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RESUME

Les infections urinaires (IU) sont I’une des maladies les plus répandues au monde et sont causées le plus
souvent par Escherichia coli uropathogene (UPEC) et par Pseudomonas aeruginosa (P. A.). De plus, P. A.
est I’'une des principales causes d’infections nosocomiales. La liaison des agents pathogénes aux cellules
hoétes se fait par reconnaissance protéine-glycane (CRD). Escherichia coli se fixe aux cellules urothéliales
de I’hote par FimH, une adhésine présente a I’extrémité des pili bactériens de type 1 et se liant au mannose,
tandis que la bactérie opportuniste P. aeruginosa produit la lectine LecB, qui se lie fortement au L-fucose
de Lewisa (Lea) d’une glycoprotéine présente a la surface des globules rouges, premicre étape des infections
qui en découlent. Il est bien connu que les interactions multivalentes entre ces deux lectines bactériennes et
les récepteurs des cellules hotes jouent un role crucial dans 1’établissement des infections urinaires. Les
fluoroquinolones sont des antibiotiques efficaces ; toutefois, elles ont été associées a des effets secondaires
indésirables. La ciprofloxacine (Cip) est I’antibiotique le plus fréquemment utilisé pour traiter les infections
urinaires. Elle peut étre administrée par voie orale ou intraveineuse. La Cip cible les enzymes bactériennes
ADN gyrase et ADN topoisomérase IV, ou elle stabilise un complexe covalent enzyme-ADN dans lequel
les deux brins de 'ADN sont clivés. Cela entraine la mort cellulaire et s'avere étre un moyen tres efficace
de tuer les bactéries. Cependant, 1’utilisation excessive de cet antibiotique entraine le développement d’une
résistance bactérienne qui conduit & 1’échec du traitement. Par conséquent, d’autres approches
thérapeutiques sont nécessaires pour traiter efficacement les infections urinaires et remédier a la résistance
aux antibiotiques. Compte tenu de I'importance des glycanes en tant que molécules de ciblage, nous pensons
que la conception et la synthése d'oligoméres de glycoclusters a 'aide de réactions courantes pourraient se
révéler importantes dans le développement d'inhibiteurs plus efficaces, spécifiques et ciblés dans le domaine
des systéemes d'administration de médicaments. Dans la présente thése, la ciprofloxacine a été modifiée pour
étre conjuguée a un dendrimére par un lieur (acyloxy) alkylester clivable afin d'obtenir des promédicaments
dirigés par des glycodendrimeres ciblant les lectines bactériennes. Ce type de conjugué reste donc non
toxique lors de sa distribution et traversera la membrane cellulaire bactérienne, ou il pourra ensuite étre
transformé en une molécule antibiotique bioactive via un mécanisme intracellulaire, tel que I’hydrolyse
enzymatique ou un environnement cellulaire spécifique (pH acide). Dans cette étude, une série de
glycodendrimeéres hexavalents ou trivalents a été développée avec succes selon une méthode permettant de
modifier les propriétés du squelette et 1'architecture ainsi que d'introduire des groupes liants bioactifs
spécifiques dans la chaine latérale. Les glucides sont particuliérement intéressants en tant que ligands, car
ils permettent la synthése de glycomimétiques bien définis pour 1'étude des interactions glucide-lectine. En
outre, la ciprofloxacine conjuguée a l'ester méthylique (acyloxy) a été synthétisée. D'autres études
impliquant des analyses MALDI-TOF, RMN 1H et RMN 19F ont confirmé ces structures globales. Le
glycodendrimeére est composé de trois « générations » ou couches principales (G) : le noyau du dendrimere
(G1), ’échafaudage du promédicament (G2) et le sucre ciblé par la lectine (G3). Le développement clé de
la complexité a été accompli par une approche convergente en deux étapes utilisant la cycloaddition azide-
alcyne médiée par le cuivre(I) (CuAAC). Pour réaliser cette étude, nous avons utilisé deux échafaudages
(32 distincts, dérivés de formes clivables du promédicament basées sur l'ester B-D-glucuronique ou sur la -
D-glucosamine, respectivement. La sélectivité de ces échafaudages était déterminée par un dérivé thiol du
sucre G3 ciblé par la lectine. La premiére partie de la thése présente une synthése détaillée de I’échafaudage
de D’ester 1-azidoethanol-2,3,4-tri-allyl-B-D-glucuronique. La premicre étape est la glycosylation du D-
glucose-pentaacétate afin d’obtenir le 1-azidoethanol-D-glucopyranoside, dont le -isomeére a été isolé avec
un rendement élevé. La silylation régiosélective d’un groupe OH primaire en position C-6 suivie de
’allylation en trois positions a O-2, O-3 et O-4 a permis la synthése du dérivé tri-allyl-B-D-glucopyranoside.
Enfin, la désilylation suivie par une oxydation/estérification en une étape en position C-6 a permis d’obtenir
I’ester tert-butyl-B-D-glucuronique. Ce nouvel échafaudage contient des groupes azide, ester tert-butyl-
carboxylique et alcéne terminal, ce dernier étant le résidu actif de la réaction radicalaire thiol-éne photo-
induite (TEC). Par la suite, une méthode a été développée pour la synthése avec un haut rendement de a-L-
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fucose thiol portant un lieur triazole rigide. Puis, deux glycomonomeres différents dérivés de 1'ester f-D-
glucuronique, et de l'a-L-fucose thiol ou de I'a-D-mannose thiol respectivement, ont été couplés par TEC
en utilisant la 2,2-Diméthoxy-2-phénylacétophénone comme initiateur radicalaire, formant ainsi deux
branches dendritiques trithioglyco différentes (dendrons). L'étape suivante a été la synthése des
glycodendriméres finaux en utilisant un couplage CuAAC. Malheureusement, les dendrons et le noyau du
dendrimeére n'ont pas interagi, et aucun produit souhaité n'a été obtenu. Le groupe azide s’est avéré sensible
a la réduction sous les conditions des réactions photolytiques. Par conséquent, des stratégies de synthése
alternatives ont été employées. La réduction du groupe azide a été évitée par I’introduction d’une amine
protégée par le Fmoc. Par la suite, la réaction TEC de cette nouvelle molécule a permis d’obtenir des
dendrons NH-Fomc trimannoside-pB-D-glucuronique et NH-Fomc trifucoside-B-D-glucuronique,
respectivement, avec un bon rendement. Les dendrons finaux mannoside et/ou fucoside protégés par Fmoc
ont été soumis a une approche en deux étapes, en éliminant d’abord le groupe protecteur et en libérant ainsi
la partie amine réactive, puis en effectuant un diazotransfert en utilisant le sulfate de 1H-imidazole -1-
sulfonyle azide. Ces nouveaux dendrons synthétiques ont été couplés a plusieurs noyaux de dendrimeéres en
utilisant le couplage CuAAC. A cette fin, un certain nombre de méthodes alternatives ont été utilisées pour
créer divers noyaux dendritiques contenant des fragments d'alcynes terminaux, notamment le PEGs-
cyclotriphosphazéne et le benzéne-1,3,5-tricarbodimide (BTA-PEGs). Un noyau rigide centré sur le
dipentaérythritol a également été étudié. Une série de quatre glycodendrimeres avec différents sucres ciblés
par les lectines, dont le D-Glu-a-Man ou le D-Glu-a-Fuc, ont été¢ synthétisés par couplage click. Ces
nouveaux glycodendriméres ont été soumis a deux étapes de déprotection, d’abord celle des groupes
acétyles par la réaction de Zemplin, suivie de celle du groupe tert-butyle en utilisant le TFA/toluéne. La
deuxiéme partie de la recherche a été axée sur la synthése de conjugués multivalents de D-glucosamine.
Plusieurs voies ont été empruntées pour la synthése totale de I’échafaudage du promédicament B-D-
glucosamine fonctionnalisé, notamment la glycosylation de la D-glucosamine avec le lieur PEG3-N3 en
position C-1, suivie par une allylation en positions O-3, O-4 et O-6, puis d’un amido-couplage du butanoate
de méthyle au -NH, en position C-2, et enfin d’une réduction de Staudinger, suivie de la stratégie de
protection NH-Boc. Ce nouvel échafaudage NH-Boc triallyl B-D-glucosamine a été 1i¢ au a-D-mannose
thiol par réaction TEC pour obtenir un nouveau bloc trithiomannoside f-D-glucosamine. Afin de déterminer
si I'espacement a un impact sur l'interaction du dendrimeére avec la lectine, nous avons choisi d’allonger le
connecteur PEG3-N3 avec une chaine de trois carbones. Par la suite, le dendron trithiomannoside B-D-
glucosamine a été soumis a trois réactions consécutives : le retrait des groupes protecteurs -OAc et Boc pour
libérer les amines, suivi du couplage de ces derniéres avec I’acide azido butanoique en utilisant PyBOP.
L’étape finale de la synthése du dendrimere a été réalisée en fixant le dendron sur le noyau de
dipentaerythritol a I’aide d’un couplage CuAAC. La troisiéme partie de ce projet s’est centrée sur la synthése
d’un conjugué d’ester d’alkyle (acyloxy) lié a I’amine secondaire de Cip. Cet agent de couplage Cip terminé
par un groupe fonctionnel amine libre, qui est sélectif, peut étre lié au groupe carboxylique libre du
dendrimére en utilisant le réactif de couplage amide standard (PyBOP). Dans cette étude, nous avons
proposé deux méthodes alternatives pour lier le médicament au squelette du dendrimere.

Notre recherche sur le systéme d’administration de médicament par dendrimére peut améliorer 1’activité
antibiotique par rapport a la ciprofloxacine sous forme libre. De plus, les problémes de toxicité peuvent étre
atténués en modifiant les dendrimeres avec différents ligands permettant de diriger le médicament vers sa
cible thérapeutique.

Mots-clés : promédicaments dendriméres ; inhibition bactérienne ; infections urinaires ; résistance aux
antibiotiques ; E. coli; P. acruginosa ; lectines bactériennes ; a-L-fucose, a-D-mannose ; glycosylation ;
ester D-glucuronique; D-glucosamine; branches dendritiques; noyau dendritique; multivalence ;
reconnaissance moléculaire; glycodendriméres; chimie click; réactions photolytiques thiol-éne;
administration de médicaments.
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ABSTRACT

Urinary tract infections (UTIs) is one of the most infectious diseases all over the world and are caused by a
range of pathogens, most commonly uropathogenic Escherichia coli (UPEC) and Pseudomonas aeruginosa
(P.A). Moreover, P.A one of the leading causes of nosocomial infections. The adhesion of pathogens to host
cells occurs through protein-glycan recognition (CRD). The attachment of Escherichia coli to the host
urothelial cells is mediated by FimH, a mannose-binding adhesin at the tip of bacterial type 1 pili, while the
opportunistic bacterium P. aeruginosa produces lectin LecB, that strongly binds to L-fucose of lewis® (Le?)
from a glycoprotein found on red blood cells, subsequently allowing the bacteria to trigger the infections. It
is well known that the multivalent interactions between these two bacterial lectins and the host cell receptors
play a crucial role in the establishment of UTIs. Fluoroquinolones (FQs) are effective antibiotics; however,
they have been associated with negative side effects. Ciprofloxacin (Cip) is the most antibiotics drugs
frequently used to treat UTIs. It can be administered orally and intravenously. Cip target the bacterial
enzymes DNA gyrase and DNA topoisomerase IV, where they stabilize a covalent enzyme-DNA complex
in which the DNA is cleaved in both strands. This leads to cell death and turns out to be a very effective
way of killing bacteria. However, overuse of the antibiotic resulted in developing bacterial resistance which
resulted in treatment failure. Therefore, other therapeutic approaches are needed for the effective treatment
of UTIs and to combat antibiotic resistance. In view of the importance of glycans as targeting molecules,
we believe that the design and synthesis of glycocluster oligomers using standard reactions has substantial
significance in the development of more efficient, specific, and targeted inhibitors in the field of drug
delivery systems. In the present thesis, ciprofloxacin was modified to be conjugated to the dendrimer by a
cleavable (acyloxy) alkyl ester linker to yield glycodendrimer lectin-targeted prodrugs. This conjugate
therefore remains non-toxic in the system distribution and will be carried across the bacterial cell membrane,
where can be transform into a bioactive antibiotic molecule via an internal mechanism, such as enzyme
hydrolysis or a specific cellular environment (acidic pH). In this study, a series of hexa-, tri-valent
glycodendrimers were successfully developed, allowing for the ability to modify the backbone properties,
the architecture as well as to introduce specific bioactive binding moieties in the side chain. As binding
moieties, especially carbohydrates are of interest, allowing for the synthesis of well-defined glycomimetics
for the investigation of carbohydrate-lectin interactions. Furthermore, ciprofloxacin conjugated with
(acyloxy) methyl ester, was synthesized. More studies involving MALDI-TOF and 'H NMR, '"F NMR
analysis, supported these overall structures. The glycodendrimer is composed of three major generations
(G); dendrimer core (G1); prodrug scaffold (G2); and lectin-targeted sugar (G3), The key buildup of
complexity was accomplished via double-stage convergent approach using copper(l) mediated azide-alkyne
cycloaddition (CuAAC). To conduct this study, we used two distinct scaffolds, each representing G2 and
derived from B-D-glucuronic ester and B-D-glucosamine cleavable prodrug, respectively. These scaffolds
selectivity was linked to the lectin targeted G3 sugar thiol. In the first part of the thesis started with a detailed
synthesis of the scaffold of 1-azidoethanol-2,3,4-tri-allyl-B-D-glucuronic ester. In this regard, the first step
is the glycosylation of D-glucosepentaacetate to obtain 1-azidoethanol-B-D-glucopyranoside, which was
separated as a single PB-isomer in a high yield. Regioselective silylation of a primary OH group at C-6
position followed by the allylation at three positions at O-2, O-3, and O-4 afforded tri-allyl-B-D-
glucopyranoside derivative, which after desilylation followed by one step oxidation/esterification at C-6
position, accomplished fert-butyl-f-D-glucuronic ester. This new scaffold contains azide, tert-butyl
carboxylic ester, and terminal alkene groups, the latter is the active moiety in radical photoinduced thiol-
ene reaction (TEC). A successful method was then established for the synthesis of a-L-fucose thiol
containing a rigid triazole linker, which obtained in good yield. Next, two different sequence
glycomonomers produced from B-D-glucuronic ester, and a-L-fucose thiol or a-D-mannose thiol, were
coupled by TEC using 2,2-Dimethoxy-2-phenylacetophenone as a radical initiator, therefore forming two
different trithioglyco dendritic wedges (dendrons). The following step is the final glycodendrimers
construction using CuAAC. Unfortunately, the dendritic wedges and dendrimer core did not interact, and
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no desired products were obtained. It is found that the azide group is vulnerable to reduction during
photolytic reactions. As a result, an alternative synthetic strategy was applied. The reduction of azide group
was prevented by the introduction of Fmoc-protected amine. Subsequently, TEC reaction of this new
molecule afforded NH-Fomc trimannoside-#-D-glucuronic and NH-Fomc trifucoside-f-D-glucuronic
dendritic wedges, respectively, in a good yield. The final Fmoc-protected dendrons mannoside and/or
fucoside were subjected to a two-steps approach, first removing the protecting group and thereby liberating
the reactive amine moiety followed by diazo transfer using 1H-imidazole-1-sulfonyl azide sulfate. These
new synthetic dendrons were coupled to several dendrimer cores using CuAAC. In this regard, a number of
alternative methods were used to create various dendritic cores containing terminal alkyne moieties,
including PEGs-cyclotriphosphazene and benzene-1,3,5-tricarbodimide (BTA-PEGs). Also, a rigid
dipentaerythritol centred core was applied. After conducting the click coupling conditions, a series of four
different glycodendrimers with different lectin-targeted, including D-Glu-a-Man, or D-Glu-a-Fuc, were
synthesized. These new glycodendrimers were subjected to two different steps of deprotection, first the
deprotection of Acetyl groups under Zemplén reaction, followed by the deprotection of tert-butyl group
using TFA/ toluene. The second part of the research was focused on the synthesis of D-glucosamine
multivalent conjugates. A complete total synthesis of functionalized B-D-glucosamine prodrug scaffold was
achieved by several synthetic routes including glycosylation of D-glucosamine with PEG3-N3 linker at C-1
position, followed by allylation at O-3, O-4, O-6 positions. Subsequent, amide coupling with butanoic
methyl ester at -NH; of C-2 position, finally Staudinger reduction, followed by NH-Boc protection strategy.
The new NH-Boc triallyl B-D-glucosamine scaffold was coupled to a-D-mannose thiol by TEC to obtain a
novel trithiomannoside f-D-glucosamine building block. To determine whether the introduced spacing has
any impact on the dendrimer interaction towards lectin, we choose to extend PEG3-N3 linker with an extra
three-carbon chain. Therefore, trithiomannoside B-D-glucosamine building block was subjected to three
continuous steps, removal of -OAc and Boc groups to liberate free amine, which is subsequently coupled
with azido butanoic acid by using PyBOP to obtain the desired dendron. The final step of the dendrimer
synthesis was achieved by coupling the dendron with dipentaerythritol core using CuAAc. The third part of
this project was focused on the synthesis of Cip-(acyloxy) alkyl ester conjugates carrying terminal amine
group, which is selectivity can be linked to the free carboxylic group of the dendrimer using the standard
amide coupling reagent (PyBOP). In this study, we suggested two alternative methods for linking the drug
to the dendrimer backbone.

Our research on the dendrimer-drug delivery system may enhance antibiotic activity compared to free
ciprofloxacin, moreover, the toxicity problems may be solved by modifying dendrimers with targeting
ligands.

Keywords: Dendrimers prodrugs; Bacterial inhibition; UTIs; Drug resistance; E. coli; P. aeruginosa;
Bacterial lectins; a-L-fucose, a-D-mannose; Glycosylation; D- glucuronic ester; D-glucosamine; Dendritic
wedges; Dendritic core; Multivalency; Molecular recognition; Glycodendrimers; Click chemistry, Thiol-
ene photolytic reactions; Drug delivery
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CHAPTER 1
BACKGROUND AND INTRODUCTION

1.1 Bacterial infections overview

Bacterial infections have a large impact on public health. Drug-resistant bacteria, viruses, parasites, and
fungi cause 700,000 deaths every year worldwide (Figure 1.1). The World Health Organization (WHO)
published research on global health in 2016, estimating that infectious and parasitic diseases represent 9.7%
of the whole deaths worldwide. Although the human body coexists in an advantageous symbiosis with its
own microbiota, there are numerous bacterial pathogens that can infect and colonize the human body and

cause serious diseases. Bacteria can be transmitted to humans through food, water, air, or living things. !

Figure 1.1 Most common human bacterial infections'
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This chapter aims to describe urinary tract infections (UTIs), and bacterial causes, with particular emphasis
on the mechanism of antibiotic resistance mechanism. Further focus will be on the development of
dendrimers and their applications in the area of drug delivery. Since this study is directed toward the design

and the synthesis of novel glycodendrimers, bacterial lectins and their role in UTIs will be also reviewed.



1.2 Urinary tract infections

Urinary tract infections (UTIs) are a severe public health problem and are caused by a range of pathogens,
but most commonly by Escherichia coli, P. aeuroginosa, Klebsiella pneumoniae, proteus mirabilis,
Enterococcus faecalis, and staphylococcus saprophyticus. High recurrence rates and increasing
antimicrobial resistance among uropathogenic threaten to greatly increase the economic burden of these
infections. >* UTlIs is clinically divided into major infections, characterized by the localization of the bacteria
in the urinary tract, cystitis, and pyelonephritis. Cystitis, or lower UTIs, is an infection of the bladder. Once
in the bladder, bacteria can ascend the ureters and colonize the kidneys, causing pyelonephritis or upper
UTlIs. While the incidence of pyelonephritis is low (0.3%-0.6%) it is particularly dangerous as uncontrolled
bacterial infection can spread to the bloodstream, causing sepsis (which occurs in 2% of pyelonephritis
cases). > ® UTIs are also categorized as uncomplicated or complicated infections. Complicated UTIs occur
in patients with: (i) functional or structural urinary tract abnormalities; (ii) renal failure; (iii)
immunosuppression; (iv) pregnancy; and /or (v) foreign bodies, such as indwelling catheters, placed within
their urinary tract. 7 Catheter-associated UTIs (CAUTI), make up 70%-80% of all complicated UTIs and
are the most common type of nosocomial infection. > CAUTI are of particular concern as they result in high
morbidity, increased mortality and are the most common causes of secondary sepsis in hospital patients.
While complicated UTIs affects individuals of both genders, uncomplicated UTIs primarily affect otherwise
healthy women. Pyelonephritis often occurs in a healthy, non-pregnant woman but can be categorized as a

complicated UTIs because of the potential of developing a bloodstream infection.

1.3 Current treatment of UTIs
1.3.1 Antibiotics

Traditionally, broad-spectrum antibiotics have been the drug of choice to combat both community-acquired
and hospital-associated UTIs (Figure 1.2). Usually, UTIs are treated with antibiotics. Through inhibition of
pivotal enzymes or disturbing membrane integrity, these antibiotics induce bacterial growth retardation or
cell death. '° Antibiotics that are in current use for the treatment of UTIs include aminoglycosides (e.g.,
Tobramycin), fluoroquinolones (e.g. ciprofloxacin), and [-lactam antibiotics cephalosporins (e.g.,

ceftazidime). !



Figure 1.2 Example of antibiotic used for the treatment of UTIs
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1.3.2  Combination therapies

Combinations of antibiotics are often used to take advantage of different mechanisms of action and/or
toxicity profiles. Disadvantages of combination therapy include: (a) increase expense, (b) increased risk of

adverse effects, and (¢) superinfection. 1

As clinically used antibiotics expose bacteria to extensive selective pressure, bacteria exhibit multiple
resistance mechanisms to antibiotics. This antibiotic resistance affects the major classes of antibiotics such
as B-lactams, aminoglycosides, and quinolones. An overview of the mode of action of the different

antibiotics (Figure 1.3). All exhibit a bactericidal effect, resulting in selection pressure for bacterial survival.

13

14 Antibiotic resistance mechanism

Despite huge successes in the field of antibiotic discovery seen in the previous century, infectious diseases
have remained a serious cause of death. Specifically, pathogenic Gram-negative bacteria have become a
global danger due to their extraordinary to acquire resistance against any clinically available antibiotic, thus
urging for the discovery of novel antibacterial agents. While the pharmaceutical companies have been

unsuccessful in bringing new classes of antibiotics to the market, the overuse of the current antibiotics has



increased multidrug resistance (MDR) in clinical pathogens. In fact, very recently global concerns in clinics
have risen when several bacteria, e.g., carbapenem resistant Enterobacteria, acquired resistance against
colistin, an antibiotic also known as polymyxin E. Facing this thread, several global initiatives started to
fight antimicrobial resistance (AMR). These actions were also triggered by the fact that the so-called
ESKAPE pathogens'* 'S (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumanii, Pseudomonas aeruginosa, and Enterobacter spp) but also other pathogens causing
nosocomial infections are acquiring resistances to most antibiotics at a tremendous rate, (Figure 1.3).
Therefore, the need to understand the mechanism of AMR and to find new therapeutic approaches is greater
than ever. AMR in microbes can be intrinsic, acquired, and adaptive. '® There are many mechanisms of
resistance in bacteria. Of these, five are the most frequently observed, showing high prevalence in clinical
isolates. They are enzymatic inhibition, penicillin-binding protein (PBP) modifications, porin mutations,

efflux pumps, and target changes. !72?

Figure 1.3 The common mechanism of bacteria resistance in Gram-negative bacteria. >
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1.4.1  Enzymatic Inhibition

The most common mechanism of resistance in bacteria is enzymatic inhibition. This mechanism is based
on several strategies for modifying the structure of antibacterial compounds: with hydrolysis, a type of

reaction that occurs mainly with B-lactam agents; transference of functional groups (acyl, phosphoryl, thiol,



nucleotide, ADP-ribosyl, glycosyl), which occurs with a lot of antibacterial, such as aminoglycoside,
chloramphenicol, rifamycin, and lincosamide; and other chemical modifications (redox, lyase), which occur
with tetracycline, rifamycin, and streptogramin. Among the vast abundance of enzymes that can modify
antibacterial compounds, B-lactamases are a major problem in the treatment of Gram-negative bacteria. 2*
25 These include penicillinases, which confer resistance against penicillin, AmpC cephalosporinases (eg.,
MOXs, MIR, FOX family CMI family, and others), and which are also able to hydrolyze penicillin’s and
many cephalosporins that avoid clinical f-lactamase inhibitors (eg., SHV-1, TEM-1, TEM-2, CTX-Ms, and
others), which are able to hydrolyze penicillins and all cephalosporins. This group of enzymes confers
resistance against penicillin and all cephalosporins, including cefotaxime and ceftazidime; many producers
of TEM and SHYV display resistance to tetracyclines, sulfonamides, and aminoglycosides. The majority of
CTX-M producers are also resistant to fluoroquinolones. Finally, the carbapenemases (e.g, IMP family,

VIM family, KPCs, OXAs, and others), which are enzymes capables of inactivating all B-lactam agents. *>
26

1.4.2  Efflux across a double membrane, Multidrug efflux pumps

Bacterial efflux pumps are an important source of multidrug resistance. 2’ The majority of gram-negative
bacterial multidrug efflux pumps are entirely different in their construction. Four multidrug efflux pump
systems have been identified in P. aeruginosa: “MexA-MexB-OprM, MexC-MexD-OprJ, MexE-MexF-
OprN and MexX-MexY-OprM”. The primary multidrug resistance efflux in E. coli is AcrAB- TolC. Three
different proteins make up this pump that span the inner and outer cell membrane: a periplasmic linker
protein AcrA, the inner membrane efflux transport AcrB, and the outer membrane channel TolC. These
efflux pumps have different substrate specificities and can expel a vast of molecules from both the cytoplasm
and periplasm of the bacterial cell, including secondary metabolites and nearly all clinically available
antibiotics. All of the efflux pumps systems are energy dependent (i.e. protein motive force driven) and
consist of three components: a resistance-nodulation-division (RND) exporter protein (located in the
cytoplasmic membrane), a gated outer membrane protein ( located in the outer membrane), and a membrane
fusion protein (MFP) that links RND exporter protein with the gated outer membrane protein. >* A schematic

of the proposed structure and function of these efflux pump systems is depicted in (Figure 1.4).



Figure 1.4 Structure and function of RND efflux pumps in P. aeruginosa.

RND pumps typically exist in a tripartite system consisting of an RND cytoplasmic membrane transporter
(RND), a membrane fusion protein (MFP), and an outer membrane factor (OMF). Fluoroquinolones
(general structure) enter into the RND transporter through openings known as vestibules and are exported
through the channel to the extracellular milieu using proton-motive force. %°
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1.4.3 Permeation barrier and protein alteration (Porin modification)

Gram-negative bacteria have a multifaceted cell envelope comprising an outer membrane that limits access
to the periplasm by acting as a molecular filter, and therefore forming an efficient selective permeation
barrier. *° This outer membrane is mainly made up of a bilayer of lipids. Because of this, most of the
hydrophilic molecules cannot permeate the lipid bilayer membrane. The intake of hydrophilic molecules, it
is mainly controlled by specific water-filled open channels called outer membrane proteins (Omps) or porins

(Figure 1.5).



Figure 1.5 Antibiotic resistance mechanism associated with Omps modification.
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Bacterial adaptation to reduce influx through these Omps is an increasing problem that contributes, in
addition to the efflux system, to antibiotic resistance. Like other hydrophilic molecules, polar antibiotics
including B-lactam antibiotics and fluoroquinolones often enter Gram-negative bacteria by using these
Omps. * Any slight modification in the responsible Omps can significantly affect the intake of the drug,

and thus reduce the effectiveness of the antibiotic.

1.4.4 Resistance due to modified target sites

The function they play in microbial growth and survival is a crucial aspect of the target areas for
antimicrobial drugs. If their function is disrupted, the cells either die or are inhibitory to cell growth. The
peptidoglycan component of the bacterial cell wall provides an excellent example of a selective target. The
resistance to B-lactamase, also partly results from the modification of the target site of the Penicillin-Binding
Proteins (PBPs). Compared with panel A (Figure 1.6), The B-lactams cannot bind with the modified PBP.
This renders the B-lactams in panel B. an altered PBP with low affinity was reported after 7 imipenem
treatment, as well as after administration of high doses of piperacillin in patients suffering from cystic
fibrosis. ** one of the major mechanisms, besides active efflux, that accounts for fluoroquinolone resistance
in Pseudomonas aeruginosa is through structural modifications in target enzymes. Fluoroquinolones act by
inhibiting DNA gyrase and topoisomerase IV, two enzymes involved in bacterial DNA synthesis. ** point
mutations in the gyrA4/ gyrB genes within the QQRDR (quinolone resistance- determine- active region)
motif, which is considered as the enzyme’s active site, allow the modification of the primary target for
fluoroquinolones (DNA gyrase, also known as topoisomerase II) to occur. Therefore, the amino acid

sequence of A and B subunits alters, which leads to the synthesis of modified topoisomerase II with low



affinity to quinolone molecules. Modification of a second target (topoisomerase V) occurs as a result of

mutations in par C and par E genes encoding parCc and parE enzyme subunits, respectively. 3

Figure 1.6 Antibiotic resistance of P. aeruginosa due to target modification.

Panel A: interaction of B-lactams. B-lactams molecules penetrate the periplasmic spacer either by passing
directly through the outer membrane or entering through specific porins. Once they entered the periplasmic
space, PB-lactams can interact with their target binding proteins (PBP) located on the outside of the
cytoplasmic membrane. Panel B: f-lactams cannot bind to the mutated PBP, and Fluoroquinolones cannot
bind to Topo IV and DNA gyrase. %
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Increasing resistance rates are a worldwide threat and include the majority of available antibiotics.
Accordingly, resistance UTI pathogens were confirmed for several antibiotic classes like B-lactams,

quinolones, aminoglycosides, and tetracyclines.

1.5  Fluoroquinolone (Ciprofloxacin)

Fluoroquinolones (FQs) represent a major class of antibacterial with great therapeutic potential and are
active against a wide range of Gram-negative and Gram-positive pathogens. Over the years, several
structure-activity and side-effect relationships have been developed, covering thousands of analogues, in an
effort to improve antimicrobial efficacy while reducing undesirable side effects. ** Ciprofloxacin, is one of
the most commonly recommended therapeutics for UTIs. ¥’ additionally, the clinical applications of these
antibiotics have been extended to the treatment of lower respiratory tract infections, skin and soft tissue
infections. ***! However, due to the extensive use of these drugs in human and veterinary medicine, the

number of fluoroquinolones -resistant strains has been growing steadily. 44
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1.5.1  Ciprofloxacin structure-function

As shown in (Figure 1.7), carboxylic acid at positions C-3 and carbonyl at C-4 are known to be essential
for antibacterial activity, because they mediate binding to the DNA-gyrase complex. These groups are
involved in the formation of the Mg?* water bridge for tight complex binding. If these groups are chemically
modified or removed, the activity is reduced. The fluorine at C-7 (the basis for the name fluoroquinolones)
is also essential for high potency. The substituent C-8 greatly influences potency, spectrum, and
pharmacokinetics. * The optimal groups have been 5- and 6- membered nitrogen heterocycles containing
peripheral basic nitrogens with the most common being piperazines. The substituents attached to N-1,

control antibacterial potency. The optimal groups are cyclopropyl. #°

Figure 1.7 (A) The observed structure-activity relationships (SARs) of quinolone core substitutions. 3¢ (B)
The pharmacophore and potential multiple drug-target interactions of ciprofloxacin*
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1.5.2  Ciprofloxacin uptake

Ciprofloxacin has two protonation sites. In water, the carboxylic acid has a pK, of 6.5 and the terminal
nitrogen on the piperazine has a pKau of 7.5. Ciprofloxacin is also known to coordinate Mg?* ions, this
causes the complex to acquire a positive charge. Once the molecule is charged, it is removed from the lipid
bilayer, *’ nevertheless it is known that porins in the bacterial outer membrane have a preference to transport
cations. *® The porin OmpF is widely known to be the primary ciprofloxacin transport in the E. coli bacterial
membrane. 4% As the modifications would mask the ionizable groups, it was hypothesized that by masking

the ionizable groups, the rate of diffusion through the bacterial plasma membrane would be accelerated.

1.5.3  Fluoroquinolones inhibition mechanism

Gyrase appears to be the primary cellular target for quinolone antibacterial in multiple pathogenic bacteria.
Given the significance of this type II topoisomerase as a drug target, it is critical to understand how

quinolones interact with gyrase and how specific mutations lead to resistance. The carboxylic acid group at



position 3 and the carbonyl at position 4 seem to be essential for the activity of the quinolones. Quinolone’s
antibiotics inhibit DNA synthesis by targeting two essential type Il topoisomerases, DNA gyrase and

topoisomerase IV (topo IV), two enzymes essential for bacteria viability, (Figure 1.8).

Figure 1.8 Fluoroquinolones bind to Topoisomerase (II and/ or IV) and stabilize the complex of
topisomerase and the recently cleaved DNA strands. This results in double-strand DNA breaks. 3 %2
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Fluoroquinolones antibiotics bind to DNA gyrase in the midst of the catalytic cycle, when the duplex DNA
has been cut. The stoichiometry is two fluoroquinolones per tetrad of the gyrase subunit. Antibiotic binding
in this way is DNA dependent and the molecules have a low affinity for free gyrase. Gyrase itself forms a
binding pocket for the fluoroquinolone in a relaxed DNA substrate in the presence of adenylate triphosphate
ATP. The drug intercalates into nicks in the DNA created by the enzyme. The binding complex involves
the carboxylic acids and carbonyl of the quinolone to form a Mg?" water bridge to an aspartic/ glutamic acid
residue and serine in helix IV of a GyrA subunit. (Figure 1.9), shows the proposed water-metal ion bridge
that mediates critical interactions between quinolones and topoisomerase [V. A generic quinolone structure
is depicted in black, water molecules are in blue, Mg?* is in orange and the coordinating serine and glutamic
acid residues are in red and green, respectively. Blue dashed lines indicate the octahedral coordination
sphere of the divalent metal ion interacting with four water molecules and the C3/C4 keto acid of the
quinolone. The red dashed lines represent hydrogen bonds between the serine side chain hydroxyl group
and two of the water molecules. The green dashed line represents a hydrogen bond between the glutamic

acid side chain carboxyl group and one of the water molecules.

Figure 1.9 Diagram of the proposed water-metal ion bridge that mediates critical interactions between
quinolones and topoisomerase V. >3
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1.6  Resistance to fluoroquinolones

Quinolone resistance is acquired by a variety of different resistance mechanisms, including target site

mutations, enzymatic inactivation, and target protection and efflux systems.

1.6.1 Target site mutations

Specific target alteration of the DNA Gyrase GyreA subunit and Topoisomerase IV ParC subunit is a
common mechanism of resistance and may be the most significant one clinically. The most common
mutations are identified at the Serine82 and acidic residues of gyrA and parC that are critical for binding of
Quinolones via the water-metal-ion bridge. Other mutations leading to resistance are within discrete regions
of the enzyme, called quinolone resistance-determining regions (QRDRs). Mutations typically involve
replacing a hydroxyl group with a bulky hydrophobic residue which leads to an altered active site geometry.
This region is the binding pocket for DNA Gyrase onto DNA and as fluoroquinolones bind on the DNA
Gyrase-DNA complex any changes here can lower the binding affinity. Overcoming this kind of resistance
is extremely difficult and no such examples have reached clinical use.

There are more chromosome-based resistance mechanisms. Fluoroquinolones cross the bacterial membrane
mainly making use of porins, though they can diffuse across. The cellular concentration of quinolones is
regulated by opening actions of diffusion-mediated drug uptake and pump-mediated efflux. The outer
membrane of Gram-negative bacteria poses an additional barrier that drugs must cross to enter the cell.
Therefore, drug influx in Gram-negative species is facilitated by protein channels called porins. If the

expression of porins is downregulated, it led to low-level resistance to quinolones.

1.6.2  Fluoroquinolones resistance due to mutations at non-target sites

Quinolone-resistant bacteria frequently exhibit a variety of distinct non-target site alterations. Including,
harmful mutations in acrR and multiple-antibiotic-resistance (Mar) phenotype marR, a factor that both
directly and indirectly inhibits the expression of the endogenous AcrAB-TolC efflux system in E. coli, **
resulting in increased quinolone efflux levels. MarR works by suppressing marA expression, a global
transcriptional activator, that activates expression of acrAB. In addition, MarA also activates transcription
of micF, encoding and antisense RNA that post- transcriptionally inhibits the outer membrane porin, OmpF.
OmpF is important for quinolone entry into the cell in E. coli and its inhibition lead to decreased quinolone
susceptibility. * Other Gram-negative bacteria have similar efflux systems. For example, Pseudomonas
aeruginosa express the MexAB-OprM efflux system that is repressed by MexR. Quinolone resistant clinical
isolates of P. aeruginosa often have mutations in mexR leading to overexpression of the MexAB-OprM

efflux pump. 3
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1.6.3  Plasmid-mediated Fluoroquinolones resistance

Three families of genes are associated with plasmid-mediated quinolone resistance. The first is the Qnr
proteins are part of a small of pentapeptide repeat proteins and share homology with DNA mimics. These
bind to DNA Gyrase and topoisomerase IV both in the cytoplasm and while complexed to DNA to reduce
the number of enzyme target sites for fluoroquinolones and hence their efficacy. The second one is QepA
and OgxAB efflux pumps. QepA and OgxAB are the primary efflux pump types responsible for plasmid-
mediated quinolone resistance (PMQR). QepA is able to actively pump out hydrophilic fluoroquinolones,
especially norfloxacin and ciprofloxacin. The increase in MIC conferred by QepA varies from 2- 64 fold,
this large range is probably caused by most likely contributed to differences in QepA expression. The
OgxAB efflux system is a member of the resistance-nodulation-cell division family of transporters and is

able to pump out a range of different antibiotics, including quinolones, chloramphenicol and trimethroprim.

53, 57-60

The third one is inactivation by AAC(6")-1b-cr mediated acetylation. The AAC(6°)-1b protein family consists
of 6’-N-acetyltranferases that can deactivate several aminoglycoside antibiotics by acetylation. ¢!
Therefore, it came as a surprise when a clinical strain of E. coli disrupted AAC(6')-1b gene on a multiple
resistance plasmid, resulting in an increase in ciprofloxacin susceptibility. An acetylation assay showed that
this novel member of the AAC(6")-Ib family was able to N-acetylate ciprofloxacin at the amino nitrogen
on its piperazinyl substituent (Figure 1.10). So the enzyme was given the name AAC(6")-Ib-cr, where “cr”
stands for ciprofloxacin resistance.

A number of other efflux systems in Gram-neative bacteria have linked to quinolone resistance, %> but

these will not be discussed here.

Figure 1.10 AAC(6")-Ib-cr acetylation of the amino nitrogen of the piperazine ring
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In an effort to overcome the current crisis with treating infections caused by multi-drug resistant bacteria,

many different treatment strategies have been studied.
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1.7  Fluoroquinolone-based conjugate therapies

The evolution of the various fluoroquinolone generations has demonstrated that they provide a great target
for additional modifications. Extensive work has been carried out investigating the effects of modifying the
piperazine ring of ciprofloxacin. In 2012, S. Wang et al. discovered that ciprofloxacin was up to eight times
more effective than ciprofloxacin against Gram-positive bacteria when modified with an N-terminal 4-

methoxybenzene. They explain improve fluoroquinolone activity is due to increases in lipophilicity.

Figure 1.11 Synthesis of ciprofloxacin dimers using various linkers
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Several fluoroquinolone dimers with the same fluoroquinolone core or two different fluoroquinolones
tethered by a number of linkers at the piperazine ring were screened for their in vitro antibacterial activities

against a panel of clinically relevant pathogens including drug-resistant strains. % 6

In 2015, Ross et al. carried out further ciprofloxacin dimer analysis, (Figure 1.11). Amide links, I and II,
were synthesized with the aim of improving interactions with DNA and the solubility profile. ®® However
the dimerization resulted in a significantly increased MIC (32 uM) against E. coli compared to ciprofloxacin
(<0.03 uM). The MIC was decreased when tested against an outer membrane permeability mutant,
indicating that one of the problems was with diffusion past the membrane, however, direct DNA Gyrase
assays indicated a three-fold decrease in ICs. In another study, Ross and co-workers also synthesized PEG
dimers of ciprofloxacin III, (Figure 1.11). Interestingly, their studying proved that DNA Gyrase's ICso was
significantly greater for the new ciprofloxacin in-conjugate. This indicates that PEGylation is enhancing
membrane permeability while decreasing DNA Gyrase binding. It is hypothesized that the PEG linker can

stretch across the phospholipid bilayer without rupturing the membrane. %

1.7.1 Cleavable linker

Chemical modification of drugs into labile derivatives (prodrugs) with improved physicochemical
properties that enable better transport through biological barriers is an effective method for improving drug
delivery. This type of transformation occurs more frequently on ionizable molecules such as carboxylic

acids and amines in order to modify their ionization at physiological pH and to render desirable partition
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and solubility properties. A necessary requirement of this approach is the capability of the prodrug to return

to the parent drug in the body by enzymatic or chemical action, at the desirable rate.

1.7.1.1 Disulfide Based Prodrugs

The disulfide bridge has the benefit of resisting the oxidizing extracellular fluid environment while being

susceptible to breakdown in the reducing intracellular environment, (Figure 1.12).

Figure 1.12 The general structure for the disulfide bridge
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However, the previous information from the literature indicates that disulfide linkers have limited activity

and may not be generally applicable for conjugation strategies of antibiotics. ¢

1.7.1.2  (Acyloxy) alkyl carbamates as novel labil Prodrugs

(Acyloxy) carbamates of the type R;RoN-CO-O-CH,-OCO-R4 are described as novel bio reversible
prodrugs for primary and secondary amines. Enzymatic hydrolysis of the ester bond in these ester carbamate
leads to a cascade reaction resulting in rapid regeneration of the parent drug. The benefits of a carbamate
are as follows: (a) carbamylated amines do not ionize and hence are more compatible with organic and
lipoidal systems, (b) the modification is applicable to primary and secondary amines essentially irrespective
of basicity, (c) there is potential for chemical selectivity in the presence of competing functionalities such
as hydroxyl, and (d) they are chemically stable. ®® For example, Rivault e al. ® synthesized pyochelin—
norfloxacin conjugates IV and V (Figure 1.13). The linker was expected to be stable in the extracellular
assay conditions but would be cleaved by intracellular esterases upon entry into the cell. The connection of

the linker would enhance the retention of the conjugate in cells.

Figure 1.13 Ciprofloxacin conjugated with ester linker
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The properties of related linkers (Figure 1.14, R=Me) were studied by Gogate and co-workers, who
discovered that under optimal conditions it remained stable for many years. ” The hydrolysis of a secondary
amine prodrug is dependent on the ester hydrolysis rate, therefore the cleavage rate can be tuned by changing
the R group between the ester and amide. ’' 7> The N-( acetoxyethoxycarbonyl) (R = Me) linkers have been
shown to be cleaved by esterase at a faster rate than the buffer, and thus show promise in prodrugs. ™
Therefore, ciprofloxacin payload from the conjugates in our study was hence hopeful they would permit

intracellular release.

Figure 1.14 The cleavable linker intended for use in this study
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Overall, these examples show that fluoroquinolone-based conjugate therapies are a promising strategy to
deliver antibiotics across the bacterial membrane, but it is important to note that conjugation of antibiotics
may lead to loss of activity. There is therefore increasing interest in treatments that would not quickly lead
to the emergence of resistance. These treatments frequently target bacterial virulence, rather than killing
bacteria completely. One important target is bacterial virulence factors, lectins, (sec. 1.15.3 and 1.16.3).
The second strategy in novel antibiotic discovery is to enhance or regain the activity of known antibiotics
by avoiding a resistance mechanism. For example, antibiotics are often excluded from cells due to
membrane impermeability or efflux. This may be overcome by attaching the antibiotic to a molecule with
which the cell membrane has a strong affinity. The most well-known example of this strategy is nanoparticle
(NPs) drug conjugation. Nanoscale materials are similar in size to biological molecules and systems (Figure
1.15) and possess unique properties, such as high surface area-to-volume ratio, and tunable electronic, and
biological properties. In addition, they can be engineered for desired physical properties (sizes, shapes), and
chemical characteristics (composition, surface chemistry). ”* Their unique properties present opportunities
in therapeutic applications.
Nanotechnology has exploited the enhanced permeability and retention effects for “passive targeting”.
“Active targeting” further improves the targeting specificity by conjugating these nanocarriers to ligands

that bind to specific receptors on the surface of the cells. 7
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Figure 1.15 Schematic represenation of a variety of nanocarriers used to transport drugs (the image adopted
with permission from ref). ”’
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1.8  Antibiotics encapsulation delivery system

Nanoencapsulation of drug molecules in nanocarriers (NCs) is a very promising strategy for nanomedicine
development. Modern drug encapsulation methods allow the effective loading of drug molecules inside the
NCs thereby reducing systemic toxicity associated with drugs. Targeting of NCs can be improved by the
accumulation of nanoencapsulated drugs at the infected site. ’® The use of encapsulation delivery systems
(such liposomes, polymer, and dendrimers) as potential drug carriers for a range of active substances, such

as small molecule medicines and biologics, therapeutic protein and vaccines, have been studied.

1.8.1  Liposomes for antibiotics delivery

Liposomes are colloidal systems, usually 0.05-5 pm in diameter primarily composed of a combination of
natural synthetic or lipids (phospho- and sphingolipids) and other bilayer constituents such as cholesterol
and hydrophilic polymer-lipid conjugates. Because of the lipid relative polarity and hydrophilic head groups
and thermodynamic influences from the hydrophobic effect, liposomes can undergo spontaneous self-
assembly under hydrated aqueous conditions to form unilamellar and multilamellar vesicles. Drugs with
widely varying lipophilicities can subsequently be encapsulated in these constructs, either in the lipid bilayer
or entrapped in the aqueous core of the liposome. Many techniques have been developed to prepare
liposomal drug delivery systems. (e.g., reverse-phase evaporation, freeze-thaw, extrusion) and depend

strongly on the co-solvents used and the physiochemical properties of the encapsulated drug. ” These
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approaches oftentimes yield difficulty in reproducibility and manufacturing scalability, and result in poor
drug encapsulation efficiencies. In addition to the difficult formulation process, liposomes can also suffer
from incomplete and burst drug release kinetics which may limit control over individual medication dose
and efficacy. The clinical applications of liposomes are well known, and the initial success achieved with
many liposome-based drugs has stimulated additional clinical research. For example, an inhalable liposomal
ciprofloxacin (Aradigm) formulation is currently undergoing pre-clinical trials for localized treatment and
prevention against pulmonary anthrax infections. Wang and co-workers established the utility of
ciprofloxacin and colistin liposomes formulations which resulted in enhanced antibacterial activity against
multiresistant P.4.*° Also, in a recent study it was found that the use of liposomes loaded a combination of
colistin and ciprofloxacin is a promising approach for the treatment of (MDR) P. aeruginosa infections,
particularly in pulmonary delivery for lung infections. " # Ciprofloxacin was also loaded on liposomes
with 45% loading efficiency. The release rate of encapsulated ciprofloxacin was modulated by the addition

of cysteine to the dithiobenzyl urethane linkage between the lipid and the PEG in liposomes. *

1.8.2  Antibiotic encapsulation on dendrimer

Due to the highly variable and oftentimes poor physiological stability properties of liposomal systems,
polymer drug encapsulation carriers offer an alternative approach to better control the delivery and release
of drugs and minimize daily drug dosing. periphery. 3¢ The drug molecule can be coordinated to the outer
functional groups of the dendrimer with ionic interactions. The second method describes that the dendrimer
function as a unimolecular micelle comprising a hydrophobic core and a polar surface by encapsulating a
drug molecule through the formation of a dendrimer-drug (host-guest) interaction. The encapsulation ability
of dendrimers increases with the increase in dendritic generation and with the increase in size and molecular
weight of the functional groups attached. ’® Sulfamethoxazole (SMZ) is an antibiotic widely used for
bacteriostatic and urinary tract infections with trimethoprim. But its poor aqueous solubility and
bioavailability limited its clinical applications. Wen and co-workers reported the encapsulation of SMZ into
G3 Polyamidoamine (PAMAM) dendrimer. They investigated the potential of ethylenediamine (EDA) core
polyamidoamine (PAMAM) dendrimers as drug carriers of SMZ by aqueous solubility, in vitro release as
well as anti-bacterial activity studies. The in vitro release behavior and anti-bacterial activity studies
indicated that PAMAM dendrimers might be considered potential drug carriers of sulfonamides with a
sustained release behavior under suitable conditions. 3 In 2006 Kumar et al Published an example of
dendrimers polyconjugated to both drugs and targeting moieties. * accomplished this by noncovalently
encapsulating Rifampicin (RIF) (Figure 1.16), a hydrophobic antitubercular drug with low macrophage
penetration, in mannosylated dendrimers with five generations of polyproyleneimine branches building off

an ethylene diamine core (G5 EDA-PPI). This strategy takes advantage of surface-bound mannose-binding
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proteins, which then facilitate receptor-mediated endocytosis. The conjugate experienced significantly
increased concentrations of RIF in alveolar macrophages in comparison to free RIF, as well as good drug
release at pH 5.0 (pH of phagolysosomes). However, the drug has a problem with solubility, the solubilizing
propensity of G5 EDA-PPI-mannosylated dendrimer decreases since mannose increases the steric hindrance

on the surface of mannosylated dendrimer and reduces the molecular gap present in the dendrimers.

Figure 1.16 Rifampicin drug encapsulation with Mannosylated 5G EDA-PPI dendrimer. ¥’

()

Drug encapsulation techniques have drawbacks as a result of their complexity and difficulty in the
preparation methods. Similar to the formulation of liposomal systems, the synthesis and development of
polymer derived drug encapsulated particulates is associated with high cost, and slow progress in the
development of biologically stable carriers as well as low encapsulation efficiency and failure to control the
release of the drug from the dendrimer pockets/cavities due to insufficient interactions between the
dendrimer molecules and the drug. Alternative approaches using chemically- labile dendrimer-drug

conjugation techniques have been explored to more readily drug delivery systems. %2

1.9  Dendrimers drug conjugates provide advantages over encapsulated drug systems

Drug conjugation to polymer systems (eg., dendrimer) offers various benefits for example, small molecule
delivery, including the potential for sustained and controlled release of bioactive, (Figure 1.17).
Specifically, the drug release rate is modified based on the chemical bonds that link the active drug to the

polymer (e.g., ester, hydrazine, acetal, amide), formulation properties of the polymer (e.g., powder,
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hydrogel, microspheres) and polymer chemical composition (e.g., nonbioactive polymer backbone or drug-
linker molecules). Additionally, by covalently linking the drug, higher drug loading is achieved compared

to physical encapsulation methods. -4

Figure 1.17 In vivo bioactivation of prodrugs by enzymatic and / or chemical transformation®

_—

- —7:‘\\/]
/

= > Carbamates
Carbonates 0
o) RHN)J\O/
[ ROJLO/
| Imines Ethers
b Nl'R O

Phosphates Amides

Esters

& (o : "
— i OH )J\ /JLNHR
CH OR

Barrier
0000000000000000000000000000000000000000000

E Enzymatic H
and/ or chemical &

transformation

faeerssassssssamsans H
CoR==—

This approach offers improved drug solubility, stability, drug release, and pharmacokinetics. Additionally,

it can facilitate the accumulation of a drug at the site of action and improve safety.

1.9.1 Chemical conjugation of antibiotic to dendrimers

The chemical conjugation of a small molecule to a dendrimer, usually results in cleavable covalent bonds
linking the antibiotic to the dendrimer backbone. Fluoroquinolones, such as ciprofloxacin and norfloxacin,
are among the well-investigated antibiotics for direct chemical conjugation. For example, Cip-dendrimer
prodrugs were developed for bacterial targeting drug delivery to inhibit DNA gyrase. In their research,
photocaged ciprofloxacin was attached to a lipopolysaccharide (LPS)-binding poly(ammidoamine)
(PAMAM) dendrimer nanoconjugate for cell wall targeted delivery (Figure 1.18A). The authors
demonstrated that the LPS-binding groups direct the conjugate to membranes of Gram-negative bacteria,

and then exposure to UV light (365 nm) cleaves the photolabile ortho-nitrobenzyl linker between dendrimer
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and Cip. Although antibacterial activity was lower for the conjugate than for free Cip, the lack of UV

exposure had a limited effect on bacterial viability, validating the photo-controlled release of antibiotic.

Figure 1.18 (A) Light-controlled targeted delivery of ciprofloxacin (ONB-Cipro) *°,(B) Synthesis of
PMOx30-Cip conjugate
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In another study, Tiller and co-worker studied the covalent attachment of the antibiotic ciprofloxacin®’ to
the chain end of poly(2-methyloxazoline)(PMOx), poly(2-ethyloxazoline)(PEtOx) (Figure 1.18 B), and
polyethylene glycol (PEG), and the antimicrobial activity of these conjugates were tested for E. coli, P.

aeruginosa.

Table 1.1 Summary of dendrimers conjugated with antibiotics

Dendrimers Antibiotics conjugates Pathogens tested Mechansim of
antibiotic release

Polyamidoamines Ciproflaxacene E-coli Light-active

(PAMAM) release®®

PAMAM Erythromycin S.aureus Hydrolysis of
ester’®

Polypropylene Amoxicillin E.coli NA%

imine (PPI) P.aeruginosa

PPI Ceftazidime P.aeruginosa P'active release

Carbohydrate-glyco ~ Tobramycine P.aeruginosa Temperature

peptide active release!%

PAMAM Sulfamethoxazole E.coli NA!!

The efficient treatment of urinary infections, reducing drug dose, and reducing cytotoxicity remain
priorities. Dendrimers prodrugs as localized, controlled antimicrobial delivery systems allow sufficiently
high concentration and extended-release mechanisms to successfully treat infections. The advantage of

using prodrug monomer as opposed to direct conjugation of antibiotics stems from the greatly improved
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drug loading that is achieved using conjugation of antibacterial-linked delivery systems at the end of
dendrimer synthesis. A prodrug is a poorly active or inactive compound containing the parental drug that
undergoes some in vivo biotransformation through chemical or enzymatic cleavage, enabling the delivery
of the active molecule at efficacious levels. Carrier-linked prodrugs are commonly attached by chemical

groups such as ester, amide, carbamate, carbonate, ether, imine, and phosphate. 19> 103

Dendrimers emerge as potential nanocarriers of particular interest given their small size (usually under 10
nm), highest payload capacity by weight material from all nanocarrier systems, and availability of a large
number surface groups which can be functionalized with both therapeutic molecules and ligands via tunable
chemistry bonds allowing for the design of drug carriers that can facilitate the drug permeation into the

bacterial cell. Dendrimers are at the center of the work discussed in this dissertation.

1.10 Dendrimers

Dendrimer generations and branching offer controllable attachment points to explore spatial control. The
structure of which is determined by three unique components: (1) the interior core, (2) the interior layer,
made up of repetitive generations (units) connected with the interior core, and (3) the periphery (surface
functionality). Representation of a typical dendrimer is shown in (Figure 1.19), which includes all
dendrimer parts, i.e., core, branches, and generations. '* The term dendrimer was first introduced in 1983.
Donald Tomalia and co-workers synthesized and characterized these hyperbranched polymers in 1983 and
these molecules were named as dendrimer. '* Later on dendrimer was synthesized using the convergent

method for the first time by Hawker and Fréchet (1990). 1%

Figure 1.19 General representation of the model structure of a dendrimer. 1%
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Dendrimers are attractive systems for drug delivery due to their highly defined dispersity, nanometer size
range, spheroid-like shape, and multi-functionality. Aside from their ease of preparation, dendrimers have
multiple copies of functional groups on the molecular surface which enables derivatization for biological

recognition processes. '°7 Even so, dendrimers are reported to cause haematological toxicity, '

especially
in the case of non-functionalization. Examples of typical dendrimers are poly(propyleneimine) (PPI),
poly(amido amine) (PAMAM), ' 10 poly(2,2-bis(hydroxymethyl) propionic acid (bis-MPA),
poly(glycerol-succinic acid ) (PGLSA-OH). !'! Although their high charge density allows easy insertion into
membranes, and can facilitate endosomal escape, ''? dendrimers have low water solubility and exhibit
elevated cytotoxicity. !'3 For example, PAMAM NPs have limited applications in medicine due to their
original toxicity. PAMAM is known to induce nephrotoxicity as well as hepatotoxicity, and its cationic

charge can cause platelet aggregation by disruption of membrane integrity. !'* Nevertheless, it is possible to

reduce cytotoxicity by chemical modification.

1.11 Dendrimer synthesis
1.11.1 Divergent and convergent methods

There are two different strategies have been applied for the dendrimers synthesis, divergent and convergent
syntheses. There is a fundamental difference between these two strategies. The divergent method was
proposed by Tomalia and co-workers for the synthesis of PAMAM dendrimers. '* in this strategy, the
construction of a dendrimer starts from the core and builds out to the periphery, as shown in (Figure 1.20).
The first generation dendrimer is produced by the reaction of the core molecule with a monomer molecule
(or dendron) containing one reactive and two or more inactive groups. Then the inactive groups on the
periphery of the molecule are activated or transformed to create a new reactive surface functionality. These
are used to react with monomer molecules to give generation 2. The process is repeated several times and a
dendrimer is built layer by layer. There are some disadvantages of the divergent approach. ''5 The rapid
increase in the number of reactive groups at the periphery in every generation leads to a number of problems
as growth is pursued: (1) any incomplete reaction of these terminal groups would lead to structure
imperfections, ''¢ (2) To prevent side reactions and to force reactions to completion, huge amounts of
reagents are required in later stages of growth. This led to some difficulties in the purification of the final
product. There are some advantages of this approach: (1) it is very easy to modify the full surface of the
dendrimer in a single step. Since dendrimers characteristics are mainly determined by the type of terminal
groups, (2) The possibility of stopping the reaction at any step as well as the possibility of automating the

repetitious steps makes a library of various generation dendrimers easier to create. ''7-12
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Figure 1.20 Dendrimer synthesis by divergent method'?
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The second strategy, the convergent method, was first reported by Hawker and Fréchet for the preparation
of poly(arylether) dendrimers. ' In this strategy, the dendrimer is constructed starting from end groups,
progressing inwards as illustrated in (Figure 1.21). Individual dendritic wedges (i.e., dendrons) are
synthesized first and then coupled with a multifunctional core. This method has several advantages over the
divergent method: (1) Structural defects are fewer in this approach because of the limited number of
reactions done on the same molecule from one generation to the next, and intermediates are more easily
purified at successive stages of the synthesis, (2) it is relatively easy to purify the product because the
reagents are used in equimolar or slight excess amounts for the reaction progress, (3) forming a library of
dendrimers that differ in the nature of core is easy in this approach because the addition of same dendron to

different cores gives a new dendrimer in one reaction step. ''> 124

Figure 1.21 Dendrimer synthesis by convergent method'*
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A disadvantage of this method is that it does not allow the formation of higher-generation dendrimers due

to steric problems when coupling large dendrons with a core molecule. The reactive group at the point of
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the wedge is called the focal point. As the size of the dendron increases, the steric hindrance at the focal

point increases.

1.11.2  Accelerated approaches for dendrimer synthesis

Dendrimers are becoming more and more common, and they have a lot of exciting potential for use in a
variety of fields, therefore, the need for highly effective alternative synthetic methods protocols for their
development is highly required. The last few years have been an exponential increase in the number of
publications in the field of dendrimer chemistry, but few dendrimers have successfully reached the clinical
trial. The classical approaches used for dendrimer synthesis are very long and time-consuming. In addition,
huge excess of reagents makes purification difficult. Therefore, innovative synthetic protocols are desired
which can provide the shortest possible route by decreasing the number of reaction steps. There are several
strategies of accelerated approaches for the dendrimers synthesis, including, double stage convergent

126

method, hypermonomer strategy, '** double exponential method, '?® and orthogonal accelerated synthesis.

127 We will explain in this part only one strategy.

In the dendrimer synthesis, the mixing of divergent and convergent approaches is particularly infamous.
There are examples of divergently made dendrons being linked together at the focus as a last reaction'?® and

convergently made dendrimers going through a reaction on the periphery in the last step. 1213

1.11.2.1 Double stage conversion method

To improve the existing strategies and for rapid synthesis of high-generation dendrimers, the first attempt
was made in 1990 by Frechet et. al, who created the double-stage convergent approach. '*! To build high
generation dendrimers using divergent methodology can lead to imperfect dendrimers due to the presence
of a huge number of end groups involved in chemical conjugation, on the other hand, with a convergent
approach there are steric influences due to the use of bulkier dendrons. It is known that double stage
convergent method is a combination of convergent and divergent methods and in the strategy, the core unit
is synthesized divergently followed by a subsequent attachment of the dendritic wedge in a convergent

fashion, thereby generating the hypercore containing dendrimer.
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Scheme 1.1 CuAAC mediated synthesis of galactose coated dendrimer, double stage convergent approach

Tiwai and co-workers'*? synthesized a nonavalent dendrimer core carrying nine terminal alkyne groups,
(Scheme 1.1). Consequently, this synthetic hypercore unit was used as starting material for CuAAC
coupling with a dendritic wedge to afford a series of glycodendrimers. In this context, the dendrimer core
unit was conjugated with galactose azide, dendritic wedge using CuSO4.5H>0, and sodium ascorbate to

prepare a glycodendrimer coated with 27 peripheral galactose.

In our synthetic strategy, building the dendrimer at high generation was extremely difficult, therefore, we
used the accelerated approach double-stage conversion strategy, aiming to reduce steric hindrance issues

during the core coupling step, (details in Chapter 3). '*

1.12  Click reaction, photolytic thiol-ene reactions are highly efficient approaches to develop dendrimer

Regardless of the efforts and significant research, dendrimer-based products have been slow to reach human
trials and a lot of the excitement over the potential application of this technology has faded. A significant
issue preventing dendrimers from progressing is the polydispersity of their conjugates. Any therapeutic
platform conjugated with multiple drugs or targeting moieties through an excess of attachment sites can
result in a heterogeneous population that becomes more dispersed as more functionalities are added.
Orthogonal pathways to construct multifunctional dendritic provide a higher level of selectivity and
flexibility in reaction conditions that may be able to overcome the ligand polydispersity of conventional

dendrimer platforms, (Figure 1.22). '3+13¢
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Figure 1.22 Methods of orthogonal coupling

® Ris,
CuAAC R— + N~ ,R1 ﬂ, N N‘N
u. — N* g g(

R

Thiolene R™OSH + gt ———= RN R!

R >SH + =

= - R/\S/j/\R1
J
R

Thio-yne

In this thesis research, we looked at how to generate new glycodendrimers by orthogonally coupling
dendron focal sites using CuAAC extremely selective nature and thiol-ene click chemistry with well-

defined chemical synthesis.

1.12.1 Copper (I) mediated azide-alkyne cycloaddition (CuAAC)

The CuAAC reaction is a copper-catalyzed and stereospecific variety of the (3+2)-cycloaddition reaction of

an azide and an alkyne forming a 1,2,3-triazole which was first introduced by Huisgen in 1967. '3

Figure 1.23 (A) Proposed catalytic cycle for CuAAC, catalyzed the synthesis of 1,4-Substituted 1,2,3-
triazole; (B) Proposed catalytic cycle for RuAAC, catalyzed the synthesis of 1,5-Substituted 1,2,3-triazole
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In addition to lacking stereospecificity, Huisgen’s reaction was also very slow proceeding reaction and

required high temperature. The reaction rate dramatically increased when a copper catalyst was added, with
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the reaction almost reaching completion even at room temperature and exclusively forming the 1,4-

functionalized traizole. '8

The stereospecificity can be explained by the proposed reaction mechanism as indicated in (Figure 1.23 A).
When using a ruthenium (II) catalyst instead of copper (I), exclusively the 1,5-adduct is formed, (Figure
1.23 B). ¥ since copper (I) is a sensitive catalyst and prone to oxidation, a reducing agent is typically added
to the reaction mixture. A reducing agent, sodium ascorbate has been widely used. Generally, cycloaddition
proceeds through an associated mechanism. However, according to experimental kinetic data and molecular
modeling'*® performed on the Huisgen 1,3-dipolar cycloaddition reaction, it suggested a stepwise reaction
pathway. '*! During the reaction two Cu' cations coordinate onto the terminal alkyne moiety under its
deprotonation. The n complexation of Cu' lowers the pKa of the terminal alkyne by as much as 9.8 pH units,

142 Tf a non-basic

allowing deprotonation to occur in an aqueous solvent without the addition of a base.
solvent such as acetonitrile was to be used, then a base, such as 2,6-Iutidine or N, N'-diisopropylethylamine
(DIPEA), ' would have to be added. The ring formation with the azide occurs under the release of one of
the coordinated transition metals. In the final step, the second Cu (I) which is attached in position 5 of the
triazole is substituted by a hydrogen, generating the final 1,4-functionalized 1,2,3-triazole as well as the

Cu(I) catalyst which can undergo a second catalytic cycle. 140 144. 143

1.12.2 Phosphorous Ligands

One of the important ligands used in the cycloaddition of azides and alkyne was phosphorus-containing
ligands, and phosphines in particular, (Figure 1.24). After their discovery, copper(l) species as catalysts for
azide-alkyne cycloadditions, CuBr(PPh;); and Cul[P(OEt);] complexes, were applied to the synthesis of
various glycopolymers in good yields. ¢ In some cases, reactions were conducted under microwave
irradiation in the presence of an organic base such as DIPEA or DBU for the most difficult substrate
reactions. These conditions have been widely used in diverse applications such as macromolecular
synthesis. Phosphorus ligands have been considered the catalysts for the preparation of glycopolymers'+”
130 and oligomers or biologically active molecules. CuBr(PPhs); was a functioning catalyst when using 0.5

151 In

mol% under neat or aqueous conditions at room temperature and in the absence of any other additive.
all cases, the corresponding triazoles were recovered in pure form after simple filtration or extraction,
although higher copper loadings (2 mol%) and/ or toluene as solvent were required for the preparation of

some glycopolymers,
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Figure 1.24 Phosphine-ligand/copper(I)-mediated CuAAC
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1.12.3 Multivalent glycodendrimer assembly based on “click ” reaction (CuAAC)

Carbohydrates and their derivatives fill numerous roles in the working process of metabolism, cell-cell
interaction, cell migration processes, and pathogen defense providing great opportunities for attractive drug
discovery. However, Carbohydrate-based drug discovery does not develop quickly. Carbohydrates make
poor lead compounds due to their well-known modest affinities for the respective enzymes or receptors,
poor pharmacological properties, and difficult synthesis. However, multivalent carbohydrates are attractive
synthetic targets since they often bind much stronger to the respective receptors than their monovalent
counterparts. Several kinds of linkages of sugars to scaffold molecules have been utilized over the years and
impressive affinity increases have been reported. '3 "CuAAC" (Figure 1.25) promises to simplify and
accelerate the discovery of highly- affinity multivalent carbohydrates as known as it has already been

utilized in numerous systems. "CuAAC" reactions have also been utilized to conjugate multiple sugars with

a central aromatic platform. '3

Figure 1.25 . Click reaction in the synthesis of different dendrimers. 3% 153
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Riguera and colleagues functionalized a larger dendrimer complex using click chemistry, '3 includes the
relative 3,4,5-trihydroxy-benzoic acid repeating unit, (Figure 1.25 B). They report one case of azide on the
periphery of the dendrimer and the alkyne on the carbohydrates. In this case, they decided to place azide
and alkyne functional groups on the dendrimer and the carbohydrate partners, respectively. With the use of
the click reaction, it allows easy preparation and incorporation of up to 27 unprotected fucose, mannose,
and lactose residues to generate large systems in high yield, requiring only catalytic amounts of Cu in a tert-
BuOH/H,0 mixtures. 3% 15715 CuA AC reactions have also been utilized to conjugate multiple sugars with
a central aromatic core. For example, a C-3 symmetric (1-6)-N-acetyl-B-D-glucosamine octadecasaccharide
was synthesized through triazole-linkage for the purpose of applying the multivalent concept, (Figure 1.25
C). 154 160

1.12.4 Thiol-ene coupling

The reaction of thiols with alkene leading to the formation of thioethers (Figure 1.26) is a highly efficient
and fast-proceeding reaction. Thiol-ene coupling (TEC) has advantages over the widely known CuAAC
reaction. Despite its distinctive reaction kinetics and the exclusive synthesis of one product, the use of
copper catalysts is a constraint factor when applying CuAAC on biologically relevant structures due to its
toxicity for living organisms. Therefore, the CuAAC was replaced by TEC because of the better
physiological compatibility. '*! The TEC can proceed through a radical anti-Markovnikov addition. The
radical-mediated TEC starts with the formation of a thiyl radical via hydrogen abstraction using a suitable
initiator reagent. The next reaction step is the addition of the thiyl radical to the present alkene moiety. The
addition occurs in an anti-Markovnikov, leading to a higher substitute and therefore more stable carbon-

centered radical.

Figure 1.26 Thiol-ene reaction mechanism
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From the carbon radical, two pathways are possible, a step-growth as well as a chain-growth pathway. 162
When proceeding in a step-growth fashion, the following reaction step is the abstraction of a hydrogen atom
from a further thiol group generation a new thiyl radical as well as the final thioether which is inactive.

The thiyl radical can then propagate to a further alkene moiety followed again by a chain transfer step. In
the chain-growth pathway, the carbon-centered radical undergoes a reaction with another alkene moiety
again resulting in a carbon-centered radical with the possibility of following either the step-growth or chain-
growth. The reaction rate of the propagation and the chain transfer step determines whether a radical-
mediated TEC proceeds in a step-growth or chain-growth manner. For an ideal step-growth TEC reaction
the rates of propagation and chain transfer have to be identical thus neither the thiyl nor the carbon-centered
radical accumulates during the reaction process. In the case of the chain transfer being the rate-limiting
reaction step, a chain-growth polymerization is probably due to the high excess of carbon-centered radicals.
A slow propagation reaction is generally due to the low reactivity of the alkene moiety, which would then
lead to the accumulation of thiyl radicals and termination the reaction by recombination resulting in the

formation of disulfides.

1.12.5 Multivalent thio-glycoclusters

Oligosaccharides, glycoconjugates, and their mimetics are investigated in molecular studies, '

drug
discovery, and vaccine development. '** Thioglycosides in which the glycosidic oxygen is replaced by a
sulfur atom are metabolically stable analogues of the natural O-glycosides, justifying their synthesis and
application as glycomimetics. '®* Furthermore, due to the similar spatial arrangement of S- and O-glycosides,
many lectins tolerate the O to S replacement, and some have even stronger affinity toward S-glycosides than
the corresponding O-glycosides. Thioglycoclusters can be prepared by photochemical thiol-ene coupling
(TEC reaction) between 1-thiosugars and alkene-functionalized scaffolds (Figure 1.27). In this context, the
radical-mediated thiol-ene coupling emerged as a powerful method for glycoconjugation'®® which, if

unsaturated sugars are applied as the alkene partners, opens the way for the stereoselective synthesis of a

broad range of thio-linked glycomimetics. '¢’

Figure 1.27 Multivalent photochemical thiol-ene reaction'®’
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Recently, the photoclick-optimized conditions were applied to various linear and cyclic scaffolds using 1-

thio-B-D-glucose and two other thiosugars of interest for lectin recognition: 1-thio- f-D-galactose and 1-
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thio-a/B-D-mannose. ' 1%° The binding affinities of selected thioglycoclusters were evaluated towards two
soluble lectins produced by Pseudomonas aeruginosa LecA (galactose specific lectin) and Burkholderia
cenocepacia dimeric lectin BC2L-A (mannose-specific lectin, BC2L-A that has two binding sites 40 A
apart) which are pathogenic bacteria involved in opportunistic infection in patients with immunosuppression

or in life-threatening lung infection in cystic fibrosis patients. 165170

Roy and co-workers developed an accelerated orthogonal approach by combining thiol-ene chemistry and
SN? reaction to synthesize multifunctional glycodendrimers. They constructed two different orthogonal
monomers (Scheme 1.2). First monomer consisted of a chloroacetyl group as a focal point with four allyl
groups on the periphery while the other monomer was a thiogalactoside consisting of free thiol (-SH) focal
point and four hydoxyl groups on the surface. The synthesis started around hexacetylated core by performing
SN2 reaction using tetraallylated precursor yielding 24 alkene groups at G1 stage. In the next step, thiol-ene
reaction between thiogalactoside monomer and G1 dendrimer yielded G2 generation glycodendrimer

carrying 24 galactose on the periphery.

Scheme 1.2 Synthesis of glycodendrimer with 24 galactose units at the periphery
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While the majority of dendrimers that have been studied have focused on the treatment of bacterial
infections, particularly biofilm infections from P. aeruginosa, as reported by Reymond and his coworkers,
17! or different other dendrimers based on lysine-dendrons for the purpose of studying the binding affinity
of LecB, as reported by Renaudt and coworkers. !> Another type of dendrimer with well- defined targeting

moieties is also being investigated for its potential to inhibit the adhesion of different strains of E. coli.'”
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The unique of our research is to design and synthesize glycodendrimer prodmug that 1s conjugated to the
ciprofloxacin through a cleavable linker. This drug delivery system allows the antibiotic to be carmied across
the cell membrane, which can be transformed into a bioactive antibiotic molecule via internal mechanism,
such as enzyme hydrolysis or a specific cellular environment (acidic pH). Since the main objective 1s to
design a new family of glycodendnimer to block the adhesion from both P. aeruginosa and E. coli. Thus, 1t
15 important to study the structure, function, and characterization of bactenial lectins and understand the
molecular mechanism of the interactions with their targeting ligands.

1.13 The crucial role of carbohydrates in nature and the key for selectivity

The monomeric units of carbohydrates, are, in addition to lipids, amino acids, and nucleotides, one of the
four main building blocks in biology, each one contributing essential properties and functions within a living
orgamism. The field of glycobiology covers the study of carbohydrates in biological processes but also the
elucidation of their structures, their biosynthesis as well as their linkage to proteins or lipids. '™ The term
was first used by the Dwek group in 1988'" after it became clear how important carbohydrates were to
living things beyond their function in energy production and storage or as a structural component. In
addition, the carbohydrates were observed to also take part 1n a vaniety of several processes, including cell
communication, ™ cell adhesion, storage and delivery of information, signal transduction, and pathogen
recogmition, such as bactenial or viral mfection. Especially due to the contribution in bactenial infection
processes, further information about their exact role and mechanism of action becomes extremely important
to potentially develop novel antibiotic medications.

Figure 1.28 Structures of the most abundant monosacchandes in mammalian cell surface oligosacchandes
relevant in carbohydrate-proteins mteractions for cell communication, cell adhesion, signal transduction,
and pathogen recognition processes.
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The new information about carbohydrates in biological processes is acquired quite slowly, which is
associated with the high structural complexity of carbohydrates in comparison to that of the other main
classes of biopolymer. '”” While nucleotides or amino acids only have one possible point of attachment, they
are arranged linearly within the biopolymer, two monosaccharides can be connected at various positions
each hydroxyl group could be as a glycosidic bond. Besides that, also conformational differences for some
linkage positions or different sizes of the formed heterocycle are possible. Overall, the coupling of just two
monosaccharides can already result in sixteen different disaccharides. By extending this idea and taking into
account that there are twenty relevant monosaccharides in a living organism, three monosaccharides can be
coupled to form a large distinct trisaccharide structures. The possibility of linking the same monomeric units
in a variety of diverse arrangements provides access to many structures carrying specific information.

However, it is quite difficult to synthesize and isolate such oligosaccharides for their research.

Figure 1.29 A) Schematic illustration of a cell membrane out of a phospholipid bilayer and membrane
proteins as well as exposed carbohydrates were incorporated into the membrane in terms of glycolipids or
glycoproteins which assemble the glycocalyx. The interactions of a virus and a bacteria via cell surface
carbohydrates with lectin receptors of the pathogens are also presented. B): Electron microscope image of
a stained glycocalyx of an erythrocyte!’® 17
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In a living organism, the oligosaccharides are mainly presented on the outside of the cell membrane,
generally attached to proteins or lipids as glycoconjugates within the lipid bilayer. Most abundant
monosaccharides are N-acetylglucosamine (GlcNAc), galactose (Gal), and mannose (Man). However, the
most exposed monosaccharides and thus the ones that are most likely to be significant in the mentioned
biological processes are N-acetylneuraminic acid (Neu5Ac), fucose (Fuc), and Gal. The structure,
abbreviation, and symbol of the most common monosaccharides in mammalian cell surface
oligosaccharides are given in (Figure 1.28).

The oligosaccharide presentation is highly dense, resulting in carbohydrate capsule, referred to as
glycocalyx, which surrounds almost every cell. '3 A schematic illustration of a cell membrane containing
exposed carbohydrates as well as an electron microscope image of an erythrocyte with its dense glycocalyx
are shown in (Figure 1.29).!”® The type of presented carbohydrates is characteristic of each organism but
also for the type of cell or its development stage within the same organism. The glycocalyx plays a
fundamental role as a mediator between cells and also in the recognition of exogenous compounds or cells.
The interactions of the presented carbohydrates are mainly towards carbohydrate recognizing receptor
protein, the so-called lectins, which are reversible and of non-covalent nature similar to well-known protein-
protein interactions. Unlike the extensively researched protein-protein interactions such as the majority of
antibody-antigen recognition processes, carbohydrate-protein interactions are generally much weaker. For
most protein-based antibody-antigen interactions, it is possible to attain dissociation constants (Kp) in the
nanomolar range. '8! whereas the Kp is within the millimolar range for the interaction of a monosaccharide

with its corresponding lectin.

One of many examples of glycoproteins can be mentioned as the blood groups and tissue antigens like
ABH(O) and Lewis antigens. '3 where the oligosaccharide chain is attached to proteins or ceramide lipids.
The ABH(O) antigens are fucosylated oligosaccharides presented on endothelial cells and red blood cells
of all individuals (Figure 1.30). The Lewis determinants are structurally related to determinants of the ABO
and the H blood group systems and are composed of four major carbohydrate antigens: Lewis a (Le?), Lewis
b (Le®), Lewis X (Le¥), and Lewis Y (LeY). Le* and Le® are genetically and biochemically related molecules

detected on red blood cells and tissues. '
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Figure 1.30 Schematic representations of H and Lewis determinants'®*

Fuc OH F OH
Fuc A OH Gal o Gal l:;
0 a~4oH OH
Tl OH HO _-OH NHAC HO_OH |OH_oH
HO_OH OH o0 0 0 0 o
Hogvol %ﬁ/g " O%‘? Ho ©
OH AcHN
OH  AcHN OH 0 c
Gal GleNAG o GleNAC
GleNAC OH
O OH
Lewis a (Le?) Lewis X (Le¥) Lewis b (Le?)
OH Gal
Gal Fuc Gal
0 GICNA
HO fﬂOH HO e HO OH NHAG
OH |OH  \1iac OH OH Ho OH%
0 O OHO 0 ‘@N o}
HO o) o HO 0 o}
o} oy CloNAe 0 AcHN 729 2OH OH
GIcNA
MOH MOH offfOH ¢
OHOH OHOH Fuc Fuc
Fuc
Lewis y (Le) H type-1 (H-1) H type-2 (H-2)

1.14 Strategies of Adhesions and Anti-adhesion

Carbohydrate-protein binding is frequently a part of several biological significant processes, such as the
binding of bacterial, viruses, and other pathogens to host cells. These proteins are commonly name are

lectins. !7*

For P. aeruginosa, two soluble lectins, LecA and LecB, have been found to be crucial for this
pathogen’s attachment to host cells. '*> '8¢ Both of them have a tetrameric structure, with specificity for
galactose and fucose respectively. '¥7 Studies showed that solution of galactose and fucose have a therapeutic
effect against Pseudomonas aeruginosa, and cystic fibrosis patients. '3 This motivated researchers to use
galactose and fucose derivatives to inhibit the attachment of P. aeruginosa, and thus the adhesion and
subsequent infection should be inhibited. For E. coli (UPEC) expressing type 1 pili. The FimH adhesin at
the tip of type 1 pili recognizes terminal mannose units of uroplakin Ia (UPIa), a membrane glycoprotein
that is abundantly expressed on superficial epithelial umbrella cells of the urinary tract. For several years,
many natural as well as synthetic mannoside ligands of FimH have been designed and tested for their
inhibitory potencies. This strategy is called anti-adhesive (Figure 1.31). Despite these advantages, the main
problem is that lectins and carbohydrates have a weak interaction, usually with a dissociation constant in
millimolar range. In nature, the weak binding issue has been overcome by using the “multivalency effect”,
which works through simultaneous binding of multiples sugars, displayed on the cell surface, to the
multivalent proteins. %12 By appending carbohydrates on the surface of dendrimers to afford
glycodendrimer structures, such multivalency can be achieved to improve binding affinity. '3 Inspired by
this, multivalent mannoside and fucosides were synthesized by appending different numbers of mannose

and fucose on multivalent scaffolds.
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Figure 1.31 The adhesion and the antiadhesion strategy'®*
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One major advantages of a multivalent system is the set number of defined binding sites that can be
chemically controlled. The multivalent effect for dendrimers can be described as a special delivery system
with a variety of biomedical characteristics, such as geometric, size, and shape. It has been hypothesized
that UTIs treatment using a drug- conjugates with multiple sites could require a much smaller concentration
of the drug and therefore it would be more effective in the treatment of UTIs. Having multivalent dendrimers
containing an increased number of binding sites will lead to multiple interactions between the bacteria and

dendrimer. This interaction is very important because it leads to blocking bacterial adhesions.

1.14.1 The concept of multivalency

Multivalent frameworks can augment binding interactions through several distinct mechanisms. Multivalent
ligands present multiple copies of binding epitopes that can bind a receptor upon dissociation of a previous
interaction (Figure 1.32a). !> Binding enhancement is a statistical effects resulting from the high localized
concentration of epitopes that effectively increase the time that the binding site is engaged (i.e. decreases
dissociation kinetics (Koff). !¢ Examples of binding affinity enhancement due to the statistical effect can
be found with high density receptor displays in which decreased dissociation rate constants are observed.
197. 198 Additionally, as shown in (Figure 1.32b), a multivalent ligand can bind an oligomeric receptor by
simultaneously interacting with multiple binding sites. '°> This mechanism is known as the chelate effect,
and it is entropically favorable compared to the constituent monovalent interactions: translational and
rotational entropic costs are paid with the first receptor-ligand contact, and subsequent intermolecular
binding interactions proceed without paying these entropic costs ( although, conformational entropy still

actors in free energy of binding). '*> Furthermore, as shown in (Figure 1.32¢), the binding of a multivalent
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ligand to multiple cell-surface receptors can result in clustering of the receptors in a microdomain. !> As
shown in (Figure 1.32d), multivalent ligands can interact with auxiliary binding sites on a receptor to
enhance binding. In addition to enhancing binding affinity, a synthetic multivalent ligand is bound to
multiple receptors on one entity (e.g., cell-surface receptors) and can sterically inhibit interactions with
natural ligands (Figure 1.32e). In this mechanism, known as steric shielding, the backbone of the
multivalent ligand effectively forms a layer on the cell surface that precludes the attachment of the natural
ligand to the bound receptor. !’ Steric shielding is a unique mechanism for inhibition that is fundamentally

inaccessible by monovalent molecules.

Figure 1.32 Multivalent protein carbohydrate interaction mechanisms.

(a) Chelate effect, in which a multivalent receptor coordinates with a multivalent ligand. (b) Subsite
interactions, in which binding affinity is enhanced due to the ability of multivalent ligands to occupy
multiple binding sites on a receptor. (c) Steric inhibition, in which a multivalent ligand, once bound to a
multivalent receptor, sterically prevents the approach of another ligand. (d) Receptor clustering, in which a
multivalent ligand binds to and induces the clustering of independent receptors. (e) Statistical effect, in
which a high concentration of ligands on a multivalent scaffold allows for the receptor to be occupied over
a longer period. 2%
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1.14.2 Synthetic multivalent glycomimetics: Glycodendrimers

Synthetic chemists created the idea of carbohydrate-presenting macromolecules that replicate the structural
characteristics of their natural counterparts in order to reduce the complexity of studying the interaction
between carbohydrates and lectins. They represent novel pharmaceutically active compounds in addition to

acting as model compounds in mechanistic studying. 2! 202

The removal of all unnecessary sugar moieties that do not demonstrate binding to a lectin and replacement
with a synthetic scaffold that is less complex than natural oligosaccharides and therefore easier to access
during synthesis is one method for reducing the structural complexity of these carbohydrate ligands (Figure
1.33). Given this, the synthetic scaffold is fixed with several copies of the smallest binding epitope, which
is often a monosaccharide but also a di- or trisaccharide, attached to the synthetic scaffold resulting in a

multivalent glycomimetic.

Figure 1.33 The concept of glycomimetics is to replace a natural carbohydrate ligands’s complex
oligosaccharide scaffold with a synthetic dendrimer scaffold that bears the carbohydrate-binding motif.
Here, a glycodendrimer backbone carrying the greater and lower high affinity carbohydrate moieties
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Over the years, numerous different glycomimetics have been developed, specifically varying the
architecture to study the effects of sugar presentation and physicochemical characteristics. Their molecular
weights range from low-molecular-weight compounds with few copies of binding ligands to high-

molecular-weight, multivalent polymers, and surface with extensive functionalization. *** In terms of

205 206

architecture, glycodendrimers** (Figure 1.34) as well as liner, 2 star shaped 2*® or brush glycopolymers
were synthesized, whereas the scaffold properties were, for example, varied from flexible to more rigid
scaffolds but also scaffolds that were hydrophilic and hydrophobic were compared. **” Another important
approach is to connect carbohydrates to nano- or microparticles, mimicking a complete cell with a simplified

208

glycocalyx. “** Besides, it has been demonstrated that glycolipids, which subsequently self-assemble to

supramolecular micelles, are effective mimics of a cell with an exposed carbohydrate shell.
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Figure 1.34 Simplified structure of cell oligosaccharides. (A) Glycoprotein and glycolipids of cell
membrane with (%) N-glycan structures and ($ Type-1 and -2 Lewis determinants. 2 (B) Glycodendrimers
showing the most exposed saccharides of a natural oligosaccharide built on an artificial scaffold

A Natural oligosaccharides on a cell surface B

Glycodendrimers
- Mimicking the most exposed

carbohydrate ligands

Further elucidating the carbohydrate-lectin binding mechanisms is typically less difficult for glycomimetic
compared to the natural constructions because of their simpler form. Additionally, the structure of the
glycomimetic can be modified specifically to potentially target one of the different binding pathways as
explained before, and then adjust the resulting biological properties. For example, the chelate effect is often
targeted as a main binding mechanism, aiming to accurately adjust the distance between two binding sugar
moieties using the selected scaffold, spanning two binding sites and thus allowing for simultaneous binding
of two CRD of the lectin understudying. Pieters and co-workers were able to demonstrate a significant
increase in binding affinity after carefully bridging the gap between two binding sites in LecA and Shiga-

like toxins, wheat germ agglutinin (WGA), 2!°

it could be demonstrated that the backbone properties are
crucial for chelate binding. Rigid scaffolds show the best binding if the distance between the two
carbohydrate ligands is matches the distance of two CRD since they are entropically more favored over
flexible scaffolds which have higher degrees of freedom. If that is not the case, a chelate binding does not
occur due to a severe distortion of the backbone, and more flexible scaffold are more suitable. 2!

Studies have revealed that, high-mannose-type N-glycans ranging from MansGlcNAc, to MangGlcNAc,
residues (Figure 1.35 a), are expressed on urothelial cell. In MangGIlcNAc, structures, all terminally
exposed mannose residues are a1-2 linked, while in ManoGlcNAc; structures the terminal mannose moieties
can be additionally a1-3 and a1-6 linked. While Le* (BGal 1-3(aFuc 1-4) BGlcNac) trisaccharides (Figure

1.35b), are fucosylated type that exists on red blood cells. Lewis® oligosaccharides is important recognitions

motifs for interactions with LecB of P.4 (K4= 212 nM). ?!?
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Figure 1.35 a) High-mannose type N-glycans presented on FimH receptors. b) Lewis a (Le®) antigen
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1.15 Uropathogenic E. coli (UPEC), type 1-fimbriae adhesion

The binding of UPEC to host cells causes bacterial internalization and the generation of biofilm-like

intracellular bacterial communities (IBCs). The toxins released by some E. coli bacteria can damage the

host cells in the intestine and leads to diarrhea and damage the in kidneys. Pili (or fimbriae) are long

proteinaceous filaments that are utilized by Gram-negative bacteria to adhere to host surfaces while

maintaining a separation between the cell membranes, preventing the electrostatic repulsion that occurs as

aresult of the net negative charge found on the surface of both the bacteria and host, (Figure 1.36). Fimbriae

of E. coli has been shown to facilitate bacterial colonization and invasion of human bladder cells. In the first

step of the infection cycle, UPEC attaches to the urothelial glycoprotein uroplakin Ia of the host by means

of the bacterial adhesin FimH. The FimH expression of E. coli bacteria mediates the mannose sensitive

binding to target host cells and it has been demonstrated that a mannose-binding site is located at the top of

the protein domain. A wide range of studies have been made on uropathogenic strains of E. coli that produce

type 1 fimbriae and these indicate that FimH can be a potential vaccine candidate for the prevention of

infection in the urinary tract. 2'3 214

40



Figure 1.36 Structural elements of UPEC. a) Electron micrograph of a type 1-fimbriated uropathogenic E.
coli (UPEC); b) schematic representation of UPEC binding to oligo mannosylated UPIa. c) illustration of a
type I pilus consisting of a helical rod (FimA subunits) and a fibrillar tip (FimF, FimG, and FimH). 2! 216,
d) Crystal structure of full-length FimH consisting of a lectin domain (FimHip), and a pilin domain
(FimHpp). 27
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1.15.1 The bacterial lectin FimH and mannose binding site

FimH consists of a B-sandwich-fold containing a mannose specific binding site in a distal position to the
rest of the pilus (Figure 1.36 d). FimH exhibits a deep, negatively charged ligand-binding site that
selectively binds the a-configuration of D-mannose (Figure 1.37). a-D-mannose exhibits a remarkable
micromolar affinity with a Kp value of 2.3 uM. The mannopyranose moiety is coordinated by the side chains
of (Asp46, Asp54, GIn133, Asn135 and Asp140, and the main chain of Phel, and Asp46 forming extensive
hydrogen bonds. Over the last few years a range of highly potent mono-valent antagonists consisting of a
mannose moiety and a lipophilic aglycone was published, (section 1.15.3). The various aglycones provide
hydrophobic contacts or n-n stacking interactions to amino acids forming the entrance to the mannose
binding pocket. This entrance called ‘tyrosine gate’ is composed of two tyrosines and one isoleucine (Tyr48,
lle52, and Tyr137) forming the entrance to the mannose-binding pocket. This effect leads to a further

improvement of affinity as documented by n-heptyl a-D-mannoside, Kp= 22 nM. *!8
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Figure 1.37 A) The crystal structure of FimHLD is co-crystallized with n-heptyl-D-mannopyranoside (this
image is adopted from ref). 2! B) The carbohydrate recognition domain of isolated FimH lectin domain in
complex with n-heptyl a-D-mannopyranoside (HM). 22°
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1.15.2 Interactions of FimH with its natural target ligands (FimH-CRD)

The FimH lectin domain contains 157 amino acids, which assemble to form an 11-stranded -barrel structure
encompassed within the B-barrel structure is a polar binding pocket®*! (residues Asn 46, Asp 47, Asp 54,
GInl133, Asnl35 and Aspl40) to which terminal mannose units can engage in a complex network of
hydrogen bonding, and electrostatic interactions. **> The polar binding pocket is surrounded by a
hydrophobic region, (residues Phe 1, Ile13, Tyr137, and Phe 142) which contains a tyrosine gate (residues
Tyr 48,11e52, Thr 51, and Tyr137).22? This region provides support for the binding site through electrostatic
interactions with the tyrosine gate, which is shown to be influential in the ability of ligands to enter the
binding site. Further interactive features of FimH lectin domain are a small hydrophobic pocket adjacent to
the sugar binding pocket ( residues 1152, Tyr137, and ASn138)22? a salt bridge ( residues Arg98, and Glu50)
which facilitates further hydrogen bonding, and Tyr48 and Tyr 137 residues, which facilitates further
hydrogen bonding, and the Tyr148 and Tyr137 residues, which involved in hydrophobic and ring stacking
interactions 22224 as well as forming direct and water-mediated hydrogen bonds to ligands. ** A summary
of the main interactions that occur between the FimH lectin domain and mannose-based pentasaccharide is
presented in (Figure 1.38). The binding of mannose-based ligands to the extended FimH binding site is the

result of a complex network of interactions and hydrogen bonding. 822
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Figure 1.38 High-mannose type N-glycans displayed by the glycoprotein UPIa

A depiction of the main interactions that occur between mannose based pentasaccharide and the extended
FimH binding site, red indicates interactions mediated by Van der Waals, aromatic stacking and
hydrophobic interactions, blue indicates interactions mediated by hydrogen bonding (adapted from ref.) 226

£
<..NH, H H

\A‘;MS ¢
Q
NH, Man4
—Ccd’ o) 4
Aspd7 A 10 9 O%H
,C:,O : “I'Lhr51
Asp54 OH OH OH
HaN 11e52 1e52, Thr51
,5\\" Tinns ‘:"Hga- - H(j , lle52, Tyrdg
Gin13s © T 5
; 4l b
N~y Phemz Oﬂ% HO ?JO T ’-m
%o lle13 Ho-2 1-OH
Asn135 ; ., 52 V37 NH---_o NH
0. OH Wo=r W o=l
¢’ Tyra8 CHs 9CH3
|
Asp140 Man4 Man3 GIcNAc2  GleNAcT o,

The X-ray crystal structure of the isolated FimHLD with oligomannose-3, provided evidence that the
tyrosine gate is involved in hydrophobic interactions with oligomannosides. >’ As a result, many studies
focused on the development of mannoside derivatives with hydrophobic aglycones for anti-adhesive therapy
of UTIs. Favorable stacking and van der Waals interactions of the aglycone with aromatic side chains of the
tyrosine gate leads to continuously improved affinities of synthetic FimH antagonists. However, in contrast
to synthetic FimH ligands, different studies have shown a partial or complete removal of the tyrosine gate

had no impact on the binding affinity of dimannoside in comparison with wild-type FimH.

1.15.3 The ligands targeting FimH

Several research groups have been involved in discovering potent FimH inhibitors with a view to find non-
antimicrobial alternate approaches toward the prevention of recurrent UTIs. A selection of mono valent
FimH antagonists are depicted in (Figure 1.39).22%23! one of the first classes of D-mannopyranoside-based
FimH were alkyl mannoside. Studies proved that butyl a-D-mannoside (2, K&= 151 nM) to bind to FimH
with 15-30 times greater affinity than a-D-mannose (Kq=2.3 uM). >*2 Further studies into the binding affinity
of alkyl mannoside found that the binding affinity increases as alkyl chain length increases, for example,
hept- a-D-mannoside (3 Kq =5 nM). > Aromatic a-D-mannoside was reported to be powerful inhibitors of
the adherence of type 1 fimbriated E.coli. The most potent aromatic a-mannoside inhibitor reported was p-
nitro-O-chlorophenyl-a-mannoside 4 which shows to increase the inhibition. Diamond squarate mannoside
5 was also synthesized and it is structure was shown to be potent inhibitor of FimH (ICso= 6.38 uM). 23
Another well-studied group of FimH analogues are biphenyl mannosides. The most potent analogue was 6

(ICso= 0.94 uM). Biphenyl mannoside 10 (ICs50=0.16 pM) to be a promising lead candidate. 22> !
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Ernst and co-workers synthesized a series of indolylphenyl a-D-mannoside. The most promising analogue

was 11, achieved (ICsp= 20 nM). 23

Figure 1.39 a-D-mannopyranoside- based inhibitors. The structures of each FimH antagonist contain a
crucial for binding mannose moiety and an aliphatic (1-3) or an aromatic (4-11) aglycone

OH OH OH

OH
0 0 0
HO ' HO o HO ' Oy
HO HO HO Cl HSO cl
o)

N Ot Oﬁ o\©\ o

1 2 (n=1) 4 NO, 5 N
3 (n=4) H OEt
OH OH
0
Hgoég ci Hoﬁg OT)
2
) HO R Ho o)
o HO
® ® 0
O NO,
R’ R N

6 (R'= COOMe) 9 (R'= COOMe, R2= H) 11
7(R'= COOH) 10( R'= CONHMe, R%=Me)

8(R'=CN)

The reported affinities can be explained on the basis of the structure of the CRD that is located on the tip of
the FimH protein, (Figure 1.39). First, the hydroxyl groups at the C-2, C-3, C-4 and C-6 positions of
mannose form an extended hydrogen bond network. Second, the so-called "tyrosine gate" which is the
entryway to the binding site formed by two tyrosines and one isoleucine, supports hydrophobic interactions.
The aromatic aglycons of antagonists as found in compound 4 for example can establish energetically
favorable m—m interactions with this tyrosine gate, resulting in significantly better affinities. The FimH
inhibitors have been optimized to contain hydrophobic substituents at their reducing end; these substituents
can interact with the tyrosine gate located at the entrance of the FimH binding site. The ‘tyrosine gate’ is
FimH-specific characteristic, which most likely explains the selectivity displayed by these inhibitors.
Furthermore, multivalent ligand presentation is known to play a significant role in nature. In nature
carbohydrate ligand presentation is mainly multivalent, thus suggesting that the potency of a-D-
mannosidepyrnoside based inhibitors may be limited due to only achieving monovalent targeting. The
phenomenon describing how many multivalent ligands display greater affinity than their monovalent

counterparts has been termed the “cluster glycoside effect”. 2!
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Figure 1.40 Multivalent Man- dendrimer inhibition of bacterial FimH adhesions
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Iterative synthesis of spaced glycodendrons as oligomannoside mimetics was developed using a novel

method for synthesizing glycodenrimers, in which a 3,6-diallylated carbohydrate is utilized as a core

molecule, hydroboration-oxidation in the activating step, and glycosylation with branched and unbranched

sugar trichloroacetamidates is used for dendritic growth. The new hyperbranched glycodendrons were tested

for their potential as inhibitors of E. coli type 1 fimbriae-mediated bacterial adhesion, (Figure 1.40).

Heidecke and Lindhorst described the synthesis of thioether-spaced thioether glycodendrone 12,

2 235

and

glycodendron 13. %3¢ Their abilities as inhibitors of the mannospecific adhesion of E. coli were measured

through ELISA, by using polysaccharide mannose coated plates. Compound 13 showed better inhibitor data
with an ICso of 0.03 mM, lower than that obtained for the inhibitor MeMan (ICso= 5.9 mM). Multivalent

ligand presentation can further increase lectin binding through crosslinking. Here, several ligands from a

multivalent species bind to distinct target unit lectins, crosslinking the target unit and causing the bacteria

to aggregate. 27 Due to the complexity of multivalent carbohydrate interactions, it is often an accumulation

of multiple factors that cause the “cluster glycoside effect”.

In the case of FimH it is likely that multivalent

mannose-based ligands bind to multiple different FimH units, resulting in the formation of E. coli clusters.

45



Multivalent ligands and their lectin binding studied by several researchers. 2*® Gouin et. al. successfully
applied CuAAC strategies in the synthesis of a great variety of multivalent mannoside dendrimers by using
oligo(ethylene glycol) linkers. 2* It is worth mentioning the preparation of hexavalent dendrimer 14 through
the CuAAC reaction. >*° Aromatic dendritic scaffolds have been extensively applied in the preparation of
antibacterial glycoconjugates. >*! For example, a family of glycodendrimers containing mannopyranosidic
units based on the employment of poly-propargylated dendritic core 15 have been successfully synthesized.

242

Not all interactions can be explained by multivalency or cluster effect. Lindhorst and co-workers proposed
that understanding of fimbriae-mediated bacterial adhesion may require at least two distinct viewpoints. 2%
One method addresses results obtained from hemagglutination inhibition assays or ELISA. They observed
an inhibition of bacterial adhesion that can be neither explained on the basis of the known crystal structure
of FimH nor interpreted based on a classical ‘‘multivalency effect’’. The inhibition of bacterial adhesion
should be rather explained by a ‘‘macromolecular effect’’. the inhibitory potencies can be related to
characteristics that are common for macromolecules and the interactions they form, rather than for distinct
molecular epitopes. For example, Lindhorst and co-workers studied the computational docking the surface
of the lectin domain of bivalent molecule (Figure 1.41), in an effort to find additional carbohydrate-binding
sites in the FimH lectin. *** Three new carbohydrate binding cavities on the surface of the FimH lectin
domain, in addition to the mannose pocket at the tip of the domain, were identified which have a marked
preference for the same subset of high-mannose trisaccharides substructures, mainly a-D-Man-(1—3)-[a-
D-Man-(1—6)]-D-Man. By employing site-directed mutagenesis, it was found that mutations in one of these
cavities significantly reduce binding, indicating that this could be a second carbohydrate binding site,

relevant for ligand binding. 244 2%

Figure 1.41 Connolly surface of FimH in complex with FimC. a) Docking studies were used to estimate the
length of a linker that is required to bridge the putative two binding sites. ** b) The bivalent glycopeptide
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1.16  Pseudomonas aeruginosa pathogensis LecB and LecA adhesion

P. aeruginosa is a ubiquitous Gram-negative bacterium. It can cause serious infections predominantly in
cystic fibrosis patients and those who are immunocompromised, such as HIV patients, cancer patients, and
patients with burn wounds. P. aeruginosa infections are difficult to treat because the bacteria have a high
natural resistance to antibiotics and rapidly acquire new antibiotic resistance. In addition, the bacterium can
change its lifestyles that allow it to evade the immune system as well as antibiotic treatment. When infecting
the human body, P. aeruginosa typically encounters polarized epithelial cell layers, which function as
protective barriers. P. aeruginosa has also been shown to have the propensity to enter and colonize wounded
epithelia. 2*¢ In addition, it has evolved strategies to alter the polarity of host epithelial cells to facilitate
infection. 24”2 However, limited reports are available regarding the role of this bacterium in urinary tract
infections. 2°

P. aeruginosa produces two carbohydrate-binding proteins, so-called lectins, LecA and LecB, which are
also named PA-IL and PA-IIL, respectively. Whereas LecA is galactophilic, LecB high affinity for Le*
oligosaccharide (Figure 1.42 e) and has been demonstrated to recognize L-fucose and its derivatives. *!
LecB is transported to the outer bacterial membrane, where it binds to the porin OprF, resulting in its
presentation at the outer surface of the bacteria. >*! Our focus in this research is the inhibition of lectin LecB.
Inhibition of the lectin mediated adhesion could be a potential therapeutic strategy. 2°? In this section we
briefly explain the general features of the structure of LecB and binding sites with L-fucose. %1% LecB is
a tetramer consisting of four 11.73 kDa subunits, each of them containing two Ca?* ions and each binding
sugar ligand. The overall fold of PA-IIL is that of a nine-strand antiparallel B-sandwich, (Figure 1.42). In
each subunit, strands 1-5 form a Greek-key structural motif extended by strands 6-8 which associate with
strands 1 and 4 to form a 5-strand curved B-sheet. Dimerization is a result of a head-to-tail association
between two monomers that make contact through the curved five stranded -sheet. The quaternary structure
of PA-IIL is that of a tetramer occurring mainly by the antiparallel association of - sheet from each dimer
with their counterparts in the other dimer. '® The best monovalent LecB ligand has been identified by
Imberty and co-workers using a glycan array, the natural trisaccharide Le® (19, kq= 212 nM), which forms

additional interactions via N-acetyl glucosamine moiety (Figure 1.42 e).
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Figure 1.42 a) LecA tetramer structure, with distances between Ca®* (magenta spheres), and the shortest
distance between galactose-binding sites indicated; b) LecA binding-site interactions with D-Gal; c) LecB
tetramer structure, with distances between Ca?*, and the shortest distance between fucose-binding sites
indicated; d) LecB binding-site interactions with L-fuc.; (¢) The best-known monovalent ligand for LecB,
trisaccharide Lewis® (the image adopted with permission from the ref). 2% 2
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The structure of LecB has a unique binding site with two closely located calcium ions (3.76 A apart) that
are directly involved in the sugar binding through the coordination of three hydroxyl groups of the
carbohydrate ligand. Tow protein bound Ca*" ions were used to mediate the binding of one fucose to LecB
by coordination with the C(2), C(3) and C(4) OH groups, (Figure 1.42 d). > The two calcium ions
contribute to the receptor specificity since they coordinate monosaccharides with the stereochemistry of two
equatorial and one axial hydroxyl group are present in fucose and mannose. These two calcium ions are also
believed to play a role in the unusually strong affinity of LecB for fucose, which is in the low micromolar
range, as compared to the millimolar affinity usually observed for lectin/monosaccharide interactions. 23
For the design of novel glycodendrimers that reach higher affinity, it is important for a more precise
understanding of the protein/sugar/calcium triplet. Imberty and co-workers studied for the first time, the
visualization of all hydrogen atoms in the complex in the LecB/fucose complex. 27 Their studies showed
that the fucose ring adopts the stable 'C4 chair conformation, with the o- configuration at the anomeric
position. The use of perdeuterated fucose provided high-quality neutron density maps, the neutron map
clearly shows the hydrophobic contacts between the methyl group on the C-6 position of fucose and the -
CH; and methyl groups of Ser23 and Thr45, respectively. The deuterium atoms in the -CHs group create a
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triangular-shaped neutron density and are in the most stable staggered conformation with respect to the
aliphatic deuterium atom on C-5.

Also, the studying of the coordination of calcium ions showed that each calcium is hepta-coordinated, with
the involvement of three oxygen atoms of the fucose ligand (2 of these for each calcium ion), oxygen atoms
from two asparagine residues, and the carboxylate atoms of six acidic amino acids (three aspartates, one
glutamate, and the C-terminal group of Gly from the neighboring monomer). The co-cristal LecB/Lewis?
(Galp 1-3(Fuca 1-4) GIcNAc) showed that all monosaccharides of Lewis® interact with the surface of LecB.
The authors have shown that, in addition to a network of hydrogen bonds between fucose and LecB, the
GlcNAc residue makes a hydrogen bond between its O-6 atom and the Asp96 of LecB, and that both
GlcNAc and Gal residues establish additional interactions with LecB through the bridging of water
molecules. °® Studies show that the GIcNAc moiety does not interact with the binding site and serves solely

as a linker that positions the galactose and the fucose moiety in the correct spatial orientation.

In addition to conventional antibiotics, different methods of treating P.4. has been reported. Including
inhibition of quorum sensing, biofilm-formation, iron-chelation, and interfering with biosynthetic pathways
of the bacterium. An emerging anti-P. aeruginosa strategy involves targeting these lectins with
glycoconjugates. A vast array of monovalent*> and multivalent*®® LecB inhibitors have been reported, with

structural variation significantly affecting the binding affinity and selectivity, among other properties.

1.16.1 Ligand targeting lectin LecB (PA-IIL)

The lectin LecB has been isolated from heat-resistant fractions of P. aeruginosa by Gilboae-Garber and
coworkers. 2! LecB has a preferable binding affinity for L-fucose over D-mannose and others. '%¢ Two
proteins bound Ca*" ions were used to mediate one fucose to LecB by coordination to the C (2), C (3) and
C (4) OH groups. Compared with D-mannose, L-fucose (17, K4 = 2.9 uM) %2 and its methyl glycoside (18,
Ka =430 nM) ? showed a stronger binding. This was explained by the additional lipophilic interaction of
the C-6 methyl group with the protein (Figure 1.43). The distances between the binding sites are around
40-50 A. due to the large distance, no chelation is possible with relatively small dendrimers. Using a glycan
array, Imberty and co-workers identified the best monovalent LecB ligand, the natural trisaccharide Lewis®
(19, Kg= 210 nM), which forms additional interactions via its N-acetyl glucosamine moiety. Because the
galactose residue has little contact with the protein, Roy and co-workers synthesized truncated disaccharides
(20, K4= 290 nM), *** and oxazole-substituted fucosides (21, Kq = 430 nM) with a comparable affinity for

LecB to Lewis?. 265-260
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Figure 1.43 Lewis® and selected monovalent inhibitors for P. aeruginosa LecB
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However, several multivalent inhibitors have been found to bind in the nanomolar range, supporting the
utility of a multivalent approach to lectin inhibition. This “multivalent” effect has been exploited in the
design of multivalent glycoconjugate inhibitors of the LebB soluble adhesins. These synthetic glycoclusters

238

have utilized a variety of scaffolds including peptides, and modified oligonucleotides. ~*°* The search for

high-affinity ligands for LecB initiated the synthesis of several classes of fucose-containing compounds
based on calixarene 22, %%¢ pentaerythritol 23,7 or peptide dendrimer 24 scaffolds. Several common linker

groups utilized in the multivalent systems are defined in (Figure 1.44).

Figure 1.44 Common linkers in P. aeruginosa lectin-inhibitor design
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Vidal and co-workers, they construct glycoclusters from building blocks, consisting usually of glycosides
(with a linker), phosphoramidate tether, a scaffold, and nucleotides or a short strand of synthetic DNA

(Figure 1.45). Components are assembled through well-known and reliable reactions; phosphoramidite
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chemistry (using DNA-synthesieser) for the pentaerithriyl phosphodiester core, and microwave-assisted

CuAAC to conjugate glycosides giving clusters. 26’

Figure 1.45 Molecular structure of multivalent fucosides
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For example, Vidal and co-workers synthesized 16 fucosylated glycoclusters with antenna-like, linear, or
crown-like special arrangements. Through a rapid screening method with a carbohydrate microarray, they
identified the antenna-like fucomimetic 22a, bearing four residues demonstrating the best binding properties
among these compounds (ICse= 0.70 puM). 27 A variety of glycoclusters were synthesized based on
carbohydrate scaffolds. A series of fucosylated ligands was synthesized based on carbohydrate scaffolds for
PA lectin targeting. For example, MAN3g, 22b, performed significantly better towards P.4 lectin binding
(ICso = 2 uM). Macrocycles, including calixarenes 23, are attractive scaffolds for lectin-targeting mainly
due to their versatility in achieving varying topologies and valencies, 2%® and several glycocluster families

based on macrocyclic cores are reported. Imberty and Vidal reported the first series of publications exploring
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calix[4] arene scaffolds, CalixA-C, as P.4 lectin-inhibitors. 2 However, due to the added hydrophobicity
and rigidity of the linker, this arm led to major solubility issues when coupled with almost all scaffolds

studied, resulting in limited data from biological assays.

The increased binding of the compound is not attributed to a “cluster” effect, since the potency per
carbohydrate is only of 2. Instead, the enhancement is more likely to be attributed to the “macromolecular”
effect. 2% 270 Glycopeptide dendrimer ligands for LecB were identified by screening combinatorial libraries
of peptide dendrimers functionalized with N-terminal C-fucoside residues at the end of the dendrimer
branches. Reymond and coworkers discovered a potent dendrimer 24a by screening combinatorial libraries
of multivalent fucosyl-peptide dendrimers, (ICso = 0.14 uM by ELLA). Interestingly, compound 24a could
lead to completely preventing P. aeruginosa biofilm formation (ICso ~10 uM). Another example reported
from the Reymond’s group, octavalent ligands 24b (ICso= 25 nM) was identified which was up to 30-fold
more potent per sugar than a monovalent glycopeptide reference compound in an enzyme-linked lectin
assay. Although 24b could still prevent the formation of biofilm, it is unable to bridge two lectins with

fucose binding sites within the same lectin tetramer as derived from the molecular modeling. 27!

A significant number of P. aeruginosa lectin-inhibitors based on glycopeptide dendrimer scaffolds are
reported, with lysine residues acting as branching points. The LecB ligand with the greatest affinity is the
hexadecavalent ligand 25 ( K¢= 28 nM, ICso= 0.6 nM), made by Renaudet’s and co-workers, the molecular
modeling suggested that the high affinity observed might be due to an aggregative chelate binding mode

involving four sugar head groups and two lectins. '7?

Despite the fact that several dendrimers have been reported for antiadhesive strategy, in this research, we
reported the design of a new family of dendrimers as a prodrug, which has a dual function to treat bacterial

infections.

1.17 Selection of spacer, linker for optimal ligand binding

The choice of a scaffold able to provide the best orientation of carbohydrates is an important point in the
design of potent inhibitors, (Figure 1.46). Given the ease of synthesis of a flexible linker compared to rigid
ones and their high adaptability to the protein topology, thus, it is frequently PEG-based spacers are found
in the structure of multivalent ligands. However, linker flexibility in such multivalent ligands can decrease
the binding affinity due to a high entropic cost during multivalent binding with the protein. Moreover, when
utilizing a flexible linker, it's also important that the linker's effective length corresponds to the binding

distance. On the other hand, a rigid spacer, is compared with a flexible one.
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In theory, the use of a rigid spacer should create stronger binding since it could decrease the loss of
conformational entropy which occurs during the multivalent binding. However, the creation of a rigid
structure is difficult to realize. The low mobility of rigid systems requires a design that strongly matches the
geometry of the protein, which is difficult to achieve, not only because the structure of the protein in solution
has to be known but also because of the difficulty to find chemical units that combine to yield a spacer of
the desired geometry and length. Another hurdle that must be overcome is the solubility of the spacer which

should be sufficient to yield soluble multivalent constructs.

Figure 1.46 Influence of linker length and rigidity on cell binding

(A) While some ligands that are tethered to a nanoparticle via a flexible linker may mediate target cell
docking regardless of linker chemistry, in other cases inefficient nanoparticle binding can be caused by a
linker that is either too short or overly flexible. (B) for a linker that is too short, surface ligands can become
buried within the passivation layer and become inaccessible to cell surface receptors. (C) Even with longer
linkers, some ligands may prefer to bury themselves within the passivation layer than extend into the
aqueous surroundings. (D) To prevent this tendency, a long rigid spacer can be used to force protrusion of
the ligand into the aqueous surroundings. >’
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1.17.1 Controlled Drug- release in vivo

Controlled drug release processes can be divided into main groups: the ones triggered by internal factors,
which are already present in the host organism, and the ones requesting a supplementary external input.
Internal triggers comprise the use of physiological agents either influencing only the stability of dendrimer-
drug-inclusion complexes, with the preservation of the general chemical integrity (i.e., pH, the presence of
compounds having more affinity to the dendrimer than the encapsulated drugs), or leading to its degradation
(i.e., achieved by the sensitivity of some dendrimers to carboxylesterases and GSH). It is worth noting,

however, besides the efforts to design a system sensitive to the internal parameters mentioned above,
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differences in bio-distribution compared to control are usually not significant. Therefore, for a very localized
drug release, it is preferred to provide the vector with additional features, such as the ones responsible for
adequate targeting of pathological sites. The external triggering can be achieved by localized ultrasounds,

temperature, and UV radiation. >"*27

1.18 Hypothesis and objectives

The aim of this project is to synthesize dendrimer-drug delivery system. In this research, we propose to use
generation three (G3) glycodendrimers as drug carriers for the treatment of urinary infections. The
glycodendrimer-prodrug system relies on 1) ligands-targeted bacterial lectins FimH, and LecB; ii) a
corresponding prodrug that is inactive in administered form but is activated by the enzymatic, (or acidic pH)
hydrolysis. We hypothesize that the conjugation of ciprofloxacin to PEGylated dendrimer via a cleavable
linker will prevent any interactions between secondary amine in ciprofloxacin. Additionally, will lead to a
greater penetration/improved distribution of the carriers through the cell membrane. Acid cleavable linkers
were initially promising but due to the stability requirements imposed by highly potent payloads, their value
has been diminished. Accordingly, to overcome the lack of stability and the hurdle in intracellular drug
release, in our research project, (Acyloxy) alkyl ester prodrug strategy was followed. Additionally,
employing PEG; chains to the backbone of the macromolecule for improving membrane permeability.

We anticipate achieving the following three goals in order to fulfill the project:

Aim 01: Synthesis and characterize glycodednrimer conjugates with varying surface characteristics.
Synthesis and characterization a family of glycodendrimers as a prodrug conjugate with varying targeting
ligands and active functional groups (i.e., carboxylic group) for covalent amide coupling. The Surface group
modifications with targeting fucoside and /or mannoside are capable of modulating the interaction between
the dendrimers and bacterial outer membrane lectins, allowing an increase of local concentration of
antibiotics throughout the bacterial membrane.

Aim 02: Synthesis of Antibiotic conjugated with a cleavable linker. Synthesis of an antibiotic linker
conjugate. The conjugation of this antibiotic via the cleavable bond, will allow enzymatic or pH dependent
hydrolysis in the bacteria cytosis.

Aim 03: The biological properties of these newly created dendrimers prodrugs will be investigated by well-
established methods like haemagglutination Inhibition Assays (HIA), Enzyme-Linked Lectin Assays
(ELLA), Surface Plasmon Resonance (SPR), and Isothermal Titration Calorimetry (ITC).

In meeting these objectives, in our research, we explored the importance of carbohydrate-scaffold topology

by the synthesis of D-glucuronic acid (Chapter 2) and D-glucosamine (Chapter 4) cleavable prodrug
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scaffolds. The two scaffolds were prepared in seven steps, respectively, and subsequently were tethered
with different synthetic fucoside or mannoside lectin-targeted.

In Chapters 3, and 4; a different series of PEGylated glycodednrimers modified with mannoside and /or
fucoside (G3(OH)-(COOH)-PEGs), and non-PEGylated glycodendrimers, were synthesized. The
dendrimers were characterized using NMR and MALDI-TOF spectrum. In Chapter 5, ciprofloxacin
conjugated with a combination of carbamate (acyloxy) linker terminated with amine group was synthesized.

The products are fully characterized by '"H NMR, '°F NMR, and ESI-MS.

The synthesis of the glycodendrimers generations and drug conjugates required efforts in designing,
efficient multi-step synthesis and conjugation protocols to achieve a controlled assembly of the different
modules. Consequently, in my Ph.D. research, the majority of efforts have been devoted to developing

synthetic strategies to reach such unprecedented macromolecular structures.

1.19 Outline of this thesis

This thesis describes research focusing on the design, and synthesis of new different multivalent dendrimers

for antibiotic drug delivery.

Chapter 1 provides a comprehensive literature study on the clinical treatment for urinary tract infections
and the mechanism involved in antibiotic resistance; essential notions of the bacterial lectins and their role
in UTIs have been outlined. A description was given of multivalent glycoconjugates, which have emerged

as a family of potential anti-infective therapeutics.

Chapter 2 describes the general strategies towards the design of the new library of (G3) multivalent homo-
glycodendrimers. Followed the detailed synthesis D-glucuronic ester as a prodrug scaffold. Advances in
chemical synthesis techniques enabled us to introduce diverse functional groups including, alkene, azide,
and carboxylic group, the key components in the development of our third generation of fully synthetic

dendrimers.

Chapter 3 focused on the synthesis of multivalent homo-glycodendrimers. The first part of Chapter 3
describes the detailed synthesis of fucoside thiol model structure conjugated to the rigid spacer, as the first
ligand. Also, mannose thiol has been applied in this research project. In the second part, the multi-
component assembly of various monomers into a functionalized trivalent dendritic is presented, D-
glucuronic ester is employed to create a trivalent dendritic wedge (dendrons) including: trivalent fucoside

and/ or mannoside ligands essential for LecB and FimH binding, respectively. The optimized reactions were
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all highly reliable so that the crude product of some steps could be used in the next steps without any further
purification. The last part of Chapter 3 describes the synthesis of a series of multivalent glycodendrimers
using mannosylated or fucoside model structures by applying double stage convergent approach via

copper(I)-catalyzed alkyne-azide cycloaddition, (CuAAC).

Chapter 4 describes the synthesis of D-glucosamine derivatives as a second prodrug. The attempts of spacer

optimization were carried out to build a new architecture of a glycodendrimer.

Chapter 5 a study is performed towards the design of a ciprofloxacin-cleavable linker conjugate to modulate
the stability of the antibiotic in vivo. Furthermore, to achieve optimal effective drug concentrations over
time. The attempts made for the final conjugation step of the antibiotic to the dendrimers are described in

the concluding section of the same chapter.

Chapter 6 covered the synthesis of a new class of dendritic cores with modified PEG; chains for non-

toxicity and improve water-solubility.
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CHAPTER 2
SYNTHESIS OF D-GLUCURONIC ACID CLEAVABLE PRODRUG SCAFFOLD

2.1  Introduction

One of the biggest challenges in drug development still involves simultaneously enhancing biochemical
potency and membrane permeability. A lot of the research for new antibiotics is still focused on developing
versions of existing molecules. Some have been developed through logical and systematic changes that
make them more efficient or less susceptible to resistance mechanisms. 2’® One of the important approaches
to efflux-mediated resistance could be a modification of fluoroquinolones so they are not substrates for

efflux pumps while maintaining antimicrobial activity, moreover, increasing cellular uptake.

In recent years, progress has been made in developing synthetic, carbohydrate-antibiotic conjugates to
improve pharmacokinetics and reduce antibiotic cytotoxicity. For example, ciprofloxacin was conjugated
with several monosaccharides (Figure 2.1), utilizing glycosidic linkers “Glycosylated ciprofloxacin

” 277 which provide an attractive route by which drug conjugates can be prepared directly on the

conjugates
carbohydrate backbone, with no dendrimer conjugation reactions. In this approach, carbohydrate-modified
analogues of ciprofloxacin were synthesized as chemical probes of the uptake pathways. A.Titz et al,
published the synthesis of the first lectin-targeted antibiotic conjugates and their microbiological and
biochemical evaluation. >”® They described the antimicrobial structure-activity relationship of these lectin-
binding conjugates. The antibiotic conjugates 26 and 27 (Figure 2.1) showed effective lectin binding against
LecA and LecB variants from P. aeruginosa PAO1 and PA14, which represent a broad range of clinical
isolates of P. aeruginosa. Their studying proved that conjugation of ciprofloxacin to lectin probes enabled

biofilm accumulation in vitro, and reduced the antibiotic cytotoxicity, but also resulted in a decreased

antibiotic activity.

Figure 2.1 Carbohydrates ciprofloxacin conjugates
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Moreover, carbohydrate modified analogues of ciprofloxacin have been employed by a variety of other
groups. Routledge and co-workers, >” synthesized glycosylated carbohydrate-Cip conjugate (Figure 2.1,
28a-c) in order to investigate the potential of exploiting carbohydrate transporters for fluoroquinolone
delivery. Their studies have shown that using a high concentration of analogue 28¢ has a significant effect
on its ability to inhibit the target DNA gyrase, whereas the target glucose 28a and galactose 28b made a

small difference in the activity of antimicrobial.

In previous studies it has been shown that the attachment of the drug to the monomer ligand via a non-
cleavable linker, has an effect on antibiotic activity. In the current research, we developed a glycodendrimer-
prodrug system in which ciprofloxacin conjugates to the sugar surface through a cleavable linker, the
cleavable linker was designed as acyl(oxy)alkyl ester and were covalently attached to the drug using
carbamate linkage. The incorporation of enzymatically cleavable linker in drug-carrying dendrimers will
allow selective release at diseased sites only, where the prodrug can be transformed into a bioactive
antibiotic molecule via internal mechanism, such as enzyme hydrolysis or a specific cellular environment
(acidic pH). This might increase the effectiveness of the drug-delivery device, which is our ultimate goal.
A schematic overview over the design of lectin-targeted glycodendrimer drug delivery system is depicted

in (Scheme 2.1).

2.2 The design of glycodendrimer lectin-targeted drug delivery system

As shown in (Scheme 2.1), the general strategy to access the targeted analogues involved the late-stage
coupling of dendritic wedges and cores via CuAAc reactions to afford glycodendrimers. This approach
allowed for the modular synthesis of a variety of different target structures. The synthetic strategy for the
preparation of dendrimer-drug conjugates was designed based on several considerations: (1) the introduction
of the carboxylic group (-COOH) to the surface of the dendrimer; (2) structure modification for the
ciprofloxacin and conjugation to dendrimer via labile bond; (3) The new dendrimers were decorated with
two different kinds of lectin-targeted ligands for site-selective delivery and blocking bacterial adhesions, a-
L-fucose selective for Lec B from P. aeruginosa and a-D-mannose selective for FimH from E. coli; (4)
Aromatic or PEGylation of dendrimer core to achieve hypothesized physical characteristics. In this research,
we chose glycodendrimers as a drug carrier due to their lower toxicity and possessing enough surface groups
to maintain drug loading capacity (ex. 72 surface hydroxyl groups). However, one of the challenges of

constructing dendrimer-drug covalent conjugation is the drug-modified cleavable linker.
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Scheme 2.1 Retrosynthetic of glycodendrimer prodrug design and optimization
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The synthesis plan for the disconnections of glycodendrimer dissecting the target in three generations (G),
A (G1), B (G2), and C(G3) (Scheme 2.1). The central building block starts from different commercial
scaffolds including hexachlorocyclotriphosphazene (HCCP), benzene-1,2,5-tricarboxylic acid, and
dipentaerythritol which provides the dendrimer first-generation (G1). 28922 The second generation (G2) is

based on two key prodrug scaffolds; D-glucuronic ester”®?

or D-glucosamine, synthetic nature of these
sugars platform is designed to achieve scale-up, and provides further opportunities to incorporate targeting
ligands to maximize uptake of the drug. % 2% Therefore, we initiated the syntheses of two different
scaffolds; B-D-glucuronic ester (Chapter 2) and B-D-glucosamine (Chapter 4) having the two commonly
employed linkers functionalities, alkene, and azide groups. These unique sites will be subjected to several
chemical reactions including thiol-ene reaction, CuUAAC, and drug bio-conjugation to the carboxylic group.

The third generation (G3) consists of acetyl-protected glycosyl thiols of two different sugars (mannose and
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fucose) that have active thiol functional group, (Scheme 2.1). The dendrimer-drug conjugate will be

prepared by conjugation to the drug through an amide bond, as discussed in (Chapter 5).

2.3 Results and discussion

D-glucuronic acid is a prime constituent of many biologically relevant poly- and oligosaccharides and
glycoconjugates. 2% D-glucuronic acids are frequently encountered in saponins, a very diverse class of
glycosylated steroid- and triterpene-based compounds, forming the active ingredient of many traditional
folk medicines. Because of their biological relevance, the synthesis of D-glucuronic acid containing
oligosaccharides has received considerable attention. 872> In turn, the preferred prodrugs for drug delivery,
namely glucuronides are not developed for glycodendrimer for antibacterial agent. Glucuronides are

attaractive in that they exhibit stability in human plasma. ***

2.3.1 Synthetic strategies of B-D-glucuronic ester scaffold

The general retrosynthesis of B-D-glucuronic acid derivative is depicted in (Scheme 2.2). The high degree
of functionality of B-D-glucuronic ester represents a challenging synthetic target. The order of the glycosidic
bond forming, and the timing of oxidation state adjustment of C-6 all represent important considerations

that must be addressed at the onset of any synthetic efforts.

Scheme 2.2 General retrosynthesis of D-glucuronic ester cleavable prodrug scaffold
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The glycosyl donors derived from D-glucuronic acid (Glc A) often perform poorly in glycosylation due to

a low reactivity which is caused by the electron-withdrawing properties of the C-6 ester in the uronic acid

295-297 297-299

derivatives, that destabilizes the oxocarbenium ion like transition state of glycosylation.
Therefore, as a part of this research, we describe a strategy whereby B-D-glucuronic acid is formed at the
end of the synthetic sequence by selective oxidation of C-6 hydroxyl, followed by protection with tertiary-
butyl group in one single step. The target f-D-glucuronic ester 38 was synthesized as described in (Scheme
2.3). This approach avoids synthetic problems associated with the use of D-glucuronic acid such as

epimerization of C-5, and poor glycosyl-donating properties. 3
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Scheme 2.3 Synthesis of B-D-Glucuronic ester scaffold 38 with two different protection group strategy; A)
the protection of primary hydroxyl group using TBDMSCI; B) the protection of primary hydroxyl group
using TBDPSCI
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It is known that 2-Haloethyl glycosides are useful intermediates in the preparation of the corresponding 2-
azidoethyl and 2-aminoethyl glycosides, and it is often used to generate multivalent displays of glycosides
by grafting the azido derivative to alkyne-modified scaffolds by means of Cu-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction. Therefore, the synthesis started with glycosylation of common precursor

D-glucose pentaacetate donor with 2-chloroethanol*”! in dichloromethane at -40 °C to -10 °C in the presence
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of Lewis acid BF3.Et;0O afforded -D-chloroethyl glucopyranoside 32 as a major product in 70% and a-form
in 14% yield. 339 Boron trifluroide etherate (BF;.Et;O) in dichloromethane at a temperature of -40 °C to
-10 °C has been proved to be very suitable with regard to yield diastereoselectivity of the glycosylation.
With the neighboring group participation of 2-OAc the 1,2-trans product was obtained. 3* 3% The anomeric
configuration of the newly formed B-D-glucopyranosides 32 was determined based on previous reports,
based on the chemical shift values of the H-1 signals at 6= 4.58 ppm, and the coupling constant J;>= 8.0

Hz, respectively, these values are in accordance with the reported data. 3%

One can manage the formation of the kinetical - or the thermodynamical a-anomer by means of different
reaction conditions. Conduct the reaction at a temperature -40 °C to -10 °C yield p-anomer as a major
product, while running the reaction at 0 °C to room temperature yield a-anomer as a major product (Scheme
2.4). The observed stereoselectivity, likely arises from the neighboring group participating leading to 1,2-
trans glycosides. D-Glucose pentaacetate adopts preferentially chair conformation, where all the acetyloxy
substituents are in equatorial positions. Thus, after interaction with the Lewis acid, BF;.OAc is lost from
hemiketals, the pyran oxonium ion maintains this most stable conformation. The carbocation is stabilized
by the neighboring oxygen lone pair because of their planar arrangement. In this case, the oxacarbenium ion
can be further stabilized via a bicyclic acyloxonium intermediate, which becomes the key intermediate on
route to glycosylation products. Since the bottom face of the ring is blocked, nucleophilic attack of the
glycosyl acceptor would be directed from the opposite, top face. This typically provides access to the 1,2-

trans linkage with very high or complete stereoselectivity. 37

Scheme 2.4 General outline of glycosylation and the key intermediates involves
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On the other hand, a kinetic anomeric effect is observed when the orbital interaction stabilizes the transition
state of a bond-forming or bond-cleavage process. 3% 3% The anomeric effect is a stereoelectronic effect first
encountered in carbohydrate chemistry, where it was observed that electronegative anomeric substituent
preferred the axial a position. This is explained e.g., with a favorable hyper-conjugative interaction, only
possible for the a- anomer, of the nonbonding orbital of the ring oxygen with parallel empty orbital located

on the anomeric position.

The subsequent step is the nucleophilic displacement of chloride by the use of sodium azide in the presence
of n-BuwsNI and DMF at 80 °C to afford B-D-glucopyranoside 33 in 90% yield. Followed by removing of
acetyl groups according to Zemplén procedure using NaOMe/MeOH to obtain compound 34 in 95% yield.
310 Next, we turned our attention to install allyl moiety at three positions, O-2, O-3, and O-4. In this regard,
it is important to selectivity protect OH group at C-6. In a first attempt, we used TBDPS-CI as protecting
silyl group. The reaction was performed using imidazole in DMF to afford TBDPS-protected
glucopyranoside I in a good yield, (Scheme 2.3 B, pathway A). Next, allyl bromide was found to be a good
reagent to process the allylation reaction in the presence of NaH as a base. In order to achieve full conversion
to tri-allyl derivative II, 5.9 equiv of allyl bromide and 4.5 equiv NaH (60%) were used, under these
conditions the desired product was obtained in low yield. The relatively lower conversion of the product is
mainly due to the cleaving of the silyl group. We optimized the conditions for the synthesis of tri-allyl
derivative by using tert-butyldimethylsilyl chloride (TBDMSCI), (Scheme 2.3 A). Therefore the reaction
of compound 34 with TBDMSCI in the presence of imidazole, *'!-*'? afforded the desired product 35 in
70% yield after 7 h at 0 °C. Subsequent reaction of 35 with allyl bromide and sodium hydride in DMF
provided compound 36 in 70%, it was observed that TBDMS group survives some rather harsh conditions
than TBDPS. The allylation at O-2, O-3, and O-4 positions was confirmed by 'H NMR (Figure 2.2), A
significant downfield multiple peaks at 6.12- 5.74 ppm which integrated for three allyl protons Hio, Hi7,
Haz1. Another multiple peak at 5.28- 5.00 ppm are integrated for protons Hii, His, H» and 4.4- 4.14 ppm for
protons Ho, His, Hao. A distinct upfield singlet peak of TBDMS at 0.89 ppm that integrated for nine protons
and another singlet peak at 0.05 ppm that integrated for six protons. '*C NMR analysis for compound 36
shows peaks at 135.27, 135.14, 135.00 ppm are equivalent to Cio, Ci7, C21. Other peaks at 116.78, 116.76,
116.69 ppm which equivalent to Cy;, Cis, Ca.
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To accomplish the oxidation at C-6 hydroxyl group, compound 36 was subjected to the following two steps
reaction sequence; fert-Butyldimethylsilyl (TBDMS) protecting group was removed by using
tetrabutylammonium fluoride (TBAF).3!* When 5 equiv. TBAF (1.0 M in THF) was used, alcohol 37 was
isolated in only 50 % yield. The lower yield was likely caused by the strong basic nature of TBAF as well
as the hydroxide present in commercial TBAF. To optimize the yield, we envisioned that it would be helpful
to add buffer and to control the reaction concentration. Thus, silyl ether cleavage with less TBAF (2.5 equiv.)
and buffered with 20 mol % AcOH, led to cleavage of TBDMS group and provide alcohol 37 in 90% yield.
Following Corey modified oxidation, *'* compound 37 was subjected to a one-pot sequence of reaction,
consisting of oxidation of the primary hydroxyl group using pyridinium dichromate/ acetic anhydride, and
the reaction of intermediate aldehyde with fert-butyl alcohol giving rise to tert-butyl B-D-glucuronic ester
38 in 74% yield, (Scheme 2.3 A).>*'> From a mechanistic perspective, we demonstrate that --BuOH acts as
a nucleophile in the reaction and that initially formed a tert-butyl ester. The scaffold 38 were fully
characterized by 'H NMR spectroscopy (Figure 2.3). The vicinal of H-1 and H-2 couple to each other with
J12="7.6 Hz. The reason for a large coupling constant between H-1 and H-2 is because of the axial/equatorial

interaction, which clearly indicates the stereochemistry at the anomeric position. '"H NMR yielded a distinct
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singlet peak of tert-butyl at 1.50 ppm, is integrated for nine protons. the more downfield multiple peaks at
6.03- 5.78 ppm, are equivalent to the three protons from the double bond of allyl linker. Another multiple
peaks at 5.35- 4.25 ppm, are equivalent to the remaining protons of allyl moiety. *C NMR for compound
38 shows a peak at 27.93 ppm, which confirms the presence of tert-butyl group. The more downfield peak
at 167.63 ppm, is equivalent to the carbonyl group. Also, it is observed from NMR analysis, Cs-H shifted

to more downfield at 3.55 ppm upon oxidation of C6.

Figure 2.3 "H NMR analysis of 38 (600 MHz, CDCl;)
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The information from IR spectra in combination with HRMS (see Supporting information), proved key to
confirm the structure of 38. (Figure 2.4) shows the specific absorption peak at 2100 cm™ corresponds to
azide group stretching vibration peak. The signal at 1738.38 cm’!, shows the C=0 stretch, confirming the

presence of the carboxyl ester group.
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Figure 2.4 IR spectra analysis of compound 38
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CHAPTER 3
A NOVEL CLASS OF FUCOSIDE AND MANNOSIDE HOMO GLYCODENDRIMERS
BASED ON D-GLUCURONIC ESTER SCAFFOLD FOR CIPROFLOXACIN
CONJUGATION

3.1 Introduction

The use of synthetic polymers in drug delivery is one such area that has drawn more interest in
nanomedicine. The key feature for their success is their multivalence and their structure which can be
modified to have suitable biological properties. However, despite all the achievements related to polymeric
nanomedicine, there has been increased concern over the balance between efficacy and potential biological
risk. This mainly results from a lack of knowledge of their biological interactions, particularly at biological
interfaces. Consequently, the development of the next generation of polymeric drug delivery systems should
be done along with an understanding of how they interact with the main biological components. In this
regard, dendrimers are suitable drug delivery systems due to their precise structure that can be further
modified to have specific biophysical characteristics. Furthermore, dendrimers can also be made of
biocompatible and biodegradable building blocks. >!¢ Over several years many scaffold topologies have been
explored for targeting LecB, and FimH, which provided us with more insight and information about the
importance of scaffolds and linkers, which are important key elements in the field of lectin-targeted drug

delivery. The important examples from the literature will be presented in the following sections.

3.1.1  Di-; Tri-; and Tetra- valent fucoside glycodendrimers for lecB (PA-IIL)

A broad variety of potential multivalent inhibitors were designed and tested against PA-IIL, including C-
glycosidic glycomimetics, glycopeptide dendrimers, and photoswitchable Janus glycodendrimer micelles.
265, 317318321 Djyalent ligand 45 was prepared from the disaccharide a-L- Fuca(1-4)-B-D-GIcNAc and
dimeric linker using click conditions, CuSOs/sodium ascorbate, (Scheme 3.1a), the dissociation constant
(Kq) of this divalent ligand was measured, the low dissociation constant Kq= 90 nM was observed. **? In
another study, Roy and coworkers use a convergent procedure to synthesize several glycodendrimers and
studied their binding properties to PA-IIL lectins from P. aeruginosa. Glycodendrimer 46 was obtained
from the coupling of propargyl o-L-fucopyranoside and tetrazido ending dendritic core (Scheme 3.1b) using
CuSOs4 and sod. ascorbate. 3% 32* The design suffered from a drawback, increasing the dendrimer generation
did not cause further increase in the kinetics of binding with the lectin. This was explained by an unfavorable

steric crowding with the lectin amino acids. 3%
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Scheme 3.1 Examples of glycodendrimers inhibitors for P. aeruginosa lectin LecB
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Son Thai le et al, synthesized a series of multivalent glycoclusters decorated with various a-L-fucoside.

Fucoclusters 47, 48, and 49 have been created using a variety of structural components, beginning with the

center cores undergoing two sequential 1,3-dipolar azide-alkyne cycloaddition click reactions (Scheme 3.1).

The hemagglutination assay results from their investigation showed that tri- and tetravalent glycocluster-

containing multivalent a-L-fucoside can inhibit P. aeruginosa LecB. (HIA), the best inhibitor, however,

was determined by HIA to be the tetravalent glycocluster compound 47 (Scheme 3.1c),

which was

exothermic- and enthalpy-driven. Compound 47 had a significant protecting effect against P. aeruginosa

adhesion, the inhibitor was able to reduce bacterial adhesion to ~30% when used in the most effective
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concentration (0.25 mM). The same group successfully synthesized a series of thio-o/B-1-fucopyranosides
which are more stable in vivo due to the resistance to the degradative enzymes. The hemagglutination
inhibition assays showed that the a-thio-fucopyranosides were generally better inhibitors than a-L-fucose
for all lectins. Therefore, the thioglycosides could potentially use in the inhibitors to achieve higher stability
towards glycoside hydrolase enzyme. Although the binding affinities increased to varying degrees compared
to the monovalent control, none of the binding modes were experimentally verified because the orientation
of the binding sites prevents chelation with relatively short multivalent dendrimers and the straight-line

distances between the binding sites is long i.e., around 35-50 A (Figure 3.1a).32>32

Figure 3.1 (A) The straight distance between the binding sites of LecB. 3% 326

A) 40 A

439 A

39.8 A

3.1.2  Tetravalent and multivalent glycodendrimers based on mannoside monomer

The development of FimH-targeting polyvalent scaffolds with a variety of mannose aglycones (50, Scheme
3.2a), with applications in the treatment of UPEC-induced UTIs, has been the subject of much investigation.
For example, three of the main polyvalent mannose scaffolds that have been studied include multimeric
heptylmannosides, **” glycoclusters, 2'®, and dendrimers. Multimeric heptylmannoside is one of the most
studied polyvalent scaffolds; these aim to build upon the high-inhibitory potency displayed by heptyl a-D-
mannoside. Gouin and co-workers synthesized a series of multivalent glycoconjugates based on a 1,1,1-
tris(hydroxymethyl)ethane or pentaerythritol core (51, Scheme 3.2b), and measured their inhibitory

potencies, the data showed a positive correlation between potency and valency. 3
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Scheme 3.2 Important glycodendrimers inhibitors for . coli/FimH with a variety of different aglycones
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To develop new mannosylated dendrimers as potential drug candidates for gastrointestinal and urinary tract

infections caused by E.coli, the group of Roy*?® synthesized the first synthesis of ‘‘Majoral-
type’’multivalent glycodendrimers bearing covalently bound o-mannopyranosides (containing alkyne
spacer) onto a cyclotriphosphazene scaffold, using single-step Sonogashira and click chemistry (52, Scheme
3.2¢).

From these studies, we conclude that both the number and spacing of sugar ligands along with the
macromolecular scaffolds strongly influence complex formation with lectins. The drawbacks of these
methods, however, are the build-up of the dendritic wedges is time-consuming and the increasing steric
hindrance, which occurs at the focal functional group with dendron growth, may inhibit its anchoring to a
central core. Therefore, in this research, we present the synthesis of novel glycodendrimers using a double-
stage convergent approach (Scheme 3.3).°* In this strategy the core unit is synthesized divergently (see
Chapter 6), and subsequently attached to dendritic wedges in a convergent method. In this chapter, we
provide a details synthesis of trivalent dendrons that are lectins targeted. Finally, The assembly of these

dendrons for the ultimate synthesis of glycodendrimers.

Synthetic approaches to macromonomers and their implementation in complex setting relevant to biology

require development of mild synthetic methods characterized by chemoselectivity and modularity. A well-
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established class of reactions that meets these criteria is click chemistry. Specifically, Cu(I)-catalyzed azide-
alkyne cycloadditions (CuAACs) have been widely adopted, and numerous approaches are available for
preparation of azides and alkynes. Moreover, diverse approaches, including thiol-ene photolytic reaction

(TEC), diazo transfer and protection/deprotection groups strategy, were applied.

3.2  Results and discussion

Specifically, this project was designed to prepare the thiosugar based multivalent sugar clusters to enhance
the binding affinity of sugar-lectin recognition. Additionally, the target mannoside or fucoside clusters are
not only having specificity for bacterial lectin, but also the presence of sulfur atom in sugar moiety to display
potent inhibitory activities toward glycosidases due to the higher specificity of the sulfur-containing sugars
with the enzyme. *° Therefore, the prepared trithiomannoside or trithiofucoside clusters may have
significant potential in medicinal chemistry due to the high glycotope density. In this study, we show an
interest to synthesize and study the P. A inhibition properties using trithiofucoside moieties and E.coli
inhibition properties using trimannoside moieties with different dendritic cores. The photoinitiated thiol-
ene click reaction of tri-O-allyl derivative 38 and 2,3,4,6-tetra-O-acetyl a-D-mannopyaranose thiol 67 and
2,3,4-tri-O-acetyl a-L-fucose thiol 63 are used to synthesize trimeric form of mannoside dendron and
fucoside dendron respectively, and the structures of thioglycodendron that are synthesized using click

strategy are depicted in the (Scheme 3.3).

3.2.1 Design of a novel thioglycodendrons for lectin-targeted

Two different dendritic wedges (thioglycodendron) 80, and 83 were synthesized (Scheme 3.3). These
molecules are composed of two generations: targeting moiety (G3) (trimeric Man or Fuc) linked to the D-
glucuronic ester scaffold (G2). A schematic overview of the molecular structures is shown in (Scheme 3.3),
which demonstrated that these two target dendrons could be synthesized from three building blocks:
monosaccharides 67 and 63, and B-D-glucuronic ester (38). The following sections will introduce the details

synthesis of two different thiol monomers, 63 and 67.
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Scheme 3.3 The molecular structures of the newly synthesized dendritic wedges 80, and 83
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3.2.2  Synthesis of novel 1,4-triazole, and 1,5-triazole a-L-fucoside thiol monomers 63, and 67

The structural basis of the great inhibitory potential of 1,5-triazole a-L-fucoside is elucidated in the docking
model experiment (Figure 3.2 A). The additional interaction of the triazole ring is congruent with the high

affinity found for the synthetic inhibitors.

The potential of ligand-based design of the glycodendrimer-drug delivery system is ruled by the structural
mimicry of natural ligands and extends into the blocking of bacterial adhesions. Therefore, in our research,
we envisioned the design and synthesis of 1,4-triazole a-L-fucopyranoside thiol 54 and its isomer 1,5-

triazole a-L-fucopyranoside thiol 55, (Figure 3.2 B).
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Figure 3.2 (A) Docking model of the interactions between the terminal 1,5-triazole a-L-fucoside 53 and the
protein; (B) the two different analogues 1,4-triazole a-L-fucoside thiol 54, and 1,5-triazole a-L-fucoside
thiol 55, used in this studying

(A) (B)

PDB 2VUD

Initially, we set out to identify a site for installing thiol groups to be used in our planned thiol-ene reactions.
331-335 Another explanation for this is that 1,2,3-triazole make an excellent linkers. Many evidences approved
that the triazole group displays structural and electric similarities to the amide bind, mimicking a Z or an E-
amide bond depending on the patterns of substitution (the 1,4-disubstituted triazole moiety shows similarity
with a Z-amide bond, on the other hand, the 1,5-substitution pattern mimics the E-amide bond). Thiol L-
fucoside harboring 1,4- or 1,5-triazoles 54 and 55 were synthesized from the same intermediates using
CuAAC and RuAAC respectively. The synthesis of propargyl fucoside was reported but the introduction of
a longer clickable fucoside thiol has not been reported. The key challenge is the synthesis are o-

glycosylation along with the acid lability of L-fucose. 33¢ 337

The approach toward the synthesis of a-L-fucose thiol synthesis which bears a triazole chain at the L-fucose
alpha position, is depicted in (Scheme 3.4). The synthesis started with the acetylation of L-fucose 56 in a
mixture of acetic anhydride and pyridine to obtain 2,3,4-tri-O-acetyl-L-fucose 57 as a mixture of a- and -
isomers. Subsequent glycosylation of 57 with propargyl alcohol in presence of BF;.Et,O provided 1-
propargyl 2,3,4-tri-O-acetyl-o-L-fucoside 58 as a major product. **® In attempts to synthesize 58, other
researchers proposed alternative synthetic strategies. 3*° In 2007, Mukhopadhyay et. al described the
preparation of the alpha anomer of O- Propargyl fucoside by Fischer-type glycosylation. 3349342 Sulfuric

acid treatment of unprotected fucose in the presence of silica, and propargyl alcohol, afforded the product
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as the o/f mixture. Due to the high polarity of the product and difficulty in separation on column
chromatography, therefore, this mixture was subjected to acetylation to afford o/p isomers (12:1) in 74%.
Despite being useful, the reaction conditions suffer from a number of serious shortcomings such as the use
of large excess of alcohols (important concerns for costly alcohols), strong mineral acids or Lewis acids,
preparation of catalysts in some cases, longer reaction time, decomposition of the product under reaction
conditions, the requirement of special techniques. In this context, in 2011 Kumar Misra et. al. described the
synthesis of alkyl glycosides using sulfamic acid in the Fischer glycosylation of unprotected reducing sugars
under neat reaction conditions. **? In contrast, our proposed synthetic strategy (Scheme 3.4), relies upon
using L-fucoside as a glycosyl donor which underwent glycosylation with propargyl alcohol in
dichloromethane, using BF3.Et,O as a promoter, which afforded a crude product as a mixture of a-, and -
O-propargylated fucosides 58 and 59, these two isomers were successfully separated by using column
chromatography to afford the a-isomer 58 in 70% yield. We did not isolate the corresponding B-linked
isomer 59 and so we are unable to comment on selectivity with respect to glycosylation. Overall, the
experimental setup was much easier than for Fischer glycosylation and the yield of the desired a-O-

propargylated fucoside 58 was quite high.
Scheme 3.4 Synthesis of 1,4-triazole a-L-fucoside thiol 63
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ascorbate, THF/H,O, rt, 24 h, 85%; d) p-TSCI, NEt;, DCM, tt, 7 h, 95%; e) o <, acetone, rt, 12 h, 90%;

f) n-BuNH,, THF, rt, 2h, 75%.
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"H NMR analysis of 58 (Figure 3.3 and Figure 3.4, respectively), showed the coupling constant between
H; and H, to be J=3.7 Hz, confirming axial- equatorial coupling between these two protons, which indicated

that the anomeric proton has the right configuration.

Figure 3.3 Conformational analysis of 58. Double-headed arrows indicated coupling between H;-H,

OAc 0/\
H
Aco OAC Aco OAc | J=3.7Hz
57 58

Figure 3.4 'H NMR analysis of 58 with an enlargement of the area from 1.05 to 1.15 ppm, and the area from
5.10 to 5.35 ppm
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It is known that protective groups in the glycosyl donor influence the stereochemistry of glycosylation. this
selectivity may arise from 1,2-trans directing effect of acyl substituents at O-2 which is widely employed in
oligosaccharides synthesis. ** However, there is some experimental evidence that acyl groups at other

positions may also influence the stereoselectivity of glycosylation. Particularly such effects were observed
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343-345 and ethylthio galactoside with a non-participating group at O-2. 34

for 4-O-acylated fucosyl bromides
The influence of acetyl group at O-3 of the fucosyl donor 57 was shown to have a larger effect on the
efficiency of a-fucosylation. It is hypothesized that this is a result of the ability of acetyl group at O-3 to
participate in glycosyl cation stabilization. **’ The acyl group at O-3 may share the positive charge in the
glycosyl cation I by forming a stabilized bicyclic cationic intermediate II (Figure 3.5). Such intermolecular
interaction favors further nucleophilic attach from a-side as compared with the case of glycosyl cation I
whose interaction with nucleophile is not specifically stereocontrolled from a- or B-sides. The stabilization

also involves intermediate I11.

Figure 3.5 Delocalization of the positive charge in the intial glycosyl cation I via intramolecular

participation of acetyl group at O-3
OAc Me O\\ 00Ac O
Aco OAC 0\’(0 onc o=/

57

non-stabilized cation stabilized cation stabilized cation

Compound 58 is stabilized by anomeric effect, with an axial alkoxy group, (Figure 3.6). In explaining this
stereochemical phenomenon, anomeric effect, it is common to rely on an orbital-interaction argument. Thus,
the overlap of the nonbonding, occupied n-orbital of the acetal oxygen atoms with unoccupied 6* orbitals
from the other C-O bond is accompanied by delocalization of electrons and thus stabilization, (Figure 3.6
a). In the a-configuration with axial oxygen, two such interactions are possible, whereas an equatorially
oriented oxygen 59 can engage in only a single [n(O)- o*(C-H)] overlap, so the latter is energetically less

favorable structure, (Figure 3.6 b).

Figure 3.6 Conformation of fucoside; Exo- and Endo- anomeric effects
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Structure 58 is preferred because it avoids positioning the ether C-O bond in the equatorial arrangement as
shown for 59, wherein its interaction with HOMO-LUMO would lead to a lowering of its energy and thus

an increase of the activation energy for glycosylation.

O-propargyl a-L-fucoside 58 was subsequently reacted with azido ethanol in the presence of a copper (II)
salt and a reducing agent to obtain precursor 60 in 85% yield (Scheme 3.4). **3 'H NMR analysis of 60
showed proton of triazole ring at 6= 7.63 ppm, (Figure 3.7).

Figure 3.7 '"H NMR analysis of compound 60
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We focused next on the synthesis and characterization of fucoside with a thiol group, which is an active
moiety in thiol-ene coupling reaction. As shown in (Scheme 3.4), compound 60 was subjected to the
following three steps. The first step is to convert the hydroxyl group to a good leaving group for the
subsequent step. Thus, the reaction of compound 60 with p-toluenesulfonyl chloride (p-TSCI) in the
presence of Et;N, provided tosylate 61 in 95%. 'H NMR analysis of 61 shows a distinct peaks of the tosylate
group (Figure 3.8 top). A significant singlet peak from the methyl group appears at 2.5 ppm, and multiple

peaks appears at 7.77, and 7.33 ppm which are equivalent to four aromatic protons. Next, the reaction of
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compound 61 with potassium ethyl xanthogenate in dry acetone at room temperature, **-** provided a-L-

fucoside xanthate 62 in 95% yield. **' The product was characterized by 'H NMR and '*C NMR analysis.

Figure 3.8 "H NMR analysis of compounds 61(top) and 62 (bottom)
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"H NMR spectrum of 62 (Figure 3.8, bottom) showed the existence of 5 protons at 4.68 and 1.41 ppm,
which correspond to the integration of -CH, and -CH; xanthate ethyl group. '*C NMR analysis of 62 also

showed a significant peak at 213.1 ppm of carbonyl xanthate, (see Supporting information).

The next step is the treatment of 62 with n-butylamine for the deprotection of the xanthate group, the reaction
proceeded in dry THF to afford a-L-fucoside thiol 63.%* Since the reactive thiol end group tend to oxidize,
resulting in disulfides which cannot react during the TEC, therefore, it was important to adjust the reaction
parameters. The effect of using n-butylamine in the reaction mixture was evaluated. The optimal amount
was determined to be 1.3 equiv, reaching the highest yield. A second parameter studied was the duration
required to liberate free thiol group. Through a series of control experiments, it was determined 2 hours as

optimal, enable efficient synthesis of ample quantities of 63 (75%).

Figure 3.9 '"H NMR analysis of compound 63
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The structure of a-L-fucoside thiol 63 was confirmed by '"H NMR analysis (Figure 3.9). The triplet peak at
1.46-1.41 ppm which is the significant peak for -SH group, and a doublet of triplets (dt) at 2.91 ppm is
equivalent to -SCH». The molecular weight of fucoside thiol 63 was also confirmed by using electron

ionization mass spectrometry (ESI-MS). In (Figure 3.10), two peaks of free fucoside thiol were detected at
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a molecular weight of [M+H]" 433.0 and [M+Na]" 455.0 which is consistent with the theoretical molecular
weight of a-L-fucoside thiol C17H25N303S [M+Na]* 454.46, or C17H25N30gs [M"‘H]Jr 432.46.

Figure 3.10 ESI-MS spectrum of a-L-fucoside thiol 63
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3.2.3 Synthesis of 1,5 a-L-fucoside thiol 64

A similar strategy has been used to synthesize the 1,5 L-thiofucoside isomer, (Scheme 3.5). Early efforts
toward the synthesis of 1,5-disubstituted fucoside isomer was carried out under thermal condition. However,
1,3-cycloaddition of 2-azidoethanol and O-propargylated fucoside 58 afforded a mixture of 1,4- and 1,5-
disubstituted triazole (2:1, 3:4), that were not readily separable by chromatography. Fokin et al *>? showed
that by using Ru (II) catalyst resulted in an efficient way to access 1,5-triazole regioselectivity. Given the
remerkable cycoaddition selectivity observed, we decide to proceed to use Ru catalysts reaction to the
synthesis of 1,5 L-fucoside thiol. In this research, the initial experiment was performed in the presence of
2.5 mol % Cp*RuCl (PPhs), at 60 °C in dioxane, wherein only 39% conversion was obtained after 12 h.

Increasing the loading of the Ru catalyst to 5 mol% gave full conversion and an 80% isolated yield of 64.
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Scheme 3.5 Synthesis of 1,5-triazole a-L-fucoside thiol 65
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The "H NMR spectra of 1,4- and 1,5 triazole proton ring, (Figure 3.11 and Figure 3.12, respectively),
showed the proton of 1,4-isomer at 6 =7.63 ppm, while 1,5-regioisomer showed the triazole proton at &=
7.67 ppm. Moving forward with 1,5 triazole a-L-fucoside 64 in hand, the desired analogue fucoside thiol

65 was synthesized following the same sequence we previously used.

Figure 3.11 Comparison between fucoside 1,4- and 1,5 triazole ring proton chemical shift
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Figure 3.12 "H NMR analysis of 1,5 triazole a-L-fucoside 64
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3.2.4  Synthesis of a- D-mannoside thiol 67

The synthesis of a-D-mannosyl thiol 67 is depicted in (Scheme 3.6). The synthesis started with
glycosylation of mannose pentaacetate®> 66 with 2-bromoethanol in the presence of BF3.Et,O to yield 2-
bromoethyl o-D-mannopyranoside as a mixture of o- and B-isomers in (85:15) ratio. *** 3> Both isomers
were separated by flash column chromatography to obtain the desired product 2-bromoethyl o-D-

mannopyranoside in 60% yield. Next, we focused on a-D-mannose thiol synthesis.

Scheme 3.6 Synthesis of mannoside thiol 67
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The preparation of the mannose thiol 67 was previously reported by Roy group. > We investigated
optimization to their procedure to enable access to large amounts of thiol 67, because it features prominently
early in the synthetic approach (Scheme 3.6). To this end, 2-bromoethyl a-D-mannopyranoside I was
subjected to nucleophilic substitution by potassium ethyl xanthate in dry acetone obtaining II, followed by
selective xanthate deprotection with 1.3 equiv n-butylamine in THF to liberate free thiol 67 in 84% yield

The structure of the final mannose thiol was confirmed using '"H NMR, (Figure 3.13).
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Figure 3.13 'H NMR analysis of Man thiol 67

LMS-prod-test=
~

537
5.36
533
532
531
528
526

—a86

431
4.29
427
4.25
415
4.14
4.10
382
381
380
3.79
376
368
367
365
353
275
273
271

{
A
X
J
\
A
X

~—0.06

proton CDCI3 !C:\Bruker\TOPSPlN} Roy 12 TN

'H NMR (300 MHz, CDCl3) § 5.35 —5.30 (m, 2H), 526 (s, 1H), 4.86 (s, 1H), 428 (dd, /= 12.2, 5.3 Hz,
2H), 3.80(dt, /=10.3, 6.4 Hz, 1H), 3.69 —3.58 (m, 2H), 2.74 (dd, J= 144, 6.7 Hz, 2H), 2.16 (s, 2H), 2.11
(s, 3H), 2.05 (s, 3H), 2.00 (s, 3H), 1.57 —1.49 (m, 1H)

AcO 6 OAc
o]
Aﬁ%&1
3 2 o 8. 9 0A
AC
~"gH |
K
.2l '
B (s) E(m) I1s)
5.26 3.65 5
Am)| [c(s) G (dd)| | D (dt) F (dd) (s)| |L(m)
5.32 | |4.86 4.28 | | 3.80 2.74 00| | 1.55
HH — —— [— =]
| SH
' H234 Hl
|
II
nOT O TTOIT T o X
r T v T T v T v T T v T o T T v T T v T v T T v T
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5
f1 (ppm)

The successful synthesis of a-L-Fuc thiol, and a-D-Man thiol monomers, setting the stage for preparation

of trithioglyco dendrons. As a result, several trivalent molecules have been synthesized as explained in the

following sections.
3.3 Synthesis of lectin-targeted carbohydrate B-D-glucuronic ester conjugates (G3)

3.3.1 Tri-thiomannoside B-D-Glu ester and tri-thiofucoside B-D-Glu ester dendrons

Thiol-ene reaction is a photolytic technique for establishing a very stable thioether bonds (C-S bond) with
minimal disruption to the function of the protein. It is a highly efficient and powerful approach for directly
accessing structurally diverse buildings in a single operation. 16235733 With all building blocks 38 ,63, and

67 in hand we began to assemble LecB-targeted fucoside and FimH-targeted mannoside dendrons,

respectively, (Scheme 3.7).
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Scheme 3.7 Reaction overview of the thiol-ene coupling between: (A) a-L-fucoside thiol and tri-allyl p-D-
glucuronic ester, resulting in trithiofucoside molecule 68; (B) a-D-mannoside thiol and tri-allyl of B-D-
glucuronic ester, resulting in trithiomannoside molecule 69
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First, we initiated our studies on a-L-fucoside thiol 63 and a-D-mannoside thiol 67 with B-D-glucuronic
ester 38, (Scheme 3.7). > Besides the ratio of each monomer, different reaction parameters were varied to
achieve the best reaction outcome. After using DMF as an adequate solvent ensuring good solubility of the
monomers, as well as extra reactants during the entire process of the reaction, the first parameter which was
optimized is the photoinitiator. It found that 2,2-Dimethoxy-2-phenylacetophenone (DMPA), the most
suitable initiator for photoinduced TEC, with absorption maxima close to the emitted wavelength Amax= 356
nm. During the optimization, it is observed that the equimolar amount of 50 mg (DMPA), provides the best
result of TEC reaction. A second parameter investigated was the duration of UV irradiation. The
investigation determined 2-3 hours as the optimal yield. Thus, two different experiments were carried out
under the optimal TEC reaction resulting in isolation of two different compounds 68 and 69 in 65% and

75%, respectively. ¢

With building blocks 68, and 69 in hand, different pathways to access the final glycodendrimer synthesis

using click reaction (CuAAC), were explored.

3.3.2 Failed attempts of click reaction

The click reaction was studied under several conditions by copper-catalyzed azide-alkyne cycloaddition
(CuAACQC), (Scheme 3.8). Tris[(1-benzyl-1H-1,2,3-triazol-4-yl) methyl] amine (TBTA) was employed as a
ligand to facilitate the click reaction (entry 2, and 8, Table 3.1). However, all the attempts to click reactions
failed to give the desired compounds despite using higher catalyst loading and longer reaction times, instead

resulting in complex reaction products, as indicated by TLC. '"H NMR did not confirm the formation of the
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desired products. These results suggests that the azide group was reduced during the process of photolytic
reaction. The analytical HPLC spectrum of the formed products 68, and 69 revealed multi peaks presumably
due to the side products. The susceptibility of alkyl-azide to reduction by thiol under photolytic reaction
conditions has been reported, but to my knowledge, there is no detailed mechanistic study has been reported.
Knowles et al have studied the ability of thiols to reduce azide under photolytic reaction conditions. **' On
the other hand, the initial mechanistic study by Armstrong ef al. demonstrated that the photochemical
reduction of azide by thiol may well involve free radicals. *** They suggested the reduction of R-Nj3 through
the formation of intermediate II and I, as depicted in (Scheme 3.7). Thus, we concluded that the azide
functional group of compound 38 undergoes reduction under photolytic reaction conditions, thus, rendering
them impotent. **!-3¢ From these results it implies that exist free azide group under thiol- photolytic reaction

is unfavorable.

Scheme 3.8 Failed attempts to Click reaction
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Table 3.1 Screening of different click reactions conditions

Entry [Cu] Ligand Solvent Temp (°C)
1 CuSO 4/N aAsc - THF/H,O 23
2 CuSO,/NaAsc TBTA t-BuOH/H,O 23
3 Cul/DIPEA - THF 23
4 Cul/DIPEA - DMF Microwave
5 Cul [P(OEt)]3 - Toluene 80
6 Cul[ P(OEY)], - MeOH, THF 80
7 [Cu(CH,CN),]PF, - t-BuOH/H,O 23
8 [Cu(CH,CN),]PF, TBTA t-BuOH/H,O 23

Subsequent attempts are proposed to overcome this problem. Therefore, to enables the synthetic approaches
to conveniently access divergent sets of the desired trithioglyco dendrons, here, we explored the thiol-ene

photolytic reactions on the NH-protected molecule followed by the diazo transfer methode. 33% 367: 368

3.4 Modification of the synthetic approach

In intial attempts, we employed glycosylation of glucose-pentaacetate with linker N(Cbz)(Bn)ethanol using
BF3.0Et; as promoter in dry DCM, (Scheme 3.9, pathway C), however due to the poor yield of the desired

glycosylated product, we looked into additional synthetic modification.

The inherent stability of the azide group is compatible under a wide range of reaction conditions and can be
readily reduced and protected, therefore, a stepwise strategy was pursued starting with Staudinger reduction
of the molecule 38 to liberate the free amine group, followed by protection of terminal amine prior to the

photolytic reaction, and finally diazo transfer,*® (Scheme 3.9, pathway A, and B).

3.4.1 Suitable focal point protecting group

The choice of focal point protecting group was crucial to an effective synthesis since it had to be stable to
both the growth/ activation chemistry used during the construction of the dendron scaffold and also be easily

removed. Our modified approach is shown in (Scheme 3.9). Staudinger reduction on compound 38 was

86



effected with PPh; in aqueous THF, furnishing compound 71 in a good yield. *”° Subsequent step is the
protection of the resulting amine, we selected the benzyloxycarbonyl (Cbz) and benzyl (Bn) as protecting
groups because both groups can be chemoselectively removed by hydrogenolysis under neutral conditions,
thus reaction of 71 with CbzCl and NaHCO3 in EtOAc/H>O (4 :1) afforded product 72(I) in 90% yield,
followed by the protection with BnBr in the presence of TBAL, DMAP, K»>COs in a refluxed acetonitrile as
a solvent, to obtain the product 72(II) in 70% yield, with which undergoes thiol-ene photolytic reaction with
a-D-mannoside thiol 67 to provide product 73A, (Scheme 3.9, pathway A).

Scheme 3.9 A synthetic approach to TEC using N(Cbz)(Bn)-tri-allyl B-D-glucuronic ester scaffold
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Next, to liberate free amine, the compound 73A was subjected to two-steps deprotection. The first step is

the removal of O-Ac groups using Zemplén condition (NaOMe/MeOH), after the product was acidified
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using Amberlite IR120 H" resin to afford the product 74A in quantitative yiled. Subsequantly, for the
deprotection of (Cbz)(Bn) groups, the dendron 74A was dissolved in Methanol and palladium on carbon
(20%) was added carefully to the reaction vessel. The vessel was backfilled with hydrogen three times and
left stirring vigorously under a hydrogen atmosphere for 36 hours at room temperature. Unfortunately, there
was low conversion and the deprotection was less than 20% according to TLC analysis, and repeating the
reaction using 10% w/w Pd (OH),/C (10%) catalyst (also known as Pearlman’s catalyst) made little
difference. Furthermore, the purification of the low amount of the crude product on the column
chromatography was not efficient. All attempts to improve the yield of Cbz/Bn deprotection were also
unsuccessful, even when the hydrogenolysis was performed upon a gentle heating at 50 °C, the amount of
desired product was small (as indicated by TLC), and with changing methanol for another water-miscible
solvents (eg., isopropyl alcohol, tert-butyl alcohol) using a fresh catalyst, did not change the situation
appreciably. We next examined whether direct TEC on compound 71(I) would improve the yield of the
desired product, (Scheme 3.9, pathway B). Accordingly, photolytic reaction on compound 71(I) and
mannose thiol 67 under the same conditions we previously used, afforded the building block 73 B in a good
yield. Subsequent deprotection of O-Ac in NaOM/MeOH followed by deprotection of Cbz under
hydrogenolysis using the previous conditions, poor conversion was observed. Our attempts to scale up the
final deprotection step indicated that it was capricious (0- 20%). It was concluded that catalytic poisoning
through the presence of a divalent sulfur atom (thioether) in the dendron moieties prevented the
hydrogenation reaction from occurring. This tenuous result compelled us to choose a new focal point
protecting group. The protecting groups for these glycosylated trisaccharides must be carefully chosen and
are rather limited, as the O-glycoside bond is acid labile. Thus, we selected to use Fmoc N-
hydroxysuccinimide ester (Fmoc-OSu) as an alternative to the Cbz protecting group (Scheme 3.10). Thus
the reaction of 71 with Fmoc-OSu in dry CH:Cl; in the presence of triethylamine, afforded -NHFmoc 75
product in 90% yield.

Scheme 3.10 A synthetic approach to TEC using NHFmoc-tri-allyl -D-glucuronic ester scaffold
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The proton '"H NMR analysis for compound 75 (Figure 3.14) shows a more downfield peaks which is
significant for Fmoc group. The spectrum analysis shows four peaks patterns of the aromatic ring; doublet
peaks (d) at 7.76 and 7.60 ppm, that equivalent to four protons from Hso- Hs, and Hse- Has, respectively.
Another triplet (t) at 7.40, and doublet of triplet (dt) at 7.31 ppm that equivalent to four protons from Hss-
Has and Hs7-Haa, respectively. *C NMR shows peak at 127.69, 127.06, 125.11 which are equivalent to Css,
Cus, Cs37, C41, and a more upfield peak at 41.18 ppm for Cs4. Two peaks at 167.67 ppm for carbonyl of the

ester group, and 156.48 ppm for carbonyl of Fmoc group, (See supporting information).

Figure 3.14 'H NMR analysis of NH-Fmoc-tri-allyl B-D-glucuronic ester scaffold 75
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We next turned our attention to the photolytic thiol-ene reaction on NHFmoc tri-allyl B-D-glucuronic ester
75, (Scheme 3.10). When irradiating mannose thiol 67 and molecule 75, for a molar ratio of (6 :1) for 2.5
hours at 365 nm in the presence of 0.6 equivalent photoinitiator DMPA using a total of 700 ul of a mixture
of DMF and water in a ratio of (9:1). The '"H NMR of the crude mixture showed complete conversion to the
final product. Also, TEC reaction was tested without the addition of water, reaching a good yield, thereby
showing there is no essential to add water to the reaction mixture. However, in addition to the TEC step-
growth, a further side-reaction was observed. The side-reaction was identified to be the oxidation of the

thiol groups to disulfide. The side-product was successfully removed by performing the purification on
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column chromatography to obtain the desired building block NH-Fmoc tri-thiomannoside-f3-D-glucuronic
scaffold 76 in 79% yield. The "H NMR spectra (Figure 3.15), illustrated the completion of the multiple
hydrothiolation process by the entire disappearance of signals belonging to the alkene function at 6 6.12 and
5.49 ppm together with the presence of the characteristic multiplet signal at § 1.80 ppm corresponding to
the newly formed aliphatic -OCH,CH,CH>S- moiety.

Figure 3.15 Thiol-ene reaction and comparison spectra between 75 (up), and 76 (bottom)
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Scheme 3.11, shows the typical reaction mechanism of the addition of thiols to electron-rich alkenes. In
general, the UV- initiated thiol-ene process occurs via a chain process involving three main steps: Initiation,
addition, and chain-transfer. A thiol undergoes a chemical reaction with a photoinitiator DMPA to generate
a thiyl radical. This thiyl radical adds across an electron rich double bond forming a carbon-centered radical.
This carbon-centered radical subsequently abstracts hydrogen from another thiol producing another thiyl
radical. Because of the inherent behavior of the thiol within this system, a free radical step growth reaction
occurs. Additionally, termination reactions possible happen involving the coupling of radical-radical species
as side products, e.g., thiyl-thiyl radical coupling (thiol dimer). *”! The efficiency of the thiol-ene reactions
highly depends on the stability of the carbon-centered radical intermediate II, which directly influences both
the chain-transfer activation barrier and the reversibility of the propagation step as revealed by recent

162

computational and kinetic studies. ' The formed carbon radical intermediates existing in a *C; chair

conformation, the gluco configured II featuring an all equatorial substitution pattern has lower energy. '¢*

372
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Scheme 3.11 mechanistic pathway of free-radical addition in thiol-ene coupling

RSH

1
o RSH RSN~ S %“
o

o o, f’ o} 0,

R’ . RS\/\/ o] R'
RS //J

RS

5 0
i MeO OM

DMPA
L]

R =&

NHFmoc

R= AcO OAc

Ai@&i\
o~ S/ii

Subsequent deprotection of O-Acetyl and N-Fmoc groups (Scheme 3.12) was achieved in two continuous

steps using NaOMe/ MeOH, followed by 20% piperidine in DMF. 73374

Scheme 3.12 Deprotection of O-Actyl and NHFmoc protecting groups

AcO.

AcO
AcO. OAc
-0

o (o}

\-\5 CO,Bu 0 S GOz
NH3/ MeOH Aco;%(i\ /\/\omo\/\NHFmoc :Oéoé\ /\/\OO 0 0/ NH,
16 h, 0°C- 1t AcOOA Y S~ S —*%— HAo 0 "S~
[ gram-scale] Ac0.0 S\/_/ HOO °
ACO@)\OI 1) NaOMe, MeOH, rt, HOW\OI
AcOOAC ' HOOH ”

O. 76

Ho
HojloS

Q

)
(0]
\_\ (
He

2) Pip. 20%, DMF,
rt, 10 min.

S
/\/\oo 0 0/ "NH,
o - N e o)
HO O S
wor o

HOOH

Acyl migration co,Bu

M
Ho—Ho.0 S/\/\O 0 o0/ "NHAc
HOO%A\O\/\S\/\/%/

HO.O s
HOW\OI

HOOH 8

7

The desired product in high yield mixture of products

Unfortunately, it gave complex mixtures of undesired products arises from rapid O—N acetyl migration
(data not shown). ** This tenuous results compelled us to look for an alternative method to remove the
protecting groups. Quantitative cleavage of Fmoc, acetyl groups finally proceeded in one-step reaction using
7N solution of ammonia in methanol (pH= 8), (Scheme 3.12), to afford the full deprotected product after
stirring the reaction mixture at room temperature for 16 h. 7378 The purification of the product was done
by excessive rinsing the crude reaction mixture with chloroform to remove the undesired by-products. 'H
NMR (Figure 3.16) confirmed the full deprotection of protecting groups. Product 77 was exceptionally
clean, resulting in 93% NMR-based yield, which is used for the next step without further purification. Under

this condition, no migration of the acetyl group from O- to N- was observed. 3737

91



Figure 3.16 Comparison of the 'H NMR spectra of compounds 76 (up) and 77 (bottom)
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With a scalable route to access building block 77 bearing free amine, efforts were made to explore the
conditions for diazo transfer to install the terminal azide group, (Scheme 3.13).*%-3% The diazo transfer
proceeded admirably with the procedure reported by Valery V. Fokin. *** After optimizing the reaction
conditions, the free amine derivative of 77 was treated with imidazole-1-sulfonyl azide sulfate 79 and
catalytic copper sulphate in a mixture of +-BuOH/ H,O to afford the corresponding azide derivative 80 in

90%, complete conversions were typically observed after stirring the reaction mixture for 16 h at room

temperature.

Scheme 3.13 Synthesis of azido-tri-man-D-glucuronic ester dendron 80
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IR spectra are sensitive towards the functional groups of molecule 80. IR data (Figure 3.17), showed the
peak corresponding to azide at 2103.39 ¢cm-1, the strong bands around 3300 cm™ were derived from the OH

groups.

Figure 3.17 IR analysis of compound 80
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3.4.2 Mechanestic insight of diazo transfer reaction

The mechanistic study of diazo transfer using imidazole-1-sulfonyl azide was published in 2014 by
Samuelson and co-workers. 3*° Their detailed study provides evidence that the diazo transfer reaction
involves the transfer of the two terminal nitrogen atoms of the “azidating” reagent to the amine. This was
confirmed by using labeled imidazole-1-sulfonyl azide, (Scheme 3.14). which was in agreement with the

proposed mechanistic study by Wong and co-workers** as shown in (Scheme 3.15).

Scheme 3.14 Mechanistic study of diazo transfer
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Scheme 3.15 Plausible mechanism of Cu catalyzed diazo transfer reaction illustrated with the terminally
labeled isotopomer of TfN;

TS -H
XH H TfNoN N\N
/ /
L,X,Cu + RNH, e L,XCu —N —— Loy \
\ N
R -L XN L
N
X=Cl R

L = Neutral ligand -TNH, L
+ RNH,
Tf

LXCu—N  + R-N=N=N
H
It should be emphasized that this sequence proved considerably more reliable than alternatives pursued,
involving TEC reactions between azido triallyl-B-D-glucuronic ester and thiol monomers, whose adduct

turned out to be unstable.

We next turn our attention to the synthesis of tri-thiofucoside-B-D-glucuronic building block, which

synthesized in accordance with the design approach of tri-thiomannoside -D-glucuronic

3.4.3  Synthesis of tri-thiofucoside-p-D-glucuronic scaffold 83

A schematic overview over the total synthesis of target trivalent fucoside ligand G3 is depicted in (Scheme
3.16). To the best of our knowledge, thiol-ene photoinitiation represents the first example of a-L-fucoside-

thiol as a building block.

Scheme 3.16 Synthesis of azido tri-thiofucoside-B-D-glucuronic scaffold 83 (G3)
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The first step is the photolytic irradiation between B-D- glucuronic ester derivative 75 and a-L-fucoside

thiol 63. It is observed that during the photolytic reaction a-L-fucose thiol has a tendency to oxidize quickly

to disulfide, resulted in no completion of the reaction, as confirmed by '"H NMR of the crude product.

Therefore, during the optimization it is found that the reactants mixed in a in a molar ratio of 18 :1 (Fucose

thiol: alkene), for 2.5 hours in the presence of 0.6 equivalent photoinitiator DMPA using a total of 700 pl

of a mixture of DMF and water in a ratio of (9:1), gave the best product outcomes. The reaction afforded

NHFmoc tri-thiofucoside-p-D-glucuronic ester 81 in 66%. The product 81 is fully characterized by NMR

as shown in (Figure 3.18).

Figure 3.18 'H NMR analysis of compound 81 with an enlargement of the area from 7.00 to 8.00 ppm
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Subsequent deprotection of O-acetyl and -NHFmoc protecting groups in a mixture of ammonia in methanol

afforded compound 82 in 85% yield (Scheme 3.16). The product was pure enough, therefore, it was used

for the next step without any further purification. Following similar routes as explained previously, thus,

treatment of compound 82 with imidazole-1-sulfonyl azide sulfate 79 in a mixture of fert-butanol/water, in

the presence of sodium bicarbonate as a base, afforded compound 83 in 80% via diazo transfer. The 'H
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NMR analysis of 83 (Figure 3.19) has shown characteristic signals for triazole protons at 8.08 ppm, and
fucose anomeric protons at 4.96 ppm.

Figure 3.19 'H NMR analysis of compound 83
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The molecular weight of the compound bearing free amine 82 and the building block 83 after azide transfer,
were further confirmed by using electron ionization mass spectrometry (ESI-MS). In (Figure 3.20) one peak
of the product 82 was detected at a molecular weight of [M+2H]?*1330.9 which is in match with the
theoretical weight CssHooN1002:S3 [M+2H]* 1330.55. In (Figure 3.21), one peak of product 83 was detected

at molecular weight of [M+Na]* 1378.7 which is in match with the theoretical weight CssHooN1202S3
[M+Na]*1377.55.
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Figure 3.20 ESI-MS spectrum of 82
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In conclusion, two different trivalent dendrons, azido-trithiomannoside and azido-trithiofucoside, were
synthesized in a good yield. With the aim of continuing our research towards the design and synthesis of
glycodendrimers with intriguing biological activity, we started a new set of multivalent structure synthesis.
A small library of glycodendrimers displays a-L-fucosides dendritic wedge, and a-D-mannoside dendritic
wedge, were designed to be carrying active carboxylic group, which is subsequently capable to conjugate

to ciprofloxacin drug. 3¥7- 388

Hexachlorocyclotriphosphazene (HCCP) is an interesting structural unit for the construction of dendrimers
due to its distinct advantages like synthetic versatility, high stability on functionalization, and higher yields
with up-scalability. **° Although it has been reported that a number of dendrimers-based HCCP cores have
aromatic rings in the dendrimer architecture, in this study we disclose the use of cyclotriphosphazene
including PEGs-linker as a dendritic core, which employs in the synthesis of a new class of dendrimers,
(Figure 3.21). The tri-ethylene glycol was chosen as they are commercially available and can create enough

space for Man and Fuc binding blocks to be readily accessible to the receptor sites.

3.5  Synthesis of fucosylated and mannosylated homodendrimers

A series of new homodendrimers D1, D2, and D3 have been successfully synthesized with active a-L-
fucoside dendron (I), and a-D-mannoside dendron (II), having carboxylic ester at the dendrimer periphery.
The structures of obtained multivalent dendrimers are depicted in (Figure 3.22). The proposed
mannosylated multivalent dendrimers have different Man valences of nine and eighteen. Hexavalent
eighteen valences mannoside-glycodendrimer structures were reached by the assembly of mannoside
dendritic wedge (1), and cyclotriphosphazene-PEGs; (flexible, long linker), or dipentaerythritol core (rigid,
short linker), respectively. Trivalent nine valences mannoside-glycodendrimer was synthesized using
Benzene-1,3,5-tricarbodimide (BTA-PEG3). **° The model was designed in which the hexavalent binding
was achieved by using a flexible tri ethylene glycol (PEG3) spacer to allow the chelation and drug attachment
to proceed without constraints. **® All of the dendritic cores used had been synthesized with terminal alkyne

groups, (see detailed Chapter 6 supporting information).

The key to the efficient synthesis of the glycodendrimer is the introduction of the dendrons to the dendrimer
core (Figure 3.22). The introduction reaction should have high reactivity and functional group selectivity
to complete the reaction at multiple reaction sites without side reactions. Among various ligation reactions,
Cu(I)-catalyzed azide/alkyne cycloaddition (CuAAC) has been commonly used for the introduction of
glycodendrimers synthesis. CuUAAC has high functional group orthogonality. However, its reactivity is

occasionally insufficient, therefore, it is crucial to choose the most effective catalyst and procedures.
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Figure 3.22 Structures of tri- and hexa-valent glycodendrimers 85-94
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3.5.1 Synthesis of fucoside and mannoside homo-glycodendrimers based cyclotriphosphazene-PEG3;

Chemical Synthesis. In the present study, a novel class of six-valent glycodendrimers was produced via
copper-catalyzed azide-alkyne cycloaddition (CuAAC) between glycodendrons containing azide 80, or 83,
and dendritic core 84, to provide glycodendrimers 85, 88, and 92, respectively, (Figure 3.22). The
mannoside-dendrimer 85 was synthesized as shown in (Scheme 3.17). Initial screening of CuAAC catalysts,
was performed using CuSO./sod.acorbate. Accordingly, 20 mol% sodium ascorbate and 20 mol% copper
sulfate per alkyne group were dissolved in 1 mL water and added to 2 equiv of the dendrone 80 per alkyne
group and 1 equiv dendrimer core that had been dissolved in 3 mL DMF, the mixture was stirred overnight.
Nevertheless, the Sharpless click reaction was not readily performed on the trithiomannoside B-D-
Glucuronic ester substrate 80 and dendritic core because copper ion can coordinate strongly to
thiomannoside backbone, resulting in the deactivation of the reaction, the reaction never goes to completion.
Introducing several molecules of thiomannoside dendron with large and complex structures, i.e., many
hydroxyls and molecular weight, make 1,3-dipolar cycloaddition more difficult. To overcome this problem,
the click reaction was performed using Iodo (triethyl phosphite) copper(l), Cul [P(OEt);] catalyst in a
mixture of MeOH/acetonitrile at 80 °C for 24 h and DIPEA as a base that lead to a good conversion. Due to

the coordination of copper to the sulfur (S-CH>), besides the high polarity of the crude product, makes it is
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more difficult to purify the product using column chromatography. Meanwhile, residual copper is also a
harmful reagent for the biological test. Therefore, how to remove the copper becomes a challenge. The
resins become one of the most attractive techniques, it has been reported that chelating resin Dowex M4195,
resin (Cuprisorb), and chelex® resin (50-100 mesh) have a high copper chelating selectivity. *!
Unfortunately, we could not be able to get any of these chelating resins. An alternative safe route is the
acetylation of hydroxyl group in a mixture of Ac,O/pyridine followed by excessive washing with copper

chelating agent, to obtain the full acetylated hexavalent dendrimer 85, (Scheme 3.17).

Scheme 3.17 Synthesis of generation three (G3) Man-glycodendrimer 85 and its structural elements
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The structure of Man-dendrimer 85 was confirmed using '"H NMR spectrum, *'P NMR spectrum, and
MALDI-TOF MS analysis. Due to the large size of the dendrimer, the peaks associated with the PEG3 core
protons, and the sugar backbones become more broadened and overlapping. Therefore, it was difficult to
integrate all of the peaks and obtain accurate proton counts, (Figure 3.23). The integration ratio between
characteristic triazole peak near 7.6 ppm (H= 6), mannose anomeric protons near 4.8 ppm (H=18), and
singlet peak fert-butyl protons at 1.47 ppm showed to be consistent with target 85. The methylene protons
of the ethylene oxide units of the PEG; correspond to the peak at 3.7 ppm. '* C NMR shows two distinct
carbonyl peaks, at 170.01, 169.84, 169.83, and 169.72 ppm, which correspond to C=0 of acetyl groups, and
apeak at 170.61 ppm corresponding to C=0 of tert-butyl group. The peaks at 20.89, 20.78, 20.73, and 20.68
ppm correspond to the methyl-acetyl. A peak at 28.00 ppm corresponds to fert-butyl group (see Supporting

information).

Figure 3.23 '"H NMR analysis of dendrimer 85
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Moreover, the 3'P NMR (peak at 17.74 ppm) represents a useful tool to assess the equivalence of the three

phosphorus atoms, suggesting a symmetrical functionalization of the core scaffold, (Figure 3.24).
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Figure 3.24 3'P NMR analysis of dendrimer 85
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The structure of dendrimer 85 is further confirmed by MALDI-TOF-MS. Peak integration yielded an
average of six dendrons attached per dendrimer, in agreement with MW 11246.98 Da in the MALDI-TOF

spectra of 85, (Figure 3.25).

Figure 3.25 MALDI-TOF MS spectrum of dendrimer 85
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Finally, the dendrimer was deprotected by two steps procedures, a schematic overview of the sequence of
deprotection is shown in, (Scheme 3.18). The first step involves Zemplén reaction using MeONa/MeOH,
resulting in the removal of O-acyl groups to afford dendrimer 86 in good quantitative yield. Followed by
the removal of fert-butyl group, the deprotection was completed in 90% aqueous trifluoroacetic acid
(TFA/H,O 9:1) *2 in one hour, then, the reaction mixture pass through anion exchange resin.
Trifluoroacetate was removed according to the described procedure. ** An anion exchange resin was
transferred to a syringe and washed three times with 10 mL of 1.6 N acetic acid and three times with 10 mL
0f 0.16 N acetic acid. The dendrimer was transferred to a syringe with the anion exchange resin. The syringe
was shaken for 15 min, the dendrimer solution was recovered in a flask and the resin was washed with water.
The dendrimer was freeze-dried to remove water. 'H NMR and *C NMR analysis were not powerful enough
to reveal as much possible information on the full structure of the dendrimer. To further analyze the expected
structure, MALDI-TOF-MS analysis of the dendrimer (Figure 3.26) shows little peaks that are close to the
molecular weight of the dendrimer, while the intense peaks belong to the branch dendrons. So, we believe
that, dendrimers such as 85, which contain acid-sensitive glycosidic linkages, are not stable to treat under

moderately strong acidic conditions.

Figure 3.26 (A) Deprotection of dendrimer 85 in NaOMe/MeOH, followed by deprotection in aqueous
TFA/H,O; (B) MALDI analysis of the resulted dendrimer; blue and red shows analysis from two samples
deprotected under the same conditions; (C) Negative and positive modes of the dendrimer
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Thus, due to the perception that an oligosaccharides molecule is prone to acid-mediated hydrolysis, *** we

found that using a mixture of TFA in toluene (9:1) led to a clean removal of fertiary butyl under ambient

conditions in 1.30 hr, which gave the target dendrimer 87, this methodology represents an improvement

over the previously reported one. After evaporation of TFA/toluene under reduced pressure an additional

H,O was added and the mixture was transferred to a dialysis tube of MWCO 3000. Subsequently, the

product was freeze-dried to remove water. The desired dendrimer G3-OH- (COOH) 87 was obtained as a

solid residue. The resulting dendrimer was fully characterized by NMR spectroscopy. The NMR spectra

presented all peaks as expected, which confirm the successful synthesis of the required product. '"H NMR

results confirm the successful deprotection of -OAc, and tert-butyl protecting groups. The peak shown in

the MALDI-TOF spectrum of [G3-OH- (COOH)+Na]" at 7892 Da further confirms product 87, (Figure

3.27). The resulting dendrimer 87 has displayed excellent solubility in both water and organic solvents like

DMF.

Scheme 3.18 The deprotection of -OAc and fert-butyl ester of Man-glycodendrimer
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Figure 3.27 MALDI-TOF MS spectrum of dendrimer 87
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The two compounds 85 and 87 were detected with very good precision (less than 50 ppm), (Figure 3.28)
There is a clear positive correlation between the number of mannose units and its ability to bind to bovine
erythrocytes. To clarify this speculation more detailed studies will be needed to understand the relationship

between the number of mannose units and the effect of these numbers on binding to bacterial lectin in the
future.

Figure 3.28 (A) MALDI-TOF analysis high-resolution (internal calibration) of dendrimer 85 and 87

A

Internal Calibration for High-Resolution MALDI-TOF Analysis (Linear Mode)

Internal Calibrants (Proteins, [M+H]* and [ M+2H]*)
Mass Range Calibrated: 4 to 17 kDa

- Ubiquitin from bovine erythrocytes (1mg/mL)
- Cytochrome C from bovine heart (2 mg/mL)
- Myoglobin from equine skeletal muscle (1mg/mL)

Calibrants

LMS-VI1I-006
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We next turned our attention to the synthesis of G3-fucoside homodendrimer which proceeded following

the same procedure we used previously.

Scheme 3.19 Synthesis of fucoside glycodendrimer 88
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As depicted in (Scheme 3.19), the synthesis was achieved in two sequence steps. First, the click reaction of

trithiofucoside B-D-glucuronic ester 83 and dendrimer core 84 was performed using lodo (triethyl
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phosphite) copper(I), Cul[P(OEt);] catalyst in a mixture of MeOH/acetonitrile at 80 °C for 24 h and DIPEA
as a base, following by removal of the solvent and insitu acetylation in a mixture of acetic anhydride/

pyridine, which after work-up and purification provided of a full acetylated fucoside dendrimer 88.

MALDI-TOF-MS was employed to further analyze the dendrimer 88. However, the spectra failed to display
molecular ion for the whole dendrimer with six ligands; (11653 Da), it revealed a molecular ion that
corresponding to the dendrimer with five ligands attached; (9996 Da), and small signal peak corresponding
to the molecular weight of a product (11727 Da), (Figure 3.29), which could suggest that complete
functionalization of the core structure happened in low yield, Conversely, 'H NMR of 88 (Figure 3.30),
shows a consistent integration ratio between triazole, Fuc-methyl, tert-butyl protons, respectively, which

confirmed that six dendrons were attached to the dendrimer core.

Figure 3.29 a) MALDI-TOF- Spectrum (zoom) of compound 88
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Figure 3.30 'H NMR spectrum analysis of dendrimer 88
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Following the previous procedure, dendrimer 88 was subjected to two continuous steps of deprotection,
using NaOMe/MeOH followed by TFA /toluene to afford the desired product G3-OH (COOH) fucoside 90.

A schematic overview of the deprotection methods is shown in (Scheme 3.20).
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Scheme 3.20 The deprotection of -OAc and fert-butyl ester of Fuc glycodendrimer
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3.5.2 Mannose-dendrimer based on rigid dipentaerythritol core

With the aim of further studying the effect of rigidity, linker length, and valency on the dendrimer-lectin
binding, we synthesized another class of glucodendrimers. To this aim, azido-trimannoside dendron 80 was
conjugated to the hexa propargylated dipentaerythritol core 91 displays six alkyne functionalities using iodo
(triethyl phosphite) copper (I) [Cul.P(OEt);] Catalyzed alkyne- azide cycloaddition (CuAAc) in a mixture
of MeOH, acetonitrile, and DIPEA, followed by complete acetylation of the resulting free hydroxyl groups
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in Ac,O/pyridine afforded the acetylated hexavalent dendrimer 92 (Scheme 3.21). The dendrimer is fully
characterized by 'H NMR and '*C NMR spectroscopy. 'H NMR analysis showed the absence of propargylic
signal at 6= 2.50 ppm, and the appearance of H triazole ring signal at 5= 7.69 ppm. The NMR analysis

confirmed the attachment of 6 dendrons to the dendrimer core. We did not run MALDI analysis of dendrimer
92.

Scheme 3.21 Synthesis of hexavalent Man-glycodendrimer 92 based on dipentaerythritol core
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3.5.3 Synthesis of trivalent Man-glycodendrimer based on Benzene-1,3,5-tricarbodimide core

The third class of glycodendrimers is built on benzene-1,3,5-tricarbodimide (BTA-PEG3;) core, (Scheme
3.22). The trivalent dendritic scaffold 94 was therefore produced by the reaction between tri-mannose-p-D-

Glu ester 80 with (BTA-PEG3) 93, the reaction proceeded as described in our previously reported procedure.

Scheme 3.22 Synthesis of trivalent Man-glycodendrimer based on (BTA-PEGs3) dendritic core
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The 'TH NMR of 94 (Figure 3.31), exhibits several distinct peaks. First, the identification of the aromatic
peak at 8.38 ppm as the downfield singlet. Second, the singlet peak at 7.65 ppm which integrated for three
protons from the triazole ring, confirms the formation of three arms of glycodendrimer. A broad peak at
7.35 ppm, which is equivalent to -NH amide bond. Multiple peaks at 5.36- 4.55 ppm which is significant to
Man. Other multiple peaks at 2.91- 2.36 ppm and 1.97- 1.61 ppm are equivalent to CH,-S. Finally, four
singlet peaks at 2.14- 2.03 are equivalent to acetyl groups, and a singlet peak at 1.47 is equivalent to tert-

butyl group.

Figure 3.31 'H NMR analysis of dendrimer 94
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Unfortunately, under the similar reaction conditions, CuAAC did not seem to work properly for core 95,
(Scheme 3.23). Click reaction of dendron 80 with dendritic core 95 using [Cul.P(OEt);] in a mixture of
ACN/MeOH, and DIPEA as a base, leading to incomplete conversion and results of a mixture of low product
outcome, (route A, Scheme 3.23). The analysis of the resultant glycoconjugate was found to be very difficult

due to a low degree of ligand conjugation. Unlike the spectrum of dendrimer 85 (see Figure 3.23), all the
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peaks were relatively weak, especially the specific signals from 1,2,3-triazole ring and sugar fragment could
not be clearly observed in the spectrum. Since the first experiment failed to provide the desired 12-mer
glycodendrimer another synthetic pathway was undertaken. Therefore, the polarity of dendron 80 was
reduced by full acetylation of hydroxyl groups in a mixture of Ac>O/ pyridine to obtain a fully acetylated
compound 96. A solution of core 95 and compound 96 in DMF was mixed with an aqueous solution of
CuSOs/sodium ascorbate, the reaction was stirred overnight. NMR-based crude analysis showed that the

reaction did not give the expected product (route B, Scheme 3.23).

Scheme 3.23 Unsuccessful approach to 12-mer glycodendrimer synthesis
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In summary, we have shown that click reaction with Cul [P(OEt);] is an efficient catalyst in the synthesis
of macromolecules in a mixture of polar solvents ACN/MeOH with good conversion. We are currently

directing our efforts toward enhancing the high reaction outcomes by screening different solvents.

113



CHAPTER 4
HOMO GLYCODENDRIMER SYNTHESIS BASED ON D-GLUCOSAMINE PRODRUG
SCAFFOLD FOR ANTIBIOTIC CONJUGATION

4.1 Introduction

The second generation of polyvalent glycoclusters built on D-glucosamine is discussed in detail. The design
of high-affinity ligands for lectins requires the best possible match between valency and topological display
of the carbohydrate epitopes that surround the multivalent core scaffold. Both of these parameters have been

319,395 and the influence of the linker arm that connects the

extensively examined in the literature,
carbohydrate to the central core unit has also been previously addressed. **® The design of spacer arms that
present different rigidities with similar lengths would provide the basis for a careful analysis of the
parameters that govern multivalent carbohydrate-lectin interactions. Enthalpy improvements would result
from modifications of the structure of the carbohydrate epitope through additional stabilizing constants, but
increased affinities for lectins can also be obtained with more rigid linker arms, which decrease the entropic
cost upon binding. Polyethylene glycols (PEG) are typical spacer arms used for the design of multivalent
glycoconjugates; they have the advantage of being water-soluble, of various lengths, and with an alcohol
moiety that can be either derivatized to alternative functional groups or even directly involved in a glycosidic
bond for connection to the carbohydrate epitope. Triethyleneglycol (TEG) is a very common member of
this family, and numerous examples have been previously described in the literature. 2% 374! this linker
arm is easy to introduce through glycosylation but also provides improved water solubility for the resulting

multivalent ligands synthesized. The sp* hybrid of carbon and oxygen atoms along its chain provides high

freedom of movement for the terminal carbohydrate epitopes.

Figure 4.1 Structure of the designed D-glucosamine linker arms
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The general formula of the glycoclusters core is presented in (Figure 4.1). Linker arms with SP>-hybridized
atoms in a chain analogous to PEG3 in terms of length can be used to obtain glycoclusters that present more

rigidity than the parent PEGs-based structures. Such glycoconjugates would provide relative entropic gain
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and therefore, better binding properties towards lectin. Nevertheless, the introduction of rigidity motifs in
the linker arm should be accurately balanced since a too-rigid linker may not allow the second epitope to

reach its binding pocket on the multivalent in a chelate binding mode.

4.2 Design and synthetic strategy

In this part of the research, a new class of dendrimer-ciprofloxacin conjugates is designed for bacteria
targeting-drug delivery system based on G3 glycodendrimer. This dendrimer generation provides a
sufficient number of peripheral functional groups; hydroxyl groups to bind to bacterial lectin; and carboxylic

group to be amenable to covalent conjugation with drug molecules, (Scheme 4.1).

Scheme 4.1 Retrosynthesis of target dendrimer based on D-glucosamine scaffold
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As shown in (Scheme 4.1), the main building blocks of the dendrimer components are hexa-propargylated
dipentaerythritol core, a-D-mannose thiol, and O-glycosidic B-D-glucosamine, the three building blocks
conjugated together via thiol-ene photolytic reaction, Cu-catalyzed Azide-Alkyne Cycloaddition (CuAAC).
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Our approach in the design of Cip-G3 dendrimer conjugates involves important parameters pertinent to D-
glucosamine: (i) C-1 as the position to attach semi-hydrophilic PEG3 linker with a terminal azide, thereby,
spacing between D-glucosamine bearing Man binding bocks was further increased; (ii) modification of -
NH, group at C-2 position by coupling with methoxy butanoic acid linker; C-2(NHR) which subsequently

conjugates to the drug through an amide bond.

4.3 Literature background

In the field of synthetic carbohydrate chemistry, stereocontrol at the anomeric center is one of the most
important subjects of chemical glycosylation. “> Stereoselectivity to produce 1,2-trans glycosides has been
achieved through the participation of neighboring acyl- or carbamate-protecting groups located at the 2-
position of the glycosyl donor. Recently, various participating groups introduced at the 2-OH of the glycosyl
donor have been applied to chemical glycosylation. For example, the dialkylphosphate group, picolinyl
group, 2-nitobezyl group, and 2-nirobenzyl group, and 2-cyanobenzyl group have been developed to assist
the synthesis of 1,2-trans glycosides. In the case of 2-aminosugars, the phthaloyl group and carbamate
groups, such as Troc, are frequently used for B-glycosylation with high selectivity. The 2,4-dinitrophenyl
groups were used for the 2-N protection of glucosaminyl donor. ***%5 No neighboring group participation
was observed, hence, glycosylation in this case, leads to the formation of an anomeric mixture (2 :1- 3.5 :1
/P ratio). In some cases, however, the use of any N-protecting groups must be carefully chosen, particularly

when approaching a complex carbohydrate because of the difficulty of the removal step.

4.3.1 Synthesis od 2-Deoxy-2-acetamido-glycopyranoside

For 2-(acylamino) -2-deoxyhexoses (e.g., 99), such electrophilic activation forms a reactive oxocarbenium
ion 100 intermediate, which often collapses rapidly to an oxazolinium ion 101 intermediate (Scheme 4.2,
mechanism A). Intermediate 100 is expected to undergo nucleophilic attack at C-1 selectively from the -
face of the glycosyl donor to yield only 1,2-trans-glycosides, in those cases where an o/p mixture is
observed, this is often attributed to reactions of 100. However, with the 2-amino group acylated, e.g., N-
acetyl, the intermediate 101 can be stabilized further through abstraction of the amide proton to form a
relatively stable 1,2-oxazolines 102. 4% However, 1,2-Oxazolines 102 can be used as glycosyl donors

although rather harsh glycosylation conditions are required.
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Scheme 4.2 Intermediates in Lewis acid activated glycosylation with D-glucosamine
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The formation of an oxazoline intermediate 102 upon electrophilic activation may be prevented when the
abstraction amide proton is substituted by a protecting group that is not cleaved during the glycosylation
step. This can be achieved by blocking the 2-amino group with two monovalent protecting groups, or by
application of the bivalent N-phthaloyl (Phth) group (Scheme 4.2, mechanism B). %’ Electrophilic activation
of the bivalently protected glycosyl donor 103 yields an oxocarbenium ion 104 which can form an
oxazolinium ion 105. The reactive intermediate 105 can only be attacked from the B-face by a nucleophile
and cannot form stable oxazoline. Glycosylation with Phth-protected glycosyl donors occurs under mild
conditions at low temperatures and gives exclusively 1,2- trans-glycosides 106. An improved protocol for
the introduction of the phthalimido function was reported. “°° Thus, glycosyl bromides, acetates, **® and

trichloroacetimidates, **° thioglycoosides, 3!! 41

all proved to be effective in the synthesis of 2-phthalimido-
2-deoxy-PB-D-glucopyranosides. Usually, the 2-phthalimido protecting group is maintained until the
synthesis of the target oligosaccharides. Therefore, 2-NPhth-D-glucosamine donor (GIcN) 103 was chosen
as the monosaccharide unit. This decision was based solely on the assumption that any stereochemical

ambiguity could be eliminated by the strong 1,2-trans directing nature of (NPhth) group. 406 411-414
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4.4  Results and discussion
4.4.1 Synthesis of B-D-glucosamine cleavable prodrug scaffold

Given the success of the previous synthesis of protected D-Glucosamine*” 41> 108 as a building block, we
anticipated that a semi-synthetic approach would be the most viable means to achieve a scalable synthesis
for the next step (Scheme 4.3). We intend to compare the length at the anomeric position by installing azido-
PEG:s linker. Thus, triethylene glycol (PEG3) was selected as a model that can be conveniently synthesized
and modified. To this end PEG3-N; 109 linker was prepared, (see supporting information).

Scheme 4.3 Synthesis of glycosylated f-D-glucosamine 111
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a) i) Ac0, Pyridine, 0 °C- rt, 12h; ii) Phthalic anhydride, NaOMe, MeOH, 0 °C- rt, 12h, 50%; b) BF3.Et,0,
DCM, 0 °C-rt, 20 h; 60%, c) NaOMe/ MeOH, pH= 7, 5h, 95%.

A schematic overview of the glycosylation strategy of 2-phthalimido D-glucosamine, 336 416417

is depicted
in (Scheme 4.3). The synthesis started with glycosylation of 1,3,4,5-tetra-O-acetyl-2-deoxy-2-phthalimido-
2-D-glucopyranose. *7 108 as a glycosyl donor with azido-PEG3;-OH 109*'® in dry dichloromethane in the
presence of BF3.Et;O as a promotor afforded product 110 in 60% yield. The reaction requires the use of
excess promotor resulting in the best reaction outcome. '"H NMR analysis of compound 110 is shown in
(Figure 4.2). The stereochemistry of the newly installed linker was determined to be -linked on the basis
of the GlcN H-1 and H-2 coupling constant (J= 8.5 Hz). PEGs-related peaks appeared between 3.3 and 3.7

ppm; peak integration produced 12 protons.
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Figure 4.2 "H NMR analysis of compound 110; with an enlargement of the area from 5.00 to 6.00 ppm. The
coupling between H1-H2 indicated by double-headed arrows
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Subsequent removal of O-acetyl groups under Zemplén condition with sodium methoxide in methanol at
pH=9, for 7h at room temperature, resulted in a mixture of products as indicated by TLC, and by analysis
of "H NMR, it shows that major products were compound 111, accompanied by phthalamic acid 112,
(Scheme 4.4), which is obtained as a result of nucleophilic ring opening of the phthalimido group (NPhth),
(data is not shown), this led to drastically lower the yield of the desired product 111. To overcome the
cleavage of phthalimido group (NPhth), the Zemplén condition had to be adjusted at pH 6-7 for 5 hours at

room temperature which afforded the desired product 111 in quantitative yield.

Scheme 4.4 Proposed ring opening of 2-phthalimido-f-D-glucopyranose
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The next step is allylation (Scheme 4.5). The reaction of compound 111 with allyl bromide under basic

conditions in the presence of 4.5 equivalent of sodium hydride (60%) in DMF as a solvent for 2.5 h at room
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temperature, (pathway A, Scheme 4.5), provided the desired product O-2, O-4, and O-6-triallyl 113 albeit
with very low conversion, and accompanied by side products. Di-allylation of B-D-glucosamine 111 and
nucleophilic ring opening of the phthalimido group (NPhth), were found to be the predominate reaction
pathway, (as indicated by '"H NMR analysis, data are not shown). Therefore, the use of standard conditions
involving sodium hydride was incompatible with the base-sensitive (NPhth) group. In order to investigate
alternative methodology to optimize the yield, we further explored the allylation under different conditions.
Thus, using LIHMDS as a base led to an improvement of the yield to the product 113 (60%), (pathway B,

Scheme 4.5). 41%-420

Scheme 4.5 Synthesis of triallyl D-glucosamine 113
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The proton NMR analysis of compound 113 in (Figure 4.3) shows the distinct peaks corresponding to allyl
protons. The "H NMR shows a difference between the double bond geometry of allyl bromide. Interestingly,
two new different multiplets appeared at 6.09- 5.74 ppm integrates for two protons, and the other multiplet
at 5.62-5.47 ppm. We attributed this to the presence of phthalimide ring. More downfield peaks from the
phthalimide ring appear multiplet at 7.94-7.75 that integrated to two protons, and another doublet of a
doublet at 7.74 ppm integrated to the other two protons. The peaks from PEG; appear at a chemical shift
between 3.27 and 3.69 ppm.
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Figure 4.3 "TH NMR analysis of triallyl B-D-glucosamine scaffold 113
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The next step in the synthesis process was to install a linker at -NH, of C-2 position that incorporated a
terminal ester. Thus, compound 113 was subjected to two separate steps, as shown in (Scheme 4.6). The
first step is the deprotection of phthalimido group (NPhth). We employed two different conditions, first
stirring in hydrazine and methanol at room temperature, there is no product observed even after several days
of stirring at room temperature. Second, the reaction is performed in reflux hydrazine and ethanol,
unfortunately, we observed an allylic exchange (as indicated by '"H NMR, data are not shown) and we did
not observe the desired product. Therefore, we optimized the conditions of one-pot deamination of
phthalimido group. We found that the addition of alcohol as a co-solvent was necessary to achieve the best
reaction outcome for the step of the deprotection. Using n-butanol was optimal because the temperature of
the reaction mixture was higher than that with methanol or ethanol, and the higher temperature prompted
deamination. Ethylenediamine was selected as the amine for deprotection **! because it is safer than
hydrazine which we used previously. With this optimized condition, compound 113 reacted with ethylene

diamine in n-BuOH for 2.30 h at 95 °C to liberate free amine 114 with excellent yield (83%).4%24%
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Scheme 4.6 Synthesis of B-D-glucosamine scaffold 117
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'"H NMR analysis of compound 114 (Figure 4.4) confirmed the complete deprotection of (NPhth).

Figure 4.4 '"H NMR analysis of B-D-glucosamine derivative 114
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Subsequent step is the coupling of compound 114 with the methoxy butanoic acid 115, the reaction is
performed using N, N-diisopropylcarbodimide (DIC), and 1-hydroxybenzotriazol. H-O (HOBt) in the
presence of triethyl amine (NEt;) to obtain the amide product 117 in 72% yield, (Scheme 4.6, pathway A).
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However, because of the difficulty to remove little impurities eluted with the desired product during the
purification on column chromatography, we found that the reaction of compound 114 with 2,5-
dioxopyrrolidin-1-yl methyl succinate linker 116 in the presence of DIPEA (Scheme 4.6, pathway B) gave
much pure product 117. The resulting product was confirmed by '"H NMR, one of the most specific chemical
shift protons come from the three protons -COOMe (3.7 ppm) of the newly attached linker. However, the
signal from linker PEG; and the signal from methyl ester overlap. The appearance of a peak at 2.5 ppm
further confirms the butanoic linker (-CH,-CH»-), (Figure 4.5). The conjugation of this linker to B-D-
glucosamine derivative will provide spacing (4 carbon chain) from the dendrimer surface which may lower

the steric hindrance as the drug conjugates and release.

Figure 4.5 '"H NMR analysis of compound 117

Lﬂﬁwlﬁ?%;:z;ﬁﬁﬁ.ﬂ&ff?:3§§§§§§§§§§§§§§§§§339535 R e e L bR L e
Lo R o R L 2D B o e —
Peaks from both peripheral O-CH;
group and -OCH,-CH,0- of TEG
! Peaks from -CO-CH;-CH-COOMe group
Peaks from \
| 1
’4.\\___."% I I
< | Il |
| ml"
AN |
A ] | G I VYR B T W . L m L__
T T T T T T T T - T - 1 - T T T T T T T T T T T T T T T T T T T T T T T T T T
9.0 8.5 80 7.5 70 65 60 55 5.0 45 40 3.5 3.0 25 20 15 1.0 05 00 -05  -10

f1 (ppm)

Reduction of the azide 117 with PPhs; in THF-H,O at room temperature provided the corresponding free
amine 118. Subsequantely, the amine site protected by Boc group to prevent any undesired side reactions
during the chemical process, (Scheme 4.7), therefore, reaction of compound 118 with 1.3 equivalent of di-
tert-butyl dicarbonate (Boc),O using triethylamine in dry DCM, afforded NH-Boc protected amine 119 in
72% yield (Scheme 4.7). #2
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Scheme 4.7 Synthesis of D-glucosamine building block 119
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'"H NMR results show a singlet peak at 1.39 ppm integrated for nine protons of Boc group, indicating
successful protection of amine group, (Figure 4.6). HRMS analysis of compound 119, the molecular ion

detected at m/z 667.3397 was found to match with theoretical of C3;Hs:N>O1» [M+Na'], 667.3412, (see

supporting information).

Figure 4.6 '"H NMR of B-D-glucosamine building block 119
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4.4.2  Synthesis of trithiomannoside B-D-glucosamine scaffold 125

We next turned our attention to the synthesis of the target trivalent mannoside D-glucosamine building
block, (Scheme 4.8). The exposure of a mixture of NH-Boc tri-allyl compound 119 and 2,3,4,6-tetra-O-
acetyl-a-D-mannoside thiol 67 in the presence of 2,2-Dimethoxy-2-phenyl acetophenone (DMPA) as the
radical initiator in the minimal amount of DMF solvent. For a standard set of conditions, mannose thiol 67
and compound 119 were mixed in a molar ratio of 6:1 (thiol: alkene), and this mixture was irradiated for 3
h at 365 nm, led to the formation of thiol-ene addition product, trithiomannoside dendron (confirmed by the
disappearance of olefinic protons of allyl groups in "H NMR of the crude mixture). After the reaction work-
up, the crude product was purified on column chromatography to afford the trithiomannoside B-D-
glucosamine 120 in 87% yield. **® '"H NMR analysis shows the existence of both the PEG; backbone at 3.60-
3.50 ppm, and the mannoside thioether at 2.5-3 ppm (Figure 4.7, bottom). No peaks of alkene protons were
observed. The disappearance of the signal reveals the consumption of starting material, and the conversion
efficiencies were found to be essentially high yield for the photochemical reaction. The resulting
trithiomannoside 120 was isolated in 85%. Purification of the product was done by flash column

chromatography. (Figure 4.7) displays the results of 119 'H NMR (top), and 'H NMR 120 (bottom).

Scheme 4.8 Synthesis of targets trivalent thiomannoside B-D-glucosamine building block 125
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Figure 4.7 '"H NMR analysis of 119 (top), and 120 (bottom)
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The next step in the synthetic process is to extend the PEG; linker with extra four carbon chain. Therfore,
compound 120 was further converted to 124 derivative in an effective three step sequence. First, acetyl
groups were removed using 1M solution of NaOMe in MeOH followed by acidification using Amberlite
IR120 H* to afford the free hydroxyl trithiomannoside 121. Subsequent deprotection of the Boc group with
20% trifluoroacetic acid (TFA) in CH,Cl, to afford compound in TFA salt form 122, the crude product is
pure enough for the next step reaction. HRMS analysis of 122 (Figure 4.7), the molecular ion was clearly
detected at m/z 1266.50, accompanied by a significant fragment ion MeOH at m/z 1233.48, indicating the

desired structure unambiguously.
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Figure 4.8 HRMS-TripleTOF (QTOF) analysis of 122
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Finally, trithiomannoside amine 122 coupled with 4-azidobuanoic acid 123 using standard PyBOP coupling

reagent and N, N-diisopropylethylamine in DMF to afford the desired building block 124 with terminal azide

427, 428

group.

The pluasible mechanism of PyBOP mediated amide synthesis is shown in (Scheme 4.9). 4%

Scheme 4.9 Plausible mechanism of PyBOP type coupling reagent
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We found that in the case of PyBop coupling reagent, a significant peak overlap of UV-active by-products
was observed, which overlap with the final product, Phosphoramide by-product. This compound is not
completely removed after chromatography purification (as detected by TLC), but presents no problem,
being inert. “° Subsequent treatment with acetic anhydride pyridine mixture afforded full acetylated product
125, which allows for easy purification, and set the stage for dendrimer growth. In addition to NMR, IR also
plays an important role to confirm the structure. Compound 125 has different functional groups. Stretching
vibrations of these bonds produce a strong absorption peak. Acetyl group Its absorption peak is about 1740.7
cm! and 1704.7 cm™! for an ester group, while in an amide it is about 1652.5 cm™, the azide group gives a

strong absorption peak at 2100 cm !, (Figure 4.9).

Figure 4.9 IR analysis of 125
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It is noteworthy that this highly modular approach combined with high functional group tolerance gives
access to B-D-glucosamine building block. Functionalization of this scaffold gave a number of versatile
dendritic wedges including different targeting lectin ligands, thus demonstrating the synthetic utility of this

method.

With trimannoside-p-D-glucosamine dendron 125 in hand, setting the stage to the mulivalent dendrimer

synthesis.

4.4.3 Growth of multivalent dendrimer

Pentaerythritol resembles a highly symmetrical structure with equivalent hydroxyl groups which have
frequently been employed for the synthesis of the multivalent cluster. **!#*2 Thus, with all building blocks
in hand, we began to assemble the final dendrimer, (Scheme 4.10). Hexavalent valent dendrimer was
constructed by the reaction between hexapropargylated dipentaerythritol 91, *** and dendron 125 following
click reaction strategy using [Cul(P(OEt);]. Dendrimer core 91 was synthesized by employing a previously
reported procedure. *** Different reaction parameters were conducted to achieve the best reaction outcome,
which was reaching the highest degree of dendrons coupling. Therefore, the solvent, the concentration of
the reactants as well as the reaction temperature were adapted from the previous protocol (see chapter 3).
As final reaction conditions we found that using dry toluene as a solvent is suitable to run the click reaction,
moreover, the catalyst [Cul(P(OEt)3] shows better activity in a non-polar solvent. The reaction temperature
was set at 80 °C for 24 h. Residual copper ions were removed by EDTA chelation. Subsequent
chromatography purification afforded the dendrimer 126 a molecular weight of 11.600 KDa, (no MALDI

data for this dendrimer).

This dendrimer is characterized by 'H NMR, (Figure 4.10), '"H NMR confirms the coupling of all six
macromonomers with the core. The yield of this click reaction was not as good as expected. Further
improvement of the yield of the reaction will be applied in order to study their generations and ligand

dependence properties in the coming biological test. We did not run HRMS analysis for this dendrimer.
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Scheme 4.10 Synthesis of man-glycodendrimer based on D-glucosamine scaffold
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Figure 4.10 '"H NMR analysis of dendrimer 126
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In process:

The final synthetic passway towards the dendrimer 128 will be reached by two sequence steps as shown in

434-439

(Scheme 4.11). The first is the removal of acetyl groups using NaOMe/MeOH, following the treatment with

aq. LiOH in a mixture of THF/MeOH at room temperature.
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Scheme 4.11 The final synthetic passway towards the dendrimer 128 construction
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CHAPTER 5
SYNTHESIS OF CIPROFLOXACIN-(ACYLOXY) ALKYL ESTER CONJUGATES

5.1 Introduction

Ciprofloxacin is an antibiotic in the fluoroquinolone class used to treat bacterial infections such as urinary
tract infections and pneumonia. Ciprofloxacin has FDA approval to treat urinary tract infections, skin, bone,
joint infections, prostatitis, typhoid fever, gastrointestinal infections, lower respiratory tract infections,
anthrax, plague, and salmonellosis. Ciprofloxacin is available orally, intravenously, and in topical
formulations (ophthalmic and otic). Adverse effects are mild at the therapeutic doses and are mostly limited
to gastrointestinal disruptions such as nausea and diarrhea. The serious adverse effects of ciprofloxacin
include prolonged QT interval, hyper or hypoglycemia, and photosensitivity. Oral ciprofloxacin therapy is
associated with an increased risk of peripheral neurotherapy based on the cumulative dose. Neuropsychiatric
adverse events include agitation, tremors, hallucinations, psychosis, and seizures. *° The low oral
bioavailability profile of ciprofloxacin can be due to high secretory efflux and poor aqueous solubility. This
inspired an investigation of the viability of prodrug methods as a means of enhancing the systemic delivery
of the drug. Prodrugs have become a well-accepted path to address drug delivery challenges associated with

parent antibiotics. 4! 42

To date a variety of polymer architectures have been evaluated for use as drug scaffolds including
hyperbranched structures (e.g., dendrimers and hyperbranched polymers). *** For example, the research from
B. Christensen*** reported antibiotic-conjugated to PAMAM-dendrimer (Figure 5.1). In this study involves
the covalent attachment of ciprofloxacin via a linker to a small PAMAM-dendrimer and tested against
clinically relevant Gram-positive and Gram-negative bacteria. The dendrimer conjugated with ciprofloxacin
had a significantly higher antibacterial activity than each of the components alone, which demonstrates a
“synergy” of action between ciprofloxacin and the dendrimer. (Figure 5.1, dendrimer 1) shows the structure

of PAMAM dendrimer conjugates with four molecules of ciprofloxacin.
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Figure 5.1 Dendrimer- ciprofloxacin conjugates
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The covalent conjugation between fluoroquinolones and dendrimer has been also studied by Gopalakrishnan

and co-workers, (Figure 5.1, dendrimer II). They establish the synthesis of piprazine core 1,3,5-triazine

dendrimer with eight molecules of ciprofloxacin drug as a surface moiety. *** They studied and evaluate the

drug release from the dendrimer under different pH conditions, pH 1,2,3,4,5 and 6. It was found that 78%

of the drug was released at a very lower pH (pH = 1), and in 14 hrs. It is concluded that this dendrimer-drug

conjugate system is not efficient in the systematic administration of the drug.

Dendrimer-prodrug represents a creative approach for the treatment of UTIs. Accordingly, drug linkage

chemistry is an important parameter for achieving antibiotic efficacy and can also influence the pK and

biodistribution properties of the resulting conjugates. Thus, in the present study, we report the design of

labile (Acyloxy)alkyl esters carbamate linkers to enable intracellular release of the antibiotic by enzymes

such as esterase or acid catalyzed hydrolysis.
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Another research to study the intracellular release of antibiotics from synthetic conjugates has been
attempted by installing a variety of cleavable linker moieties between the drug carrier and antibiotic cargo.
However, the majority of earlier examinations uncovered limitations. For example, ester linkers were
employed to release of the antibiotic by intracellular esterase or acid catalyzed hydrolysis, but the hydrolytic

lability of these linkers resulted in permature cleavage of the conjugates. 4

A wide range of ciprofloxacin conjugates has also been studied by several groups, including conjugates with
linkers which can be cleaved by enzymatic degradation of the siderophore. ¢ 447 The Cip-linker 129 (Figure
5.2), conjugated to siderophore was studied by Nolan and co-workers. However, experiments in enzyme-
triggered ciprofloxacin showed that the hydrolytic lability of these linkers resulted in premature cleavage of

the conjugates, hence the release of the antibiotic in the culture medium. 448

Figure 5.2 Molecular structure of ciprofloxacin (Cip) and its conjugate linker analogue 129

NH, (\:@AOH
HN. A — \(JI(OTOTO(N\) A

Cip 129

These results are encouraging, and we conclude that the stability of (acyloxy)alkyl- Cip may be improved
by the incorporation on the dendrimer backbone. In this way, we are targeting ciprofloxacin efflux pump

and drug target modification through a dendrimer-cleavable prodrug approach.

5.2 Ciprofloxacin-cleavable linker conjugate

In our studies, several different analogues of the monobasic amino acid were designed as depicted in (Figure
5.3), attached to ciprofloxacin via a carbamate linker to explore the steric effects and pH stability of both

3606, 449-451

linkers. It is also possible that the conjugates 130, 132, and 133, might have a better stability. In

this chapter we explored only the synthesis of 132, due to time constraints during my studying program.
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Figure 5.3 The proposed ciprofloxacin linker conjugates
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In this design, the size of the amino acid side chain is the method by which the rate of prodrug hydrolysis
can be controlled. By placing a large sterically hindering group next to a carbonyl group, an attack on this
carbon would be sterically blocked. It was crucial to investigate how the size of the side chain affects its
capacity to sterically hinder hydrolysis. Among the cleavable linkers, L-Valine, Valine-Citruline (Val-Cit)
or phenylalanine-lysine (Phe-lys) dipeptide linker spacers have been utilized in many drug delivery systems.

432 Thus, there were two possible approaches when designing Cip-Carbamate linker. 3%

Considering the steric hindrance of the linker and the symmetrically branched side chain of L-Valine (Val),

this will boost the linker stability. In this study we recommend utilizing L-isoleucine (Ile), (Figure 5.3).

5.3  Results and discussion

We choose ciprofloxacin as the target drug molecule, a broad-spectrum antibiotic and its molecular structure
bears several functional groups. *** SAR** showed that the secondary amine in the piperazine ring of
ciprofloxacin can be modified without a major loss of antimicrobial activity; this position was therefore

chosen for conjugation with the linker. 43>4%7

5.3.1 Synthesis of ciprofloxacin conjugate 132

The development of the synthetic route for Cip-conjugate 132 was considered challenging. The synthetic

overview is depicted in the (Scheme 5.1).
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The synthesis of Cip-linker conjugates 132 is depicted in (Scheme 5.1). The synthesis started with the
reaction of 2—chloro-1-propanol which is attached to Cip secondary amine group using 4-nitrophenyl
chloroformate as the coupling agent. In this method 2—chloro-1-propanol 135 was reacted with 4-
nitrophenyl chloroformate 134 %% %% in the presence of pyridine*'® % to obtain chloroethyl-4-nitrophenyl
carbonate 136 which was purified and characterized by 'H NMR spectroscopy. Because ciprofloxacin
exhibits poor solubility in most organic solvents, the carboxylic acid moiety was protected in situ by the
addition of trimethylsilyl chloride (TMSCI) prior to each coupling reaction. The reaction of TMS-protected
ciprofloxacin with chloroethylcarbonate 136 afforded compound 137 as a yellow solid in 40% yield.
Subsequent esterification by the reaction of Boc L-Valine 138 with compound 137 using DIPEA at 65°C in
DMF, afforded compound 139. “° Boc protecting group were removed by treatment with 20% of TFA in
DCM to produce the Cip-linker free amine 132 in 71% yield.

Scheme 5.1 Synthesis of drug-linker conjugate 132
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a) THF, pyridine, 0 °C- rt, 15 h, 60%; b) TMSCI, DCM, DIPEA, tt, 0.n, 40%; ¢) TMSCI, DMF, DIPEA, 65
°C, 0.n, 50%; d) 20% TFA/DCM, 0 °C- rt, 2.5 h, 71%.
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Figure 5.4 shows the 'H NMR analysis of compound 139. Three protons were observed at a chemical shift

of 8.77 to 7.36 ppm, these three protons originate from H», H7, and Hio. Isopropyl was further confirmed by

the appearance of peaks at 0.92-0.94 ppm. A singlet peak of tert-butyl group appeared at 1.44 ppm.

Figure 5.4 "H NMR analysis of compound 139
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The linking between 137 and L-Boc Valine 138 was also confirmed by using electron ionization mass

spectrometry (ESI-MS). In (Figure 5.5), two peaks of Cip-linker (compound 139) were detected at a

molecular weight of [M+H]" 634.1 and [M+Na]" 656.1 which is consistent with the theoretical molecular

weight of compound 139, [C31H41FN4Og+H]" 633.29, or [C31H41FN4Oo+ Na]* 655.29.
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Figure 5.5 ESI-MS analysis of compound 139
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The structure of the final Cip-conjugate is confirmed by 'H NMR and '°F NMR. In (Figure 5.6) shows the
"H NMR analysis for the final conjugate 132, deprotection of #-Boc is confirmed by 'H NMR by following
the disappearance of 9H reseonance at & = 1.44 ppm. A peak at molecular weight [M+2H]" 534.1 was
observed in (Figure 5.8), which is consistent with the theoretical molecular weight of the desired product

132, [CoH33FN4O7+2H] " 534.23.
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Figure 5.6 'H NMR analysis of compound 132
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Figure 5.7 "F NMR of compound 132
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Figure 5.8 ESI-MS analysis of compound 132
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Next, we directed our attention to the synthesis of Cip-dendrimer prodrug by amide coupling with
hydrophilic mannose/ or fucose dendrimer (Scheme 5.2). The Cip-spacer contains carbamate and (acyloxy)
alkyl. Organic carbamates are structural elements of many approved therapeutic agents. Structurally, the
carbamate functionality is related to amide-ester hybrid features and, in general, displays very good
chemical and proteolytic stabilities. Carbamates are widely utilized as peptide bond surrogates in medicinal
chemistry. This is mainly due to their chemical stability and capability to permeate cell membranes. Another
unique feature of carbamates is their ability to modulate inter- and intramolecular interactions with target

enzymes or receptors, % 4!

In addition, the carbamate functionality participates in hydrogen bonding
through the carbonyl group and backbone -NH. Therefore, substitution on the O- and N-termini of carbamate
offers opportunities for modulation of biological properties and improvement in stability and

pharmacokinetic properties.
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Scheme 5.2 Schematic illustration showing the mannose/ or fucose targeted prodrug being binding to the
cell following internalized and drug release
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The ability to prepare Cip-dendrimer prodrug was next evaluated by conducting the amide coupling
conditions using PyBOP as a standard amide coupling reagent. *** 46?2 The dendrimer 85 was dissolved in
DMEF, to this mixture was added Cip-linker 132, PyBOP, and DIPEA. The mixture was stirred at room temp.
for 16 hr. The reaction mixture was then dialyzed using nanopure water at r.t using a dialysis membrane
(1000 KDa cutoff) and then freeze-dried to remove water. The "HNMR of the product shows a low degree

of drug conjugation (Figure 5.9).
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Figure 5.9 Drug-dendrimer conjugates (In progress)
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These results were obtained in the last months of my Ph.D. program, with time constraints that prevented

us from looking into the causes of these outcomes or using numerous drug conjugation techniques
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5.3.2 Strategy of dendrimer-drug conjugation

The important feature of our synthesis involves the early-stage introduction of the drug as explained in

(Scheme 5.3A). The second approach (Scheme 5.3B), is to attach the drug to the dendrimer backbone.

Scheme 5.3 Schematic approach of Cip-dendrimer conjugates
A) Early stage conjugates the drug to the dendron, followed by synthesis of dendrimer by click reaction
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B) Late stage dendrimer-drug conjugates by amide coupling
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5.4  Mechanism of action of dendrimer ciprofloxacin conjugate

Successful penetration into the bacterial cell envelope is a prerequisite for the activity of antibiotics having
intracellular targets. At physiological pH, fluoroquinolones are known to coexist in a zwitterionic and
overall uncharged form and a neutral form, with only the latter form passively diffusing through cell
membranes, such as the cytoplasmic membrane of Gram-negative and Gram-positives. * For Gram-
negatives, however, the outer membrane and its lipopolysaccharides (LPS) layer constitute a second barrier.
Penetration by fluoroquinolones of this barrier is suggested to be mediated by three mechanisms: (i) by a
hydrophilic pathway through porins, (ii) by a hydrophobic pathway through the lipid bilayer, and (iii) by a
“self-promoted” pathway involving displacement of divalent cations bridging adjacent LPS molecules. ***
Ciprofloxacin, uptake is mediated primarily by porins and by the self-promotion pathway. 46> 466 With
ciprofloxacin having a mass of 331 Da it is easy for this hydrophilic molecule can cross the water-filled

47 However, the larger size of our dendrimer

porins as they generally have an exclusion size of 600 Da.
conjugate (ex.108 kDa), suggests that these dendrimers are instead transported by either the “self-
promotion” pathway or by the hijacking of specific channels and high affinity lectins translocating larger

467

dendrimer. *°’ It will be of interest to examine further the mode of action of the dendrimer-ciprofloxacin

conjugate.
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CHAPTER 6
SYNTHESIS OF PEGYLATED CORES FOR THE DENDRIMER GROWTH

6.1 Introduction

As previously explained in Chapter 1, dendrimers are hyperbranched polymers with complex three-
dimensional architectures for which the mass, size, shape, and surface chemistry can be highly controlled.
Active functional groups present on the exterior of dendrimers enable the conjugation of biomolecular or
contrast agents to the surface while drugs can be loaded in the interior. Overall, polymeric nanoparticles
(NPs) are ideal candidates for drug delivery because they are biodegradable, water-soluble, biocompatible,
biomimetic, and stable during storage. Their surfaces can be easily modified for additional targeting
allowing them to deliver drugs to targeted tissues. *® However, disadvantages of polymeric NPs include an
increased risk of particle aggregation and toxicity. Only a small number of polymeric nanomedicines are

currently FDA-approved and used in the clinic. 4

6.2  Circulation stability and clearance

While in circulation, factors such as excretion, blood flow, coronas, and phagocytic cells can reduce NP
stability and delivery. The specific effects of each of these environmental factors are independent of the
physiochemical properties of the NPs platform, which has led to general design principles aimed to
manipulate these characteristics to achieve favorable outcomes. In size, for example, NPs with a diameter
less than 10 nm have generally been shown to be rapidly eliminated by the kidneys, whereas NPs larger
than 200 nm risk activating the complement system, if not otherwise engineered. *’° Furthermore, to avoid
rapid excretion based on surface properties, many NP formulations incorporate PEG as a stealth coating.
PEGylation improves the circulation time by altering the NP size and solubility while shielding the NP
surface from enzymes and antibodies that may induce degradation, secretion, and clearance, but this
physical barrier does not completely prevent recognition by macrophages or other cells of the immune

system.

Poly(organophosphazenes) have a number of attractive features for such biomedical uses, not the least of
which is the broad synthetic versatility and the wide range of chemical and physical properties that can be
built into specific macromolecules. *”' Hexachlorocyclotriphosphazene (N3P3Cle) is an old compound, first
synthesized in 1832 by Liebig, *’* and correctly analyzed by Gladstone and Holmes in 1864. *7* The first X-
ray diffraction structure of N3P;Cle was determined in 1960, 47* showing that N3P cycle is very nearly planar.

N3P;Clg is a very interesting precursor in various fields. *”° Its thermal ring opening leads to
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polyphosphazenes, whereas lots of publications describe its functionalization by nucleophilic substitutions
of the chlorides. 7% 477 The most fascinating property of N3PsClg is certainly the possibility to regio- and
stereochemically control the nucleophilic substitutions, to have one (or several) functions different from

others. 7

The ability of PEG to influence the pharmacokinetic properties of drugs and drug carriers is currently
utilized in a wide variety of established and emerging applications in pharmaceutics. The change in the
pharmacokinetics of administered drugs by being shielded by or bound to PEG results in prolonged blood
circulation times. This consequently increases the chance that the drug will reach its site of action before
being detected as a foreign substance and removed from the body. Therefore, the majority of conjugated
drugs as well as liposomal and micellar formulations on the market or in advanced clinical trials, are PEG-
containing products. “’% 47 PEGylated drugs, liposomes, and nanocarriers are characterized by reduced renal
filtration, and diminished enzymatic degradation. For this reason, PEGylated drugs show a prolonged half-
life in the body and thus, an enhanced bioavailability. As a result, it is possible to administer medications
less frequently and in smaller doses, which enhances the patient quality of life and lowers clinical expenses.
480 Furthermore, PEG shows high solubility in organic solvents, and therefore, end-group modifications are
relatively easy. PEG also has low inherent toxicity and is soluble in water, which renders the polymer ideally
suited for biological applications. When attached to hydrophobic drugs or carriers, the hydrophilicity of
PEG increases its solubility in aqueous media. It provides drugs with greater physical and thermal stability

as well as prevents or reduces aggregation of the drugs in vivo. 41482

6.3 Synthetic strategy

The retrosynthesis of the applied dendritic cores is described in (Scheme 6.1). In this present study, we
report a novel cyclotriphosphazene core grafted with an equimolar amount of TEG, with the aim to study
their chemistry and properties as new potential drug carriers. In order to synthesize our PEGylated
dendrimers, we prepared a bifunctional PEGs3 linker bearing an alkyne on one side with a heterofunctional

group on the other side.
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Scheme 6.1 General strategy of PEGylated core synthesis
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6.4  Cyclotriphosphazene core

Hexachlorocyclotriphosphazene (HCCP), is a six-membered ring system, with alternating phosphorus and
nitrogen repeating atoms. Since its synthesis for the first time by J. Liebig and F. Wo hler, *** and due to its
relatively easy and versatile functionalization via selective substitutions on the chlorides,
cyclotriphosphazene has received extensive attention. Over the last few years, cyclotriphosphazene has been
developed in several pharmacological domains. The use of dendrimers in general and the dendrimers based
HCCP core in particular represents a new strategy in nanomedicine. Majoral and Caminade are the pioneers
in the synthesis of simple and straightforward macromolecular chemistry and the development of

484

phosphorus dendrimers with HCCP core for instance, anticancer, anti-Alzheimers, and anti-

inflammatory. *%°
One of the characteristic features of cyclophosphazene chemistry is the chlorine atom replacement by a wide

variety of alkoxy, aryloxy, or amino residues to yield species such as [NP(OR)2]s or4, [NP(NHR)2]3 or 4, OF

[NP(NR2)2]5 or 4, (Scheme 6.2). “*° In all these reactions, partly organo-substituted derivatives, as well as
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fully substituted species, can usually be isolated. Moreover, two or more different organic substituents can

be attached to the same ring. %7 458

Scheme 6.2 Nucleophilic substitution on phosphazene core
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A number of dendrimers with cyclophosphazene as the core was synthesized and showed several interesting
biological activities. * *° Among various appending functionalities terminal alkyne-functionalized
phosphazene central core has drawn increased interest in the scientific field, since it allows a facile placing
of a variety of functional molecules via convenient click reaction without backbone degradation. **! Click
chemistry utilizing Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition between azide and terminal alkyne is
a highly reliable synthetic strategy because of its high selectivity, ease to perform, and broad functional

group and reaction condition tolerance. %4

With continuous interest in the development of novel clickable dendrimers and exploration of their
promising biomedical application, we designed propargylated PEGylated central core based phosphazene
ring. Therefore, we have synthesized - hydroxyl propargylated PEGs linkers which feature a facile
substitution on a phosphazene ring. The synthesis is easily and economically operational starting from
HCCP, TEG, and propargyl bromide, since these starting materials are widely used in industry and can be
supplied in large quantities and at low prices. *** This route aims to limit steric hindrance by using tri ethylene

glycol (PEG3) and also facilitate the construction of dendrimer layers.

6.5 Results and discussion
6.5.1 Synthesis and characterization of PEG3 linkers

Most commercially available PEG are monofunctional, containing only a single reactive hydroxyl group.
Therefore, there is a need to synthesize heterobifunctional PEG3 with highly reactive end groups, i.e., with
one terminal alkyne functionality, which would render them suitable for biocompatible azide-alkyne dipolar
cycloaddition reactions. In order to synthesize our PEGylated dendrimers, we prepared a bifunctional PEG3

linker bearing an alkyne on one side and a hydroxyl or a primary amine on the other side. **
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The bifunctional PEG3 spacers with an alkyne and hydroxyl group 152 were synthesized from tri (ethylene
glycol) (151, PEGs3) as shown in (Scheme 6.3). In order to synthesize mono propargyl TEG-OH, an
equimolar amount of sodium hydride and propargyl bromide was used, in our case, mono propargylated Tri
(ethylene glycol-OH) 152 were synthesized in 69% yield. A minor amount of di propargyl PEG3 153 was

also formed.

Scheme 6.3 Synthesis of PEG3 with terminal alkyne group
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The "H NMR spectra of PEGs; linker 152 exhibited a very characteristic triplet at & 2.4 ppm assigned to the
propargyl group, the remaining hydroxyl group on 152 was ready to react as a nucleophile to construct the

core phosphazene.

6.5.2  Synthesis of PEGs-triphosphazene dendrimer core

In general, halogen replacement reactions using (NPCl,); become more challenging with using TEG as a
nucleophile. In this thesis, the cyclotriphosphazene core with a direct substituted PEG3; linker represents the
first example of this class of phosphazene core. *° The synthetic route is shown in (Scheme 6.4), all the

synthetic reactions were monitored by *'P NMR spectroscopy.

Traditionally, the synthesis of an O-linked phosphazene requires the prior formation of an alkali metal salt
and the use of the precipitation of the metal chloride to drive the process to completion. However, during
the synthesis, the sodium salt PEG; 152 was insoluble, therefore, solution 154 was added to the insoluble
salt 152. During the addition, the salt became soluble, probably due to a facile reaction with the cyclic trimer.

Full halogen replacement was completed within 24 h at 70 °C.

This linker contains two functional groups, a terminal alkyne and a hydroxyl group, it is possible to employ
its hydroxyl group as a nucleophile under the basic conditions without affecting the terminal alkyne group.
As shown in (Scheme 6.4) monopropargyl TEG as deprotected by NaH in THF, and the resulting alkoxide

reacted with cyclotriphosphazene to give the final dendritic core 84.4%°
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Scheme 6.4 Synthesis of PEGs-phosphazene core 84
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In (Figure 6.1) shows the "H NMR for core 84. The 'H NMR exhibits a distinct triplet peak at 2.45 ppm

that is integrated for proton Hi. Another significant peak at 4.20 ppm that is equivalent to two protons Ho.

Two distinct peaks at 4.00- 3.61 ppm, multiple patterns for (-OCH,-CH»-O), (H3-Hs). The final product

showed a clean and sharp singlet peak of *'P NMR at 6 = 17 ppm, (Figure 6.2).

Figure 6.1 "H NMR analysis of PEGs-phosphazene conjugate 84
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Figure 6.2 3'P NMR analysis of PEG;-phosphazene conjugate 84
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The product also was confirmed by using electron ionization mass spectrometry (ESI-MS), a peak of TEG3-

alkyne core 84 was detected at a molecular weight [M+H]"1259.6 which matches the theoretical molecular

weight Of core 84 C42H66N3O18P3 [1\/I+H]+ 1258.51.

152



Figure 6.3 ESI-MS of PEG3-phosphazene conjugate 84
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6.5.3

Diverse approaches to heterobifunctionalized PEG; linker

Here, we have investigated versatile synthesis routes for the preparation of heterobifunctionalized PEGs;

linkers, (illustrated in Scheme 6.5). Moreover, alkyne-TEG-NH: 161 can be obtained via two distinct routes

starting from the same starting material. **® A schematic overview for the synthesis of heterobifunctionalized

PEG; linker is depicted in, (Scheme 6.5).
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Scheme 6.5 Retrosynthesis and diverse approaches for synthesizing of PEG; heterobifunctional linkers
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50 °C; e) PPhs, Et;0-5% aq. HCL, t, 68%; f) (Boc),0, DCM, 0 °C-1t, 52%; g) ®~ X, NaH, DMF, 0 °C- rt;
h) 20 % TFA, DCM, 0 °C-rt, 2 h.

The synthesis started with the reaction of tri (ethylene glycol) (151, PEG3) with p-toluenesulfonyl chloride
in presence of NaOH to afford mono PEGs;-tosylate 155 in 70%. In order to reduce the amount of di-
tosylated compound, we attempted to use a large excess of TEG. The following step is the substitution of
the tosylate with sodium azide in DMF at 70 °C. %’ Next, PEGs. azide linker 109 was converted to mono-
alkyne-PEG3; 157 by the reaction with 1.1 equivalent of propargyl bromide in the presence of sodium
hydride. Subsequent treatment of 157 with triphenylphosphine in THF-H,O afforded alkyne-PEGs;-amine
161 in a low yield, (Scheme 6.5, pathway A). Alternatively, we applied a different route for the synthesis
of linker 161. As shown in (Scheme 6.5, pathway B), by reduction of the azide group of 109 to an amine
via Staudinger reduction in a biphasic reaction medium (Et,0-5% aq. HCI) **® was found to produce 158 in
a more facile manner and the overall yield was also considerably higher. The amine group was then
protected as butyloxycarbonyl, followed by the reaction with propargyl bromide and sodium hydride to
obtain 160. Subsequent deprotection of Boc group in 20% TFA/DCM afforded PEGs; linker with hetero

functionality 161, the data was in match with the reported one. 33
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6.5.4 Benzene-1,3,5-tricarbodimide (BTA-PEG3;) dendritic core

The synthesis of Benzene-1,3,5-tricarbodimide (BTA-PEGs3) dendritic core 93 as shown in (Scheme 6.6).
Linker 161 was coupled to commercially available benzene-1,3,5-tricarboxylic acid 162, using N,N'-
Diisopropylcarbodiimide (DIC), 1-Hydroxybenzotriazole monohydrate (HOBY), tri ethylamine, in DMF as
a solvent. The reaction mixture allowed to stir at room temperature for 16 h. Following the reaction work-
up and purification, the desired alkyne scaffold 93 was obtained in a good yield. This core was characterized

by '"HNMR and *C NMR.

Scheme 6.6 Synthesis of Benzene-1,3,5-tricarbodimide (BTA-TEG3;) 93
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a) DIC, HOBt, Et;N, DMF, 16 h, 0 °C- rt, 16 h.
The proton NMR for core 93 (Figure 6.4) showed a singlet peak at 8.39 ppm which integrates three

aromatic protons. Other multiple significant peaks at 4.10- 3.53 ppm from TEG [O-CH2-CH2-O],. A
distinct peak at 2.83 ppm which integrated for -CH bond.
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Figure 6.4 'H NMR analysis of core 93
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BC NMR (Figure 6.5) showed a significant peak at 167.27 corresponds to amide carbonyl, confirming the

amide bond synthesis. Peaks at 135.21- 128.70 correspond to aromatic carbon atoms. Another peaks at

79.21 and 74.71 which corresponds to alkyne carbon atom.
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Figure 6.5 '*C NMR analysis of core 93
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CONCLUSIONS AND FUTURE PERSPECTIVE

Gram-negative bacteria have developed mechanisms to protect themselves against antibiotics. Two of the
major mechanisms that limit the activity of many antibiotics include efflux pumps and reduced uptake across
the outer membrane (OM) barrier. One major challenge is to design new molecules to rapidly penetrate
Gram-negative bacteria in order to achieve intracellular drug accumulation. The presented doctoral research
had the objective to design a new glycodendrimer-prodrug approach in targeting bacterial adhesion and its
application in the treatment of urinary tract infections and drug resistance. We apply the idea of dendrimers

that use multivalent effects to exhibit enhanced susceptibility to prevent bacterial adhesion to host cells.

We are particularly interested in the dendrimer-based drug platforms that can deliver therapeutic compounds
and combat bacterial resistance from both P. aeruginosa and E. coli, by carefully altering the surface
properties of dendrimers. First, we demonstrated that shielding the secondary amine (-NH) of Cip will
reduce the antibacterial resistance, therefore, can boost their ability to penetrate cell membranes. We
designed a dendrimer-prodrug conjugate system that can modulate drug interaction with the body

physiological environment and investigate the effectiveness of the suggested drug delivery system.
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Successful application of a novel synthetic approach towards sequence-controlled multi-functionalized
glycodendrimer was achieved by coupling sequence-defined monomers via thiol-ene click (TEC) and

CuAAC coupling as schematically shown below (Scheme 6.7).

Scheme 6.7 Schematic overview of the synthetic approach towards construction of glycodendrimers via a
combination of TEC and CuAAC reactions
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In the first part of the project, a detailed synthesis of monomers which represents different dendrimer
generation (G), were discussed. In the first part, 1-azidoethanol-2,3,4-tri-allyl-B-D-glucuronic ester was
synthesized from D-glucosepentaacetate. In this part, the first step is the synthesis of azidoethanol-B-D-
glucopyranoside, which was separated as a single B-isomer in a high yield. Silylation of a primary OH group
at C-6 position facilitates the allylation at positions O-2, O-3, and O-4. Finally, deprotection of O-TBDMS
followed by one-step oxidation/esterification at C-6 position, accomplished tert-butyl-f-D-glucuronic ester
in 74% yield. This new scaffold contains azide group (features click coupling), fert-butyl carboxylate group
(for subsequent drug coupling), and terminal alkene, the latter is the active moiety in radical photoinduced
thiol-ene reaction (TEC). The next part, we focused on the synthesis of lectin-targeted sugar. In this regard,
two different monomers thiol were synthesized from commercially starting material, including L-fucose,
and D-mannose, respectively. First, a productive approach has been developed for the synthesis of a-L-
fucose thiol that has a rigid triazole linker. In this approach, several steps were applied including
glycosylation, click, and hydroxyl group transformation to the xanthate functional group. For the following
step of thiol synthesis, the reaction was performed using n-butylamine. Since the reactive thiol end-groups
tend to oxidize and produce disulfides, therefore, several reaction parameters were evaluated. The first
parameter is the number of n-butylamine equivalents added to the reaction mixture. The optimal amount
was determined to be 1.3 equiv, reaching the highest yield. A second parameter studied was the duration
required to liberate free thiol group. It was determined two hours as the optimal, and the product outcome
was high yield (75%). The second example is a-D-mannose thiol synthesis. In this study, we be able to

optimize the reaction parameters to reach the optimal yields.

The second part of the project focused on the synthesis of generation three (G3), in this step two different
sequence glycomonomers produced from B-D-glucuronic ester, and a-L-fucose thiol or a-D-mannose thiol,
were coupled by TEC using 2,2-Dimethoxy-2-phenylacetophenone as a radical initiator, therofore forming
two different trithioglyco dendritic wedges (dendrons). Our main focus was devoted to the determination of
the optimal reaction conditions, which involved various reaction parameters in order to achieve the
maximum degree of coupling. To achieve the best reaction outcome, the monomers were combined in
different ratios which is crucial for high conversion in the step-growth pathway. During the optimization,
different reaction parameters were also varied to achieve high yield products. After choosing DMF as an
adequate solvent ensuring good solubility of monomers, as well as an additional reactant during the entire
course of the reaction, the first parameter that was optimized is the photoinitiator. It found that 2,2-
Dimethoxy-2-phenylacetophenone (DMPA), the most suitable initiator for photoinduced TEC, with
absorption maxima close to the emitted wavelength 365 nm. During the optimization, it was observed that
the equimolar amount of 0.6 equiv DMPA (0.2 per each double bond) provides the best result of TEC

reaction. The second parameter evaluated was the duration of UV irradiation. Studying determined 2-3 hours
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as the optimal yield. With the optimized conditions two different molecules were obtained, trithiomannoside
B-D-glucuronic ester, and trithiofucoside B-D-glucuronic ester carrying three a-D-mannoside or a-L-
fucoside moieties in their side chain, respectively. The next step is the final dendrimer construction using
the click reactions with dendrimer core. Unfortunately, the new synthesized molecules and the dendrimer
core did not interact, and no desirable products were obtained. Under photolytic conditions, it is discovered
that the azide group is unstable and vulnerable to reduction. Since the aforementioned synthesis was unable
to produce the necessary dendrimers, a novel synthetic approach was taken. The addition of the protective
group thus served to stop the azide group from being reduced. By conducting several experiments, it was
found that NH-Fmoc protection following by diazo transfer methodology was the alternative synthetic route.
Subsequently, thiol-ene reaction proceeded on NH-Fmoc-triallyl f-D-glucuronic ester. After optimization
of the reaction parameters, two different novel duilding blocks including NH-Fmoc trithiomannoside-§3-D-
glucuronic ester, 79% yield, and NH-Fmoc trithiofucoside-p-D-glucuronic ester, 66% yield, were achieved
when irradiating the reactants for a molar ratio of 6 :1 (Mannose thiol: alkene), or a molar ratio of 18 :1
(Fucose thiol: alkene), respectively under the presence of 50 mg photoinitiator DMPA using a total of 700
ul of a mixture of DMF and water in a ratio of (9:1). The increased ratio of applied fucose thiol could be
explained by the reactivity of the thiol end group, as during the TEC reaction condition, fucose thiol was
discovered to have a propensity to oxidize quickly in a short period of time, resulting in low conversion. As
a result, it was discovered during optimization that using 18 equiv gave the best product outcomes. The
timing for TEC was determined to be for 2.5 hours, even though in the case of mannose thiol almost no
further increase in conversion was observed after 2 h. In addition, the reaction without adding water was

tested, reaching a good yield, thereby showing there is no essential to add water to the reaction mixture.

The final NH-Fmoc trithiomannoside and /or trithiofucoside building blocks were subjected to a two-steps
procedure, first removing all protecting groups in a mixture of ammonia/ methanol and thereby liberating
the reactive amine group, followed by diazo transfer using 1H-imidazole-1-sulfonyl azide sulfate in a
catalytic CuSQOs. The novel molecules with free azide group were obtained in 83% and 74 % for
trimannoside, and trifucoside dendrons, respectively. These novel synthetic dendrons were clicked via
CuAAC to different dendritic cores. For this task, several diverse pathways were used to synthesize different
dendritic cores including PEGs-cyclotriphosphazene and benzene-1,3,5-tricarbodimide (BTA-PEG3) core
functionalized with terminal alkyne moieties. The first pathway was to create a flexible hexavalent core,
which started with the synthesis of PEGs linker. The reaction involved the addition of alkyne on one end of
the PEG;. Next, this linker is added to hexachlorocyclotriphosphazene (HCCP) to complete the synthesis of
PEGs;-cyclotriphosphazene hexavalentcore. The second pathway explored synthesis of trivalent dendritic

core. This pathway started with the synthesis of a heterobifunctional PEGs-linker. This linker carries one
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alkyne group on one end, and an amine group to the other end. Next step was the addition of this linker to
Benzene tricarboxylic acid (BTA) under amide coupling condition to obtain benzene-1,3,5-tricarbodimide

(BTA-PEG3) dendritic core.

After establishing the click coupling conditions, a series of four new glycodendrimers were synthesized,
with weight average molecular mass, Mw, between 11.246 kDa and 11.727 kDa, depending on the
molecular weight of the incorporated dendritic wedges (dendrons), (Scheme 6.8). The exact masses of one
presented dendrimer were slightly below the theoretical one, which could be reasoned to a degradation that
happened during the MALDI process. With a hexavalent and/ or trivalent dendrimer, each dendron is
incorporated 6 times and/ or 3 times in the final multiglycodednrimer, therefore obtaining glycodendrimers

with final averages Man and/ or Fuc valencies between 18-9.

Scheme 6.8 A schematic overview of the synthetic approach towards glycodendrimers construction. A) the
first set, assembled out of several glycomonomers using TEC, derived from B-D-glucuronic ester or B-D-
glucosamine carrying alkene moieties and other a-D-mannoside or a-L-fucoside bearing active thiol; B) the
second set, assembled out of the dendrons and a functionalized cores using CuAAC
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To study whether the introduction of rigid spacing affects the interactions towards the lectin, and subsequent
drug delivery, therefore, the second set of the glycodendrimer-PEGs rigid spacer was synthesized (Scheme
6.8). In this context, a multivalent novel building block based on multifunctional p-D-glucosamine, was
introduced. This novel building block was successfully synthesized starting from a fully protected tetra-O-
acetyl-2-deoxy-2-phthalimido-D-glucopyranose key intermediate. These routes involved multi-step
procedures which required the preparation and characterization of several key building blocks, equipped
with appropriate orthogonal functionalities. In the first step of this approach, PEGs linker terminated with
the azide group (PEG3;-N3), was installed at the anomeric position, using BF3.Et,O as the promoter. Next,
the product was subjected to two steps. First, deprotection of O-acetyl groups using NaOMe/MeOH which

was conducted under pH control, followed by the reaction with allyl bromide in the presence of a base, to
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introduce allyl moieties at O-3, O-4, and O-6. By conducting several experiments we found that 2.5 h in the
presence of base LIHMDS afforded the best reaction outcome. Deprotection of phthalimido group afforded
D-glucosamine bearing free amine (NH>) at position C-2, which was used to introduce an external linker
bearing terminal carboxylic group. As linker 4-methoxy-oxobutanoic acid was chosen to conjugate with the
amine group from D-glucosamine using N,N’-diisopropylcarbodiimide (DIC), and hydroxybenzotriazole
(HOBY). This new key building block B-D-glucosamine-(PEG3-N3) was subjected to Staudinger reduction
to afford free amine (PEG;-NH») which subsequently protected with (Boc)>O group. The next step was to
link a-D-mannose thiol to triallyl-B-D-glucosamine scaffold by using TEC coupling approach. A novel
trithiomannoside dendritic molecule obtained in 85% yield, that contains two different orthogonal protecting
groups, -NHBoc and -OAc, which were selectivity removed by applying two continuous procedures, first
removal of OAc in NaOMe/CH3OH, then removal of Boc by TFA/DCM, resulting in trithiomannoside -
D-glucosamine building block carrying hydroxyl and free amine groups, this product was pure enough and
subjected to the next step without any further purification. The resulting product coupled to 4-azidobutanoic
acid linker by using bulk phosphonium salt type coupling reagents, benzotriazol-1-yl-oxy-tris-(pyrrolidino)-
phosphonium hexafluorophosphate (PyBOP). For the step of the dendrimer synthesis, the dendritic wedge
coupled to dipentaerythritol core (carrying hexa alkyne functional group) using CuAAC, resulting in a first
set of a novel glycodendrimer carrying a total of 18 Man valency. The final process involves two steps of
deprotection, first removal of acetyl groups by NaOMe/CH3;OH, then the removal of methyl ester groups
using lithium hydroxide in a mixture of methanol and water, which is a continuing process. The resultant

free carboxylic group subsequently will be coupled to the antibiotic.

The third part of this project was focused to introduce a cleavable linker to the secondary amine of Cip.
(Acyloxy)methyl ester linker was chosen. Its free amine (-NH) functional group coupled onto the
carboxylic group of the dendrimer using the standard amide coupling reagent (PyBOP). We disclosed the
preliminary results involving the coupling of the Cip-linker to the dendrimer backbone using the standard
coupling reagent PyBOP. The final synthetic pathway towards the dendrimer-drug conjugates is shown in

(Scheme 6.9).
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Scheme 6.9 Dendrimer-drug conjugate
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Some parts of this research cannot be completely undertaken due to time constraints. Evidently, there is a
need to expand and build on the studies presented in this thesis especially as it relates to ciprofloxacin. We
have demonstrated an approach to enhance the delivery of this class of drug in resistant Gram-negative
bacteria, using glycodendrimer-based drug conjugate, and we envisage that the concept therein will be
useful in developing a strategy to address the problem of antimicrobial resistance with different antibiotics.
Based on the presented synthetic approach, new insights about the design and properties of glycodendrimer
will be further extended in future studies. Due to the ease of introducing different biological ligands in the
dendrons sequence during CuAAC in addition to the great tolerance of TEC procedure, the approach has
great potential for a broad range of applications. Besides the application of the synthetic procedures, further
research will be done on the impact of molecular weight and inter ligand spacing on multivalent binding

processes during lectin interaction.

PERSPECTIVE

The concept of dendrimers and dendritic wedges (dendrons) containing internal functionality is an attractive

area of research. Within this concept the design of dendritic core and wedges is still ongoing research.

Some plausible pathways towards expanding this project may include, but are not limited to:

6.6  Synthesis of dendrimer-Cip conjugate

Cip is a clinically used antibiotic against a wide range of Gram-negative bacteria. However, bacteria often
express multiple resistance pathways that work in tandem to prevent the actions of antibiotics. In chapter
1, we demonstrate that Cip suffers from an efflux pump, wherein an outer membrane permeability may
enhance intracellular uptake and reduce antibiotic resistance. To increase the drug metabolic stability, it is

possible that the drug can be ligated to the dendrimer using stable amide linker, with the hope that the
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targeted dendrimer-drug conjugate will anchor Cip across the porin of Gram-negative bacteria into the

plasma where it will enzymatically be released.

Scheme 6.10 The dendrimer drug conjugates; (A) Fuc-based dendrimer coupling with Cip, (B) Man-based
dendrimer- coupling with Cip, (C) D-glucosamine dendrimer Cip coupling
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6.7  Sulfamethoxazole-dendrimer drug conjugate

Sulfamethoxazole (SMZ) and trimethoprim combination are used to treat infections including urinary tract
infections. SMZ, a sulfonamide with known anti-bacterial properties, is not freely soluble in water and
causes problems in its clinical application. Recently, urea derivatives obtained from SMZ have been
proposed as potential antimicrobial agents. Importantly, we choose SMZ as a second antibiotic for the
present study as a drug-dendrimer conjugates with the hope to reduce the number of the drug combination

and possible pharmacokinetics interactions that may associate therein, (Scheme 6.10).
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Scheme 6.11 Sulfamethoxazole-dendrimer drug conjugate
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6.8 Biology

- Conjugation of antibiotic on glycodendrimer may have different mechanism for interaction with bacteria

that requires further investigation in the future.

- To elucidate the fundamental mechanism of drug potency when localized on the dendrimer, the binding
affinity of the Cip and Cip-dendrimer conjugate using a ligand displacement assay to assess what

concentration of ligand is required to aborogat antibacterial activity.

- Dynamic light scattering (DLS) will be used to monitor the evolution of the hydrodynamic volume for the

drug loading.
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APPENDIX A

SUPPORTING INFORMATION

1. Solvents and reagents

Unless otherwise noted, all reactions were performed under an inert nitrogen atmosphere. All work-up and
purification procedures were carried out with reagent-grade solvents under an ambient atmosphere.
Reagents were purchased from commercial suppliers and were used without further purification. THF,
DMF, CH,Cl,, were purified by passing through a solvent purification system and dried over activated
Molecular Sieves, 4 A pellets, prior to use. Amberlite IR120 H* form was washed with MeOH before using
it for neutralization. Thin layer chromatography (TLC) was performed on Merck TLC plates (0.25 mm) pre-
coated with silica gel 60 F254 and visualized by UV quenching and staining with ninhydrin, KMnO4 and
10% H>SO4 in MeOH or by heating with orcinol.

2. Characterizations

NMR spectra were recorded on Bruker DPX-300 instruments and were calibrated using residual deuterated
solvent as an internal reference (CDCls: 7.26 ppm '"H NMR, 77.2 ppm *C NMR; MeOH-d4: 3.31 ppm 'H
NMR, 29.8 ppm "*C NMR; acetone-d6: 2.05 ppm 'H NMR, 29.8 ppm "*C NMR; DMSO-d6: 2.50 ppm 'H
NMR, 39.5 ppm *C NMR. Chemical shifts (8) are given in ppm relative to residual solvent peaks. Data for
"H NMR are reported as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad), dd
(doublet of doublet), dt (doublet of triplet). Spectrometer FT-IR instrument is reported in reciprocal
centimeters (cm™). Elctron ionization Mass experiments were performed in LCMS. High-resolution mass
spectroscopy (HRMS) analysis was performed using an ESI-QTOF spectrometer (UQAM) and Applied
Biosystems MALDI TOF/TOF instrument (Research Institute of the McGill University Health Center).

Experimental, detailed synthetic procedures, and compounds characterization, are given within the

supplementary materials.
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Experimental part chapter 2

2-Azidoethyl 2,3,4,6-tetra-O-acetyl-p-D-glucopyranoside (33)
OAc

(0}
AcO
A;&/C’\/\M

OAc

Step 1: 2-Chlorooethyl 2,3,4,6-tetra-O-acetyl-pf-D-glucopyranoside

OAc

Q
AcO
A;&/ O\/\C|

OAc

Experimental: A mixture of 1,2,3,4,6-penta-O-acetyl-B-D-gulcopyranose (652 mg, 1.67 mmol) and
chloroethanol (220 pL, 3.23 mmol) in anhydrous CH,Cl» (10 mL), containing 4 A molecular sieves (powder,
900 mg) was stirred for 30 min. under nitrogen atmosphere, the mixture was then cooled to -40 °C, to this
mixture BF3.Et,O (250uL, 3.34 mmol) was added slowly. The reaction was allowed to stir for 10 h at which
the temperature reached 10 °C. The mixture extracted with DCM, and the combined organic phases were
washed with saturated aq. NaHCOs3, water, and brine. The organic phase was dried over anhydrous Na,SOs,
the solvent was then evaporated under reduced pressure. The crude product was purified by flash column
chromatography (Hexane/EtOAc 6:4 %) giving pure compound (480 mg, 70%), (R = 0.226). 'H and *C
NMR were consistent with reported data.'H NMR (300 MHz, CDCl5): 6 5.22 (q,J=9.55 Hz, 1H, H-3), 5.09
(t,J=7.43 Hz, 1H, H-4), 4.93 (dd, J= 7.44 and 15.48Hz, 1H, H-2), 4.60 (d, J = 7.91Hz, 1H, H-1), 4.26(dd,
Joa5=4.24, Jsss= 12.3 Hz, 1H, H-6,), 4.15 (dd, Js»5 = 3.25, Jsasv= 12.3 Hz, 1H, H-6y), 4.13- 4.06 (m, 1H,
OCH), 3.80- 3.73( m, 1H, OCH), 3.71 (q, J56. = 24.7 Hz, J5sa= 4.7 Hz, Js54~ 9.9,1H, H-5), 3.62 (m, 2H,
CH-C1), 2.09 (s, 3H, OAc), 2.06 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.01 (s, 3H, OAc) *C NMR (300 MHz,
CDCl) 6 170.7, 170.4, 169.5, 169.5, 101.2, 72.7, 72.0, 71.1, 70.0, 68.4, 61.9, 42.6, 20.8, 20.8, 20.7, 20.7.

306

Step 2:

Experimental: To a solution of the product from the previous step (480 mg, 1.17 mmol) in DMF, added
tetra-n-Butyl ammonium iodide (n-BusNI) (43 mg, 0.117 mmol), and sodium azide (380 mg, 5.85 mmol),
the reaction mixture was heated at 80 °C for 16 h. The mixture was partitioned between ethyl acetate and
water, then the organic phase dried over anhyd. Na;SOs, concentrated to give the product as a white

precipitate. The data was obtained in accordance with the reported literature. *°° 'H NMR (300 MHz,
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CDCls): 8 5.21 (q, J=9.55 Hz, 1H, H-3), 5.09 (t, J= 7.43 Hz, 1H, H-4), 5.02 (dd, J= 7.44 and 15.48Hz, 1H,
H-2), 4.59 (d, J=7.91Hz, 1H, H-1), 4.25 (dd, Jsa 5= 4.24, Jsas= 12.3 Hz, 1H, H-6,), 4.16 (dd, Jss = 3.25,
Jsasi= 12.3 Hz, 1H, H-6p), 4.03- 4.01 (m, 1H, OCH), 3.78- 3.60 ( m, 2H, OCH and H5), 3.54- 3.38 (m, 1H,
CH,N3), 3.33- 3.21(m, 1H, CH,N3), 2.08 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02 (s, 3H, OAc), 2.00 (s, 3H,
OAc); *C NMR (300 MHz, CDCl3) § 170.7, 170.3, 169.5, 169.4, 100.8, 72.9, 72.0, 71.0, 70.0, 68.6, 68.4,
61.9, 50.6, 20.8, 20.8, 20.7, 20.7.

2-Azidoethyl-B-D-glucopyranoside (34) ¥

Experimental: B-D-glucoopyranoside derivative 33 (480 mg, 1.15 mmol) was dissolved in MeOH (10 mL)
under a nitrogen atmosphere. Then sodium methoxide (74 mg, 1.4 mmol) in methanol was added with the
syringe, and the reaction mixture was stirred at rt for 4 h after which TLC indicated full conversion. The
reaction was neutralized by the addition of Amberlite IR120 H" form until the pH reached ~6 (checked
using pH paper). The Amberlite was then filtered off, and the solvent was removed in vacuo to afford a pure
product 34 as yellow oil residue (286 mg) which was used in the next step without any further purification.

The data was obtained in accordance with the reported literature.

2-Azidoethyl-(6-O-tert-butyl-dimethylsilyl) -D-glucopyranoside (35)

OTBDMS

(0]
HO
H&O\/\M

OH

Experimental: A solution of the compound 34 (6g, 24.1 mmol) in dry DMF (20 mL) was cooled at 0 °C,
to this solution was added imidazole (2g, 29.4 mmol) and TBDMSCI (4g, 26.7 mmol). The reaction mixture
was allowed stirring at 0 °C for 7 h. The solvents were evaporated under reduced pressure with co-solvent
toluene, such azeotropic drying with toluene was repeated several times to remove traces of DMF. The crude
product was purified by column chromatography using (CH»>Cl,/ MeOH, 99:5%) as eluent to afford
compound 35 (5 g, 13.77 mmol, 57%) as colourless oil; R¢ (0.176). 'H NMR (300 MHz, CD;0D): § 4.91-
4.53 (brs, 3H), 4.26 (d, 1H, J = 7.7 Hz, H)), 3.99- 3.87 (m, 2H, CH>), 3.79- 3.66 (m, 2H, CH>, Heap), 3.47-
3.37 (m, 2H, CHy), 3.31- 3.20 (m, 2H, H>,H3,Ha4), 3.20- 3.13 (m, 1H, Hs), (s, 9H, 3xCHj3), 0.06 (d, 6H, J=
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1.3 Hz, 2xCHj3). *C NMR (300 MHz, CD;0D) 8 103.0, 76.7, 76.6, 73.6, 69.9, 68.1, 62.7, 50.6, 25.2, 17.9.
ESI-HRMS: m/z calcd for C14H20N306 Si [M+Na] "386.1718, found 386.1709.

Figure Al. '"H NMR analysis of 35 (300 MHz, CD;OD)
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Figure A2. *C NMR analysis of 35 (300 MHz, CD;0OD)
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Figure A3. COSY analysis of 35 (300 MHz, CD;0D)
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Figure A4. HSQC analysis of 35 (300 MHz, CD;OD)
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Compound 36

OTBDMS

\/\o o)
o) O\/\N3
7~ /JO
/

Experimental: To a solution of 35 (4 g, 11.02 mmol) in DMF (40 mL) at 0 °C, was added sodium hydride
(60%, 1.9 g, 49.59 mmol), after stirring at 0 °C for 15 min. allyl bromide (6 mL, 66.12 mmol) was added.
The reaction mixture was stirred at rt for extra 2.30 h. After, the reaction mixture was quenched by the
addition of saturated aqueous NH4Cl, then diluted with ethyl acetate and the organic layer was washed with
water, brine, and dried over anhyd. Na,SO4. The organic layer is concentrated under reduced pressure. The
crude residue was purified by column chromatography (Hexane/ EtOAc, 95:5%) to give pure product 36 as
pale-yellow oil, yield (3 g, 57%). 'H NMR (300 MHz, CDCl;) § 6.12- 5.74 (m, 3-H), 5.28- 5.00 (m, 6H),
4.40- 4.17 (m, 6H), 4.4- 4.14 (m, 6H, H,), 3.99 (ddd,1H, J=10.5, 5.6, 4.0 Hz, OCH>), 3.87 — 3.73 (m, 2H,
Heap), 3.67 (ddd, 1H, J = 10.8, 6.8, 4.2 Hz, OCH>), 3.49 — 3.39 (m, 2H, NCH>), 3.41- 3.28 (m, 2H, CH>),
3.22 — 3.12 (m, 2H, Hs, Hs), 3.20- 3.16 (m, 2H, H>, Hs) 0.89 (s, 9H, 3x CH3), 0.05 (s, 6H, 2x CH3). 1*C
NMR (300 MHz, CDCl3) 6 116.7, 103.2, 84.1, 81.6, 74.4, 73.6, 73.6, 67.9, 62.1, 50.9, 25.8, 18.3, -5.1, -5.4.
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Figure A5. '"H NMR analysis of 36 (300 MHz, CDCl;)
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Figure A6. *C NMR analysis of 36 (300 MHz, CDCls)
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Figure A7. COSY analysis of 36 (300 MHz, CDCl3)
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Figure A8. HSQC analysis of 36 (300 MHz, CDCI5)
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Figure A9. DEPT analysis of 36 (300 MHz, CDCl5)
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Compound (37)
OH
\/\0/&/
0 (ONGFaN
7~ 0
/_/

Experimental: TBAF (1M buffered with 20 mol % in THF, 13 mL, 3.266 mmol) was added at 0 °C to a
stirring solution of 36 (2g, 1.306 mmol) in dry THF (15 mL) under a nitrogen atmosphere. The resulting
solution was stirred at rt for 10 h. When all the starting material was consumed as evident by TLC, the
mixture was concentrated under reduced pressure. The crude residue was purified via flash column
chromatography (EtOAc /Hexane, 40:60 %) to provide the desired product 37 as colorless oily residue (1.3
g, 87% yield). R= 0.304. 'H NMR (300 MHz, CDCl;) 8 6.11 — 5.69 (m, 3H), 5.40 — 5.00 (m, 6H, H,), 4.05
—3.92 (m, 1H, Hiz.), 3.82 (ddd, 1H, J = 8.3, 6.9, 2.6 Hz, He.), 3.73 (dd, 1H, J = 4.5, 1.5 Hz, He), 3.69
(dd,1H, J=5.8, 4.8 Hz, Hi3), 3.46 — 3.39 (m, 2H, H3,H4), 3.35 (dd, 2H, J=12.6, 4.8 Hz,Hi4), 3.30 — 3.22
(m, 1H, H>), 3.18 (dd, 1H, J = 16.8, 7.9 Hz, Hs), 2.09 (brs, 1H, OH)."*C NMR (300 MHz, CDCl3) 6 117.3,
117.04, 116.7, 103.5, 81.5, 75.0, 74.4, 73.8, 73.7, 68.4, 61.9, 50.9.

Figure A10. '"H NMR analysis of 37 (300 MHz, CDCls)
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Figure A11. *C NMR analysis of 37 (300 MHz, CDCls)
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Figure A12. COSY analysis of 37 (300 MHz, CDCls)
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Figure A13. HSQC analysis of 37 (300 MHz, CDCls)
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Figure A14. HMBC analysis of 37 (300 MHz, CDCl5)
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Figure A15. DEPT analysis of 37 (300 MHz, CDCls)

23
22 OH
200 4 d 12
211 Oo 101\3>)i"‘2‘4g 26
15 s
18%1/6 s Y

LMS-VII-107(01-08)

Clp- Ci7- C

CII'CIE'CZZ

-—103.43

G

2ERI5E5ER 8
SaRhREIQDZ 3
SESSAT
CrC-Certs

MJM

Cs G Cus

Co-CisCao

51.06

T T T T T

T T
170 160 150 140 130 120 110

100 90 80 70 60
f1 (ppm)

186

40

30

20

10



Compound 38

CO,'B
\/\O 2 OU
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/\/ o) NN\
7 N3

r

Experimental: To a solution of compound 37 (339 mg, 0.920 mmol) in dichloromethane (5.5 mL) were
added acetic anhydride (0.9 mL, 9.2 mmol), tert-butyl alcohol (1.8 mL, 18.4 mmol) and pyridinium
dichromate (0.69 g, 1.84 mmol), and the mixture was stirred for 6 h at ambient temperature. The mixture
was then passed through a layer of silica gel (3x 5 cm) using ethyl acetate as eluent to remove the main part
of chromium salts. The collected organic filtrate was washed with H,O, brine, dried over anyd. Na,SOs. The
collected organic phase was concentrated under reduced pressure, and the residue was purified by column
chromatography (Hexane/ Ethyl acetate 9:1) to give the product 38 as white crystals (300 mg, 74 %), R¢=
0.230.'H NMR (300 MHz, CDCls) 8 6.03 — 5.78 (m, 3H, 3xCH>,=CH-), 5.33 — 5.11 (m, 6H, 3xCH,=CH-),
4.44 — 425 (m, 5H, H1, 2xCH>=CH-CH>-), 4.23 — 4.15 (m, 1H, Hs), 4.10 — 3.98 (m, 1H, (O-CH»)H3~),
3.78 — 3.62 (m, 3H, (O-CH2)H,3-, CH,=CH-CH>-), 3.55 (dd, J=9.7, 8.7 Hz, 1H, H4), 3.54 — 3.33 (m, 3H,
Hs, N-CH>), 3.25 (dd, J=9.1, 7.6 Hz, 1H, Hy), 1.50 (s, 9H)."*C-NMR (CDCl;, 300 MHz), § 167.6, 135.0,
134.8,134.5,117.1, 116.9, 116.8, 103.6, 83.3, 82.2, 81.1, 78.9, 75.3, 74.4, 73.8, 73.7, 68.3, 50.9, 27.9. ESI-
HRMS: m/z caled for C21H33N307 [M+NH4] ©457.2687, found 457.2670.

187



Figure A16. 'HNMR analysis of 38 (600 MHz, CDCl5)
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Figure A17. *C NMR analysis of 38 (600 MHz, CDCls)
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Figure A18. HMBC analysis of 38 (600 MHz, CDCls)
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Figure A19. COSY analysis of 38 (600 MHz, CDCls)
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Figure A20. HSQC analysis of 38 (300 MHz, CDCl;)
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Figure A21. DEPT analysis of 38 (600 MHz, CDCl;)

LM5-021(31-07)

T - = - n
Ian el 5 monTomoa @ o - =
G IZE 2 DEEEIoDE E o = =
SN - N 2
Cas- Cor Gy
G G- GGs
C
I
Ci-Ci7-Ca1 ‘ | I
|
|
| " |
! v ’ ! o T
L |
C11-CiaCaz Ci3
Cis~ Caofi G Cys
T T T T T T T T T T T T T T T T T T T T T T T T T T T
150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10
f1 (ppm)

193



Experimental part chapter 3

1,2,3,4-Tetra-0O-acetyl- o/p - L-fucopyranose 57

OAc
WOAC
AcO OAc
Experimental: L-fucose 56 (5.00 g, 15.06 mmol) was dissolved in pyridine (200 mL), the mixture was
cooled at 0 °C, in which acetic anhydride (40 mL) was added in a small portion, and the reaction mixture
was stirred and gradually warmed to room temperature. The reaction remained stirring at room temp.
overnight. After completion of the reaction, the solvent was evaporated under reduced pressure, then diluted
with dichloromethane and washed with sat. NaHCOs, brine and dried over anhydrous sodium sulfate, the
filtrate concentrated under reduced pressure, the crude product was obtained as o/f mixture in 75% yield.

All data of this compound is in accordance with literature data. 33

2-propargy 2,3,4-tri-O-acetyl-a-L-fucopyranoside 58

O/\\\

Q/oAc

AcO OAc

Experimental: L-fucosetetracetate 57 (200 mg, 0.602 mmol) dissolved in DCM (2 mL), after which
propargyl alcohol (70 pL, 1.204 mmol) was added. The mixture was then stirred at 0 °C and BF3.OEt; (0.9
mL, 3.00 mmol) was added slowly over 15 min. the reaction mixture was stirred for 12 h, and then diluted
with DCM and washed with aq. saturated NaHCOs3 and brine. The organic phase was dried over anhydrous
Na,SOy4, and the solvent was removed under reduced pressure. The crude product was separated by flash
column chromatography (Hexane/EtOAc 8:2) to afford pure product 58 (140 mg, 73%). 'H NMR (300
MHz, CDCl3): é (ppm) 5.31 (dd, 1H, J = 10.8, 3.3 Hz, H3), 5.26 (dd, 1H, J=3.4, 1.1 Hz, Hs), 5.21 (d, 1H,
J=3.7Hz, H)), 5.11 (dd, 1H, J=10.8, 3.8 Hz, H>»), 4.21 (d,2H, J = 4.0 Hz, Ho ), 2.49 (t,1H, J=2.5 H, Hy),
2.12 (s, 3H, COCH3), 2.04 (s, 3H, COCH3), 1.94 (s, 3H, COCH3), 1.10 (d, 3H, J = 6.6 Hz, CH;)."*C NMR
(300 MHz, CDCl3) & (ppm) 170.5, 170.3, 169.9, 95.0, 78.5, 74.8, 71.0, 67.8, 67.8, 65.0, 55.2, 20.7, 20.6,
20.6, 15.7. ESI-MS (m/z) caled for CsH200s [M+Na]* 351.6, found 351.5.
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Figure A22. '"H NMR analysis of compound 58 (300 MHz, CDCl5)
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Figure A23. *C NMR analysis of compound 58 (300MHz, CDCls)
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2-Azido ethanol, was synthesized following ref. 3

NaN;, TBAB

Ho >N
110 °C

Compound 60

o/\(\N/\/OH
N:N

WOAC
OA

AcO /¢

Experimental: a-L-fucopyranoside 58 (260 mg, 0.794 mmol) and 2-azidoethanol (120 pL, 0.589 mmol)
were combined in a vial equipped with a magnetic stir bar and dissolved in THF/ H,O (4:1), To this solution
was added while stirring at rt, a freshly prepared aqueous solution of sodium ascorbate (52 mg, 0.262 mmol),
and copper (II) sulfate pentahydrate (20 mg, 0.131 mmol). The reaction mixture was allowed to stir at room

temperature for 12 h. After completion of the reaction, ethyl acetate was added and quenched with EDTA
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to remove excess of copper, then the organic phase was washed with water, brine, dried over anhyd. Na,SOs,
and concentrated. The crude product was separated by flash chromatography (DCM/MeOH 98:2%) giving
pure product 60 (280 mg, 85%)."H NMR (300 MHz, CDCls) & (ppm) 7.65 (s, 1H, Triazole), 5.32 (dd,1H,
J=3.3,10.8 Hz, H3), 5.27 (dd,1H, J= 1.7, H4) , 5.16 (d, 1H, J= 3.7 Hz, H)), 4.92 (dd,1H, J=10.8, 3.8 Hz,
H,), 4.80(d, 1H, J= 12.6 Hz, OCH»), 4.68 (d,1H, J = 12.5 Hz, OCH), 4.52 (d,2H, J = 12.6 Hz, NCH>),
4.20( q, 1H, J= 6.4 Hz, Hs), 4.01 (dd, 1H, J=5.2, 10.4 Hz, CH,OH), 2.04 (s, 3H, CH3-Acetyl), 1.89 (s, 3H,
CH;-Acetyl), 1.85 (s, 3H, CHs-Acetyl), 1.02 (dd, 3H, J = 6.4, 3.8 Hz, CH3). *C NMR (300 MHz, CDCls) §
170.7, 170.6, 170.1, 143.3, 124.3, 95.0, 71.0, 68.2, 67.8, 64.6, 61.1, 60.8, 60.7, 53.3, 52.7, 20.6, 20.5, 20.5,
15.7. ESI-HRMS: m/z calcd for C17H25N309 [M+ H] * 416.1664, found 416.1651.

Figure A24. '"H NMR analysis of compound 60 (300MHz, CDCl;)
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Figure A25. *C NMR analysis of compound 60 (300 MHz, CDCl5)
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Figure A26. HSQC analysis of compound 60 (300 MHz, CDCl;)
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Figure A27. DEPT analysis of compound 60 (300 MHz, CDCl;)
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The thiol segment was accessed via three steps:

N
OAc

=N/ > N:N/
O N _ WOAC
AcO OAc

AcO OAc

Step 1: Compound 61

O
1
O
0 N=N ©
OAc

AcO OAc

Experimental: To a solution of 60 (2 g, 4.819 mmol) in CH,Cl, (50 mL), was added triethylamine (1.5 mL,
10.78 mmol), the mixture cooled at 0°C, a solution of p-TSCI (1.5 g, 7.8 mmol) in 10 mL CH,Cl, was added
slowly, then the reaction allowed to stir at room temperature for 10 h. The organic phase was washed with
saturated NaCl and dried over anhyd. Na,SOs, filtered, and concentrated in vacuo. The crude product was
purified on column chromatography (DCM/MeOH 99:1%) to give the primary tosylate ether 61 (2.5 g, 95%)
as a colorless viscous oil. "H NMR (300 MHz, CDCl3) 6 7.77- 7.65 (m, 2H, Ar), 7.62 (s, 1H, triazole), 7.33
(d, 2H, J= 8.0 Hz, Ar), 5.35(dd, 1H, J=10.3, 3.4 Hz, H-3), 5.29 (dd,1H, J=3.3, 1.2 Hz, H-4), 5.17 (t, 1H,
J=2.8Hz, H-1),5.13 (t, 1H, J=5.2 Hz, H-2), 4.81 (d, 1H, J=12.4 Hz, -OCH,) , 4.64 (dd, 2H, J=5.7, 4.5
Hz, -OCH»-tosylate), 4.61(1H, -OCH>), 4.44- 4.33 (m, 2H, -NCH>), 4.20 (q, 1H, J = 6.2 Hz, H-5), 2.44 (s,
3H, CHs-Acetyl), 2.16 (s, 3H, CH3s-Acetyl), 2.05 (s, 3H, CH3z-Acetyl), 1.97 (s, 3H), 1.14 (dd, J=12.6, 6.8
Hz, 3H). C NMR (300 MHz, CDCl;) & 170.6, 170.4, 170.0, 145.6, 144.2, 131.9, 130.1, 123.8,95.7, 71.1,
67.9, 67.9, 67.6, 64.7, 61.1, 49.1, 21.6, 20.8, 20.7, 20.6, 15.8. ESI-HRMS: m/z calcd for Co4H3N301;S
[M+H] " 570.1752, found 570.1739.

201



Figure A28. 'H NMR analysis of compound 61 (300 MHz, CDCl5)
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Figure A29. *C NMR analysis of compound 61 (300MHz, CDCls)
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Figure A30. COSY analysis of compound 61 (300 MHz, CDCl;)
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Figure A31. HSQC analysis of compound 61 (300 MHz, CDCl;)
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Figure A32. DEPT analysis of compound 61 (300 MHz, CDCl;)

LM S-VII-117(16-10)

—12994
12770
—12374
——100.02
—95.69

dept135 CDCI3 {C:\Bruker\TOPSPIN} Roy 61

T T T T T T T T T T T T T
200 180 180 170 160 150 140 130 120 110 100 1] 70 60 50 40 30 20 10 1] -1 -200 -30

80
f1 (ppm)

206



Figure A33. DEPTq analysis of compound 61 (300 MHz, CDCl5)
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Figure A34. HRMS analysis of compound 61
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Step 2: Compound 62

Experimental: To a solution of compound 61 (150 mg, 0.263 mmol) in dry acetone (3 mL) was added
potassium ethyl xanthate (63 mg, 0.395 mmol). The mixture was stirred at rt for 12 h. The solution was
filtered from inorganic material over celite® and the filtrate and acetone were evaporated. The mixture was
redissolved in DCM and washed with H>O. The combined organic layers were collected, dried over anhyd.
Na;SO; and concentrated under reduced pressure. The residue was purified by flash column
chromatography (DCM/MeOH 99:1%) to afford 62 (120 mg, 85%) as a colorless viscous oil."H NMR (300
MHz, CDCl;) 8 7.60 (s, 1H), 5.31 (dd, 1H, J= 8.8, 4.8 Hz, H3), 5.26 (d, 1H, J=3.2 Hz, H4), 5.15 (d, 1H, J
=3.5Hz, H1),5.10 (dd, 1H, J=10.7, 3.6 Hz, H»), 4.80 (d, 2H, J=12.4 Hz, -OCHz>), 4.68 (m, 2H, J=43.4,
8.2 Hz, -OCH,- Xanthate), 4.64 (m, 2H, J = 5.7 Hz, -NCH,), 4.63- 4.58 (m, 2H, -SCH>), 4.18 (q, 1H, J =
6.4 Hz, Hs), 3.60 (t, 2H, J = 6.7 Hz, -SCH>-Xanthate), 2.12 (s, 3H, CHs-Acetyl), 2.02 (s, 3H, CHs-Acetyl),
1.94 (s, 3H, CHs-Acetyl), 1.41 (td, 3H, J = 7.1, 0.9 Hz, CH3), 1.11 (d, 3H, J = 6.5 Hz, CH3)."*C NMR (300
MHz, CDCls) 6 213.1, 170.5, 170.3, 169.9, 144.0, 123.2,95.6, 71.1, 70.8, 68.0, 67.9, 64.7, 61.2, 48.6, 35.3,
20.8, 20.6, 20.6, 15.8, 13.7. ESI-HRMS: m/z calcd for C20H20N309S, [M+ H]* 520.1418, found 520.1407.
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Figure A35. '"H NMR analysis of compound 62 (300 MHz, CDCl5)
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Figure A36. *C NMR analysis of compound 62 (300 MHz, CDCl5)
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Figure A37. COSY analysis of compound 62 (300 MHz, CDCls)
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Figure A38. HSQC analysis of compound 62 (300 MHz, CDCls)
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Figure A39. DEPT analysis of compound 62 (300 MHz, CDCls)
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Figure A40. HRMS analysis of compound 62

MS Zoomed Spectrum

10 5 [Cpd 1: C20 H29 N3 09 52 + Scan (0.1-0.2 min, 6 scans) Roy_Sallam 211217 LMS-VIIl-126.d Su..
520.1407
251 e
2,
1.5
1 4
051 1061.2578
0 L1 (2M+Na)+

500 550 600 650 700 750 8O0 850 900 950 1000 1050
Counts vs. Mass-to-Charge (m/z)

MS Spectrum Peak List

m/z Calcm/z Diff(ppm) z [Abund [Formula Ton
520.1407 520.1418 -2.16 267523|C20 H30 N3 09 52 (M+H)+
520.432 9250
521.1436 521.1447 -2.12 57158|C20 H30 N3 09 52 (M+H)+
522.1399 522.1409 -1.92 28460]C20 H30 N3 09 S2 (M+H)+
523.1417 523.1427 -1.95 5345|C20 H30 N3 09 S2 (M+H)+
542.1223 542.1237 -2.721 1 11879]C20 H29 N3 Na 09 S2 (M+Na)+
543.126 543.1266 -1.1] 1 2931|C20 H29 N3 Na 09 S2 (M+Na)+
558.0963 558.0977 -2.45) 1 6802|C20 H29 K N3 09 52 (M+K)+
559.1007 559.1006 0.23( 1 1703]C20 H29 K N3 09 52 (M+K)+
1061.2578 1061.2583 -0.41) 1 510|C40 H58 N6 Na 018 S4 (2M+Na)+
--- End Of Report -—

Step 3: a-L-fucose thiol 63
O/Y\N/\/SH
N:Nl

WOAC
OAc

AcO
Experimental: THF Solvent was degassed prior to use by bubbling nitrogen through the solutions for 30

min. The exclusion of oxygen is important to keep thiols in reduced form.

To a flame-dried round bottom flask was added a solution of 62 (250 mg, 0.480 mmol, 1.0 eqv.) in dry THF
(6 mL) under nitrogen atmosphere, n-butylamine was added (60 pL, 0.626 mmol, 1.3 eqv.), the reaction
allowed to stir for 2 h at room temperature. The progress of the reaction was followed using TLC, after
completion of the reaction the solvent was removed, the residue was redissolved in CH,Cl,, and washed
with sat. aq. NH4Cl. The organic layers were dried over anhydrous Na>SO,4 and evaporated to dryness. The
product was then purified by silica gel flash chromatography (DCM/MeOH 99:1%) to give pure compound
63 as a viscous oil (150 mg, 75%). The thiol product was flushed with nitrogen and closed, kept at - 20 °C.
'H NMR (300 MHz, CDCl3) 8 7.58 (s, 1H), 5.20 (dd, 1H, J = 10.8, 3.3 Hz, H3), 5.14 (dd, 1H, J=3.3, 0.9
Hz, Hy), 5.03 (dd, 1H, J=9.4, 2.7 Hz, H1), 4.95 (dd, 1H, J=10.8, 3.7 Hz, H>), 4.73- 4.51 (m, 2H, OCH>),
4.43 (t, 2H, J = 6.6 Hz, NCH»), 4.08 (q, 1H, J = 6.3 Hz, Hs), 2.91 (dt, 2H, J = 8.7, 6.6 Hz, SCH>), 2.02 (s,
3H, CH3-Acetyl), 1.88 (s, 3H, CH3s-Acetyl), 1.83 (s, 3H, CHs-Acetyl), 1.44 (t, 1H, J = 8.7 Hz, -SH), 1.00
(d, 3H, J= 6.5 Hz, CH3). "C NMR (300 MHz, CDCl3) § 170.4, 170.2, 169.8, 143.6, 123.5, 95.3, 70.9, 67.9,
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67.8, 64.5,60.9, 52.9, 24.6, 20.7, 20.6, 20.5, 15.7. ESI-MS (m/z) calcd for Ci7H25N30sS [M+ Na] " 454.46,

found 455.0.

Figure A41. '"H NMR analysis of compound 63 (300 MHz, CDCl5)
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Figure A42. *C NMR analysis of compound 63 (300 MHz, CDCl5)
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Figure A43. COSY analysis of compound 63 (300 MHz, CDCls)
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Figure A44. HSQC analysis of compound 63 (300 MHz, CDCl;)
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Synthesis of 1,5-triazole isomer 64, using catalyst Cp*RuCI(PPhs),

OH
N
H N
O/\ NS/\/O O/\[ IIN
o e °Zone N + O
OAc Cp*RuCI(PPh3)2 C
OAc AcO OAC Aco OAC
AcO dioxane, 60 °C, 36 h
58 64 60
80% 20%

Experimental: To a solutionof a-L-fucoside 58 (100 mg, 0.304 mmol) and 2-azidoethanol (52 mg, 0.609
mmol) in 0.5 mL of dioxane was added to Cp*RuCl (PPhs), (12 mg, 5 mol%) dissolved in 2.5 mL of
dioxane. The vial was purged with nitrogen, sealed, and heated in an oil bath at 60 °C for 36 h, at which
point TLC indicated complete consumption of the alkyne starting materials. The mixture was purified on

chromatography (DCM/MeOH 9 :1%) to afford a product 64 as pale-yellow oil (200 mg, yield 75 %).
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Figure A45. '"H NMR analysis of Fuc-1,5 triazole 64
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Synthesis of a-L-fucose thiol 65

Following the previous sequence, the synthesis of a-L-fucoside thiol analogue 65, was prepared in 70 %.

OH SH
N 0 N
0/\[ " N, /\[NN
9 OAc N - 2 OAc
AcO OAc AcO OAc
64 65

a) p-TSCI, NEt;, DCM, rt, 7r, 95%; b) Eto)k_SK: acetone, rt, 12 h, 90%; ¢) n-BuNH,, THF, rt, 2h, 70%.
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Compound 71

N\ ~Buooc \/\‘BOUOOC o
5 EER AN
/\/MO\/\ N, O > \/\NHZ

o
/ 38 //§/

71
Experimental: To a solution of f-D- glucuronic ester 38 (2 g, 5.46 mmol) in freshly degassed THF (100
mL) was added PPhs (12.5 g, 47.7 mmol), and water (8 mL). The reaction mixture was stirred at room
temperature for 12h. The mixture was evaporated under a high vacuum and purified on column
chromatography packed with dry silica (CH>Clo,/ MeOH 70: 3%) to afford the desired amine 71 as white
oily residue (500 mg, 80%). 'H NMR (CDCls, 300 MHz), 56.22-5.51(m, 3H, 3x CH,=CH-), 5.39-4.91 (m,
6H, 3x CH,=CH-), 4.34- 4.13 (m, 5H, 2xCH>=CH-CH>-, H,), 4.09 — 4.05 (m, 1H, H5),4.03 (d, 1 H,J=5.6
Hz, OCH>), 3.88 — 3.76 (m, 1H, Ha), 3.74 — 3.51 (m, 2H, CH,=CH-CH>-), 3.51 (dd,1H, J = 14.4, 5.6 Hz,
OCH>), 3.33 (t, 1H, J=8.9 Hz, H3), 3.18 (dd, 1H, J=9.1, 7.7 Hz, H>), 2.88-2.79 (m, 2H, -NCH2), 1.60 (brs,
2H, NHa), 1.43 (s, 9H, t-Butyl)."*C NMR (300 MHz, CDCls) & 167.6, 135.0, 134.8, 134.5, 116.9, 116.9,
116.7,103.7, 83.3, 82.1, 81.2, 79.0, 75.2, 74.3, 73.8, 73.7, 72.6, 41.9, 27.8. ESI-HRMS (m/z) calcd for Cy
Hss N O7 [M+H] * 414.2486, found 414.2474.
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Figure A46. '"H NMR analysis of compound 71 (300 MHz, CDCl5)
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Figure A47. *C NMR analysis of compound 71 (300 MHz, CDCl5)
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Figure A48. COSY analysis of compound 71 (300 MHz, CDCls)
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Figure A49. HSQC analysis of compound 71 (300 MHz, CDCl5)
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Figure A50. HMBC analysis of compound 71 (300 MHz, CDCl5)
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Figure A51. DEPT analysis of compound 71 (300 MHz, CDCls)
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Figure A52. HRMS analysis of compound 71

MS Zoomed Spectrum
x10 5 |Cpd 1: C21 H35 N O7: + Scan (0.1, 0.2-0.2 min, 3 scans) Roy_Sallam_211217_LMS-VIII-077.d Su..

54 414.2474
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4
3.
2_
1.
827.4908
(2M+H)+

375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825 850
Counts vs. Mass-to-Charge (m/z)
MS Specirum Peak List

myz calcm/z Diffi{ppm) Z |[Abund [Formula Ton
413.2622 413.2646 -5.75 130|C21 H37 N2 D& (M+NH4)+[-H20]
414.2474 414.2486 -2.87 518989]C21 H36 N O7 (M+H)+
414.5003 30719
415.2508 415.2519 -2.88 110464|C21 H36 N O7 (M+H)+
415.5055 2599

416.253 416.2544 -3.55 15728|C21 H36 N O7 (M+H)+

417.2527 417.2571 -10.56 1991)C21 H36 N O7 (M+H)+
436.2268 436.2306 -8.7] 1 1132]C21 H35 N Na O7 (M+Na)+
452.2009 452.2045 -8.07] 1 478|C21 H35 K N O7 (M+K)+
827.4908 827.49 1.04] 1 182|C42 H71 N2 014 (2ZM+H)+

- End Of Report —

Compound 75

\_~Bu0OC o o
o o JC
o) ~"N 0O O
/\//mo/ N .

s v

Experimental: To a solution of 71 (1.00 g, 2.42 mmol) in dry dichloromethane (20 mL) was added Fmoc-
OSu (1.3 g, 3.86 mmol) and triethylamine (1.2 mL, 8.63 mmol). The reaction mixture was allowed to stir at
room temperature overnight before being concentrated and purified by column chromatography
(EtOAc/Hexane, 2: 8 %) to give the desired product 75 as a white viscous oil (1.2 g, 78 %). 'H NMR (CDCl;,
300 MHz), 7.76 (d, 2H, J = 7.4 Hz, Fm-Ar), 7.60 (d, 2H, J= 7.3 Hz, Fm-Ar), 7.40 (t, /= 7.3 Hz, 2H, Fm-
Ar), 7.31 (td, J = 7.4, 1.1 Hz, 2H, Fm-Ar), 6.13 — 5.67 (m, 3H, 3x CH,=CH-), 5.36 — 5.14 (m, 6H, 3x
CH,=CH), 4.39 (d, 2H, J = 6.9 Hz, Fm-CH,), 4.34 — 4.25 (m, 5H, 2x CH,=CH-CH>), 4.22 (d, 1H, J=4.8
Hz, Fm-CH), 4.17 — 4.07 (m, 1H, Hs), 3.90 (dd, 1H, J=9.9, 5.0 Hz, OCH>), 3.79 — 3.68 (m, 1H, OCH>),
3.66 (d, 1H, J=9.7 Hz, Hs), 3.59 (d, 1H, J=8.7 Hz, H3), 3.40 (t, 2H, J = 8.8 Hz, -NCH>), 3.25 (t,1H,
H,), 1.48 (s, 9H, t-butyl). *C NMR (300 MHz, CDCls) § 167.6, 156.4, 144.0, 143.9, 141.3, 135.0, 134.8,
134.5,127.6,127.0, 125.1, 119.9, 117.1, 117.0, 116.9, 103.7, 83.4, 82.4, 81.1, 78.9, 74.4, 73.8, 73.7, 69.6,
66.7,47.2,41.1,27.9. HRMS (ESI, Q-TOF) m/z calcd for C36HasNOg [M+Na] " 658.2986, found 658.2981.
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Figure A53. '"H NMR analysis of compound 75 (300 MHz, CDCl5)
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Figure A54. *C NMR analysis of compound 75 (300 MHz, CDCl5)
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Figure A55. COSY analysis of compound 75 (300 MHz, CDCls)
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Figure A56. HSQC analysis of compound 75 (300 MHz, CDCls)
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S0e4 anssz  285.1308f 54 f;:rmasamss soz2sae) {7 8742713 atiaz S
UUEU. 1 1 951.9337 i
BOO B50 700 750 800 850 300 350 1000 1050 1100 150 1200 1250 1300 1350 1400

150

200 250 300 350 400 450 s00 550

Mazs/Charge, Da

Formula
LMS-VII-173 C36H45N09 +H
LMS-VII-173 +Na C36H45N03S +Na
LMS-VII-173 - tBu C32H37NO9 +H
LMS-VII-173 +NH4 C36H45N09 +NH4

Neutral mass Da Calculated m/z Observed m/z Intensity
635.30943 636.31671 636.31634 -0.6 2889311
635.30943 658.29865 658.29818 -0.7 1545423
579.24683 580.25411 580.25371 -0.7 1492512
635.30943 653.34326 653.34216 -1.7 187390
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Trithiomannoside B-D-glucuronic ester dendron synthesis and characterization

General Photoreaction configuration

All photochemical reactions were conducted using UV-A Hand Lamp-365 nm, the temperature was 25°C.

A small stir bar is required for efficient stirring when using Vial.

General Procedure (A), photochemical thiol-ene reaction

Experimental: To a vial equipped with a stir bar was charged with a solution of compound 75 (100 mg,
0.157 mmol), and a-D-mannose thiol (0.44 g, 0.942 mmol) in DMF (0.7 mL). The mixture was sparged by
bubbling with nitrogen for 5 minutes. Followed by addition 2,2-Dimethoxy-2-phenylacetophenone 163 (44
mg, 0.172 mmol, 0.2 eq. per each double bond), the reaction mixture was irradiated for 2.5 hours under 356
nm. Following irradiation, the reaction was diluted with ethyl acetate, washed with water, brine, dried over
anhyd. Na;SOs, and concentrated. The desired product was isolated by flash column chromatography

(Hexane/ Ethylacetate 3: 7 %) to afford the product 76 as a white oily crystals (230 mg, 79%).

Photointiator: 2,2-Dimethoxy-2-Phenylacetophenone (DMPA) 163

D
MeO OMe

163
cO
’)\C?é OAc
"0
OAc Q
AcO
Ao Ac02% \\\s
N\ BuOG AcO -0, ‘\\\
o % 67 O~ AcO co.'Bu
o © S o > 2 o
AN s
/\/ o NHFmoc O % 5
f NN
/ () DMPA, DMF, 365nm, 2.5h, 79 % 0 NH™ O ’
" o0 o O
ACO%\O

AcO gac
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Mannoside dendron 76 characterization

"H NMR (300 MHz, CDCl5) & 7.74 (d, 2H, J = 7.4 Hz, Ar), 7.59 (d, 2H, J = 7.3 Hz, Ar), 7.33 (ddd, 4H, J =
13.9, 11.1, 6.9 Hz, Ar), 5.39- 5.10 (m 3.93 — 3.72 (m, 4H), 9H, H2-H4 man), 4.93- 4.76 (m, 3H, H1 man),
4.54- 4.14 (m, 7H), 3.74- 3.52 (m, 7H), 3.52- 3.29 (m, 3H), 3.24 (t, 1H, J= 8.8 Hz), 3.10 (t, 1H, J=18.2
Hz), 2.8- 2.64 (m, 12H), 2.14 (s, 9H), 2.08 (s, 9H), 2.02 (s, 9H), 1.96 (s, 9H), 1.91-1.69 (m, 6H), 1.48 (s,
9H). *C NMR (300 MHz, CDCls) & 170.6, 170.0, 169.8, 169.8, 169.8, 169.7, 167.6, 156.4, 144.0, 143.9,
141.2,127.6,127.0,125.1, 119.9, 103.7, 97.6, 83.9, 82.3, 81.7,77.2,77.0, 76.6, 75.2,71.7,71.2,70.9, 69.5,
69.0, 68.7, 67.9, 67.9, 66.6, 66.0, 62.4, 60.3, 47.2,41.2, 31.1, 30.5, 30.5, 30.3, 29.3, 29.2, 27.9, 20.8, 20.7,
20.7, 20.6, 14.2. HRMS (ESI, Q-TOF): m/z caled for CgsHi17NO39S; [M+Na'] 1882.62571, found
1882.6239.

Figure A58. '"H NMR analysis of 76 (300 MHz, CDCls)
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Figure A59. *C NMR analysis of 76 (300 MHz, CDCls)
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Figure A60. COSY analysis of 76 (300 MHz, CDCl;)
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Figure A61. HRMS TOF (QTOF) analysis of compound 76
AcO.
Heloac
LMS-VII-079 J
C!\jz
s o
aco- 00 Ty Cozoau[,__/‘-m—{
AODN s \/__/0 o
Spechurn frorn LMSA-079_dilZ witf (sample 1) - LMSHI-079_di2, Experiment 1, +TOF MS (120 - 2000] from 0643 min A O, J-S .O
18000 H57 7E54 ArQ’
12000 AcO'OAC
9587877
oo Chemical Farmula: CyaHyNOgsSs 1577 5201 16626236
15000 Exact Mass: 1856.6385
1a000 1578.5242 1674 seaz|| 1583 6285
13000
12000 9297544
1100 [ Lk
g 1o 9307566| 9592882
5 3000
T s 1579.5240
15214598
2000 589.1574 9597870
s000 3311031 448 1471 T 1880 6585
5000 9312613 15234600 el K
11123737
3333 5901535 ik 1 11733523 15315452 15805258 a1
419.3158 931.825 : 1247 4277 ; .
aong | 1650488 3321057 1 asns17 452208 gt N | ool H 1581 5250 18636420 Jaan.a077
o0 ; 50,3018 l [1243 4254 14744853 18045798
PETISRY  T) 1 | Mo 1 [ |
200 300 400 500 B0D O a0l 300 1000 1100 1200 1300 1400 1500 1600 1700 1800 1300
Mass/Chargs, D=
Sample Formula Neutral mass Da Calculated m/z Observed m/z Intensity
LMS-VII-079 MH+ C84H117NO3953 +H 1859.63649 1860.64377 1860.6403 -1.9 15881
LMS-VII-079 +NH4 CB84H117NO3953 +NH4 1859.63649 1877.67032 1877.66782 -1.3 56217
LMS-VII-079 + Na C84H117NO3953 +Na 1859.63649 1882.62571 1882.6239 -1 60608
LMS-VII-079 [M+2H]+2 C84H117NO3953 +2H 1859.63649 930.82552 930.82337 -2.3 18649
LMS-VII-079- Fmoc C67H10003653 +H 1576.51565 1577.52292 1577.5213 -1 63401
LMS-VII-079 - Fmoc - tBu C63H9203653 +H 1520.45305 1521.46032 1521.45862 -1.1 30327
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General Procedure for deprotection in ammonia/methanol (gram scale)

ACEON on HO

C!

AcO, PAC HI—PO OH
‘o o

o o\—\
AcO s CO,'Bu 7N NH3 i !
3in Methanol HO, S CO,'Bu
208@2\\ /\/\Oo O o "NHfmoc HO Ko /\/\OO 28 0 ~NH,
C =
Qo oS~ 5 pH=8,12h,rt HOS Y Se S
AcO_ o s\/—/ HO
§ O S
AcO O"// HO OI
AcO’ yRs H%o
76 77

Experimental: A solution of compound 69 (600 mg, 0.332 mmol) was dissolved in 7N solution of
ammonia/methanol (200 mL) at 0 °C and the reaction mixture was adjusted to pH= 8. The reaction mixture
stirred at room temperature for 12 h. After evaporation of the solvent under reduced pressure, the resulting
residue redissolved in methanol and filtered through a bed of celite. The filtrate evaporated under reduced
pressure, the resulting residue was extensively rinsed with chloroform several times to remove the side
products, then left under vacuum to dryness to afford the product as a white amorphous mass. The yield was
determined by 'H NMR analysis of the crude product (0.33 g, 90%)."H NMR (300 MHz, D-0) & 5.03- 4.83
(m, 10H), 4.13-3.84 (m, 14H), 3.86 — 3.71 (m, 12H), 3.65 (dt, 12H, J=15.5, 11.7 Hz), 3.52-3.40 (m, 3H),
3.00 (d, 3H, J = 5.4 Hz), 2.95-2.74 (m, 6H), 2.77 — 2.53 (m, 6H), 2.00-1.75 (m, 6H), 1.53 (s, 9H); ESI-
HRMS (m/z) calcd for C4sHgsNO2sS3 [M+H] ™ 1134.4489, found: 1134.4504.
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Figure A62. '"H NMR analysis of 77 (300 MHz, D,0)
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Figure A63. *C NMR analysis of 77 (300 MHz, D,0)
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Figure A64. COSY analysis of 77 (300 MHz, D,0)
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Figure A65. HSQC analysis of 77 (300 MHz, D,0)
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Figure A66. HRMS analysis of 77

MS Zoomed Spectrum

<10 5 |Cpd 1: C45 H83 N 025 S3: + Scan (0.1-0.1, 0.2-0.2 min, 5 scans) Roy_Sallam_220106_LMS-VII-0...
1134,4504
4l (M+HH)+
3.
2267.8995
o ) 2M*+
600 800 1000 1200 1400 1600 1800 2000 2200

Counts vs. Mass-to-Charge (m/z)

MS Spectrum Peak List

myz Calc myz Diff{ppm) z |Abund [Formula Ton
567.7295 567.7281 2.46] 2 174|C45 H85 N 025 S3 (M+2H)+2
1116.4391 1116.4383 0.68] 1 4893 |C45 H82 N 024 53 (M+H)+[-H20]
1133.4408] 1133.4411 -0.28 162|C45 H83 N 025 53 M*+
1134.4504 1134.4489 1.36 460509|C45 H84 N 025 53 (M+H)+
1135.4536 1135.4521 1.3 241666|C45 H34 N 025 53 (M+H)+
1136.4524] 1136.4506 1.61 136341]C45 H84 N 025 53 (M+H)+
1156.433] 1156.4309 1.86] 1 14203|C45 H83 N Na 025 53 (M-+Na)+
1172.4119 1172.4048 6.08] 1 574|C45 HB3 K N 025 53 (M+K)+
2267.8995 2267.8859 5.97] 1 311]C90 H166 N2 050 S6 2M*+
2289.8862 2289.8725 5.99] 1 64|C90 H166 N2 Na 050 S6 (2ZM-+Na)+
- End Of Report —
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Diazo transfer procedure using imidazole-1-sulfonyl azide

HO HO
HO
1051 OH HO= ) OH
o -0
o o
HO S CO,Bu HsO, HN= § HO s CO,Bu
o) /\/\ 2 4 I ! 2
So 05 Q0 TNH; " g/N-&s‘)-N3 :o o /\/\Oo 0 0./ Ns
Po oS o) fo N and o]
HO_ o s\/—/ CuSO,, NaHCO, HO_ o s
Ho OI H20/ t-BUOH, 16 h, rt HO oI
HQyo HQyo
77 80

Stick reagent 79 has been synthesized according to the literature. 3%

Experimental: To a mixture of (200 mg, 0.176 mmol, 1 equiv), NaHCO; (60 mg, 0.71 mmol, 4 equiv),
water (2 mL), and 1 M aq CuSO4 (0.04 equiv) were added imidazolsulfonyl azide sulfate (70 mg, 0.26
mmol, 1.5 eqv.), followed by ~-BuOH (14 mL), such that the final ratio of H,O/~-BuOH was 1/6.7. The
solution was stirred vigorously at room temperature for 16 h. The crude reaction was filtered through a pad
of celite, washed multiple times with methanol, and the filtrate was concentrated under reduced pressure
and loaded onto dry silica gel. The product was purified using (Acetonitile /HO 80 :20 %), the fractions
collected and the solvent removed under reduced pressure. Subsequently the product was freeze-dried to
remove water. The desired product 80 was isolated as a pale-yellow oil (180 mg, 83%). 'H NMR (600 MHz,
D»0) 4.96- 4.86 (m, 1H), 4.54 (dd, 2H, J=27.7, 7.5 Hz), 4.05 (dd, 2H, J = 53.9, 43.0 Hz), 3.90 (dd, 14H, J
=44.1,31.5 Hz), 3.85- 3.71 (m, 14H), 3.71- 3.62 (m, 7H), 3.61- 3.40 (m, 5H), 3.36 (s, 1H), 3.22 (dd, 2H, J
=41.3,33.1 Hz), 2.98- 2.79 (m, 6H), 2.66 (dd, 6H, J=26.8,20.2 Hz), 2.11- 1.75 (m, 6H), 1.54 (s, 9H).*C
NMR (300 MHz, D;0O) & 99.9, 82.8, 72.8, 70.8, 70.2, 66.8, 66.4, 60.8, 30.9, 30.1, 29.3, 28.6, 27.7, 21.7,
20.3; ESI-HRMS (m/z) calcd for Cs4sHgiN3025S3 [M+Na]* 1182.4213, found 1182.4216.
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Figure A67. '"H NMR analysis of 80 (300 MHz, D,0)
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Figure A68. *C NMR analysis of 80 (300 MHz, D,O)
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Figure A69. IR analysis of 80
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Figure A70. HRMS analysis of 80

MS Zoomed Spectrum

«10 5| Cpd 1: C45 H81 N3 025 S3: + Scan (0.1-0.2 min, 6 scans) Roy_Sallam_220106_LMS-VII-002.d S..
14 11824216
(M+Na)+
12
|
0.8
0.6
0.4
0.2 2342.8648
‘1 ) (2M-+Na)+
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400

ounts vs. Mass-to-Charge (m/z)

MS Spectrum Peak List
mjzZ Calc mjz

Difi{ppm) Z JAbund JFormula Ton

1142.4265 1142.4288 -2.01] 1 1407|C45 HB0 N3 024 53 (M+H)+[-H20]
1159.4404 1159.4316 7.57] 1 289|C45 HB81 N3 025 S3 M*+

1164.4114 1164.4108 0.52] 1 5442|C45 H79 N3 Na 024 53 (M+Na)+[-H20]
1177.4551 1177.466 -9.21 1 3547|C45 H85 N4 025 53 (M+NH4)+
1182.4216 1182.4213 0.21 144732|C45 H81 N3 Na 025 S3 (M+Na)+
1183.4246 1183.4245 0.13 70452|C45 H81 N3 Na 025 S3 (M+Na)+
1184.4238 1184.423 0.71 39443|C45 HB1 N3 Na 025 53 (M+Na)+
2323.8486 2323.8429 245] 1 61|C90 H160 N6 Na 049 S6 (2M-+Na)+[-H20]
2341.8557 2341.8535 0.94] 1 1376|C90 H162 N6 Na O50 S6 (2M+Na)+

2357.839 2357.8274 49] 1 67]C90 H162 K N6 O50 S6 (2M+K)+

--- End Of Report -
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Trithiofucoside p-D-glucuronic ester dendron synthesis and characterization

General Procedure for photochemical reaction

Experimental: To a vial equipped with a stir bar was charged with a solution of B-D-glucuronic ester
derivative 75 (100 mg, 0.157 mmol), and a-L-fucose thiol 63 (0.9 g, 2.088 mmol) in DMF (0.7 mL). The
mixture was sparged by bubbling with nitrogen for 5 minutes. Followed by addition 2,2-Dimethoxy-2-
phenylacetophenone (44 mg, 0.22 mmol, 0.2 eq. per each double bond) the reaction mixture was irradiated
for 3 hours under 356 nm. The reaction was diluted with ethyl acetate, washed with water, brine, dried over
anhyd. Na,SOs, and concentrated. The crude reaction mixture was purified by flash column chromatography

using (DCM/ MeOH 3:97%), to afford the desired product 81 as a white solid crystals (200 mg, 66 %).

0P~ SH /\N(:"N/\’S’\/\ 0, Bu EL
N: 0
(9] N OAc o) 0

N\_~BUOOC wOAc o) 0N O .
N 2 o AcO OAC 63 Aco OAc S 5 H

A0 5 " NHFmoc O/\(\,N \/\/ O

DMPA, DMF, 365 nm, 3h, 66 % N=N /\/s
V 0"/ OAc
AcO ¢ g N°N
75 o” | PAc 81

Characteriazation of Fuc-dendron 81

"H NMR (300 MHz, CDCl5) & 7.75 (d, 2H, J = 7.4 Hz, Ar), 7.63 (dd, 3H, J = 9.4, 5.9 Hz, triazole), 7.61-
7.52 (m, 2H, Ar), 7.34 (dt, 4H, J = 25.9, 6.5 Hz, Ar), 5.33 (ddd, 3H, J=10.5, 3.2, 1.8 Hz, H1, Fucoside),
5.27(d,3H, J=3.3 Hz), 5.19 - 5.05 (m, 8H), 4.81 (dt, 3H, J=12.9, 6.5 Hz), 4.70 — 4.60 (m, 6H), 4.53 (d,
6H, J=7.4 Hz), 4.53 (dd, 1H, J=14.0, 6.6 Hz), 4.39 (d, 1H, J= 6.9 Hz, H1, Gluc.), 4.19 (dd, 3H, J=6.1,
3.1 Hz), 3.86 — 3.68 (m, 7H), 3.67— 3.48 (m, 3H), 3.50 — 3.35 (m, 2H), 3.28 — 3.11 (m, 3H), 3.09 — 2.88 (m,
6H), 2.65 —2.41 (m, 6H), 2.15 (s, 9H, OAc), 2.02 (s, 9H, OAc), 1.95 (s, 9H, OAc), 7.75 (d, J= 7.4 Hz, 1H),
1.82 (dt, 6H, J = 18.7, 6.7 Hz), 1.47 (s, 9H, tert-butyl), 1.12 (dt, J= 6.1, 2.7 Hz, 9H, 3xCH3). *C NMR (300
MHz, CDCls) 6 170.6, 170.3, 170.0, 167.5, 156.4, 143.9, 141.2, 127.7, 127.0, 125.1, 123.4, 123.1, 120.0,
95.7,95.6,95.6, 83.9,82.4,81.7,79.2, 71.1, 68.0, 67.9, 64.7, 61.2, 61.1, 61.1, 50.0, 48.7, 47.2, 37.7, 31.9,
30.3, 28.9, 28.8, 27.9, 20.8, 20.7, 20.6, 15.8. ESI-HRMS (m/z) caled for Cs;Hi20N10033S3 [M+H]"
1929.7207, found 1930.7310.
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Figure A71. '"H NMR analysis of 81 (300 MHz, CDCl5)
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Figure A72. 3C NMR analysis of 81 (300 MHz, CDCls)
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Figure A73. COSY analysis of 81 (300 MHz, CDCls)
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Figure A74. HMBC analysis of 81 (300 MHz, CDCI5)
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Figure A75. HSQC analysis of 81 (300 MHz, CDCls)
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Figure A76. ESI-MS analysis of compound 81
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Compound 82

CO,'Bu

o
O~NHFmoc

CO,'Bu
(e} 2 O~ NH,
Methanolic ammonia

12 h, 0 °C-rt, 85%

OH 82

Experimental: deprotection of O-Ac and -NHFmoc groups of compound 81 (600 mg) was carried out in a

mixture of ammonia/methanol, as described previously, to afford 82 (350 mg, 85%) as an amorphous mass.
'H NMR (300 MHz, D;0) & 8.07 (s, 3H, triazole ), 4.99 (d, 3x 1H, J = 2.5 Hz, H-1 Fuc.), 4.76 (s, 3x 2H,
OCH,), 4.73-4.56 (m, 3x2H, N-CH,), 4.51-4.48 (m, 1H, H-1, D-Glu.) 3.89 (dd, 3x2H, /= 19.1, 12.7 Hz,
CH,-CH»-S-), 3.83-3.69 (m, 3x4H, H345Fuc.), 3.24 (dd, 3x2H, J=38.5, 32.2 Hz, O-CH,-CH), 3.00 (d,
3x2H, J=38.9 Hz, S-CH,-CH>), 2.51- 2.47 (m, 3x2H, O-CH,-CH»-CH>-S-), 2.00- 1.56 (m, 3x2H, O-CH,-
CH,-CH,-S). 1.49 (s, 9H, t-butyl), 1.10 (d, 3x3H, J = 5.0 Hz, CH3). *C NMR (300MHz, MeOD) & 168.3,
144.4,144.2, 1243, 124.2,103.4, 98.7, 87.4, 83.6, 82.1, 81.8, 79.5, 74.9, 72.2, 71.5, 70.8, 70.2, 68.5, 66.4,
60.3, 60.2,49.7, 48.5, 48.2,47.9,47.6,47.4,47.1,46.8, 41.0, 37.3, 31.3, 30.1, 30.0, 29.9, 28.1, 28.0, 26.9,
15.4, 15.3. ESI-MS (m/z) calcd for CsaHoaN19022S; [M+2H]* 1330.5, found 1330.9.
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Figure A77. '"H NMR analysis of 82 (300 MHz, D,0)
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Figure A78. *C NMR analysis of 82 (300 MHz, D,0O)
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Figure A79. COSY analysis of 82 (300 MHz, D,0)
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Figure A80. HSQC analysis of 82 (300 MHz, D,0)
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Compound 83

s
0 NS COsBu HSO,'HN=\ @ 0 NS G0sBu

Low 1 AR ~8" 2&2 P
OH 0
4 N o °L HO / o “T\_
HdHo O/—( S\/\/ NH, HO Ns
r[N

CuS0,, NaHCO;

H,0/ +-BuOH, 16 h, rt ﬁ[N
HO ope
H
HO HO
OH OH
82 83

Diazo transfer was done following the procedure previously described, to provide the product 83 (150 mg,
74%). "H NMR (300 MHz, D;0) & 8.08 (s, 3H, triazole ), 4.96 (d, 3x 1H, J=22.3 Hz, H-1 Fuc.), 4.76-4-
70 (m, 3x 2H, OCH,), 4.73 —4.58 (m, 3x3H, -OH), 4.57(d, J = 14.8 Hz, 1H, H-1, Glu.) , 4.04- 3.83 (m,
3x2H, N-CH2-CH2-S-), 3.85 —3.69 (m, 3x3H, H35, H36, H37 Fuc.), 3.64-.22 (m, 3x2H, O-CH,-CH>), 3.26
—3.15 (m, 4H, H2, H3, H4, H5, Glu) , 3.21-2.97 (m, 3x2H, S-CH,-CH>), 2.54 — 2.47 (m, 3x2H, O-CHo-
CH»-CH,-S-), 2.00 — 1.57(m, 3x2H, O-CH»-CH,-CH>-S). 1.50 (s, 9H, t-butyl, 1.11(d, 3x3H, J= 5.0 Hz,
CHs3). ESI-MS (m/z) calcd for CssHgoN12022S3 [M+Na]" 1377.55, found 1378.7.
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Figure A81. '"H NMR analysis of 83 (300 MHz, D-0O)
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Copper Catalyzed Addition of azide- alkyne (CuAAC) (General Procedure A)

A flame dried flask equipped with a magnetic stirring bar was charged with a solution of dendron (6 eqv.),
in dry methanol, after which a solution of alkyne (1 equiv.) in dry acetonitrile and N, N-diiso propyl ethyl
amine (15 eqv.) were added. To this mixture a solution of Cul P(OEt); (0.7 eqv.) in dry acetonitrile was
added via syringe under a nitrogen atmosphere. The resulting mixture was heated at 80 °C for 24 h. The
solvents were evaporated under reduced pressure. The crude product was cooled to 0 °C, pyridine and Ac,O
were added, the mixture was stirred for 12 h at rt. The solvent was evaporated with co-solvent toluene under
reduced pressure, after complete drying, the crude was extracted with ethyl acetate, and the organic extract

was washed successively with saturated aqueous NaHCOs, Saturated aqueous Na;EDTA solution, water
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and then dried over Na,SOs. After evaporation of volatiles under reduced pressure, the crude mixture was

purified by silica gel column chromatography (DCM/MeOH 97: 3%) to give the desired products.
Phosphite ligand and copper (I) complex Cul [P(OEt);]

Freshly recrystallized Cul.P(OEt)s must be used for optimal yields. Cul.P(OEt); used was synthesized
according to the procedure reported therein. Most often, these complexes were prepared by the method
introduced by A. Arbuzov (A. Arbuzov, Ber., 38, 117 (1905), and A. Arbuzov (A. Arbuzov, J.Russ.Phys.
Chem. Soc., 38, 161, 193, 687 (1906), and more recently used by Y. Nishizawa. °°! In this procedure, the
phosphite was mixed with the appropriate mole ratio of copper (I) halide in benzene, followed by

evaporation to dryness and recrystallization.
Synthesis and characterization of dendrimer 85

The reaction performed according to the general procedure A:

AcO

AcAeO,
ACC% Ohe AcQ OAc
(] Ac OAOAc
ﬁOAc

0
A80 N OAc

AcORY S

Ong Kf
AcO COOtBu O  OAc OA
AGA o WO% \/\/va%/ ¢
o o

AN 00 OAc
© 0-"~5 ~070 > OAc
o COOtBu
N .
Ny NELY NI oadhe
N /)w OAc
0. 0. 7 OAc

b o
I X /( OAcOAC
o

o
o
AcO S va \&O“
AcO ° s O “SOAc
. o o
A0 \es \L ////

COOtBu N/ﬁ/\ o
Oug ™ /ﬁw o~ o~ o~ 0N b OO\/\/S\/\O
00 [ S /\/O\/\o’\/o\/{/N\/\ o ™
N._-N c
AO._ o s //) S ONonc
Acoé)\o,// s v - OAc
AcQAcO 5
Ac0—7"0 o/) \
A0 L0 oI S
Ac Ka \\\
= o
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N- N
o L
N

85 :
H 0A9ACC>Ac

Chemical Formula: C4ggH720N210246P3S1s
Exact Mass: 11238.87
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'H NMR (300 MHz, CDCls) § 7.67 (s, 3x1H, triazole ), 5.28 (d, 6x6H, J=7.9 Hz), 5.21 (s, 6x3H), 4.84 (s,
6x3H), 4.63 (s, 6x2H), 4.56 (s, 6x2H), 4.37- 4.20 (m, 6x5H), 4.10 (d, 6x2H J = 8.1 Hz), 4.08- 3.94 (m, 6x6
H), 3.89- 3.67 (m, 6x6H), 3.62 (dd, 6x14H, J = 17.2, 8.7 Hz), 3.41 (dd, 6x2H, J = 23.7, 14.3 Hz), 3.21 (¢,
6x1HJ = 8.8 Hz), 3.13- 2.94 (m, 6x1H), 2.69 (dt,6x6H, J = 15.3, 6.0 Hz), 2.59 (dt, 6x6H, J = 19.7, 7.0 Hz),
2.14 (s, 6x9H), 2.09 (s, 6x9H), 2.03 (s, 6x9H), 1.97 (s, 6x9H), 1.91- 1.66 (m, 6x8H), 1.47 (s, 6x9H). 13C
170.6, 170.0, 169.8, 169.7, 167.5, 130.9, 128.8, 123.6, 103.7, 97.6, 83.8, 82.3, 81.6, 79.2, 71.2, 70.9, 70.5,
69.6,69.5,69.0, 68.6, 67.9, 67.8, 66.0, 62.4, 50.1, 31.1,29.1, 28.0, 20.8, 20.7, 20.7, 20.6, 14.1, 1.0. MALDI-
TOF MS: m/z caled for CassHra0N210246P3S 15 [M+Na] * 11269.81, found 11267.33.

[Since the product is very large, the peaks were integrated for 1/6 of the full compound, Figure A83]

Figure A82."H NMR analysis of 85 (300 MHz, CDCls)
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[Full integration of dendrimer 85, Figure A84]

Figure A83."H NMR analysis of 85 (300 MHz, CDCl5)
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Figure A84. *C NMR analysis of 85 (300 MHz, CDCl5)
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Figure A85. *'P NMR analysis of 85 (300 MHz, CDCl5)
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Figure A86. MALDI-TOF ANALYSIS of fully clicked dendrimer 85
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Synthesis and characterization of dendrimer 88

The reaction performed according to the general procedure A

0 7 S
/\(\N/\/ o coo'Bu

o) N=N
OAc PPN 0
OACOAC /—(/\n\l o lo) RO\ /OR
(¢] N=N S~ \/\ N/P\\N
o~ Nvo/\/o\/\ O—F"‘ |"*OR
o OAc f_(/\’\ll Nsy o Py
~N RO OR
(0] N
OAc n=6
OAc o OAc

'H NMR (300 MHz, CDCl;) & 7.88- 7.52 (m, 24H, triazole), 5.28 (dd, 36 H, J = 22.7, 12.6 Hz, H1, H3,
Fuc.), 5.11 (dt, 36H, J = 24.7, 10.3 Hz, H2, H4, Fuc.), 4.81 (d,18H, J = 12.3 Hz, HS), 4.62 (dd, 36H, J =
13.3, 6.9 Hz, O-CH»- Fuc), 4.59 — 4.44 (m, 36H, S-CH»-CH>), 4.31 — 4.09 (m, 36H, O-CH>), 4.12 — 3.88
(m, 36H, O-CH»-CH>), 3.65 (s, 84H, TEG), 3.62 (s, 72H), 3.43 (d, 12H, J = 8.3 Hz, CHa, Gu), 3.15 (dd,
12H, J = 24.7, 16.5 Hz, CH,, Gu), 2.99 (d, 36H, J = 6.5 Hz, -SCH,), 2.77- 2.25 (m, 55H), 2.14 (s, 54H,
OAc), 2.01 (s, 54H, OAc), 1.95 (s, 54H, OAc), 1.88 -1.53 (m, 47H), 1.47 (s, 54H, tert. Butyl), 1.11 (d, 54H,
J=6.4 Hz, CH3), 0.79 (dd, 60H, J=28.6,21.3 Hz). *C NMR (300 MHz, CDCls) § 170.6, 170.3, 170.0,
167.5, 143.9, 130.9, 123.2, 103.5, 95.6, 82.4, 79.7, 74.7, 71.1, 70.6, 70.3, 70.0, 69.1, 68.0, 67.9, 64.7, 61.2,
58.3,50.0, 31.9, 30.2, 30.1,29.6, 29.3, 28.8, 27.9, 22.6, 20.8, 20.6, 20.6, 16.0, 15.8, 14.1. MALDI-TOF MS
(m/z) calcd for CagsH738N750210P3S 15 11661.57, found 11727.

260



Figure A87. '"H NMR analysis of 88 (300 MHz, CDCl;)
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Figure A88. *C NMR analysis of 88 (300 MHz, CDCl;)
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Figure A89. *'P NMR analysis of 88 (300 MHz, CDCls)
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Synthesis and characterization of dendrimer 92

; AcO,
AcO O > OAc
AcO N N-N AcQ OAc
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O,
Aco— 2 OI S O CO,'Bu
AcO L\\
oAcO ) N olo
[e]
L

Acl

The reaction performed according to the general procedure A to afford product 92 as a colorless oil, 'H
NMR (300 MHz, CDCls) 6 7.65 (s, 1H), 5.34- 5.20 (m, 6H, H»-H3), 5.18 (d, 3H, J= 0.8 Hz, Hs), 4.81 (dd,
3H,J=3.6, 1.5 Hz, H)), 4.49 (d, 4H, J = 26.5 Hz), 4.24 (dd, 4H, J=12.4, 5.1 Hz), 4.24 (dd, 7TH, J=12.4,
5.1 Hz), 3.77 (dd, 6H, J=10.0, 5.6 Hz), 3.68- 3.49 (m, 6H), 3.41 (d, 3H, J=9.3 Hz), 3.18 (m, 1H), 3.05
(d, 1H,J=17.9 Hz), 2.86 —2.25 (m, 12H), 2.10 (s, 9H), 2.06 (s, 9H), 2.00 (s, 9H), 1.94 (s, 9H), 1.88- 1.61
(m, 6H), 1.44 (s, 9H). *C NMR (300 MHz, CDCl3) 4 170.5, 169.9, 169.8, 169.7, 167.5, 145.0, 123.4, 103.7,
97.6, 83.7,82.3,81.6,79.2,75.2,71.8, 71.2, 70.9, 69.4, 69.0, 68.6, 68.2, 67.9, 67.9, 67.8, 66.0, 62.3, 49.8,
31.1, 30.5, 30.3, 29.2, 29.1, 27.9. No HRMS data were obtained for this dendrimer.
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Figure A90. '"H NMR analysis of 92 (300 MHz, CDCl5)
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Figure A91.3C NMR analysis of 92 (300 MHz, CDCl5)
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Synthesis and characterization of dendrimer 94
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The reaction performed according to the general procedure A to afford product 94 as a colorless oil. 'H
NMR (300 MHz, CDCls) 6 8.38 (s, 3H), 7.65 (s, 3H), 7.35 (s, 3H), 5.36- 5.24 (m, 16H), 5.22 (d, 8H, J =
5.2 Hz), 5.00 — 4.70 (m, 9H), 4.61 (s, 5H), 4.55 (s, 6H), 4.37 — 4.21 (m, 12H), 4.20 — 4.13 (m, 3H), 4.10
(d,5H, J=7.8 Hz), 4.06 (d, J= 6.9 Hz, 3H), 4.06 (d, 6H, J= 6.8 Hz), 4.05 — 3.93 (m, 8H), 3.62 (dd, 52H,
J=17.4,79 Hz), 3.51 —3.30 (m, 5H), 3.21 (t, 4H, J= 8.9 Hz), 3.14 — 2.95 (m, 4H), 2.91 — 2.36 (m, 33H),
2.14 (s, 27H), 2.09 (s, 27H), 2.05 (s, 27H), 2.03 (s, 27H), 1.97 — 1.61 (m, 18H), 1.47 (s, 27H), 1.33 — 1.06

(m, 6H), 0.85 (d, 3H, J= 7.6 Hz). No HRMS data were obtained for this dendrimer.
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Figure A92. '"H NMR analysis of 94 (300 MHz, CDCl5)
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The general procedure of dendrimer deprotection

HoHO
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//J NN R N R
n=6
n=6 W I

87

HO HO

General procedure B

To a solution of dendrimer 85 (150 mg, 1.2 mmol) in MeOH (15 mL), was added 1.0 M of NaOMe in
MeOH (700 pL), and the solution was allowed to stir for 12 h at room temperature. Then Amberlyst 15 was
added under gentle stirring until the pH reached ~7. The Amberlyst was then filtered off, and the solvent
was evaporated till dryness to afford the fully deprotected dendrimer bearing hydroxyl groups (60 mg). The
product from the first step was dissolved in a premixed solvent of TFA/toluene (1 mL, v/v=10/1) at 0 °C
and was stirred at room temperature for 90 min. The mixture was further diluted and concentrated under
reduced pressure to remove solvents. The crude product was purified by dialysis (membrane 3000 cut-off).
The obtained product was sent to lyophilization to afford product 87 in 90% yield. 'H NMR (600 MHz,
D>0) 8.14 (s, 6H), 4.90 (s, 18H), 4.70 (s, 36H), 4.48- 4.38 (m, 6H), 4.34 (d, 4H), 4.25- 4.02 (m, 24H), 3.94
(d, 24H), 3.93- 3.86 (m, 60H), 3.79 (dd, J = 23.8, 9.5 Hz, 72H), 3.75- 3.61 (m, 156H), 3.45- 3.25 (m, 24H),
3.19- 3.03 (m, 12H), 2.92- 2.74 (m, 36H), 2.66 (dt, J = 41.4, 21.0 Hz, 36H), 2.52 (dt, J = 82.2, 38.5 Hz,
12H), 2.00- 1.72 (m, 36H), 1.59 (d, J = 75.7 Hz, 12H)."*C NMR (600 MHz, D,0) & 175.1, 144.0, 125.3,
102.2,99.8,99.7, 83.1, 81.1, 80.4, 76.3,72.9,72.3,71.5, 71.2, 70.6, 70.5, 70.1, 70.0, 69.8, 69.6, 69.5, 69.1,
67.7,66.7,66.7,65.7,63.2,62.5, 60.9, 50.3, 30.8, 30.6, 29.7, 29.5, 28.3, 28.1. MALDI-TOF (m/z) calcd for
Cs300Hs28N210174P3S 15 7883.50, found 7892.
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Figure A93."H NMR analysis of 87 (600 MHz, D,0)
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Figure A94.3C NMR analysis of 87 (600 MHz, D,O)
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Figure A95. *'P NMR analysis of 87 (600 MHz, D,O)

LMS-VITI-006(1)

1750

120 100 80 60 40 20 i -20 -40 60
f1 (ppm)

T
140

272



LMS-V11I-006

a_ s

L

A g
‘coon

Mass
Moiecuer Weight. 7883 50

Figure A96. MALDI-TOF ANALYSIS 87

Zoom

7729

4500 5000 5500 6000 6500 7000 7500

273




Synthesis and characterization of dendrimer 90

I
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The reaction performed according to the general procedure B to afford product 90. 'H NMR (300 MHz,
D,0) 6 8.01- 8.13 ( m, 24H, triazole), 4.95 (d, 22H, J = 3.0 Hz), 4.74 — 4.64 (m, 36H), 4.66 — 4.46 (m,
36H), 4.21 (d, 12H, J = 2.4 Hz), 4-08- 4.16 ( m, 27 H), 3.89 (d, 27H, J = 5.1 Hz), 3.79 — 3.73 (m, 73H),
3.72- 3.59 (m, 128H), 3.22- 3.10 (m, 17H), 3.05- 2.95 ( m, 28H), 2.93-2.88 ( m, 11H), 2.45 (dd, 30H, J =
77.1,55.9 Hz), 1.66 (d, 24H, J=48.7 Hz), 1.42 — 1.10 (m, 37H), 1.06 (d, 54H, J= 6.6 Hz).

Figure A97. '"H NMR analysis of 90 (300 MHz, D-O)
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Figure A98.3'P NMR analysis of 90 (300 MHz, D,0)
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Experimental part chapter 4

1,3,4,6-Tetra-0O-acetyl-2-phthalimido-2-deoxy-p-D-glucopyranoside (108)

AAcO 9 oAc
%20

NPhth
Experimental: 1 M NaOMe (232 mL), was slowly added at 0 °C to D-glucosamine hydrochloride 107 (50
g, 0.232 mol). The reaction mixture was stirred for 2 h at r.t, then treated with finely ground phthalic
anhydride (19 g, 0.128 mol) and stirred for another 45 min. The mixture was charged with the second portion
of phthalic anhydride (19 g, 0.128 mol), EtsN (35.5 mL, 0.255 mol), and MeOH (230 mL) and stirred for
another 24. The intermediate phthalamate (and salts) were precipitated as a white solid by cooling the
mixture to -20 °C for 4 h. These were filtered and thoroughly washed with cold MeOH, then dried overnight
under reduced pressure. The solid was redispersed in pyridine (500 mL) with stirring and cooled to -5 °C,
followed by treatment with Ac,O (330 mL). The mixture was stirred at r.t for 48 h. This was redispersed in
toluene and concentrated several times for the azeotropic removal of pyridine. The remaining slurry was
redissolved in ethyl acetate and washed with saturated NaHCO3, and brine. The combined aqous layer was
extracted twice with ethyl acetate. The combined organic layer was dried over anhydrous sod. Sulphate,
concentrated under reduced pressure. The crude product was dissolved in a minimal amount of hot EtOAc
(100 mL), then diluted with hexanes (400 mL) and left to cool at —5 °C. The recrystallized product was
collected by filtration, washed with cold hexanes, and dried to yield the desired tetraacetate (85.3 g, 77%).
As the major B-isomer; mp 94-95 °C. All data of this compound is exactly matching with those previously

reported. 47

Compound 110

AA(%O
XCMO\/\O/\/O\/\ Ns
NPhth

Experimental: To a solution of D-Gulcosamine tetraacetate 108 (3 g, 9.06 mmol) in dry DCM (40 mL),
was added PEGs-azide (3g, 17.14 mmol). The reaction mixture was cooled at 0 °C followed by slow addition
of BF;.0Et; (10 mL, 57.09 mmol). Reaction allowed stirring at rt overnight. The organic phases were
washed with saturated aq. NaHCOs3, and water. The organic layer was dried over anhyd. Na,SO, and the
solvent evaporated under reduced pressure. The crude product was purified by flash column
chromatography (hexanes/ethyl acetate, 60: 40%) to afford the product as oily residue (2 g, 55%). '"H NMR
(300 MHz, CDCls) 6 7.85 (dd, 2H, J=5.4, 3.0 Hz, Ar), 7.74 (dd,2H, J= 5.4, 3.1 Hz, Ar), 5.81 (dd, 1H, J=
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10.6, 9.2 Hz, H-3), 5.43 (d,1H, J = 8.5 Hz, H-1), 5.17 (t, 1H, J= 9.6 Hz, H-4), 4.38- 4.32 (m, 1H, H-2), 4.30
(dd, 1H, J = 8.0, 2.6 Hz, Hea), 4.23- 4.08 (m, 1H, Hey), 3.94- 3.82 (m, 1H, HS), 3.76 — 3.59 (m, 3H), 3.56 —
3.44 (m, 4H), 3.42 — 3.25 (m, 6H), 2.11 (s, 3H), 2.03 (s, 3H), 1.86 (s, 3H). *C NMR (300 MHz, CDCl3) 8
170.7, 170.1, 169.5, 134.2, 131.5, 123.5, 98.2, 71.8, 70.7, 70.5, 70.4, 70.0, 69.94, 69.1, 69.0, 62.0, 54.6,
50.6,29.7,20.8, 20.6, 20.4. ESI-HRMS (m/z) calcd. for C2sH3N4O1, 610.2355 [M+NH,] ¥, found 610.2352.

Figure A99. 'H NMR analysis of compound 110 (300 MHz, CDCl;)
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Figure A100. *C NMR analysis of compound 110 (300 MHz, CDCl5)
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Figure A101. COSY analysis of compound 110 (300 MHz, CDCls)
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Figure A102. DEPT analysis of compound 110 (300 MHz, CDCls)
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Experimental: Compound 110 (1.2g, 2.69 mmol) was dissolved in MeOH (50 mL), then MeONa/MeOH
(1M, 1g, 18.6 mmol) was added till pH 7. The reaction mixture was stirred at rt for 5 hr. Then the reaction
was neutralized with acidic resin (Amberlyst IR-120H), and was filtered through bad of celite, and the
filtrate was then evaporated under reduced pressure to obtain product 111 as oily residue (0.9 g, 95%). 'H
NMR (600 MHz, CD3;0OD) & 7.91-7.86 (m, 2H, Ar), 7.86 -7.80 (m, 2H, Ar), 5.23 (d, 1H, J = 8.5 Hz, H)),
4.28 (dd,1H, J=10.7, 8.3 Hz, H3), 3.99 (dd, 1H, J=10.7, 8.5 Hz, H»), 3.93 (dd, 1H, J=12.0, 2.1 Hz, Hs,),
3.79 —3.71 (m, 1H, He), 3.40 (dd, 1H, J=11.7, 6.3 Hz, Hy), 3.40 (dd, 1H, J=11.7, 6.3 Hz, H5)."*C NMR
(600 MHz, CD;0D) 6 168.5, 168.2, 134.1, 131.7, 122.7,98.2, 76.8, 71.2, 71.1, 70.0, 69.8, 69.7, 69.6, 68.4,
61.3,57.1, 50.2. ESI-HRMS (m/z) calcd for Cao Has N4 Og [M+Na] © 489.1592, found 489.1577.
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Figure A103. '"H NMR analysis of compound 111 (600 MHz, CD;OD)
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Figure A104. '*C NMR analysis of compound 111 (600 MHz, CD;0OD)
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Figure A105. COSY analysis of compound 111 (600 MHz, CD;0D)
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Experimental: To a solution of 111 (5.5 g, 11.8 mmol) in DMF (90 mL) was added a freshly prepared
solution of LIHMDS (1.0 M in Toluene, 60 mL) at -75 °C. The mixture was stirred for 30 min before allyl
bromide (23 mL, 76.7 mmol) was added, and the mixture was allowed to stir at room temperature for 2 h.
before being quenched by sat. aq. NH4Cl. The mixture was diluted with EtOAc, washed with brine twice,
dried over anhyd. Na;SOs, the filtrate evaporated in vacuo and purified by silica gel flash chromatography
(Hexane/ EtOAc 6 :4) to give allylated product as oily residue (4.2 g, 60%). 'H NMR (300 MHz, CDCl5) §
7.94-7.75 (m, 2H, Ar), 7.74 (dd, 2H, J=5.5, 3.1 Hz, Ar), 6.09- 5.74 (m, 2H-allyl), 5.62-5.47 (m, 1H- allyl),
5.40- 5.07 (m, 6H-allyl, H;), 5.01 (dd, 1H, J=17.2, 3.1, 1.5 Hz, H3), 4.80 (dd, 1H, J = 10.3, 1.6 Hz, Hy),
4.42-4.00 (m, 7H-allyl, H»), 3.95-3.82 (m, 1H, Hs), 3.72 (dd, 2H, J = 5.7, 2.6 Hz, Hgg), 3.69-3.58(m, 2H,
CH,), 3.58 — 3.42 (m, 6H, 3xCH,), 3.41-3.35 (m, 2H, CHz), 3.34-3.27 (m, 2H, CH,)."*C NMR (300 MHz,
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CDCl3) 6 134.7, 134.6, 134.4, 134.0, 131.8, 117.0, 116.9, 98.3, 79.0, 78.8, 75.0, 73.6, 72.5, 70.5, 70.4, 70.0,
69.9, 68.7,55.9, 50.6. ESI-HRMS (m/z) caled for C29H3sN4Og [M+ NH4] © 604.2977, found 604.2971.

Figure A106. '"H NMR analysis of compound 113 (300 MHz, CDCl5)
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Figure A107. *C NMR analysis of compound 113 (300 MHz, CDCI5)
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Figure A108. COSY analysis of compound 113 (300 MHz, CDCls)
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Figure A109. HSQC analysis of compound 113(300 MHz, CDCls)
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Experimental: Ethylenediamine (0.80 mL, 8.64 mmol) was added dropwise at 0 °C to a stirred solution of
compound 113 (400 mg, 0.234 mmol) in n-butanol (10 mL). The reaction mixture was stirred for 2 h at
85 °C. The solvent was removed under reduced pressure and repeatedly evaporated with co-solvent toluene.
The resulting residue was purified by flash chromatography packed with dry silica gel (DCM/Methanol 97:
3%), to obtain the product as oily residue, (260 mg , 83%)."H NMR (300 MHz, CDCl;) § 6.11-5.68 (m, 3H),
5.42-5.05 (m, 6H), 4.59-3.93 (m, 8H), 3.77-3.71 (m, 1H), 3.72-3.63 (m, 10H, PEGs), 3.64-3.58 (m, 1H),
3.47- 3.34 (m, 4H), 3.33-3.25 (m, 1H), 2.80 (dd, J = 9.7, 8.0 Hz, 1H), 1.89 (s, 2H)."*C NMR (300 MHz,
CDCls) 6 134.8,134.6, 123.0, 117.1, 117.0, 112.2, 103.9, 84.7, 78.2, 75.2, 74.1,73.5,72.4,70.7, 70.5, 70.3,
70.0, 68.8, 56.8, 50.7. ESI-HRMS (m/z) calcd for C»; His Ng O7 [M+H]" 457.2657; found 457.2651.
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Figure A110. ESI-MS m/z analysis of compound 114
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Figure A111. '"H NMR analysis of compound 114 (300 MHz, CDCls)
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Figure A112. *C NMR analysis of compound 114 (300 MHz, CDCl5)
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Experimental: Compound 114 (0.4 g, 0.877 mmol) and methoxy butanoic acid 115 (0.12 g, 0.877 mmol)
were dissolved in DMF (6 mL). To this solution was added 1-Hydroxybenzotriazole hydrate (HOBt) (0.12g,
0.877 mmol) and Et;N (0.4 mL, 2.89 mmol). After stirring the resultant solution for 5 minutes, it was cooled
to 0 °C, and N,N-diisopropylcarbodimide (DIC) (0.3 mL, 1.32 mmol) was added at once. The reaction
mixture was allowed to warm to room temperature and continue stirring for 18 h. The resulting mixture was
partitioned between EtOAc and water and extracted three times with EtOAc. The organic layers were
combined and sequentially washed with sat. aq. NaHCOs, sat. aq. NH4Cl, and brine. The organic layer was

dried over Na;SOj4 and concentrated under reduced pressure. The resulting crude solid was purified by flash

289



coloumn chromatography (EtOAc/ hexane 7:3%) yielding 117 as a white oily residue (0.35 g, 72%). 'H
NMR (300 MHz, CDCl3) & 6.27 (d, 1H, J = 8.1 Hz, NH), 6.02- 5.64 (m, 3H, 3xCH allyl), 5.34- 4.84 (m,
6H, 3xCH; allyl), 4.70 (d, 1H, J= 8.2 Hz, H1), 4.29- 3.93 (m, 6H, CH>, allyl), 3.83 (ddd, 1H, J=11.9, 7.8,
4.4 Hz, H3), 3.79- 3.66 (m, 2H, H», Hs), 3.61 (s, 3H, CH3), 3.65- 3.52 (m, 8H), 3.43 (t,1H, J= 7.1 Hz, Ha),
3.40- 3.24 (m, 2H, 2xH6, CH>), 2.59 (t,2H, J = 6.8 Hz, CH>), 2.44 (t, 2H, J = 6.8 Hz, NHCH,). '*C NMR
(300 MHz, CDCls) 6 173.2, 171.5, 135.1, 134.7, 134.7, 116.8, 116.7, 116.5, 100.4, 81.0, 74.8, 73.3, 72.3,
70.6, 70.6, 70.4, 69.8, 68.9, 68.3, 56.5, 51.7, 50.5, 41.8, 30.9, 29.1, 23 4.

Figure A113. '"H NMR analysis of compound 117 (300 MHz, CDCls)
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Figure A114. *C NMR analysis of compound 117 (300 MHz, CDCl5)
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Experimental: To a solution of compound 117 (100 mg, 0.175 mmol) in THF (3 mL), was added triphenyl
phosphine (80 mg, 0.305 mmol), and 0.2 mL of water. The reaction mixture is allowed to stir overnight at
rt. The solvent was evaporated under reduced pressure. The crude mixture was Purified by column
chromatography packed with dry silica (DCM/ MeOH 70: 30%), to afford product 118 as oily crystals (50
mg, 52%).'"H NMR (300 MHz, CDCls) § 6.27 (d, 1H, J = 8.1 Hz, NH), 6.14- 5.65 (m, 3H, 3xCH allyl),
5.25-4.98 (m, 6H, 3xCH, allyl), 4.71(d, 1H, J= 8.2 Hz, H;), 4.32- 3.71 (m, 6H, CH,, allyl), 3.82 — 3.25 (m,
15H), 3.15 (s, 1H), 2.80 (dd, 4H, J=25.7, 14.8 Hz), 2.50 (d, 2H, J=11.5 Hz), 1.80 (dt, 12H, J=75.4, 30.4
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Compound 119
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Experimental: The product from previous step 118 (100 mg, 0.18 mmol), was dissolved in dry
dichloromethane (10 mL), to this solution was added EtsN ( 0.1 mL, 0.59 mmol) and Boc,O (50 mg, 0.24
mmol), the resulting mixture was allowed to stir at room temperature for 16 h then concentrated under
vacuum and the residue was purified on column chromatography (DCM/ MeOH 97: 3 %) to afford the
desired product as a colorless oil ( 100 mg, 84%).'H NMR (300 MHz, CDCls) & 6.34 (d, J= 7.1 Hz, 1H),
5.98 —5.67 (m, 3H), 5.34 —4.97 (m, 6H), 4.76 (d, J = 8.2 Hz, 1H), 4.29 — 3.80 (m, 6H), 3.86 (dt, /= 11.0,
3.8 Hz, 1H), 3.70 — 3.57 (m, 2H), 3.70 — 3.45 (m, 15H), 3.45 — 3.08 (m, 3H), 2.70 — 2.49 (m, 2H), 2.49 —
2.37 (m, 2H), 1.39 (s, 9H). *C NMR (300 MHz, CDCls) 4 173.3, 171.6, 156.0, 135.1, 134.7, 134.7, 116.9,
116.7, 116.5, 100.2, 80.8, 79.1, 74.8, 73.4, 72.3, 70.6, 70.4, 70.2, 68.9, 68.3, 56.6, 51.7, 40.2, 30.9, 29.1,
28.4. HRMS (ESI, Q-TOF): m/z calcd for C3;Hs:N>O1> [M+Na']: 667.3412, found, 667.3397.

Figure A115. "H NMR analysis of compound 119 (300 MHz, CDCl5)
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Figure A116. '*C NMR analysis of compound 119 (300 MHz, CDCl5)
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Figure A117. COSY analysis of compound 119 (300 MHz, CDCls)
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Figure A118. HSQC analysis of compound 119 (300 MHz, CDCls)
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Figure A119. DEPT analysis of compound 119 (300 MHz, CDCls)
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Figure A120. HRMS TOF (QTOF) analysis of compound 119
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Compound 120
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Experimental: To a vial equipped with a stir bar was charged with a solution of compound 119 (150 mg,
0.232 mmol), and a-D-mannose thiol 67 (600 mg, 1.413 mmol) in DMF (0.7 mL). The mixture was sparged
by bubbling with nitrogen for 5 minutes. Followed by the addition of 2,2-Dimethoxy-2-phenylacetophenone
(DMPA) (60 mg, 0.33 mmol, 0.2 eq. per each double bond). The reaction mixture was irradiated for 2.5
hours (Amax= 356 nm) at room temperature. After complete conversion of the starting material, the reaction
was diluted with ethyl acetate, washed with water, brine, dried over anhyd. Na>SOa, and concentrated. The
desired product was isolated as a white oily residue following purification by column chromatography
(DCM/MeOH 97: 3%), to afford the desired product 120 (350 mg, 81%). 'H NMR (300 MHz, CDCl;) &
6.44 (s, 1H, NH), 5.35 - 5.19 (m, 9H, 3x H2,3,4, man), 4.84 (d, 3H, J = 1.4 Hz, H1, man.), 4.71 (d, 1H, J =
8.2 Hz, H1 glu), 4.30 (d, 1H, J =5.2 Hz, H3, Glu), 4.26 (d, 2H, J = 5.1 Hz, H 2,5, D-Glucosamine), 4.16 —
4.01 (m, 6H, 3xH6, man), 3.9- 3.73 (m, 6H, 3x CH2), 3.71- 3.67 (m, 2H, H6, Glu), 3.66 (s, 3H, CH3), 3.55-
3.42 (m, 6H, 2xO-CH> ), 3.39- 3.14 (m, 6H, 2x O-CH>), 2.71 (ddd, 8H, J = 14.1, 8.5, 5.3 Hz, 3xS-CH,,
CH>), 2.64- 2.43 (m, 8H, 3xS-CH,, CH>), 2.14 (s, 3H, OAc), 2.09 (s, 3H, OAc), 2.04 (s, 3H, OAc), 1.98 (s,
3H, OAc), 1.88- 1.78 (m, 2H, 3xCH>), 1.43 (s, 9H, t-Butyl). *C NMR (300 MHz, CDCls) § 173.4, 170.6,
170.6, 170.0, 169.8, 169.7, 156.0, 97.6, 81.6, 79.2, 78.3, 77.4, 76.6, 74.9, 70.7, 70.4, 70.2, 69.7, 69.5, 69.1,
69.0, 68.6, 68.0, 66.0, 62.4, 56.4, 51.7, 50.8, 40.3, 31.1, 31.0, 30.9, 30.4, 29.8, 29.7, 29.2, 29.0, 28.4. HRMS
(ESI, Q-TOF): (m/z) calcd for C70H124N204,S3 [M+Na] *: 1891.6683, found 1891.66861.
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Figure A121. '"H NMR analysis of compound 120 (300 MHz, CDCls)
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Figure A122. '*C NMR analysis of compound 120 (300 MHz, CDCI5)
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Figure A123. HSQC analysis of compound 120 (300 MHz, CDCls)
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Figure A124. COSYanalysis of compound 120 (300 MHz, CDCl5)
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Figure A125. HRMS TOF (QTOF) of compound 120
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Experimental: To a solution of compound 120 (100 mg, 0.053 mmol) in MeOH (25 mL), added a solution
of 1.0 M of NaOMe in MeOH (0.1mL), NaOMe solution was added dropwise till pH= 8. The solution
allowed to stir for 12 hr at room temperature. Then Amberlyst IR-120H; was added under gentle stirring
until the pH reached ~7, then the resin was filtered off, and the solvent was evaporated till dryness to afford
the fully deprotected acetyl groups as oily residue (80 mg). This residue was dissolved in a pre-mixed
solution of 20 % TFA/DCM at 0 °C, the reaction was stirred for 2 h at rt. TFA was removed by azeotropic
evaporation using toluene, under reduced pressure with a temperature lower than 40 °C, and concentrated
under reduced pressure, to afford the desired product 115 (58 mg, 87%). '"H NMR (300 MHz, D,O) & 7.95
(d, 1H, J=8.3 Hz, NH), 7.60 (d, 1H, J = 8.3 Hz, NH), 4.95- 4.84 (m, 9H), 4.60- 4.44 (m, 3H), 3.99 (d, 2H,
J=28.1Hz), 3.95 (dt, 10H, J = 6.1, 3.1 Hz), 3.89 (dd, 20H, J = 11.3, 4.5 Hz), 3.79 (dt, 19H, J=10.2, 4.4
Hz), 3.76- 3.70 (m, 20H), 3.70- 3.59 (m, 40H), 3.59- 3.31 (m, 13H), 3.19- 2.94 (m, 14H), 2.81 (dt, 16H, J
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=14.3,7.3 Hz), 2.69 (tt, 16H, J=17.7, 8.9 Hz), 2.58- 2.50 (m, 6H), 2.49- 2.41 (m, 6H), 1.89 (dt, 16H, J =
14.2, 7.3 Hz), 1.37-1.20 (m, 2H)."*C NMR (300 MHz, D,0) 5 180.4, 175.9, 132.6, 129.2, 101.0, 99.7, 82.0,
77.8,73.6, 72.8, 71.6, 70.5, 70.5, 70.0, 69.7, 69.6, 69.5, 69.4, 69.0, 66.6, 66.6, 54.7, 52.4, 39.4, 33.2, 30.7,
30.7, 28.2, 28.1. MALDI-TOF MS: m/z caled for CsoHosN>OasSs[M+Na] * 1268.51, found 1268.5105.

Figure A126. "H NMR analysis of compound 122 (300 MHz, D,0)
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Figure A127. *C NMR analysis of compound 122 (300 MHz, D,0)

LMS-VII-115(16-08)

= 24 = EnTEIREONELeEI2 oY e Zeons

= oo S SEEe®aIAnenEWTaE 38 RT F ey m

B 5 L S  HEPRCRRRSEEESEE AN g RERRE

carbone D20 {C:Wrukpr’\TOPSPIN} Roy 55 | W e e = || | NN P

200 190 180 170 160 150 140 130 120 110 . %DD ) Qo a0 70 60 50 40 30 20 10 i}
1 (ppm

303



Figure A128. *C NMR analysis of compound 122 (300 MHz, CD;0OD)
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Figure A129. DEPT analysis of compound 122 (300 MHz, CD;OD)
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Compound 124

COOMe

Experimental: The compound 122 (80 mg, 0.063 mmol), and 4-azobutanoic acid (25 mg, 0.208 mmol)
were dissolved in anhydrous DMF (2 mL) and DIPEA (0.2 mL, 1.162 mmol) and PyBop (100 mg, 0.129
mmol) were added. The reaction mixture was stirred at toom temperature for 16 h and then concentrated to
dryness under reduced pressure. The crude product was purified by flash column chromatography on dry

silica, (Acetonitrite/H,O 80: 20%) to provide the product 124. (NMR not shown).

Note: in the case of PyBOP coupling reagent, a significant peak overlap of UV-active by products was
observed, which overlap with the product. As a result, the product from this step was directly acetylated

providing compound 125 with all of its acetylated hydroxyl groups:

Compound 125

AcO.
Al

cO
Aco_N 0Ac
-0
AcO °
C
AX‘&@@ 5
-0
0\/\ %
AcO—ACO o
¢ s
A%Eo%ﬁ MO
O8O

(0]

(o]

o]

N3
9 O\/\O/\/O\/\II:IIJ\/\/
NH

Coome
Experimental: The product from the previous step 124 (700 mg) was dissolved in a mixture of pyridine
(30 mL), and acetic anhydride (15 mL) at 0 °C degree. The reaction was allowed to stir for 12 h at room
temperature. The solvent evaporated under reduced pressure and the residue was then redissolved in DCM,
washed with sat NaHCOs, brine, and dried over anhydrous sodium sulfate. The crude product was purified

on coloumn chromatography (DCM/MeOH 97 :3%) to afford 125 (300 mg, 60%).
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'H NMR (300 MHz, CDCl3) § 7.68 (d, 1H,J=23.5 Hz, NH), 6.51 (d, 1H,J=34.6 Hz, NH), 5.41 — 4.99
(m, 9H), 4.95 (d, 1H, J = 8.3 Hz, H1), 4.73 (s, 3H), 4.27 — 4.03 (m, 4H), 3.93 (t, 9H, J = 21.1 Hz), 3.54 (t,
4H, ] = 9.4 Hz, 1H), 3.54 (t, 12H, J = 9.4 Hz), 3.31 — 3.11 (m, 4H), 2.78 — 2.29 (m, 20H), 2.29 — 2.10 (m,
3H), 2.02 (s, 9H, OAc), 1.97 (s, 9H, OAc), 1.92 (s, 9H, OAc), 1.86 (s, 9H, OAc), 1.76 — 1.62 (m, 6H), 1.44
(t, 2H, J=41.7 Hz, CH,), 1.16 (dt, 2H, J=14.2, 8.9 Hz, CH,)."*C NMR (300 MHz, CDCl3) § 178.1, 177.0,
173.3, 172.1, 171.9, 171.5, 171.4, 170.4, 170.4, 169.8, 169.8, 169.6, 169.6, 169.5, 157.3, 156.9, 121.6,
117.7,113.9,97.4,79.0, 78.0, 77.7, 77.5, 74.8, 70.6, 70.2, 70.1, 69.9, 69.5, 69.3, 69.2, 68.9, 68.6, 68.5, 68.3,
67.8, 67.7, 65.9, 65.8, 62.3, 60.1, 56.1, 53.5, 51.6, 50.7, 50.3, 50.2, 39.6, 32.8, 31.0, 30.8, 30.7, 30.2, 29.6,
29.4,29.1,23.8, 20.7, 20.6, 20.5, 20.5, 14.0.

Figure A130. 'H NMR analysis of compound 125 (300 MHz, CDCl5)
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Figure A131. *C NMR analysis of compound 125 (300 MHz, CDCI5)
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Figure A132. DEPT analysis of compound 125 (300 MHz, CDCls)

mm.mf_|
B0z
mm.omk

EQD
TN

TEGL
986
ZF0E
EBDE
ﬁo.ﬁmw
BTTE

0TBE~_
BLHE""

ZEDS
hv.om%.
£305
mh.ﬁmL\
S.mmﬁ
33

manw/r
1989
86'89
£T09
LEB9

FI0Li—

[T
[

n:.mhv
8064~

=
o
=

dept135 CDCI3 {C:\Bruker\TOPSPIN} Roy 3l

LMS-VIII-033(06-09-21)

ao

100

110

120

130

1 (ppm

309



Figure A133. HSQC analysis of compound 125 (300 MHz, CDCls)
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Figure A134. COSY analysis of compound 125 (300 MHz, CDCls)

|

LMS-VIII-033(06-09-21) - |
cosy CDCI3 {C:\Bruker\TOPSPIN} Roy 3
H
it
L2
&
L) d
L
- Is
-~ 6
-
-~ -
- +
a* - “ . .
"
-~ b ]
le
= -

310

f1 (ppm)

f1 (ppm)



Figure A135. IR analysis of compound 125
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Compound 126
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Molecular Weight: 11600.43

Experimental: To a solution of D-Glc thiomannoside 125 (400 mg, 0.213 mmol), and hexapropargylated
dipentaerythritol 91 (15 mg, 0.023 mmol) in anhydrous toluene, were subsequently added DIPEA (1mL,
5.75 mmol), and Cul.P(OEt); (30 mg). The reaction was stirred for 24 h at 80 °C in an oil bath under a
nitrogen atmosphere. The reaction mixture was cooled to ambient temperature, diluted with ethyl acetate,

washed with repeatedly with EDTA, finally washed with water, and dried over anhydrous Na,SOs. After
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the solvent was removed, the crude product was purified by column chromatography to obtain 126 (100 mg.
"H NMR (CDCls, 300 MHz) & 8.47-7.33 (m, 1H, triazole ring), 5.47-5.12 (m, 54H), 5.06 (d, 6H, J = 8.3
Hz), 4.83 (s, 18H), 4.38- 4.16 (m, 23H), 4.15- 3.94 (m, 88H), 3.91-3.68 (m, 65H), 3.70- 3.42 (m, 109H),
3.46- 3.10 (m, 25H), 2.862.55 (m, 83H), 2.57- 2.44 (m, 16H), 2.39- 2.17 (m, 18H), 2.13 (s, 54H), 2.08 (s,
54H), 2.02 (s, 54H), 1.96 (s, 54H), 1.94- 1.67 (m, 46H), 1.70- 1.40 (m, 8H), 1.39- 1.24 (m, 18H), 0.78 (dd,
18 H) . *C NMR (300 MHz, CDCl;)  170.6, 170.0, 169.8, 169.7, 157.5, 97.6, 79.2, 78.1, 77.5, 77.3, 77.1,
74.9, 70.3, 70.1, 70.0, 69.7, 69.4, 69.3, 69.0, 68.8, 68.6, 68.3, 67.9, 39.7, 31.1, 29.7, 29.6, 29.2, 20.8, 20.7,
20.6, 20.6. HRMS data could not be obtained for this compond.

Figure A136. '"H NMR analysis of obtained product 126 (300 MHz, CDCl5)
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Figure A137.13C NMR analysis product 126 (300 MHz, CDCI5)
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Figure A138. COSY analysis of obtained product 126 (300 MHz, CDCls)
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Figure A139. DEPT analysis of obtained product 126 (300 MHz, CDCls)
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Experimental part chapter 5

2-chloro propyl (4- nitro phenyl) carbonate (136)

o0._0
C|/ﬁ/ I \©\N02

Experimental: A stirring mixture of 4-nitrophenyl chloroformate 134 (4g, 19.9 mmol) and pyridine (8 mL)
in dry THF (40 mL) was cooled to 0 °C for 15 min, and a solution of 2-chloro-1-propanol 135 (4g, 42.55
mmol) in dry THF (40 mL) of was added slowly. The mixture was allowed to stir at room temperature for
15 h. The mixture was then concentrated under reduced pressure to dryness. The resulting residue was
purified by flash column chromatography (Hexane/ Ethyl acetate 9:1) to give product 136 (3g, 60%) as
white solid crystals. 'H NMR (300 MHz, CDCls) & 8.44- 8.14 (m, 2H, Ar), 7.56- 7.31 (m, 2H, Ar), 5.40-
4.67 (m, 1H), 1.48 (d, 3H, J = 6.4 Hz, CH3).
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Figure A140."H NMR analysis of compound 136 (300 MHZ, CDCl;)
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Experimental: Ciprofloxacin 129 (0.9 g, 3.0 mmol, 1 eqv.) and TMS-CI (800 pL, 6.18 mmol, 2.06 eqv.)
were combined in dry CH,Cl, (50 mL). The mixture was stirred for 10 min at rt and DIPEA (5.1 mL, 29
mmol, 9 eqv.) was added to afford a clear light-yellow solution. 2-chloro propyl (4- nitro phenyl) carbonate
136 (0.9 g, .9 mmol, 1.3 eqv.) in DCM (5 mL) was then added slowly, during which time the solution turned
dark orange and some smoke formed. The reaction was stirred overnight at rt and diluted with MeOH (10

mL), and the mixture was stirred vigorously for another 30 min. The solution was concentrated, and the
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resulting residue was dissolved in CH>Cl,. The solution was washed with 0.1 M HCI (3 x 30 mL) and H»O,

then dried over Na,SOs, and concentrated to give product 137 (500 mg, 40 %). The product purified on

column chromatography (DCM: MeOH 99:1%). '"H NMR (300 MHz, CDCls) 8 8.76 (s, 1H), 8.03 (d, 2H, J

=12.9 Hz), 7.37 (d, 2H, J = 7.1 Hz), 5.17- 4.71 (m, 1H), 3.81-3.68 (m, 4H), 3.67 (d, 2H, J = 4.3 Hz), 3.62

(d, 2H, J = 5.3 Hz), 3.53 (ddd, 2H, J = 36.1, 21.1, 17.1 Hz), 3.32 (s, 4H), 1.44- 1.39 (m, 2H), 1.38 (d, 3H, J

= 6.4 Hz), 1.28- 1.03 (m, 2H).

Figure A141."H NMR analysis of compound 137 (300 MHZ, CDCl;)
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Figure A142. 'F NMR analysis of compound 137 (300 MHz, CDCl5)
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Experimental: A solution of L-valine (2.34g, 20 mmol) in a mixture of THF (30 mL), water (15 mL), and
1M NaOH (20 mL) was stirred and cooled in an ice bath. Afterward, di-tert-butyldicarbonate (Boc2)O (4.8
g, 22 mmol) was added and the reaction mixture was further stirred for 12 h at room temperature. Then it
was acidified with 1M HCI and extracted with ethyl acetate. The organic layer was dried over anhydrous
sodium and evaporated under reduced pressure to give a gummy mass, yield 90%. All the data are in
accordance with the reported one.'"H NMR (300 MHz, CDCl;) §; 0.92-0.89 (m, 6H, CH(CH3)»), 1.44 (s, 9H,
Boc, (CH3)3), 2.07-2.10 (m, 1H, B-CH), 4.19-4.23 (m, 1H, a-CH), 8.10 (br s, 1H, NH); *C NMR (300 MHz,
CDCl3), 8 17.4, 18.9, 28.2, 31.0, 58.3, 80.0, 155.8, 176.6.
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Figure A143."H NMR analysis of Boc L-Valine 138.
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Experimental: TMSCI (300 pL, 2.355 mmol), DIPEA (700 uL, 397 mmol) and 137 (300 mg, 0.653 mmol)
were combined in dry DMF (9 mL) and stirred for 5 min. at rt to give a light-yellow solution. N-Boc L-
Valine 138 (400 mg, 1.78mmol, 2.5 eqv.) and DIPEA (700 uL, 3.6 mmol, 2 equiv) were combined in 6 mL
dry DMF to give a colorless solution. The solutions were combined and the reaction was stirred overnight
at 65°C. MeOH (9 mL) was added to the reaction and the resulting mixture was stirred for another 15 min,
the mixture was concentrated and the resulting solid was dissolved in EtOAc. The organic phase was washed

with brine and dried over anhyd. Na,SOs. The crude product was purified by flash chromatography on silica
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gel (DCM: MeOH 97: 3%) to afford the desired product as brown solid (200 mg, 50%). 'H NMR (300 MHz,
CDCl3) 6 8.77 (s, 1H, H2), 8.02 (d, /= 12.9 Hz, 1H, H7), 7.35 (t, /= 9.6 Hz, 1H, H10), 5.67 (brs, 1H, NH),,
5.05(dd, J=17.1, 7.3 Hz, 2H, H29), 3.69 (dd, /= 11.5, 4.3 Hz, 1H, H31), 3.63 — 3.50 (m, 3H, H21-H22,
H16),3.31 (d, J=2.5 Hz, 1H, H24-H25), 2.25 — 2.02 (m, 1H, H36), 1.44 (s, 9H-tert-butyl), 1.38 (d,J = 6.4
Hz, 1H, H17), 1.31 (t,J= 6.5 Hz, 1H, H17"), 1.22 (d, /= 6.0 Hz, 2H, H18), 1.00 (d, /= 6.9 Hz, 3H, H37),
0.93 (d, J=6.9 Hz, 3H, H38). ESI-MS (m/z) calcd for C31H41FN4Oo [M+H] " 633.29; found 634.10

Figure A144."H NMR analysis of compound 139 (300 MHz, CDCl5)
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Figure A145. F NMR analysis of compound 139 (300 MHZ, CDCl;)
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Figure A146. Mass spectrum of compound 139
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Experimental: A portion of 139 (150 mg, 0.237 mmol) was dissolved in 20% TFA/DCM (3 mL), which
was stirred for 2.5 h at rt. The reaction was then concentrated under reduced pressure with co-solvent
toluene, resulting in the precipitation of an orange solid 132 (90 mg, 71 % yield). The mixture was dried,
and pure enough to be injected and used for the next step without further purification. '"H NMR (300 MHz,
CDCl) 6 8.73 (s, 1H, H2), 7.98 (d, J = 12.9 Hz, 1H, H10), 7.36 (d, /= 7.1 Hz, 1H, H7), 5.14 — 4.99 (m,
1H, H29), 3.80 — 3.65 (m, 2H, H31), 3.61 (d, /= 5.3 Hz, 1H, H16-H16), 3.59 —3.59 (m, 1H, H35), 3.48 (q,
J=17.0 Hz, 2H, H21-H22), 3.32 (s, 4H, H24-H25-NH2), 1.43 — 1.34 (m, 6H, H17-H18), 1.28 — 1.10 (m,
7H, H36-H37-H38). *C NMR (300 MHz, CDCl3) § 177.0, 177.0, 167.0, 155.3, 154.4, 151.9, 147.5, 145.6,
139.0, 128.9,125.1,122.2,120.1, 120.0, 112.6, 112.3, 108.0, 105.1, 105.1, 70.9, 65.8, 54.6, 49.6, 47.4,43.5,
35.3,30.3,29.7,21.4,17.9, 15.2, 8.2. ESI-MS (m/z) calcd for C26H33FN4O7 [M+2H]" 534.23; found 535.00.
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Figure A147."H NMR analysis of compound 132 (300 MHz, CDCl5)

MS-CIP-AAdEPR(30-8X 227338RR7E385 Ro22582 TooN2USRAAGTEIMS  I8IN2I SYIASNSINSNZE3E
proton (DCI3 (chBrukerToPSEI)R W I ==l i = | SNA SN et |
5 13
o o
19
Fe e ha 15
o1 T 12eH
34 20 1
2
¥ 0 28 22[/\N 911N
31 10
H,N 35 290 26N &
330/\r 2328
32 o o4 47 18
57 36738 30 57

s [c@
8.73 7.98 7.36
H H

L}

7.5 7.0 6.5 6.0 5.5 5.0 4.5
f1 (ppm)

324



Figure A148. 13C NMR analysis of compound 132 (300 MHz, CDCI5)
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Figure A149. 'F NMR analysis of compound 132 (300 MHz, CDCls)
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Figure A150. Mass spectrum of compound 132
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Experimental part chapter 6

Synthesis of cyclotriphosphazene PEG; core (84)

Step 1: synthesis of Mono alkyne terminated tri ethylene glycol (152)

\\\/Br

N

H N =

Ho/\/o\/\o/\/o - - \\/O\/\O/\/O\/\OH . \\/o\/\o/\/o\/\o/\//
NaH, THF, 0 °C-rt-70°C, 16 h

0,
68% 32%

151 152 153

Experimental: in a two-neck round-bottom flask NaH (60%, 1.3 g, 32.66 mmol, 0.7 eqv.) was added to
THF (23 mL) at 0 °C, with extensive stirring, and a solution of Tri ethylene glycol 151 (7 g, 46.66mmol,
1.0 eq) in THF (30 mL) was added over 30 min. The reaction was stirred for 1 h at room temperature, and
a solution of propargyl bromide (5 mL, 46.66mmol, 1.0 eq) in THF (23 mL) was then added over 1 h. The
solution was stirred for 1 h at room temperature and then an additional 15 h at 60 °C. The reaction mixture
was extracted with DCM, quenched with 3% HCI (100 mL), and washed with brine. The organic layer was
dried over Na,SO4 and concentrated in vacuo to obtain the crude residue as a colorless oil. The residue was
purified by silica gel column chromatography (gradient eluent: 0-1-2-3-4-5% MeOH in DCM) to obtain the
pure product as colorless oil (6 g, 68%).

Step II- core synthesis

Pz
Z“on/\/o\/\o/\/o\//
o
\%

Oxo /_/
M Ve
o\ o}
O N ~
01P7 NPlLO
~ N
ofo oP‘o

[-J
S

\
O.
/\O/\/O\/\o/\/ 2
3
(]

N\

Chemical Formula: Cs4HgoN3024P3
Exact Mass: 1257.51
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Experimental: TEG monopropargyl 152 (5g, 26.39 mmol) was dissolved in dry THF (400 mL) and added
to a suspension of NaH (60%, 1.00 g, 21.27 mmol) in THF (50 mL). The resultant solution was stirred at
room temperature for 1 h, at which point the sodium salt precipitated from the solution.
Hexachlorocyclotriphosphazene (HCCP) (0.5 g, 1.32 mmol) dissolved in THF (5 mL) was added dropwise
to the salt solution over a period of 1 h, during which the sodium salt dissolved. The resultant solution was
then heated at 70 °C for 24 h, followed by the removal of the solvent under reduced pressure. The oily
residue was redissolved in dichloromethane, washed with nanopure water, and subsequently dried over
magnesium sulfate, filtered, and concentrated under vacuum. The crude product was purified by column
chromatography (DCM/ MeOH 99:1%)) to afford the product as a colorless oil residue (1 g, 75%). '"H NMR
(300 MHz, CDCls) 6 4.20 (d, 2H, J = 2.3 Hz, CH,, "¢==), 4.00- 4.09 (m, 2H, CH>), 3.70 — 3.61 (m, 10H),
2.45 (t, 1H, J= 2.3 Hz, =t). ESI/MS m/z calcd for CssHooN3024P3 [M+H]" 1258.51; found 1259.6.

Figure A151. '"H NMR analysis of core 84 (300 MHz, CDCI5)
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Figure A152.3'P NMR analysis of core 84 (300 MHz, CDCls)
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Heterobifunctionalized tri (ethylene glycol) Linkers Synthesis

Synthesis of HO-TEG-N; (109)

NaN3, DMF.70 °c,
OSOZQ \©\ 12 hr, 70 %
ELALEL L

~_O~ -~ ~_OH
HO o /A\V/O\v/’\ ~_-OH

NSO OH
NaOH, THF, 0°C, 2.5 h

151 109
155

Experimental: To a solution of the TEG 151 (30g, 199.7 mmol, 2.5 equiv) in THF-H,O (2:1) at 0 °C was
added a solution of NaOH 0.5 M (50 mL). The resultant mixture was stirred at 0 °C for 15 min. a solution
of p-Tosyl chloride (15 g, 78.9 mmol, 1 equiv) in THF (50 mL) was added, the reaction mixture was allowed
to stir at 0 °C for 2.5 h. The mixture was poured into ice water, and slightly acidified with 3% HCI (pH =
6). The crude product was extracted with dichloromethane, dried over Na,SQs, filtered, and concentrated
under reduced pressure. Purification of the crude product by flash column chromatography (DCM-MeOH
95:5%) afforded TEG mono tosylate as a pale-yellow oil (30g, 50%). The resulting monotosylated PEG
product was reacted with NaN3 (5.0 eq) in DMF at 70 °C for 15 h. the reaction was allowed to cool to rt,

then filtered over celite, DMF was removed in vacuo, diluted with ethyl acetate, washing with water, dried
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over anhyd. Na;SO4 and concentrated to give the pure product as a pale-yellow oil in quantitative yield,

which injected to the next step without further purification. The NMR matched with the reported one. 3* 'H
NMR (300 MHz, CDCl3) & 3.66- 3.50 (m, 8H), 3.47 (dd, 2H, J = 5.2, 3.9 Hz, CH,), 3.26 (dt, 2H, J = 20.7,
11.6 Hz, CHy). 3.13 (br, 1H, OH). 3C NMR (300 MHz, CDCl;) & 72.5, 70.4, 70.2, 69.8, 61.4, 50.4.

Figure A153."H NMR analysis of linker 109 (300 MHz, CDCls)
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LMS-TEG(23-10)

Figure A154."3C NMR analysis of linker 109 (300 MHz, CDCl;)
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Synthesis of Alkyne-TEG-NH2 161; route A

\/Br

N N
NaH, THF, 0 °C- 2h, rt-2 h
109 157

Experimental: To a solution of linker 109 (4,00 g, 22.85 mmol) in 20 mL of THF was added NaH (60%,
in mineral oil, 1.00 g, 41.66 mmol, 1.8 equiv) at 0 °C. After stirring for 15 min. propargyl bromide (80% in
toluene, 3.5 mL, 39.59 mmol, 1.7 equiv) was added slowly, and the mixture was stirred at 0 °C for 2 h and
then at 23°C for an additional 2 h. The reaction mixture was extracted with DCM, quenched with 3% HCl
(50 mL), and washed with brine. The organic layer was dried over Na>SO4 and concentrated in vacuo. The
crude residue was purified by silica gel column chromatography (gradient eluent: 0-1-2-3 % MeOH in

DCM). The pure product 157 was obtained as a colorless oil in low yield (1.9 g, 39%).
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Step 2 :

PPh3, THF-H,O
X 3, 2
\\/O\/\O/\/O\/\N3

157

NV
\\/O\/\ A0~
12h- 50°C o NH;

161

Experimental: To a solution of linker 157 (1.9 g, 8.92 mmol, 1.0 eqv.) in THF (20 mL) and triphenyl
phosphine (3.2 g, 12.33mmol, 0.9 eqv.) was added water (5 mL). The mixture allowed to stir at 50 °C for
12. After the solution was evaporated under reduced pressure. The crude product was acidified with 1N HCI
to pH= 3, followed by washing with ethyl acetate to remove the side product and unreacted materials. The
aqueous layer was collected and a solution of sat. NaHCO; was added to it until the pH of the solution was
basic, then the aqueous layer extracted several times with CHCIs, drying over Na,;SO4 and then in vacuo, to
afford 161 (500 mg, 30 %) which injected to the next step without any further purification. 'H NMR (300
MHz, CDCl): 6 3.72-3.51 (m, 8H), 3.37-3.27 (m, 4H), 3.40 (dd, 2H, J= 5.2, 3.9 Hz, CH,), 3.26 (dt, 2H, J
=20.7, 11.6 Hz, CH,),2.44 (t, 1H, J=2.5 Hz), 1.7 (brs, 2H, NH>). The data were in match with the reported

one. 4%

Synthesis of Alkyne-TEG-NH; 161; route B
Step 1 : Synthesis of HO-TEG-NH; (158)

PPhs
N3 (6] HO (0]
5% HCI, ether
109 158

Experimental: To 109 (2.4 g,13.7 mmol, 1.0 equiv), 5% HCI (26 mL) was added with vigorous stirring at
room temperature. A solution of triphenyl phosphine (3.2 g, 12.33mmol, 0.9 equiv) in Et;O (40 mL) was
added to this mixture over 3 hours. The mixture was allowed to react at room temperature for further 24
hours. The reaction mixture was washed with ethyl acetate to remove the unreacted starting materials and
triphenylphosphine oxide that was formed during the reaction. The aqueous layer was collected, cooled to
0 °C, and concentrated potassium hydroxide was added to it until the pH of the solution was basic (~12).
The product was extracted as a pale-yellow oil by washing the aqueous layer with DCM, drying over Na;SO,
and then in vacuo, to afford HO-TEG-NH; 158 (1.4 g, 68%) which injected to the next step without any
further purification. 'H NMR (300 MHz, CDCl5) & 3.72- 3.52 (m, 8H), 3.40 (dd, 2H, J = 5.2, 3.9 Hz, CH>),
3.26 (dt, 2H, J=20.7, 11.6 Hz, CH>).
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Step 2:
(Boc),0 H

SO~~~ NH2 HO/\/O\/\O/\/N o
HO 0 Y g
O

158 159

Experimental: Boc,O anhydride (2.6 g, 12.18 mmol) was added to a solution of HO-TEG-NH, 158 (1.2 g,
8.12 mmol) in dichloromethane (10 mL) at 0 °C, and the reaction continue stirring at room temperature
overnight. Concentrated and precipitated with a large amount of ether. The suspension was filtered, and the
residue was collected and dried to afford the product 159 as a white powder (1.05 g, 52%). 'H NMR (300
MHz, CDCls): & 3.72-3.51 (m, 8H), 3.37-3.27 (m, 4H), 1.44 (s, 9H). The data were in match with the

reported one. %

Step 3 : Synthesis of Alkyne-TEG-NH(Boc) (160)

BI'/\\
R (0] NHB:
HO/\/O\/\O/\/NHBOC S /\O/\/ o NHBoC
aH-DMF
159 160

Experimental: A solution of the compound 159 (3.00 g, 12.04 mmol) in DMF (5 mL) was added to a
suspension of sodium hydride (60% dispersion in mineral oil, 0.2 g, 5.06 mmol) in DMF (5 mL) at 0 °C.
The mixture was stirred ar rt for 30 min. after that, propargyl bromide (0.3 mL, 2.80 mmol) was added
deropwise and reaction was left stirring at rt for 24 h. The reaction was quenched with water, extracted with
ethyl acetate, and purified by column chrmotography, to afford yellowish powder 160 (2.00 g, 57 %). 'H
NMR (300 MHz, CDCls): 6 3.72-3.51 (m, 8H), 3.37-3.27 (m, 4H), 3.40 (dd, 2H, J= 5.2, 3.9 Hz, CH>), 3.26
(dt, 2H, J = 20.7, 11.6 Hz, CH,), 2.44 (t, 1H, J= 2.5 Hz), 1.44 (s, 9H). The data were in match with the

reported one. ¥

Step 4: Alkyne-TEG-NH; (161)

TFA, DCM, rt
o NHBOC ’ ’
///\O/\/ \/\O/\/

O~~~ NH2 TFA
z o 0
160
161

Experimental: Compound 160 (1 g, 3.48 mmol) was dissolved in 30 mL dry dichloromethane and cooled
to 0 °C. Trifluoroacetic acid (3 mL) was added dropwise, and the reaction was stirred at room temperature

for 2 h. Evaporation to remove TFA and DCM. Following using of a large amount of ether, the precipitate
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was collected and dried to afford linker 161 as a white powder (500 mg, 76 %). "H NMR (300 MHz, CDCl5):
63.72-3.51 (m, 8H), 3.37-3.27 (m, 4H), 3.40 (dd, 2H, /= 5.2, 3.9 Hz, CH>), 3.26 (dt, 2H, J=20.7, 11.6 Hz,
CH,),2.44 (t, 1H, J= 2.5 Hz), 1.7 (brs, 2H, NH>). The data were in match with the reported one. 4

Dendritic core (93)

L 7
! 0
L, S
O/ro

H

Experimental: Tri carboxylic benzoic acid 4 (500 mg, 2.4 mmol, 1 equiv) was dissolved in DMF (10 mL),
and cooled at 0 °C. DIC (1.3 mL, 8.41 mmol, 3.6 equiv), 1-Hydroxybenzotriazolehydrate (HOBt) (1.4 g,
10.4 mmol, 4.5 equiv) and Et:N (2 mL, 82.5 mmol, 6 equiv) were added. After 10 min. alkyne-TEG-NH»
161 (2g, 10.8 mmol, 4.5 equiv.) was slowly added. The reaction mixture was allowed to warm to room
temperature Stirred at rt for 36 h. The resulting mixture was diluted with DCM, washed with sat. NaHCO3,
followed by sat. NH4ClI and brine, then it is dried over Na,SOs, filtered, and concentrated, the crude product
is purified on silica gel using (DCM/MeOH, 96-3 %.) to afford core 93 (700 mg, 41%). '"H NMR (300 MHz,
CD;0D) 6 8.39 (s, 3H, 3xNH), 4.10 (d, 6H, J = 2.4 Hz), 3.84- 3.53 (m, 36H), 2.83 (t, 3H, J = 2.4 Hz)."*C
NMR (300 MHz, CD;0D) § 167.2, 135.2, 128.7,79.2, 74.7, 70.1, 69.9, 69.9, 69.1, 68.6, 57.6, 39.8.
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Figure A155. '"H NMR analysis of core 93 (300 MHz, CD;0D)
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Figure A156. '"H NMR analysis of core 93 (300 MHz, CDCI5)
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Figure A157. *C NMR analysis of core 93 (300 MHz, CD;0D)
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Methyl succinate linker 116

(0]

HO~N; 7

(0]
H,S0,4, MeOH MeOOC 153 MeOOC
(6] > W _ > W
Reflux, 3 h
o
162 115

Experimental: To a mixture of acid 115 (1g, 7.575 mmol) and N, N'-Diisopropylcarbodiimide (1.7 g, 8.252
mmol) in DCM (100 mL), then add N-hydroxysuccinimide (4.3 g, 37.875 mmol) under vigorous stirring.
The mixture was stirred at room temperature for 20 h. The organic layer was washed with 5% of citric acid,;
then with aq. Sat. NaHCO; was added, finally with brine. The crude product was purified on silica gel flash
chromatography (Hexane: EtOAc 5 :5%) to afford the product 116 as solid white crystals (70 mg, 40%
yield). 'HNMR (300MHz, CDCls): § 4.36- 3.89 (m, 1H), 3.73 (s, 3H), 2.96 (t, 2H, J=7.1 Hz), 2.84 (s, 3H),
2.75 (t,2H,J=17.0 Hz), 1.26 (t, 2H, J= 7.1 Hz).

Figure A158. '"H NMR analysis of compound 116 (300 MHz, CDCl5)
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Synthesis of succinimidyl-4-azidobutyrate 166

HO-N
o ©
(0] NaNg 0] LiOH 0] fo)
Y — N, Ny . = N _N
\OM ' DMF \OM 3 MeOH:H20 HO 3 EDC 3\/\)ko
2% 76% 87% o}
164 ° 165 123 166

It has been synthesized through three steps as follow:

Step 1: Methyl 4-azidobutyrate (165)

Experimental: To a solution of methyl 4-bromobutyrate (2.7 g, 15 mmol) in DMF (4 mL), sodium azide
(1.95 g, 30 mmol) was added. The mixture was heated at 80 °C overnight and was diluted with ethyl acetate
(50 mL). The organic layer was washed with NaHCOs3, water, and brine, and dried over anhydrous Na;SOs.
The solvent was removed under vacuum to yield a pale-yellow liquid (1.32 g, 62%). 'H NMR (CDCl;,
300MHz): 3 3.66 (s, 3 H), 3.32 (t, J=7.8 Hz, 3 H), 2.38 (t, /= 7.5 Hz, 2 H), 1.86 (m, 2 H).

Step 2: 5-azidovaleric acid (123)

Experimental: To a solution of 165 (1.29 g, 9 mmol) in MeOH (15 mL) was added an aqoues solution of
LiOH (20 mmol in 5 mL water). The suspension was stirred overnight. MeOH was removed under vacuum.
The resulting residue was diluted by ethyl acetate (50 mL) and washed with 1.0 M HCl, water and brine.
The organic layer was dried over anhydrous Na;SO4, and evaporated to dryness under vacuum yielding 123
as a pale-yellow oil (0.89 g, 76%). 'H NMR (CDCls, 300 MHz): 6 3.38 (t,J = 6.6 Hz, 3 H), 2.48 (t, /= 7.2
Hz, 2 H), 1.90 (m, 2 H).

Step 3: Succinimidyl 5-Azidovalerate (166)

Experimental: To a mixture of acid 123 (180 mg, 1.40 mmol) and N-hydroxysuccinimide (173 mg, 1.50
mmol) in CH,Cl, (20 mL), 1-(3-dimethylaminopropyl) -3- ethylcarbodiimide hydrochloride (EDC; 287 mg,
1.50 mmol) was added. The mixture was stirred at room temperature for 20 h. The organic layer was washed
with 5% of citric acid; then with aq. Sat. NaHCO; was added, finally with brine The organic layer dried
over anhyd. Na,SO4. The collected organic layers was evaporated under vacuum to afford 166 as a white
solid (277 mg, 87%). '"H NMR (CDCls): § 3.45 (t, J = 6.6 Hz, 2 H), 2.87 (s, 4 H), 2.73 (t, J= 7.2Hz, 2 H),
2.00 (m, 4 H).
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Figure A159. IR analysis of compound 166
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