of a

new triplet at 8 2.59 and the aromatic moiety was identified by the presence of two

doublets at & 7.89- & 7.73 which confirms the formation of compound 35 (Figure 3-

20). '3C NMR presented the new signals related to the propargylic carbon at § 76.3
(CmH) and & 64.9 (ChH) (Figure 3-21). Finally, FT-IR spectrum showed the peaks
related to the (C=0 amide), alkynyl C-H and alkynyl carbon of compound 35
respectively at 1732.30, 3289.31 and 2131.18 cm™! (Figure 3-22).
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Figure 3-22. FT-IR spectrum of compound 35

On the other hand, compound 22 was achieved from the previously synthesized
compound 5 which was then treated with sodium azide in presence of DMF at 70 °C
through a substitution reaction in excellent yield (97%). 'H NMR of compound 22
showed multiplet at 6 3.5 and another diastereotopic proton at & 3.29 correspond to
CH>N compared to the resonance of CH2Br in compound S at § 3.50 as shown in Figure
3-23 (a). Also, the presence of 8 50.4 corresponds to CH2N and absence of § 29.8 which
corresponds to CH>Br in *C NMR confirmed the completion of the substitution.
Anomeric B-D-configuration was unequivocally confirmed by the presence of anomeric
proton at § 4.55 with a Jj 2 trans coupling constant of § 7.9 Hz and & 101.3 in *C NMR

indicated the formation of B-isomer (see annex). Moreover, the characteristic frequency
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of the azide stretching was observed in the IR spectrum at 2104 cm™ as shown in
Figure 3.24.
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Figure 3-23. 'H NMR (300 MHz, CDCl3) proton magnetic environment of Hy
between compound 5 and 22
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Figure 3-24. FT-IR spectroscopy of compound 22

Subsequently, the desired compound 36 was synthesized by coupling two mentioned
compounds 22 and 35 in H,O: THF in the presence of aqueous solution of CuSO4.5H>0
and sodium ascorbate as a catalyst at 50 °C. The pure compound 36 was obtained after
column chromatography in excellent yield (89%). Completion of the reaction was
evident using 'H NMR, HSQC, COSY, 3C NMR and FT.IR. Complete disappearance
of the propargylic CH signal at § 2.59 in 'H NMR and the appearance of the newly
formed characteristic singlet of the triazole moiety at 8 7.92 confirmed the formation
of the compound 36 (Figure 3.20). Moreover, the signal at & 125.8 corresponding
triazole in 3C NMR conﬁrm-ed the structural integrity of desired compound 36 as
shown in Figure 3.21. FT-IR spectrum of compound 36 showed the disappearance of
the peaks relatet to the alkynyl C-H and alkynyl carbon of compound 35 respectively
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at 3289.31 and 2131.18 cm™ and the presence of the (C=O amide) at 1738.83 cm’!

which confirmed the formation of compound 36 (Figure 3-25).
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Figure 3-25. FT-IR spectroscopy of compound 36

Having achieved successful synthesis of compound 36, we were in the position to
deprotect phthalimido functionality in compound 36 which is now suitable for oxime-
ligation with three different poly-aldehyde cores. However, as observed in the case of
compound 7 (Scheme 3-4), we faced the similar impediment of acyl migration.

Therefore, we did not proceed further with this protocol.
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3.3  Synthesis of higher generation of glycoclusters via “onion peel” strategy &
oxime-ligation

Higher generation dendrimers were anticipated by introducing a multivalent dendron
having longer spacer such as compound 41 (Scheme 3-6). Installation of this new
dendron was envisaged via recently developed “onion peel” strategy from our lab
wherein use of two coupling reactions namely CuAAc and oxime-ligation where
implemented to stich sugar peripheries and conjugate to the poly-aldehyde cores 11,
14 and 20. Concomitantly, tri-propargylated dendron 41 was selected for further
modification and the synthetic scheme was initiated using commercially available

pentaerythritol 38 as starting material shown in Scheme 3-6.
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Subsequently, the compound 38 was treated with propargyl bromide 25 in presence of
NaOH 40% for overnight in DMSO:H,O to achieve the compound 39 in good yield
(59%). Completion of the reaction was characterized using 'H NMR wherein the
appearance of newly expected triplet at 3 2.42 corresponding propargylic proton (CH)
confirmed the formation of the compound 39. Next, the compound 41 having long
spacer was achieved through an additional reaction by \treating 39 with 2-chloroethyl
ether 40 in presence of BuuNHSO4 (phase transfer catalyst) at room temperature for 48
hours in excellent yield (85%). Reaction yield was optimized up‘ to 85% using
BwNHSO4 which was noticeably higher than reported protocols wherein TBAB was
used. Chloride functionality was subjected to substitution reaction upon treatment with
N-hydroxyphthalimide 6 in DMF at 80 °C to afford compound 42; However, several
attempts using conditions showed in (Scheme 3-6) such as i) EtsN ii) DBU iii) K2COs3,
KI iv) TBAB v) TBAI and vi) NaH failed to produce the desired product. Therefore,
we revised the protocol using similar scaffold with tosylate functionality at focal point.
In order to synthesis desired tosylated derivative, compound 39 was treated with
diethylene glycol bis(p-toluenesulfonate) 44 which was prepared from commercially
available diol 43 using literature procedure in excellent yield (91%) as shown in
Scheme 3-6. In contrast to our expectation, the reaction did not furnish the compound
45. Instead, eliminated product 46 was observed wherein tosylate undergo elimination
even in a mild basic condition as shown in Figure 3-26. Formation of compound 46
was characterized using '"H NMR wherein the appearance of two newly unexpected
signals at 8 6.4 and 4 4.10 corresponding alkene protons (CCH) compared to the linker
44 seems to confirm the formation of the compound 46 as shown in Figure 3-26.
However, due to the absence of COSY spectrum of compound 46, the formation of this
compound is considered based on our hypothesis which requires supplementary

researches .
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Figure 3-26. '"H NMR (300 MHz, CDCls) of the eliminated product 46 compare
to the linker 44

Due to the failures of our previous strategies wherein the synthesis of aminooxy ligands
8, 36 and 42 where acyl migration (based on our hypothesis) was bottle-neck, we
revised the synthetic strategy based on a completely different substrate (starting
precursors) which contains a triazole as a linker and terminal boc functionality. Based
on our previous experiences wherein acyl migration was facilitated in the basic reaction
environment, we purposefully chose Boc protected hydroxyl amine which could be
deprotected in acidic condition. Synthesis of the compound 27 was projected by
efficient click chemistry reaction which would be further coupled with poly-aldehyde
cores 11, 14, and 20 using oxime ligation methodology to obtain desired glycoclusters
31, 32, and 33. The precursor 27 was synthesized via coupling of the compounds 22
and 26. Required synthons 22 and 26 were prepared using commercially available D-
galactose 1 and hydroxlyamine hydrochloride 47 as starting materials respectively
(Scheme 3-7).
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Scheme 3-7. Synthesis of the new monomer of oxime via oxime ligation from
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The compound 22 was a suitable building block for the ligation to a propargylated
derivative consisting of a Boc protective group 26, through the click chemistry. Also,
compound 26 was synthesized in two steps. Commercially available hydroxyl-amine
hydrochloride 47 which was treated with di-tert-butyl dicarbonate or bis (tert-
butoxycarbonyl)oxide (Boc20) 23 in presence of sodium bicarbonate in THF:H>O at 0
°C to achieve compound 24 in good yield (60%) (Scheme 3-7). The compound 24 was
characterized using 'H NMR and '3C NMR spectroscopy wherein a singlet at & 1.48
corresponding t-butyl CH and appearance of carbamide proton (NH) at 8 6.13 and
hydroxyl proton (OH) at 6 6.96 confirmed the formation of the compound 24 as shown
in Figure 3-27. Subsequently tert-butylhydroxycarbamate 24 was treated with
propargyl bromide 25 in the presence of DBU in DMF at 0 °C temperature to afford
compound 26 in satisfactory yield (51%). Tert-butyl(prop-2-yn-1-yloxy) carbamate 26
was characterized using '"H NMR and '3C NMR spectroscopy. The appearance of (CCH)
in "H NMR at § 2.49 corresponds to the proton of propargyl functionality and a singlet
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at 1.48 corresponds to Boc protons (CHz)3 confirmed the formation of compound 26,
(Figure 3.16). Moreover, the presence of a signal at § 63.6 corresponding propargylic
carbon (CCH) and a signal at & 28.1 corresponding (CHs3)3 of Boc in '3C NMR

confirmed the formation of compound 26 (see annex).
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Figure 3-27. 'H NMR (300 MHz, CDCls) between compound 24 and 26.

Having compound 22 which has azide functionality and 26 having suitably placed
propargyl functionality in hand, we were in a position to couple using CuAAC click
reaction to afford compound 27 with an excellent yield (86%). The desired compound
27 was synthesized by coupling two mentioned compounds 22 and 26 in HO:THF in
the presence of aqueous solution of CuSO4.5H>0 and sodium ascorbate as catalyst at
50 °C aﬁd then at room temperature. The pure compound 27 was obtained after using
column chromatography. Completion of the reaction was evidenced using 'H NMR,

HSQC, COSY, *C NMR and mass spectrometry wherein the 'H NMR indicated the
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complete disappearance of the propargylic CH signal at 6 2.49 and the appearance of
the newly formed characteristic singlet of the triazole moiety at & 7.70 which confirmed
the formation of the compound 27 shown in Figure 3.28. Moreover, the signal at §
125.2 corresponds to triazole in '*C NMR (see annex). Mass spectral analysis further
confirmed the structural integrity of the desired compound 27 (ESI-MS: m/z calcd. for
C24H3¢N4O13 (M+ H'): 589.2279, Found: 589.7) (see annex). Having achieved
successful synthesis of compound 27, we were in the position to hydrolyze Boc and
deprotection of acetate groups in one step to afford required compound 28.
Concomitantly, the compound 27 in methanol was treated with 10% of Acetyl chloride
(98%) at -10 °C up to 0 °C for four hours to furnish ammonium salt 28 in good yield
(70%). Formation of the desired compound 28 as an ammonium salt was observed
using 'H NMR in comparison with the compound 27 consisting of Boc protective group,
where the decrease in signal of the Boc (CH3)3 at 8 1.49 and four acetate groups at &
2.16-1.94 confirmed the formation of the compound 28 as shown in Figure 3-28.
Moreover, the mass spectral analysis further confirmed the structural integrity of the
desired compound 28 (ESI-MS : m/z caled. for C11H20N4O7 (M+ H"): 320.1332, Found:
321.9 (M+H"), 343.8 (M+Na"), 363.8 (M+K")) (annex).
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Figure 3-28."H NMR (300 MHz, CDCl) of compound 27 and 'HNMR (300
MHz, MeOD) of compound 28 (solubilized better in MeOD than in D20)

Using AcCl in MeOH led to generate the sufficient amount of HCl in situ which could
hydrolyzed the Boc and acetyl groups on the sugar periphery simultaneously. However,
this strategy leads to significantly less migration of acetyl groups, O-N bond cleavage
or hydrazine acetamide impurities, (based on achieved data), compared to previous
strategy which was confirmed by the presence of a signal at § 1.85 ppm using 'HNMR.
In order to prevent migration and drive the reaction to completion, an additional amount
of AcCl is needed for the simultaneous deprotection of acetate and BOC. In addition,
the migration of an acetate group from the glycoside to the aminooxy result in no mass
change, hence mass spectrometry cannot be used to characterize the fully deprotected

ligand. Instead, the ninhydrine test was used to determine the presence a free amine.

In order to check the feasibility of the oxime ligation, we carried out the condensation

of the afforded salt 28 with a monomer aldehyde which would be beneficial in order
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to evaluate the productivity of this reaction for the larger glycoclusters. Therefore, the
reaction performed on commercially available para-hydroxybenzaldehyde 29. The
resultant reaction led to the formation of oxime ligated compound 30. The synthesis of
the 2-azidoethy1—carbaldoxime-B-D—galactopyranbside 30 was achieved through
condensation process in good yield, (oxime coupling of compound 27 which was
formed in situ as explained above and compound 29 in MeOH for 1 hour at room
temperature (Scheme 3-7). Renaudet and co-workers have recently mentioned that the
oxime ligation reaction afford the mixture of E/Z-stereoisomers when the conjugation
occurs by a unsymmetrical aldehyde.!’® According to the literature, more stable E-
isomer is prefered with respect to the C=N bond.'*? Surprisingly, herein after using
symmetrical aldehyde, compound 30 was obtained in a ratio of 9,7/1 E/Z mixture
(Figure 3.29). Moreover, the high polarity of the deprotected sugar led to the
difficulties in purification which could be the bigger obstacle for the synthesis of
multivalent glycoclusters in further steps. Completion of the reaction and structural
integrity of the product was characterized using '"H NMR, HSQC, COSY, *C NMR
and mass spectrometry wherein the 'H NMR identified the appearance of newly
expected oxime singlet (NVCH) at § 8.20 and the newly formed characteristic doublets
of the aromatic (CH) moiety at & 7.47 and & 6.81 which confirmed the formation of
compound 30. Together with the existence of the formed characteristic singlet of the
triazole moiety at & 8.05. Moreover, the signal at 6 125.6 corresponds to the oxime
(NCH) and signal at § 151.5 corresponds to the triazole in *C NMR (see annex). The
mass spectral analysis clearly established the nature of the compound 30 (ESI-MS-
TOF: m/z calcd. for C1sH24N4Os: 424.16 found: 425.1673 [M+ H*] and 447.1493 [M+

Na'] as shown in Figure 3.30.
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Figure 3-30. HRMS (ESI*) spectrum of compound 30

3.4 Synthesis of three different multivalent glycoclusters based on the second
strategy (Go)

Having successfully accomplish the condensation of aminooxy 28 with the monomer
aldehyde 29, we were eager to extend the same methodology for the preparation of
final glycoclusters 31, 32, and 33 having 3, 6, and 12 sugar moieties, respectively. By
following similar oxime-ligation strategy, ammonium salt 28 which was the basic
building block, was treated with three different poly-aldehyde cores 11, 14, and 20
having 3, 6, and 12 aldehyde functionalities to afford final dendrimers. The model study
of this strategy is shown in the Figure 3.31.
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glycoclusters

Coupling of compounds 28 and poly-aldehyde cores 11, 14 and 20 provided dendrimers
with 3, 6 and 12 galactoside moieties according to Scheme 3.8 Therefore, compound
28 in MeOH: H,0 (4:1) was treated with poly-aldehyde cores for overnight at room
temperature respectively with the same procedure. In order to ensure complete
conjugation (oxime-ligation), excess aminooxy salt 28 (1.5 to 2 equivalent) was used

per aldehyde group.
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generation

Completion of the reaction was monitored by TLC however, due to the polar nature of
final glycoclusters, we could not distinguish the formation of mono, bis and tris
substitution in the case of 31 and the similar pattern in the case of 33. Therefore, we
assumed the completion of the reaction based on the literature procedure and

consumption of starting material. In addition, the highly polar nature of glycocluster
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due to the numerous of hydroxyl functionalities, were the biggest impediment for the
conventional column chromatography purification; thus, we have chosen the dialysis
technique and size exclusion chromatography. Nevertheless, both methods were found
to be not useful due to the narrow window of the sizes of differentially (bartially reacted)
substituted products. On the other hand, due to the small size of 3-mer glycocluster,
compound 31, the separation of three substitution was not possible by dialysis.
Therefore, it was purified using semi-preparative high-performance liquid
chromatography (HPLC) by choosing appropriate eluent system (H2O/ACN (4:1); Ry
= 0.54). Although HPLC purification was useful to separate the monomer from few
partially substituted derivatives, we could not achieve 100% purified compound
through this method. The 'H NMR of the resulting fraction is shown in Figure 3-32.
Also, mass spectrum of this fraction indicated the formation of the oxime-based
glycocluster 31. The mass spectral analysis clearly established the nature of the
compound 31 (ESI-MS-TOF: m/z calcd. For Cs7HgoN15024: 1347.46 found: 1348.8
[M+H*] and 1370.8 [M+ Na'] (see annex).
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Figure 3-32. '"H NMR (600 MHz, D20) of fraction collected from HPLC for
compound 31.
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Purification of 6-mer glycocluster, 33, could not be accomplished using HPLC due to
the exclusively soluble nature of 6-mer 33 in DMSO which is not a compatible solvent
for HPLC. However, we could remove excess of ligand 28 which had been used as
starting material by dialysis in 1000 molecular weight cut off bags. The partially
purified 6-mer from dialysis was dried under reduced pressure. The remaining residue
was triturated using MeOH and allowed it to settle the insoluble portion which we
assumed could be our compound. After 5 minutes solvent was decanted, and the
insoluble residue were dried under vacuum. This compound was characterized using
'H NMR according the Figure 3-33 and *'P NMR according to the Figure 3-34.
According to the literature procedure, the mixture of Z/E-isomers though the oxime-
ligation provided us with difficulties to obtain the pure compound. The mass spectral
analysis clearly established the nature of the compound 33 (ESI-MS-TOF: m/z calcd.
For C10sH13s8N27048P3: 2673.84 found: 2699.523 [M+ D*+ Na*]. (Annex)
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Figure 3-33. 'H NMR (300 MHz, DMSO) of remaining residue of compound 33
after dialysis.
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CHAPTER IV

EXPERIMENTAL

4.1 MATERIALS AND METHODS

DMF was tested with ninhydrin to insure that there is no amine impurities and kept
over molecular sieve. The DCM; DMF, toluene and THF were obtained from a solvent
purifier, MBRAUN. MeOH was dried with activated molecular sieve. The solvents
used for the chromatography are of HPLC quality. Solvents and reagents were
deoxygenated when necessary by purging whit nitrogen. Nanopure water, purified
through Barnstead NANO Pure II filter with Barnstead Megiihm-CM Sybron meter,
was used for lyophilization. All reagents were used as supplied without prior
purification unless otherwise stated, and obtained from Sigma-Aldrich Chemical Co.
Ltd. The progress of the reactions is followed by thin layer chromatography (TLC) on
aluminum silica gel plate (Merk 60 F254) using appropriate eluent systems. The
revelation is carried out by irradiation under light UV (A =254 nm), and on the other
hand, by soaking in specific developers, an acid mixture (sulfuric acid /methanol /
water: 5/45/45; v/v/v) for protected compounds. Purification was performed by flash
column chromatography using silica gel from Silicycle (60 A, 40-63 pm) with the
indicated eluent. 'H NMR and *C NMR nuclear magnetic resonance spectra were
recorded with Varian-Gemini 2000 or Varian-Innova AS600 instruments. The '"H NMR
spectra are recorded at a frequency of 300 MHz or 600 MHz, and 3C NMR are
recorded at 75 or 150 MHz, respectively. All NMR spectra were measured at 25 °C in

indicated deuterated solvents. Proton and carbon chemical shifts are reported in ppm
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and coupling constants (J) are reported in Hertz (HZ). The chemical shifts (8) are
expressed in parts per million (ppm) relative to tetramethylsilane (TMS) used as an
internal reference for the other solvents. The resonance multiplicities in the 'H NMR
spectra are described as “s” (singlet), “d” (doublet), “t” (triplet), “quint” (quintuplet)
and “m” (multiplet). The reference solvents which were used to make these
measurements consist of deuterated chloroform (CDCls), deuterium oxide (D20),
deuterated methanol (CD30D) and deuterated dimethyl sulfoxide (CD3) 2SO. The
reference values for 'H NMR, are § 7.27, § 4.79, and & 3.31, respectively. For 13C
NMR, the following values are § 77.0 (CDCls), 6 49.0 (CD30OD) and 8 39.5 (DMSO-
d6). 2D Homonuclear correlation 'H-'H COSY and Heteronuclear correlation 'H-*C
HETCOR experiments were used to confirm NMR peak assignments. Characteristic
signals of deprotected of the glycodendrimers’ periphery was assigned in comparison
with corresponding the prepared monomer of oxime as reference. Fourier transform
infrared (FT-IR) spectra were obtained with Thermo-scientic, Nicolet model 6700
equipped with ATR. The absorptions are given in wave numbers (cm™). The intensity

of the bands is described as s (strong), m (medium) or w (weak).
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Penta-0-acetyl-f-D-galactopyranose (2)

AcO _OAc
ACO%OAC
OAc

The compounds 2 was prepared according to the liter.ature procedure. !7 A suspension of
anhydrous sodium acetate (5.00 g, 61.05 mmol, 1.10 equiv.) in acetic anhydride (70
mL) was stirred at reflux. D-galactose (10.0 g, 55.51 mmol, 1.00 equiv.) was added in
small portions to the mixture and was stirred at reflux for a further 10 minutes. The
solution was poured in to ice-water (400 mL), followed by addition of dichloromethane
(120 mL), the organic layer was separated. The organic phase was washed with ice
cold water (2 x 200 mL), saturated aqueous solution of sodium bicarbonate (2 x 200
mL) and brine (2 x 200 mL). The organic solution was dried over Na2SOsg, filtered and
concentrated under reduced pressure to give a crude yellow oil. The yellow oil was
dissolved in the minimum amount of Et20 (~25 mL), subsequently petroleum ether
(~50 mL) and EtOH (~200 mL) were added which resulted in to the precipitation. The
suspension was then kept first at 24 °C for 2-3 hours then at -14 °C for 16 hours. The
residue was filtered and washed with petroleum ether to give a product containing the
a, B mixture. In order to ensure exclusive formation of B product, the remaining solid
residue was recrystallized again in minimum amount of hot ethanol to afford penta-O-
acetyl-B-D-galactopyranose 2 as white solid (10.86 g, 60%); (EtOAc /Hexane (3:2));
mp 142-143 °C; [Ref. mp 142-144 °C; Ref. mp 142 °C; Ref. mp 137-139 °C (EtOH)];
[a]p +23.00 (¢ 1.0, CHCI5) [Ref.!® [a]p +23.4 (¢ 1.0, CHCl3)]; '"H NMR (300 MHz,
CDCl3): 8 5.69 (d, 1H, J12=8.3 Hz, h-1), 5.42 (dd, 1H, J34 = 3.4 Hz, J45= 0.9 Hz, H-
4), 533 (dd, 1H, Jo3 = 10.4 Hz, J12 8.3 Hz, H- 2), 5.07 (dd, 1H, J>3=10.4 Hz, J34=
3.4 Hz, H-3), 4.2 — 4.1 (m, 2H, H-6a,a"), 4.1 — 4.0 (m, 1H, H-5), 2.16, 2.11, 2.03, 1.99
ppm (5 x s, 15H, 5 x COCH3) . 13C NMR (300 MHz, CDCl3): § 170.2, 170.0, 169.8,
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169.2, 168.9 (5 x COCH3), 92.0 (C-1), 71.6 (C-5), 70.7 (C-3), 67.7 (C-2), 66.7(C-4),
60.9 (C-6), 20.8, 20.7, 20.5, 20.5, 20.4 ppm (5 x COCH3). The data agrees with the

reported literature values.

Tert-Butyl N-Hydroxycarbamate (24)

e

a . @) )<
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The compounds 24 was prepared according to the literature procedure.'®’” A solution of di-
tert-butyl dicarbonate or bis(tert-butoxycarbonyl) oxide; (BocO)CO 47 (5g, 0.023 mol,
1.0 equiv.) in 1:1 THF: H20 (60 mL) and hydroxyl-aminehydrochloride (2.39 g, 0.034
mol, 1.5 eq.) was treated at 0 ° C with NaHCO3 (2.85g, 0.034mol, 1.5 eq.).The solution
was stirred at 0 ° C for 2h. After completion of reaction, the solution was diluted with
EtOAC. Subsequently, the extracted organic layer, was washed with saturated aqueous
sodium bicarbonate (3 x 30 mL NaHCO3, H,0) and saturated aqueous NaCl (3 x 30
mL) then dried over Na;SOs. The solvent was removed under reduced pressure. The
residue was dissolved in minimum amount of diethyl ether and crystalized with ether
petroleum to afford 24 as a white solid compound (1.843 g, 0.0139 mol, 60%). '"H NMR
(300 MHz, CDCls): § 6.96 (s, 1H, H-a), 6.13 (s, 1H, H-b), 1.48 ppm (s, 9H, H-¢). 1°C
NMR (300 MHz, CDCl3): 8 158.8 (C-c), 82.0 (C-d), 28.1 ppm (C-¢). The data agrees

with the reported literature values.'®’
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Tert-butyl N-(2-propynyloxy)-carbamate (26)

b © O g
a/O\EJeJ\O f :

The compound 26 was synthesized according to a modified literature procedure.'*® To
a cooled solution (5-10 °C) of tert-butylhydroxycarbamate (3.00 g, 22.53 mmol, 1.0
equiv.) stirring in DMF (25 mL) was added DBU (6 mL, 40.55 mmol, 1.8 equiv.) in
one portion. After 10 minutes, Propargyl bromide (3.61 mL, 40.55 mmol, 1.8 equiv.)
was added dropwise in cooled temperature. When the addition was completed, the ice
bath was removed and the reaction mixture was stirred at room temperature for 2 hours.
Once starting material (limiting reagent) was consumed as an approve of completion
of the reaction, EtOAc (50 mL) and water (25 mL) were added, then aqueous phase
was separated and were back- extracted with EtOAc ( 3 x 30 mL). The combined
organic phase was washed with water (4 x 30 mL) and respectively with satd. NaHCO3
(4 x 30 mL) and brine (3 x 30 mL). The extract was dried over NazSOs, filtered and
evaporated under reduced pressure. Reaction mixture was purified through silica gel
column chromatography using the appropriate eluent system (Toluene/ EtOAc (4:1);
Rs= 0.5) to afford compound 26 as a beige-gray oil (1.95 g, 11.39 mmol, 51% ); 'H
NMR (300 MHz, CDCIl5): & 7.35 (s, 1H, H-d), 4.47 (s, 2H, H-¢), 2.49 (s, 1H, H-a), 1.48
ppm (s, 9H, H-g). 3°C NMR (300 MHZ, CDCl3): 8 156.3 (C-¢), 82.0 (C-f), 78.1 (C-b),
75.5 (C-a), 63.6 (C-c), 28.1 ppm (C-g). The data agrees with the reported literature

“values.!?®
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2-bromoethyl 2, 3, 4, 6-tetra-O-acetyl-B-D-galactopyranoside (5)

AcO o 60 .
AcO O ~pg/
OAc *

To the mixture of penta-O-acetyl-B-D-galactopyranose, 2 (2.00 g, 5.12 mmol, 1.0
equiv.) and 2-bromoethanol, (0.55 mL, 7.7 mmol, 1.5 equiv.) which dissolved in
dichloromethane, (20 mL), BF3. Et;O, (0.94 mL, 7.7 mmol, 1.5 equiv.) was added at
0 °C dropwise during 30 minutes and then left the mixture in ice bath for 2 hours and
then at room temperature around 4 hours. Progression of the reaction was followed by
TLC. Upon completion of the reaction, the reaction mixture was quenched by drop
wise addition of NaHCOs3 since no bubble seen and then worked up by adding
dichloromethane (20 mL). The organic phase was washed with water (2 x 30 mi),
sodium bicarbonate (2 x 30 ml) and brine (2 x 30 ml). The extract was dried on NaxSQOys,
filtered and evaporated under reduced pressure. Reaction mixture was purified through
silica gel column chromatography (EtOAc/ Hexane (1:1); Ry = 0.41) to afford
compound 5 (1.56 g, 0.0034 mol 67 %) as a white soft solid. 'H NMR (300 MHz,
CDCls): 6 5.38 (dd, 1H, J=3.4 0.8 Hz, H-4), 5.22 (dd, 1H, J= 10.5, 7.9 Hz, H-2), 5.01
(dd, 1H,J=10.5, 3.4 Hz, H-3 ), 4.53 (d, 1H, J= 7.9 Hz, H-1), 4.21 — 4.07 (m, 3H, H-
6a,a', H-Za), 3.91 (td, 1H, J= 6.6, 0.9 Hz, H-5), 3.81 (ddd, 1H, J=11.3, 7.3, 6.4 Hz,
H-Za"), 3.50 — 3.42 (m, 2H, Hy), 2.14, 2.05, 1.98 ppm (4 x s, 12H, 4 x COCH3). *C
NMR (300 MHz, CDCls) 6 170.2, 170.1, 170.0, 169.0 (4 x COCH3), 101.3 (C-1), 70.7
(C-5), 70.6 (C-3), 69.6 (C-z), 68.4 (C-2), 66.8 (C-4), 61.1 (C-6), 29.82 (C-y), 20.73,
20.54, 20.52, 20.44 ppm (4 x COCH3).
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2-Azidoethyl 2, 3, 4, 6-tetra-O-acetyl-pf-D-galactopyranoside (22)

AcO _OAc
9 y
AC()%/()\/\N3
OAc *

To the solution of 2-bromoethyl-2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside (0.900
g, 1.98 mmol, 1.0 equiv.) in DMF (8 mL) was added sodium azide, NaN3, (0.194 g,
2.97 mmol, 1.5 equiv.) and the mixture of the reaction stirred at 65 °C for 5 hours.
Progression of the reaction was followed by TLC. Upon completion of the reaction, the
reaction mixture was diluted with EtOAc (20 mL) and the two organic and aqueous -
phase were separated. The aqueous phase again extracted with EtOAc (3 x 20 mL) and
the separated organic phase was washed with water (5 x 20 mL) and brine (3 x 20 mL).
The extract was dried over Na;SOs, filtered and evaporated under reduced pressure.
Reaction mixture was purified through crystallization with DCM/Hexane or through
silica gel column chromatography (EtOAc/ Hexane (1:1); Ry = 0.44) to afford
compound 22 as a colorless waxy oil to the white semi solid in low temperature (0.805
g, 1.93 mmol, 97 %). '"H NMR (300 MHz, CDCl5): 6 5.38 (dd, 1H, J= 3.4 Hz, 0.9 Hz,
H-4), 5.23 (dd, 1H, J = 10.5, 7.9 Hz, H-2), 5.01 (dd, 1H, J=10.5, 3.4 Hz, H-3), 4.55
(d, 1H, J = 7.9 Hz, H-1), 4.15 (tt, 2H, J = 11.3, 5.7 Hz, H-6a,a' ), 4.03 (ddd, 1H, J =
10.6, 4.7, 3.5 Hz, H-Zb), 3.91 (td, 1H, J = 6.6, 1.0 Hz, H-5), 3.72 — 3.64 (m, 1H, H-
Zb'"), 3.54 — 3.45 (m, 1H, H-Y¢), 3.29 (ddd, 1H, J = 13.4, 4.6, 3.4 Hz, H-Y¢"), 2.14,
2.04,1.92 ppm(4 x s, 12H, 4 x COCH3). 1*C NMR (300 MHz, CDCl3): § 170.2, 170.1,
170.0, 169.3 (4 x COCH3), 101.0 (C-1), 70.7 (C-5), 70.7 (C-3), 68.4 (C-2), 68.2 (C-4),
66.9 (C-z), 61.1 (C-6), 50.4 (C-y), 20.6, 20.5, 20.5, 20.4 ppm (4 x COCH3).
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4-Azidoethoxy-2-(2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyloxy)fert-butyl(4-
methyloxy) carbamate (27)

AcO OAc
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The compound 27 was synthesized according to a modified literature procedure.!*%-2%

A solution of 2-azidoethyl-2, 3, 4, 6-tetra-O-acetyl-f-D-galactopyranoside 22 (650 mg,
1.56 mmol, 1 equiv.) and fert-butyl (prop-2-yn-1-yloxy)carbamate (26) (399 mg, 2.34
mmol, 1.5 equiv.) in minimum amount of THF (3mL), were treated with an aqueous
- solution of CuS04.5H-0, (78 mg, 0.0312 mmol, 0.02 equiv.) and sodium ascorbate ( 93
mg, 0.047 mmol, 0.03 equiv.) in 1 mL of H>O. Biphasic mixture was then stirred at
50 °C for 1h and then at room temperature overnight. The completion of the reaction
judged by the complete conversion of the limiting reagent. After completion of the
reaction, EtOAc was added to the mixture (12 mL) and stirred for 30 minutes then was
dried over NaxSOs, filtered and evaporated under reduced pressure. The main product
27 was afforded through silica gel column chromatography using the appropriate eluent
system (DCM/ MeOH (9.9:0.1); Ry= 0.3) as a white solid (790 mg, 1.34 mmol, 86%).
'H NMR (300 MHz, CDCls): 6 7.82 (s, 1H, H-j), 7.70 (s, 1H, H-g), 5.39 (d, 1H,J=2.5
Hz, H-4), 5.17 (dd, 1H, J=10.5, 7.9 Hz, H-2), 5.01 — 4.94 (m, 3H, H-3 & H-e), 4.68-
4.49 (m, 2H, H-6), 4.43 (d, 1H, J= 7.9 Hz, H-1), 4.26 (d, 1H, J=10.3 Hz, H-5), 4.21
—4.08 (m, 2H, H-z,2"), 4.03 — 3.87 (m, 2H, H-y), 2.16, 2.05, 1.97, 1.94 (4 x s, 12H, 4 x
COCH3), 1.49 ppm (s, 9H, H-k).!*C NMR (75 MHZ, CDCls3): § 170.5, 170.3, 170.2,
170.1, (4xCOCHs), 156.9 (C-h), 143.2 (C-f), 125.2 (C-g), 101.1 (C-1), 81.8 (C-i), 71.0
(C-y), 70.6 (C-3), 69.3 (C-e), 68.6 (C-2), 67.7 (C-5), 66.9 (C-4), 61.3 (C-z), 50.1 (C-
6), 28.4 (C-k, (3xCHa3)), 20.8, 20.8,20.7, 20.7 ppm (4x COCH3). The data agrees with

the reported literature values.2%
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2-Azidoethyl-carbaldoxime-B-D-galactopyranoside (30)

The compound 30 was synthesized according to a modified literature procedure.20!-2%

A solution of 2-azidoethyl -B-D-galactopyranoside carbamate (27) (50 mg, 0.085 mmol)
in methanol (2 mL), was treated with drop wised Acetyl chloride, AcCl 98% (200 pL,

2.8 mmol, 33.0 equiv.) in 0 °C for 4h. After completion of the reaction include Boc and

acetyl deprotection, compound 9 the solvent was removed under reduced pressure. The

dissolved residue in methanol (2 mL) was treated with 4-Hydroxybénzeldehyde

(11.4mg, 0.093 mmol, 1.1 equiv.) for 2h at room temperature. Subsequently the solvent

was removed under reduced pressure and the main product 30 was afforded through

Silica gel column chromatography using the appropriate eluent system (DCM/ MeOH

(4:1); Ry = 0.54) as a white foam (25 mg, 0.059 mmol, 70%). 'H NMR (600 MHz,

MeOH) & 8.20 (s, 1H, H-j), 8.05 (s, 1H, H-g), 7.47 (d, J= 8.5 Hz, 2H, H-h), 6.81 (d, J
= 8.5 Hz, 2H, H-i), 5.22 (s, 2H, H-e), 4.68 (t, /= 5.0 Hz, 2H, H-y), 4.29 (d, J= 7.7 Hz,

1H, H-1), 4.26 (dd, J = 11.0, 5.4 Hz, 1H, H-2'),4.07 — 4.01 (m, 1H, H-z), 3.84 (d, J =

3.1 Hz, 1H, H-4), 3.78 (dd, J=11.3, 7.1 Hz, 1H, H-3), 3.73 (dd, J=11.4, 5.0 Hz, 1H,

H-6a"), 3.38-3.52 (m, 2H, H-6a & H-2), 3.48 ppm (dd, J= 9.7, 3.2 Hz, 1H, H-5). °C

NMR (151 MHz, MeOD): & 161.5 (C-1), 151.5 (C-g), 146.3 (C-f), 130.7 (C-k), 127.5

(C-h), 125.6 (C-j), 117.4 (C-1), 106.1 (C-1), 77.7 (C-2), 75.5 (C-5), 73.2 (C-6), 71.1

(C-4), 70.0 (C-z,z"), 68.6 (C-e), 63.4 (C-3), 52.6 ppm (C-y). ESI-MS calcd for

Ci1sH24N4Og [M+H]": 425.1594. Found: 425.1673. [M+Na] *: 447.1491. Found:

447.1493
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Tri-(4-formacylphenoxy)-1, 3, 3-triazine (11)

a
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The compounds 24 was prepared according to the literature procedure.!”> Anhydrous sodium
carbonate (2.3 g, 21.7 mmol, 4 equiv.) and 4-Hydroxybenzaldehyde (2.65 g, 21.7 mmol,
4 equiv.) were dissolved in acetone 4.8 mL and stirred at room temperature for 1 hour.
In next step cyanuric chloride (1 g, 5.42 mmol, 1 equiv.) was added and the mixture
was stirred at 60 °C for 6 hours then cooled to room temperature and the precipitate
was filtered and washed three times by water 80 °C during 30 minutes to remove
impurities. The white powder of tri-(4-formacylphenoxy)-1,3,3-triazine compound 11
was collected as a main product (1.769 g, 4 mmol, 74%) after dried in oven at 105 °C
for 4 hours. Mp: 183-184 °C. 'H NMR (300 MHz, CDCls): 8 9.99 (s, 3H, H-a), 7.91 (d,
6H, J= 8.7 Hz, H-¢), 7.31 ppm (d, 6H, J = 8.6 Hz, H-f). *C NMR (300 MHz, CDCl3):
3 190.5 (C-a), 173.0 (C-b), 155.6 (C-c), 134.4 (C-e), 131.2 (C-d), 122.1 ppm (C-f). All

the data above is identical to the reference protocol.!®>
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12-Mer aldehyde core (14)

The compounds 14 was prepared according to the literature procedure.'”
Hexachlocyclotriphosphazene, N3P3Cls (200 mg, 575 mmol, 1 equiv.), 4-
Hydroxybenzaldehyde (440mg, 3.60 mmol, 6.2 equiv.) and K>CO3 (1000 mg, 7.23
mmol, 12.5 equiv.) were dissolved in THF (6 mL) and stirred for 12 hours. After the
solvent was removed in vacuum and the residue was extracted with dichloromethane,
DCM (3 x 25 mL) and the separated organic phase was washed with water (2 x 15 mL)
and brine (2 x 15 ml) then dried over Na2SO4 and evaporated under reduced pressure.
The obtained residue was purified through recrystallization with DCM/Hexane or
through silica gel column chromatography (EtOAc/Hexane (1:1); Ry : 0.44) to afford
cdmpound 14 (442.1 mg, 464 mmol, 81 %) as a white solid. Mp: 92-94 °C. '"H NMR
(300 MHz, CDCls): 8 9.94 (s, 6H, H-a), 7.73 (d, 12H, J = 8.6 Hz, H-b), 7.14 ppm (d,
12H, J = 8.5 Hz, H-c). 3C NMR (300 MHz, CDCl3)  190.3 (C-a), 154.6 (C-¢), 134.0
(C-b), 131.3 (C-d), 121.1 ppm (C-c). *'P NMR (300 MHz, CDCls): § 7.08 ppm ().
HRMS m/z: caled for C42H30N3012P3 + (H), 862.1115. Found m/z: 862.1105. All the

data above is identical to the reference protocol.!®’
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Dimethyl S-hydroxyisophthalate (17)

The compounds 17 was prepared according to the literature procedure.!®%2% 5-
Hydroxyisophthalic acid (800 mg, 44 mmol, 1 equiv.) was dissolved in MeOH (70 mL)
and stirred at room temperature. In the next step mixture was cooled down to 0 °C
through ice bath while H2SO4 was added slowly and the reaction mixture was stirred
up to room temperature. Subsequently the mixture was heated under reflux overnight.
Progression of the reaction was followed by TLC. After completion of the reaction, the
reaction mixture was cooled down to room temperature and solvent evaporated off.
The residue was dissolved in EtOAc (300 mL) and the organic phase was washed with
saturated aqueous sodium bicarbonate, NaHCO3 (2 x 200 mL), water (2 x 200 mL),
brine (2 x 200 mL) and dried over Na;SO4 and finally evaporated under reduced
pressure. The obtained residue also was recrystallization in DCM/Hexane to afford
compound 17 (8316 mg, 39.5 mmol, 90 %) as a white solid. 'H NMR (300 MHz,
CDCl3): 6 8.25 (t, 1H,J=1.4 Hz, H-b), 7.77 (d, 2H, J= 1.4 Hz, H-c), 3.94 ppm (s, 6H,
H-a). >*C NMR (300 MHz, MeOD): § 167.6 (C-d), 159.2 (C-f), 133.0 (C-e), 122.4 (C-
b), 121.4 (C=c), 52.6 ppm (C-a). The data agrees with the reported literature values.?”
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3,5-Bis(hydroxymethyl)phenol (18)

The compounds 18 was prepared according to the literature procedure.196’203 A solution of
dimethyl 5-hydroxyisophthalate 17 (1.50 g, 7.1 mmol, 1 equiv.) in dry THF (25 mL)
was added dropwise to a stirred mixture of LiAlH4 (800 mg, 21.3 mmol, 3 equiv.) in
dry THF (40 mL). The mixture was heated under reflux for 2 hours and then stirred at
room temperature overnight. EtOAc (1.5 mL), EtOH (0.7 mL), and brine (7 mL) were
added dropwise to quench the reaction and the resulting suspension was filtered and
washed with EtOH (2 x 50 mL). The filtrate was evaporated under vacuum to give
compound 18 (1.112 g, 7.2 mmol, 90%) as a pale-grey, hydroscopic glass; (DCM/
MeOH (8.5:1.5); Ry= 0.43). 'TH NMR (300 MHz, MeOH): 8 6.83 (s, 1H, H-b), 6.74 (s,
2H, H-c), 4.56 ppm (s, 4H, H-d). *C NMR (75 MHz, MeOD): § 158.6 (C-f), 144.3 (C-
e), 117.6 (C-b), 113.7 (C-¢), 65.1 ppm (C-d). EI-MS, m/e (relative intensity): 154 (100).
HR EI-MS: calcd for CsH1003 (M¥): 154.0630, Found: 154.0632. The data agrees with

the reported literature values.2%®
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5-Hydroxybenzene-1, 3-dicarbaldehyde (19)

The compound 19 was synthesized according to a modified literature procedure,!762%

3,5-Bis(hydroxymethyl)phenol 18 (1.112 g, 7.2 mmol, 1.0 equiv.) was dissolved in dry
THF (2 mL) and dry DCM (8 mL) and stirred at room temperature under nitrogen then
pyridinium chlorochromate, PCC (3730 mg, 17.3 mmol, 2.4 equiv.) was added to the
mixture and stirred at room temperature around 3 hours. TLC was used to monitor the
reaction. Upon completion of the reaction, the mixture was diluted with
dichloromethane (20 mL) and the mixture was filtered through celite and washed with
DCM three times (3 x 15 mL). The organic phase was concentrated under reduced
pressure and the main product (19) was afforded through silica gel column
chromatography using the appropriate eluent system (EtOAc/Hexane (1:1); Ry=0.37)
as a rose-white solid (870 mg, 5.79 mmol, 80%). 'H NMR (300 MHz, CDCls): § 10.05
(s, 2H, H-d), 7.97 (t, 1H, J= 1.3 Hz, H-b), 7.64 (d, 2H, J= 1.3 Hz, H~c), 5.67 ppm (s,
1H, H-f (phenol)). FT-IR (cm™) 3343, 2938, 2832, 1697, 1600, 1456, 1348,1292, 1193,
1151, 1104, 1053, 863. EI-MS, m/e (relative intensity): 150 (100), 121.0 (75). The data

agrees with the reported literature values.?%®



102

12-Mer aldehyde core (20)
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The compounds 20 was prepared according to the literature procedure.!*® 5-Hydroxybenzene-
1,3-dicarbaldehyde 19 (130 mg, 0.860 mmol, 12 equiv.), Cesium carbonate (280 mg,
0.860 mmol, 12 equiv.) and hexachlocyclotriphosphazene, (25 mg, 0.072 mmol, 1
equiv.) were dissolved in THF (3 mL) and stirred for 12 hours. TLC was used to
monitor the reaction. Upon completion of the reaction, the solvent was removed in
vacuum and the residue was dissolved in minimum amount of dichloromethane and the
obtained residue was purified through silica gel column chromatography using the
appropriate eluent system (EtOAc/Hexane (1:1); Ry= 0.45) to afford compound 20 as
a poorly soluble white powder (16 mg, 0.015 mmol, 22 %). HR EI-MS: caled for
CagH30N3015P3 (M*): 1030, Found: 1030. 3'P NMR (122 MHz, DMSO, de): 8 7.91 ppm
(s). 'TH NMR (300 MHz, DMSO, ds): & 10.00 (s, 12H, H-a), 8.31 (s, 6H, H-b), 7.89
ppm (s, 12H, H-d). The data agrees with the reported literature values.!'*
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0-(2,3,4,6-tetra-0O-acetyl-B-D-galactopyranosyl)-N-Hydroxyphthalimide (7)
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“The compounds 7 was prepared according to the literature procedure. 2-Bromoethyl-2,3,4,6-
tetra-O-acetyl-B-D-galactopyranoside (5) (2.00 g, 4.39 mmol, 1.0 equiv.) dissolved in
18 mL DMF, was added to the mixture of N-hydroxyphthalimide 6 (932 mg, 5.71
mmol, 1.3 equiv.) and EtsN (0.79 mL, 5.71 mmol, 1.3 equiv.) in DMF (2mL) at 80 °C
for overnight. Progression of the reaction was followed by TLC. Upon completion of
the reaction, the reaction mixture was diluted with EtOAc and the organic phase
washed with HCI 0.1M respectively with sodium bicarbonate, water and brine. The
extract was dried over Na;SOs, filtered and evaporated under reduced pressure.
Reaction mixture was purified through silica gel column chromatography using the
appropriate eluent system (EtOAc/Hexane (1:1); Ry=0.19) to afford compound 7 as a
pale beige to white solid (1790 mg, 3.33mmol, 76 %); 'H NMR (300 MHz, CDCls):
d 7.89 —7.80 (m, 2H, H-c), 7.79 — 7.72 (m, 2H, H-d), 5.39 (dd, 1H, J=3.4, 1.0 Hz, H-
4), 5.20 (dd, 1H, J = 10.5, 7.9 Hz, H-2), 5.05 (dd, 1H, J = 10.4, 3.4 Hz, H-3), 4.73
(d,1H, J= 7.9 Hz, H-1), 4.45 — 4.29 (m, 2H, H-6,6"), 4.21 — 4.10 (m, 2H, H-Z, H-5),
4.09 —3.99 (m, 2H, H-z, H-y), 3.95 (td, 1H,J=6.7, 1.0 Hz, H-y), 2.14, 2.10, 2.05, 1.98
ppm (4 x s, 12H, 4x COCH3). '*C NMR (75 MHz, CDCl3): 8 170.3, 170.2, 170.0, 169.7
(4 x COCH3), 163.4 (C-a), 134.5 (C-b), 128.8 (C-d), 123.5 (C-c), 101.2 (C-1), 77.5 (C-
6), 70.9 (C-3), 70.6 (C-z), 68.5 (C-2), 67.0 (C-4), 66.9 (C-5), 61.2 (C-y), 20.7, 20.6,
20.6, 20.5 ppm (4 x COCH3). The data agrees with the reported literature values.
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N- Propargyloxyphthalimide, (Allyloxyamine) (35)

The compounds 35 was prepared according to the literature procedure.'®® DBU (1.27 mL,
13.21 mmol, 1.1 equiv.) was added in one portion to a cooled solution (5-10°C) of N-
hydroxyphthalimide 6 (2.00 g, 12.26 mmol, 1.0 equiv.) stirring in DMF (15 mL). After
10 min, Propargyl bromide 25 (1.175 mL, 1.32 mmol, 1.1 equiv.) was added dropwise
in cooled temperature and then reaction mixture was stirred at room temperature around
two hours, until the color turned from dark burgundy to yellow. Ethyl acetate and water
were added respectively to the mixture of reaction and the aqueous phase separated.
The combined organic phase was washed respectively with water, satd. NaHCO3 until
the aqueous phase was pale yellow, brine and dried over anhydr. Na;SOa. The solvent
was evaporated to afford N- propargyloxyphthalimide 35 (1320 mg, 55%) as a white
solid; (EtOAc/Hexane (1:1); Ry=0.19). Mp 58 to 62°C. 'H NMR (300 MHz, CDCl5):
8 7.89 — 7.82 (m, 2H, H-a), 7.80 — 7.73 (m, 2H, H-b), 4.87 (d, 2H, J = 2.4 Hz, H-d),
2.59 ppm (t, 1H, J= 2.4 Hz, H-f). ®*C NMR (75 MHz, CDCl3): § 163.2 (C-g), 134;5
(C-c), 128.7 (C-b), 123.6 (C-a), 78.0 (C-e), 76.3 (C-1), 64.9 ppm (C-d). The data agrees

with the reported literature values.'*®
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Azidoethoxy-2-(2,3,4,6-tetra-O-acetyl-D-galactopyranosyloxy) phthalimide (36)

c d
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The compound 36 was synthesized according to a modified literature procedure.!**2%

A solution of 2-azidoethyl-2,3,4,6-tetra-O-acetyl-f-D-galactopyranoside 22 (200 mg,
0.48 mmol, 1.0 equiv.) and N-propargyloxyphthalimide 35 (145 mg, 0.72 mmol, 1.5
equiv.) were dissolved in minimum amount of THF (3mL), then were treated with an
aqueous solution of CuS04.5H20, (24 mg, 0.0096 mmol, 0.02 equiv.) and sodium
ascorbate ( 28 mg, 0.0144 mmol, 0.03 equiv.) in 1 mL of H>O. Biphasic mixture was
stirred at 50 °C for 1hour and then at room temperature overnight. The completion of
the reaction judged by the complete conversion of the limiting reagent. After
completion of the reaction, EtOAc was added to the mixture (12 mL) and the mixture
was stirred for 30 minutes then was dried over Na2SOg, filtered and evaporated under
reduced pressure. The main product 36 was afforded through silica gel column
chromatography using the appropriate eluent system (EtOAc/ Hexen (3:2); Ry= 0.25)

as a white solid (253 mg, 0.409 mmol, 85%) with; '"H NMR (300 MHz, CDCl5): § 7.92
(s, 1H, H-g), 7.82 — 7.76 (m, 2H, H-c), 7.76 — 7.70 (m, 2H, H-d), 5.40 (dd, 1H, J=3.5,
0.9 Hz, H-4), 5.35 (d, 2H, J= 1.4 Hz, H-e), 5.22 (dd, 1H, J=10.5, 7.9 Hz, H-2), 5.00
(dd, 1H, J = 10.5, 3.4 Hz, H-3), 4.71 — 4.61 (m, 1H, H-6), 4.61 — 4.49 (m, 1H, H-6"),
447 (d, 1H, J=7.9 Hz, H-1), 4.30 - 4.22 (m, 1H, H-2'), 4.22 -~ 4.08 (m, 2H, H-z & H-
5), 3.91 (ddd, 2H, J = 13.9, 8.5, 2.2 Hz, H-y), 2.17, 2.05, 2.00, 1.98 ppm (4 x s, 12H,
4x COCH3). 3C NMR (75 MHz, CDCl3): § 170.3, 170.1, 170.0, 169.5 (4 x COCH3) ,
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163.3 (CO, C-a,), 141.3 (C-f), 134.33 (C-d), 128.7 (C-b), 125.8 (C-g), 123.4 (C-c),
100.8 (C-1), 70.8 (C-y), 70.5 (C-3), 70.1 (C-e), 68.4 (C-2), 67.43 (C-z), 66.8 (C-4),
61.1 (C-5), 50.1 (C-6), 20.6, 20.5, 20.5, 20.4 ppm (4 x COCH3). The data agrees with

the reported literature values.?

4-Azidoethoxy-O-f-D-galactopyranosyloxy)-tert-butyl-(4-methyloxy)carbamate
“7)
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To a solution of 4-azidoethoxy-2-(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyloxy)
tert-butyl(4-methyloxy)carbamate 27 (50 mg, 0.085 mmol, 1.0 equiv.) in MeOH (3mL),
was added K,CO;s as catalytic amount, (5 mg, 0.036 mmol, 0.40 equiv.). The mixture
was then stirred at room temperature overnight. The completion of the reaction judged
by the complete deacetylation of the compound 27. After completion of the reaction,
the mixture filtered and evaporated under reduced pressure. The main product (47) was
afforded as a white solid solvable in methanol (33 mg, 0.078 mmol, 92%) with (DCM/
MeOH (3:2); Ry=0.3). 'H NMR (300 MHz, MeOD): § 8.12 (s, 1H), 4.76 (s, 2H), 4.66
(s, 2H), 4.25 (d, 2H, J=11.8 Hz), 4.13 — 3.95 (m, 1H), 3.90 (s, 1H), 3.74 (d, 2H, J =
5.2 Hz), 3.50 (d, 3H, J= 7.0 Hz), 1.35 ppm (d, 9H, J = 12.5 Hz).
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Diethyleneglycol-bis(p-toluenesulfonate) (44) (protocol 1)
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Diethylene glycol 43 (1.00 g, 9.42 mmol, 1.0 equiv.) in THF (10 mL) was treated by
Et:N (2.89 mL, 20.68 mmol, 2.2 equiv.) under nitrogen at room temperature and the
0.1M solution of TsCl in THF (3950 mg, 20.70 mmol, 2.2 equiv. dissolved in 207 mL
THF) was added to the main solution and stirred under nitrogen overnight. Then the
solvent was evaporated, and the residue dissolved in EtOAc. The organic phase was
washed with water, dried over Na;SQg, filtered and evaporated. The main product 44
was afforded through silica gel column chromatography using the appropriate eluent
system (Héxene/EtOAc (7:3); Ry=0.25) as a white solid (3.00 g, 7.23 mmol, 77%). 'H
NMR (300 MHz, CDCls): 6 7.78 (d, 4H, J = 8.4 Hz, H-d), 7.35 (d, 4H, J = 8.0 Hz, H-
e), 4.12 — 4.06 (m, 4H, H-b), 3.64 — 3.58 (m, 4H, H-a), 2.45 ppm (s, 6H, H-g).
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- Diethylene glycol bis (p-toluenesulfonate) (44) (protocol 2)
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The compounds 44 was prepared according to the literature procedure.?* Diethylene glycol
43 (2000 mg, 16.96 mmol, 1.0 equiv.) and TsCl (7.20 g, 37.77 mmol, 2.0 equiv.)
dissolved in DCM (18 mL) were treated by KOH 85% (8440 mg, 150.42 mmol, 8.0
equiv.) portion wise under nitrogen at 0 °C. The reaction mixture was stirred at 0 °C for
3 hours and after completion of reaction water added to the mixture and the organic
phase was extracted by DCM and dried over Na>SOs, filtered and in the next step the
solvent was evaporated. The residue dissolved in minimum amount of MeOH and was
kept in the fridge overnight, filtered and washed with cold MeOH to afford desired
product (Hexene/EtOAc (7:3); Ry= 0.25) as a pure white crystal 44 (6.372 mg, 15.37
mmol, 91%). '"H NMR (300 MHz, CDCls): § 7.82- 7.75 (m, 4H, H-d), 7.35 (d, 4H, J =
8.0 Hz, H-e), 4.11 — 4.07 (m, 4H, H-b), 3.64 — 3.58 (m, 4H, H-a), 2.45 ppm (s, 6H, H-
g). 3C NMR (75 MHz, CDCl3): § 145.3 (C-c), 133.1 (C-f), 130.2 (C-e), 128.2 (C-d),
69.3 (C-a), 69.0 (C-b), 21.9 ppm (C-g). The data agrees with the reported literature

values.2%
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Tripropargyl-pentaerythritol (39)

The compounds 39 was prepared according to the literature procedure.?”® Pentaerythritol 38
- (2.00 g, 14.69 mmol, 1.0 equiv.) was dissolved in DMSO (15 mL), and a solution of
NaOH 40% (4000 mg in 10 mL water) (10 mL) was added to it. After 30 minutes
stirring at room temperature, a solution of propargyl bromide 25 (9.6 mL, 107.31 mmol,
7.3 equiv.) in toluene (80%) was added drop wise to the reaction mixture. The reaction
was left stirrihg at room temperature overnight. Once the reaction was completed, water
was added to the mixture, and extracted with diethyl ether. The organic layer was
isolated, combined, washed with water, brine and dried over Na;SOs, then filtered and
evaporated. The main product 39 was afforded through silica gel column
chromatography using the appropriate eluent system (Hexene/EtOAc (3:2); Rr= 0.43)
as a yellow oil (2.20 g, 8.78 mmol, 59%). 'H NMR (300 MHz, CDCls): § 4.11 (d, 6H,
J= 2.4 Hz, H-d), 3.67 (s, 2H, H-b), 3.54 (s, 6H, H-c), 2.42 ppm (t, J = 2.4 Hz, 3H, H-
f). 1*C NMR (75MHz, CDCI3) § = 44.6, 58.7, 65.0, 70.1, 74.5, 79.6 ppm. The data

. agrees with the reported literature values.?%
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3-{2-[2-(2-Chloroethoxy)ethoxymethyl]-3-prop-2-ynyloxy-2-prop-2-
ynyloxymethylpropoxy}-propyne (41)

\\/
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The compounds 44 was prepared according to the literature procedure.?”> To a solution of
tripropargyl-pentaerythritol 39 (2.00 g, 8.00 mmol, lequiv.) and BuuNHSO4 (5.432 g,
16 mmol, 2 equiv.) in 2-chloroethyl ether 40 (6 mL, 50 mmol, 6 equiv.) was added
aqueous NaOH (50%, 10 mL). The two-phase reaction mixture was vigorously stirred
at room temperature for 48 hours. DCM and water were added to the mixture and the
organic phase separated and successively washed with water, dried over Na>SO4 and
evaporated. The desired compound 41 was afforded through the purification by column
chromatography using the appropriate eluent system (Hexene/EtOAc (7:3); Ry = 0.5)
as a colorless oil (2500 mg, 7.00 mmol, 85%). 'H NMR (300 MHz, CDCl3): § 4.11 (d,
6H, J = 2.4 Hz, H-d), 3.77 (dd, 2H, J = 8.8, 3.2 Hz, H-h), 3.66 — 3.58 (m, 6H, H-g),
3.52 (s, 6H, H-c), 3.46 (s, 2H, H-b), 2.41 ppm (dt, 3H, J=9.3, 2.3 Hz, H-f). *C NMR
(75 MHz, CDCls): 8 80.4 (C-e), 74.4 (C-f), 71.7 (C-b), 71.4 (C-b), 70.8 (C-g), 70.2 (C-
2), 69.4 (C-c), 59.0 (C-d), 45.3 (C-h), 43.2 ppm (C-a). The data agrees with the reported

literature values.?*®
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3-Mer glycocluster (31)
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A solution of 2-azidoethyl-B-D-galactopyranoside carbamate (27) (100 mg, 0.170
mmol, 1.0 equiv.) in methanol (4 mL), was treated drop wise with acetyl chloride, AcCl
98% (400 pL, 5.61 mmol, 33.0 equiv.) in 0 °C for 7h. After completion of the reaction

include Boc and acetyl deprotection 9, the solvent was removed under reduced pressure.

The dissolved residue in MeOH/H.O (4:1,v/v) was treated with tri-(4-
formacylphenoxy)-1,3,3-triazine 11 (16.5 mg, 0.037 mmol, 0.22 equiv.) for overnight
at room temperature. Subsequently the solvent was removed under reduced pressure
and the product 31 with both Z/E-isomer obtained as a white solid after semi-
preparative high-performance liquid chromatography (HPLC) by choosing appropriate
eluent system (H20/ACN (8:2); Ry= 0.54) . HPLC purification was useful to separate
the monomer from few partially substituted derivatives, we could not achieve 100%
purified compound through this method. The 'H NMR of the resulting fraction is shown
in annex. The mass spectral analysis clearly established the nature of the compound 31
(ESI-MS-TOF: m/z calcd. For Cs7HeoN15O24: 1347.46 found: 1348.8 [M+ H'] and

1370.8 [M+ Na*] as shown in annex.
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6-Mer glycocluster (33)
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A solution of 2-azidoethyl -B-D-galactopyranoside carbamate 27 (200 mg, 0.34 mmol,
1.0 equiv.) in methanol (8 mL), was treated drop wise with acetyl chloride, AcCl 98%
(800 pL, 11.22 mmol, 33.0 equiv.) in 0 °C for 7h. After completion of the reaction .
include BOC and acetyl deprotection 9, the solvent was removed under reduced
pressure. The dissolved residue in (MeOH/H,0 (6:2)) was treated with 6-Mer aldehyde
core 14 (24.30 mg, 0.028 mmol, 0.083 equiv.) for overnight at room temperature.
Subsequently the solvent was removed under reduced pressure and the main product
33 was afforded as a white solid after semi-preparative high-performance liquid
chromatography (HPLC) by choosing appropriate eluent system (H2O/ACN (60:40)).

The mass spectral analysis clearly established the nature of the compound 33 (ESI-
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MS-TOF: m/z calcd. For CiosH138N27048P3: 2673.84 found: 2699.523 [M+ D*+ Na']

as shown in Figure 3.20.



CONCLUSION

According to the all information discussed above, it is concluded that infections by
pathogenic agents are frequently triggered by their adhesion on host surfaces. The early
step in adhesion strategy involves initial recognition of host cell glycoconjugates by
sugar-binding proteins (lectins) on, or released by the viruses or the bacteria that are
specific for the targeted tissues. Pseudomonas aeruginosa is an opportunistic pathogen
implicated in the development of lung infections in cystic fibrosis (CF) patients through
these sugar—protein corpplementary interactions. P. aeruginosa’s mechanism of action
is governed by the adhesion of their virulence lectins (PA-IL and PA-IIL) that bind to
galactoside and fucoside subunits of glycoconjugates, respectively. Our project was to

design potent anti-adhesion inhibitors against the galactoside-dependent PA-IL. To

enhance the binding affinities of galactoside residues, nanometer size glycodendrimers

have been designed and carried out.

Therefore, the synthesis of two multivalent glycoclusters in zero generation with 3 and
6 galactoside moieties was achieved by ‘efficient and versatile “click chemistry”
involving oxime ligation between aminooxylated galactosides and two suitably
prepared poly-aldehyde scaffolds. The necessary aminooxylated galactopyranoside has
been synthesized from the known 2-azidoethyl-B-D-galactopyranoside by condensing
with a suitably O-propargylated hydroxylamino derivative.

Oxime ligation is an efficient reaction which offers several advantages such as mild
reaction condition, short reaction time and reagent free coupling. It ensures the
excellent reproducibility, yield and purity. The resulted compounds prepared through

this strategy can be employed as anti-adhesive agents in biological phenomena.
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The condensation of oxyamines with carbonyl functional groups leads to the
formation of oxime compounds. Oximes are more stable compared to imines and
these are more widely utilized in biological applications due to their stability in

aqueous media.
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