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RÉSUMÉ 

Les interactions entre glucides et récepteurs ont un rôle crucial dans de nombreux 
processus biologiques y compris l'adhésion cellulaire, la prolifération, les infections 
bactériennes et virales. L’interaction monovalent entre un glycoconjugué et une 
protéine est généralement faible. Par contre de multiples interactions simultanées 
conduisent à de fortes avidités. Cependant, afin de créer des interactions protéine-
glucide plus efficaces et de résoudre le problème de faible affinité (KD dans la plage 
millimolaire ou micromolaire), certaines lectines possédant plus d'un domaine de 
reconnaissance des glucides, utilisent le mode de multivalence pour s'associer à leurs 
ligands de manière rigide et énergétique. Certains glycoconjugués multivalents 
synthétiques imitent les ligands naturels de glycanes, mais leurs synthèses en 
plusieurs étapes pour générer la multivalence et constructions sur des squelettes 
toxiques demeurent les inconvénients majeurs. Les vésicules et les liposomes 
possédant une cavité interne et portant les glucides, pouvant imiter la multivalence 
supramoléculaire des membranes cellulaires sont particulièrement avantageux. Les 
dendrimères amphiphiles Janus, portant mono- et disaccharides sur leurs extrémités, 
et possédant les structures tridimensionnelles contrôlables, ont attiré l'attention des 
chimistes médicinaux. 

Dans ce rapport le premier exemple de dendrimère amphiphile de type Janus décoré 
avec du N-acétyllactosamine et de l’acide N-acétylneuraminique a été rapporté. En 
utilisant la réaction de cycloaddition 1,3-dipolaire catalysée par le sel de cuivre, les 
intermédiaires hydrophiliques et hydrophobiques sont conjugués. En utilisant la 
méthode d'injection d'éthanol, des glycodendrimersomes ont été générés à partir de 
glycodendrimères et leurs tailles et l’indice de polydispersité de nanoparticules ont 
été mesurés par la technique de “la diffusion dynamique de la lumière”. Des études 
biologiques sur les protéines correspondantes – spécifiques aux saccharides seront 
étudiées. Afin de trouver et étudier les interactions nouvellement créées entre 
Galectins et les di- et trisaccharides monovalents, nous avons également préparé une 
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série de dérivés lesquels sont générés en position O3 du lactose et N-
acétyllactosamine. 

De plus, la synthèse de « thiosialodendrimersomes » dans lesquels l'oxygène 
glycosidique est remplacé par un atome de soufre a été effectuée. Nous présentons ici 
une méthode stéréocontrôlée et hautement convergente pour synthétiser les molécules 
cibles avec une application potentielle dans le but de développer des agents 
antiadhésifs et inhibiteurs contre les glycoprotéines de surface de sous-types de virus 
de la grippe A. Les étapes clés de la synthèse ont impliqué une sialylation α-
stéréosélective entre des donneurs de sialoside et divers accepteurs. Une méthode 
alternative, peu coûteuse et économique en atomes permettant d’avoir des α-
sialosides PEGylés a été développée. Le groupement tosyl au point focal du PEG est 
particulièrement avantageux, car sa transformation en divers groupes fonctionnels 
peut être mise à profit. 

 

Mots clés: Dendrimère de Janus, dendrimersome, N-acétyllactosamine, Lactose, 
sulfatation régiosélective, O-sialylation, S-sialylation, Galectines, virus de la grippe, 
Siglecs 

 



 

 

 

ABSTRACT 

In biology, Fischer’s lock and key model is the basis for non-covalent interactions 
between ligands and receptors. Biomolecules with multiple locks and keys are 
leading to multivalent interactions. Homo- or multimer-structured lectins are the 
targets for studying interactions with glycosylated multivalent ligands. Conventional 
multivalent glycoconjugates provide some accessible mimics for the biodisplay of 
glycans, but all require complex multistep synthesis to generate multivalency and are 
often built on toxic scaffolds. Vesicles and liposomes presenting carbohydrates, 
avoiding such restrictions are endowed with internal cavity that can mimic 
supramolecular multivalency of biological cell membranes. Recently described, mono 
and disaccharide attached amphiphilic Janus dendrimer with those parameters and 
predictable size has attracted more attention. 

Here we report the first synthesis of amphiphilic Janus dendrimer functionalized with 
N-Acetyllactosamine and N-Acetylneuraminic acid at the focal point. Using CuAAC-
mediated click-chemistry hydrophilic and hydrophobic segments were conjugated to 
afford self-assembling amphiphilic Janus glycodendrimers. Size and PdI properties of 
generated glycodendrimersomes were studied via DLS technique. Multivalent 
glycodendrimersomes will be further evaluated in protein binding studies towards 
corresponding carbohydrate-specific receptors. 

Moreover, for comparative study purpose, preparation of a small library constituted 
from para-nitrophenyl and propargyl-based O3’-functionalized lactosides have also 
been described. Their protein binding studies towards Galectin family members are 
currently under investigation. Additionally, the synthesis of thiosialodendrimersomes 
wherein the interglycosidic oxygen is replaced with enzymatically stable and 
nonhydrolyzable sulfur atom has been achieved. Herein, a stereocontrolled and highly 
convergent method for synthesizing the target molecules with potential application in 
host-pathogen, carbohydrate-lectin interaction is reported. The key steps in the 
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synthesis involved α-stereoselective sialylation between sialosyl donors and various 
acceptors. Alternatively, low-cost, atom-economical method for the synthesis of 
PEGylated sialosides have been developed. Especially, having versatile tosylate at the 
focal point is beneficial for further transformations to various functional groups. 

 

Keywords: Janus dendrimer, dendrimersome, N-acetyllactosamine, Lactose, 
regioselective sulfation, O-sialylation, S-sialylation, Galectins, Influenza virus, 
Siglecs



 

 

 

 CHAPTER I 

 

 

INTRODUCTION TO CARBOHYDRATE-PROTEIN INTERACTIONS 

1.1 Fundamentals of carbohydrate-protein interaction 

Besides being most abundant biomolecules in nature, carbohydrates possess 

biological information storage and transfer capacity which is embodied as “sugar 

code.” Deciphering and interpreting these codes by carbohydrate receptors (lectins, 

carbohydrate-specific enzymes, antibodies) require special reading features which are 

characterized through diverse molecular interactions. 

1.1.1 Chelation of metals 

Certain sugar receptors (leguminous lectins, C-type lectins, sugar isomerase enzymes) 

bind to carbohydrates in a metal-dependent manner (Ca2+, Mg2+, Mn2+). Therefore, it 

is universally known that lone pair electrons on oxygen, nitrogen, sulfur and π-

electrons of double, triple bonds of amino acids interact non-covalently with metal 

ions. Bridging (or chelating) to metal with the vicinal hydroxyls of sugars, makes the 

association around metal energetically more favorable and at the same time allows 

the site to differentiate stereochemically binding groups. Remarkably, during 



 2 

interactions between sugar and leguminous lectins Ca2+ and Mn2+ ions do not 

coordinate with sugar moiety, instead they make the site suitable for binding via 

chelating with amino acids at CRD (Figure 1.1).1  

 

Figure 1.1 Coordination of Ca2+ in sugar binding region. Cratylia mollis seed lectin in 
complex with methyl α-D-mannoside (pdb code: 1MVQ).1 

1.1.2 Hydrogen bonding 

Described for the first time by Linus Pauling,2 hydrogen bonding is a unique 

electrostatic interaction between hydrogen atom of a donor (hydrogen donor) and an 

atom (hydrogen acceptor) with higher value of electronegativity (closer to 4.0 on the 

Pauling scale and mainly with N, O, F). Primarily referring to directional interaction, 

hydrogen bond has an energy ranging from 1 to 10 kcal/mol depending on distance 

(2.2 to 4.0 Å) between hydrogen of a donor and an acceptor. The hydrogen bond 

plays crucial modulator role in receptor-ligand interactions. Study shows that 

introducing more hydrogen acceptors and donors can significantly affect binding 

affinity.3-6 Consequently, high content of hydroxyl groups that are present on sugars 

allows them to create hydrogen bond network during association to a receptor (Figure 

1.2).7-9 Having both hydrogen bond donor and acceptor characters, OH groups 

interact essentially with OH, NH, C=O functional groups of amino acids present at 

carbohydrate binding site. Another interesting fact is that, besides creating 

energetically favorable hydrogen bond, hydroxyl group can be involved cooperatively 
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in second and third bond formation which may affect binding properties of primarily 

created hydrogen bond.10, 11 

 

Figure 1.2 Hydrogen network formation via crystal structure of human Galectin-7 in 
complex with galactosamine (pdb code: 3GAL).9 

1.1.3 Hydrophobic interactions 

The phenomena of low water affinity of nonpolar functional groups and poor 

solubility of nonpolar solute in water had been known long before they become hot 

topic to investigate. In 1959 American chemist Walter J. Kauzmann by describing 

attraction between nonpolar groups of proteins in aqueous solution, introduced the 

term “hydrophobic bond” as stabilizing factor in protein folding.12 However, at the 

end of 60s the term has been replaced by “hydrophobic interactions” due to 

association of apolar groups in aqueous solution and minimization of the contact with 

neighboring water molecules.13 Nevertheless, the precise molecular mechanism of 

formation of hydrophobic interactions remains controversial and a particular 

explanation has been reported thermodynamically through positive entropy effect 

profile.14, 15 Highly ordered water molecules around non-polar solute have a negative 

impact in entropy, hence despite of destabilizing effect on enthalpy, formation of 
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hydrophobic interactions between nonpolar regions increases entropy by freeing 

water molecules and making them less ordered and energetically more favorable. So 

far, it is widely known that hydrophobic interactions (0.5 to 2 kcal/mol) play 

prominent role in sugar-receptor interactions.16 Although, the presence of multiple 

hydroxyl groups on their scaffolds allows them to be classified as hydrophilic 

molecules, depending on their faces sugars also have substantial hydrophobic 

character. For example, studies revealed that α-face of β-D-galactose is stacking with 

aromatic rings in most of cases via making extensive hydrophobic contacts by virtue 

of 4-OH which is oriented to axial position whereas its 4-epimers (Glc, Man) are 

relatively more hydrophilic.17 Moreover, having methyl (Fuc, Rha) and acetyl 

(GlcNAc, GalNAc, Neu5Ac) groups on their scaffolds provides additional 

hydrophobic contacts in sugar-receptor interactions. For example as it is shown in 

Figure 1.3, C-H···π interactions between CH3 of L-rhamnose and aromatic side 

chains of Tyr, Trp plays pivotal role during binding to the enzyme.18  

 

Figure 1.3 Hydrophobic interactions via crystal structure of Streptomyces avermitilis α-L-
rhamonosidase complexed with L -rhamnose (pdb code: 3W5N).18 

1.1.4 Ionic interactions 

Besides being mainly neutral, some sugars (sialic acids, aminosugars) exist in 

charged form by involving ionic interactions with different amino acids. For example, 
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the carboxylate group of Neu5Ac residue is involved in strong electrostatic 

interaction with the guanidium residue of arginine in Figure 1.4, shows importance of 

salt bridge in sugar-receptor interactions.19 Therefore, introducing in a synthetic 

manner, carboxyl, sulfo, phosphoryl, amine groups to sugar frame as binding affinity 

enhancers, are widely used method in medicinal chemistry.20 

 

 

Figure 1.4 Ionic interactions via Streptococcus sanguinis SrpA adhesin complexation with 
the Neu5Ac-Gal (pdb code: 5IIY).19 

1.2 Lectins 

Lectins are the carbohydrate binding proteins with non-immune origin. Depending on 

sources, they are classified into plant, microbial and animal lectins. Generally 

speaking, with their carbohydrate recognition domains (CRDs) lectins bind reversibly 

to specific mono- and oligosaccharides and cause agglutination of the affected cells.21 

Most of the lectins possess more than one CRD with dimerizing, trimerizing or 

polymerizing tendencies.22, 23  
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1.2.1 Plant Lectins 

As mentioned above, leguminous lectins are Ca2+ and Mn2+ dependent lectins which 

are mostly composed of 25-30 kDa of structurally similar 2 or 4 subunits, each with 

one carbohydrate binding site.24 The precise function of leguminous lectins has not 

been clarified yet, but some research groups reported that they are involved in 

defense mechanism against parasitic microorganisms (bacteria, fungi) and also 

nodulation process with symbiotic (nitrogen fixing bacteria) bacteria.25, 26 On the 

other hand, due to similarity of binding to carbohydrates, extracted plant lectins have 

gained popularity as models of animal lectins in biotechnology and biomedical 

science. Especially, Concanavalin A (Con A) from Canavalia ensiformis, peanut 

agglutinin (PNA) from Arachis hypogea and wheat germ agglutinin (WGA) from 

Triticum vulgaris are commercially available plant lectins which have been 

extensively employed in surface glycoconjugates characterizations of various cells 

(Figure 1.5).27-33 
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Figure 1.5 Plant lectins: A) Con A (pdb code: 6AHG);34 B) PNA (pdb code: 2PEL);35 C) 
WGA (pdb code: 1WGT).36 

1.2.2 Microbial Lectins 

The extracellular surfaces of endothelial cells are covered by glycoconjugates or 

glycocalyx which are expressed as glycosaminoglycans (GAGs), glycoproteins and 

glycolipids. Thus, pathogens (bacteria, viruses, protozoa) using adhesion strategy 

attach to the surface of host cells via lectin-surface glycoconjugate interactions 

(Figure 1.6).37-39 Imberty and co-workers reported that in comparison with plant 

lectins and animal, microbial and fungal lectins show higher binding affinity towards 

monosaccharides.40 Apart from this, multivalent binding mode (simultaneous binding 
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of multiple ligands) through lectin-surface glycan interactions remains key regulator 

for attachment. 

So far, adhesion of influenza virus to the cell surface is the most studied interactions 

to date.41-43 Thus, attachment is mediated by multivalent interactions between trimeric 

envelop surface glycoprotein – hemagglutinin and terminal sialic acid containing 

surface glycoconjugates.41 

 

Figure 1.6 Attachment of various pathogens to the cell surface through lectin-glycan 
interactions.37 

1.2.3 Animal Lectins 

Animal lectins are classified according to their carbohydrate recognition domains’ 

(CRDs) which determine their sugar specificity, dependence of bivalent cations, 

localization on cellular sites and involved biological functions (Table 1.1).44 C-type 

lectins are Ca2+ ion dependent lectin superfamily. Based on organization of the 

features of their CRD C-type lectins are divided into 14 groups.45 The majority of the 
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family members possess similar structure of CRDs with 110-130 amino acids. In each 

group, the members share common amino acid sequences and sugar specificity (Table 

1.1, Selectins).46 Some members of the family are secreted and others are 

transmembrane proteins. Through protein-protein and protein-ligand interactions C-

type lectins play numerous biological roles such as adhesion, signal transduction in 

the immune system. 

I-type lectins are members of immunoglobin superfamily that bind to glycan through 

recognizing glycosaminoglycans (GAGs) and sialic acid (Sia) residues.47, 48 Siglecs 

(Sialic acid-binding immunoglobin-like lectins) are well-documented family which 

are essentially expressed on the immune system cells.49 Siglecs themselves have been 

differentiated into subgroups based on their amino acid sequence similarity on N-

terminal V-set and adjoining C2-set domains: Sialoadhesin (Sn) or Siglec-1, CD22 or 

Siglec-2, CD33 or Siglec-3, Myelin associated glycoprotein (MAG) or Siglec-4a, 

Schwann cell myelin protein (SMP) or Siglec-4b.50 

P-type lectins are categorized by their CRDs which recognize phosphorylated 

terminal mannose residues.44 There are two types of P-lectins: cation-dependent 

mannose 6-phosphate receptor (CD-MPR) and cation-independent mannose 6-

phosphate receptor (CI-MPR) with molecular weights of 46 and 300 kDa 

respectively.51 Being type I transmembrane glycoproteins, both receptors play 

important biological role by recognizing and transporting lysosomal enzymes to 

lysosomes.52  

S-type lectins are sulfhydryl-dependent class of lectins primarily binding to β-

galactosides residues.44 Also called as Galectin family, its members possess similar 

amino acid sequence on their CRDs. Based on structural feature of CRD they are 

grouped into 3 types: proto, tandem-repeat, chimeric.53 There are 15 members of the 

mammalian galectins that have been discovered and numerated accordingly. Besides 
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being sulfhydryl-dependent, galectins are present intra- (cytoplasm and nucleus) and 

extra-cellularly (cell surface and medium).54 

Table 1.1 Example of animal or mammalian lectin classification. 

Lectin 

family 
Subtypes Dependence 

Sugar 

specificity 
Functions 

C-type 

E-selectin 

Ca2+ 

SLex, SLea 

Adhesion of leucocytes on 

endothelial cells 

L-selectin 
Adhesion of endothelial cells on 

leucocytes 

P-selectin 
Adhesion of leucocytes on 

platelets 

Collectins 

mannosides 

and 

galactosides 

Endocytosis of mannosides by 

Man-specific lectin on 

macrophage, phagocytosis, 

elimination of aged desialylated 

erythrocytes by asialoglycoprotein 

receptor 

I-type Siglecs - sialosides 
Regulation of immune cell-cell 

communications 

P-type CD-MPR Bivalent 

cations (Ca2+, 

Mannose-6-

phosphate 

Direction or transport of M6P 

bearing lysosomal enzymes to 
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Mg2+) residues 

(M6P) 

lysosomes 

CI-MPR - 

S-type Galectins Sulfhydryl β-Gal 

Host-pathogen interactions, 

regulation of cell cycle, immune 

response, autophagy, signaling 

 

1.2.4 Carbohydrate-specific Enzymes 

Based on properties that modify carbohydrate moieties, carbohydrate-specific 

enzymes are divided into 3 main types: hydrolytic, phosphorolytic and synthetic 

enzymes (Scheme 1.1).55 For example, Neuraminidase enzyme (NA) of influenza 

virus is one of hydrolytic enzymes (Glycoside hydrolases (GHs)) that cleave terminal 

sialic acid residues from oligosaccharide chains within catalytic hydrolysis in order to 

release newly born virions from cells.56 Phosphorolytic enzymes are involved in 

catalysis and regiospecific phosphorolysis of non-reducing end of certain types of 

glycosidic linkages.57 Both synthetic and phosphorolytic enzymes are responsible for 

synthesis of new sugar chains and glycosidic bonds. 
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Scheme 1.1 Modification of carbohydrate moiety by three types of carbohydrate-specific 

enzymes: 1) Hydrolytic; 2) Phosphorolytic; 3) Synthetic.55 

1.3 Multivalency in Protein-Carbohydrate Recognition 

Monovalent protein-carbohydrate interactions are generally characterized by low 

affinity where KD values are in millimolar or micromolar range. KD (M) (KD = 1/KA; 

KA – equilibrium association constant) refers to equilibrium dissociation constant that 

measures propensity of the dissociation of a ligand-receptor complex (LR) into ligand 

(L) and receptor (R) (Equation 1.2). 

L + R ⇌ LR    

KA = [LR]
[L][R]

     (eq. 1.1)

  



 13 

KD = [L][R]
[LR]

    (eq. 1.2) 

However, in order to create effective protein-carbohydrate interactions and overcome 

the weak affinity, some lectins, which possess more than one CRD, utilize 

multivalent (simultaneous multiple binding) binding mode to associate with their 

ligands more rigidly while costing lower binding energy (Figure 1.7).7, 58, 59 

Consequently, this type of communication event between receptors and sugars results 

in augmentation of binding affinity and diminution of dissociation constant (KD) 

which is one of the main objective of medicinal organic chemists in designing potent 

synthetic ligands.  

 

Figure 1.7 Schematic representation of monovalent and multivalent interactions between 
ligand and receptor.60 

In presence of multivalent ligands some lectins have oligomerizing tendencies. To 

bind to their multivalent ligands more energetically lectins usually use multivalency 
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mode. This phenomenon was first introduced by Lee and co-workers as the 

“glycoside cluster effect”.61 62 Multivalency has been considered as an existential 

phenomenon for pathogens attachment to cell surfaces. In order to clarify biological 

functions of naturally occurring ligands with multivalent binding properties, design 

and synthesis of low-cost synthetic ligands that mimic multivalent arrays have been 

in demand. Especially, for the purpose of competing natural ligands, since 90s 

peculiar architectural design (inspired by multivalent topology in nature, flora, and 

fauna) of ligands with unusual multivalent binding mechanism to receptors have been 

very popular. Nevertheless, not all synthetic ligands interact as expected in receptor 

sites, while chelating (Figure 1.8 a) some of them cause additional receptor clustering 

through bidimensional diffusion in the fluid bilayer (Figure 1.8 b).63 In some cases a 

ligand chelates on monomeric receptor by creating interactions at the second site for 

binding (Figure 1.8 c).64 
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Figure 1.8 Binding mechanism of multivalent ligands on receptor site: a) Occupation of 

multiple binding site by multivalent ligands (chelate effect); b) Multivalent ligands-mediated 

receptor clustering on the cell surface; c) Occupation of primary and secondary binding sites 

by multivalent ligands; d) Binding of multivalent ligands to a receptors with higher local 

concentration of binding element.65 

1.4 Multivalent Neoglycoconjugates 

Besides being expressed intra- and extra-cellularly, carbohydrates are primarily 

linked to peptides, proteins and lipids via covalent bonds. Interacting with proteins of 

various pathogens including fungi, bacteria and viruses through multivalent binding 

mode cell surface glycoconjugates mediate infection process.37 To date, in order 

prevent attachment of pathogens to the cell surface or their replication in infected 

cells a wide variety of glycoconjugates and unnatural glycoconjugates 
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(neoglycoconjugates) with various scaffolds, valencies and architectural design have 

been constructed (Figure 1.9).65-72 Built on different scaffold, neoglycoconjugates 

(glycoproteins,73-76 glycodendrimers,77-81 glycopolymers,82-85 glyconanoparticles,86-91 

glycoliposomes92-95 etc.) have been shown as an alternative therapeutic strategy 

fighting pathogens by reaching preclinical96-98 and clinical trials.99-103 For example 

reported by Roy and collaborators in 2004 synthetic glycoconjugate vaccine against 

Haemophilus influenzae type b (Hib) was successfully tested in adults and children in 

Cuba.104 Moreover, it is widely known that while designing and synthesizing potent 

inhibitors throughout most advantageous avidity and selectivity, several factors 

including length and nature of employed linkers for conjugation, nature of scaffolds, 

sugar densities at focal points, hydrophilic and hydrophobic balance and most 

importantly cost of synthesis for reaching final products play significant roles and 

should be absolutely taken into consideration.67, 105-107 However, optimal and efficient 

synthesis of multivalent glycoconjugates still remain a challenging task,108-110 

whereas some vaccine development projects have been aborted due to their higher 

costs.111 
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Figure 1.9 Example of scaffold-based constructed neoglycoconjugates.112 



 

 

 

 CHAPTER II 

 

 

INTRODUCTION TO DENDRIMERSOMES 

As discussed above, a variety of multivalent neoglycoconjugates have been 

developed in last thirty years which provided some accessible mimics for the 

biodisplay of glycans and also bind or interact with proteins of pathogens. But still 

some issues related with those unnatural ligands including high polydispersity, poor 

physical and mechanical properties, time- and money-consuming multistep synthesis, 

toxic scaffolds, poor bioavailability etc. remain key obstacles to overcome. Recently 

reported self-assembly of carbohydrate-harbored amphiphilic Janus dendrimers 

gained attention due to their excellent mechanical properties and capacity of 

mimicking biological membranes as well as classical liposomes.113-121  

In this chapter we will mainly focus on dendrimersomes as a nanosized carrier and 

some recent results that we have obtained. 
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2.1 Nanosized drug carriers and dendrimersomes 

Nanoscale drug carriers122, 123 serve as vehicles for transporting various drugs through 

biological barriers124 to a necessary site for a required period of time. Nanosized 

carriers are promising agents to provide some enhanced in-vivo efficiency to drugs 

including half-life in blood circulation, stability and solubility, controlled release 

while simultaneously diminishing unwanted side-effects of some drugs in certain area 

of a body.125 To date, regarding to natural bionanomaterials, nano-based drug 

delivery system with various synthetic drug carriers has contributed to significant 

advances in nanomedicine and biomedical sciences.126 But not all drug carriers 

respect fundamental guidelines for the administration of biomolecules. For example, 

after delivering drugs, there are some harmful toxicity including epidermal and 

dermal sensitization (in case of delivery through the skin) associated with carriers 

themselves.127 This phenomenon is explained that while using dermal and 

transdermal delivery some carriers may provoke production of cytokine and adhesion 

molecules by epidermal cells as immunological barrier which result erythema and 

oedema etc.128, 129 

 

Figure 2.1 Structural features of a dendrimer.130 

Liposomes are most studied biomolecules consisting of phospholipid bilayers which 

are similar to the structure of cell membranes.131 Liposomal encapsulation of drugs 
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has opened large spectrum of application and has been employed in a few marketed 

formulations (e.g. liposomal doxorubicin: Doxil®, Caelyx®).132 More recently, the 

surface functionalization or PEGylation (polyethylenglycol-PEG) of liposomal 

carriers (natural or synthetic) which are embodied as stealth liposomes (refers to 

furtive liposomes that avoid uptake by mononuclear phagocyte system) has 

demonstrated better half-life blood circulation than conventional liposomes while 

reducing mononuclear phagocyte system uptake.133-136 Even though stealth liposomes 

are widely used in transdermal delivery of local anesthesia137-139 and 

chemotherapy,140-142 they still face various major drawbacks including controlled 

drug release, lower entrapment efficiency, shorter shelf-life etc.143 Another 

noteworthy class of multifunctional nanocarriers is dendrimer by virtue of their 

hyperbranched, monodisperse, polyfunctional and tridimensional properties.144 

Besides being synthetic macromolecules and having functionalizable periphery, 

dendrimers possess internal cavity (Figure 2.1) where essentially hydrophobic drug 

molecules can be encapsulated (physical encapsulation). On the other hand, more 

hydrophilic drugs can be attached to the surface through covalent conjugation. 

Among other nanocarriers, polymersomes145 should be cited, thus self-assemblies 

from amphiphilic block copolymers form vesicular shells which have shown to be 

promising candidates for a wide range of various applications including drug delivery 

system. However, aforementioned synthetic drug carriers suffer from some 

limitations including polydispersity, lower biocompatibility, multistep synthesis, 

toxicity etc. 

Dendrimersomes – generated from self-assembling amphiphilic Janus-dendrimers 

(JDs) are particularly interesting by their character of mimicking biological 

membrane as well as liposomes and possessing strength and stability of 

polymersomes (Figure 2.2). JD refers to a dendrimer constituted of two different 

dendrimeric wedges with double-faced head, each possesses different properties. 

Reported by Percec and co-workers, amphiphilic JDs are monodisperse, stable over 
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time, impermeable dendrimers which have demonstrated excellent mechanical 

properties.146 Constituted of hydrophilic and hydrophobic segments (hydrophilic and 

hydrophobic), amphiphilic dendrimers self-assembly to form dendrimersome through 

injection from a water-miscible organic solution into water or biological buffers.146 

Most interestingly dimensions and size distribution of generated dendrimersomes are 

predictable depending on concentration. Over a decade numerous researches related 

to biomedical applications of JDs have been published. Among them carbohydrate-

branched Janus dendrimers or Janus glycodendrimers (JGDs) via forming unilamellar 

and multilamellar vesicles called as glycodendrimersomes (GDs) have demonstrated 

excellent biological activity towards some lectins.113-115, 121, 147. More on GDs will be 

discussed in next chapters. In this chapter the compatibility of dendrimersome as a 

hydrophobic drug carrier have been investigated. 

 

Figure 2.2 Structural comparison of stealth liposome, polymersome and dendrimersome.148 

 

2.2 Lidocaine-loaded self-assembling amphiphilic Janus-dendrimer 

Herein we present our recent studies on “Liposome formulation optimization of 

Lidocaine-loaded self-assembling amphiphilic Janus-dendrimers”. 



 22 

Composed of multiple lipid bilayers and having a thickness of up to 30 μm Stratum 

Corneum (SC, outermost layer of the epidermis) acts as main barrier of the skin for 

the dermal and transdermal drug delivery.149 Hence, developing a nanoparticulate 

drug-delivery system, particularly lipid-based carriers that can efficiently enable 

drugs to pass through the SC and provide high drug concentration at the site of action 

with minor uptake, while increasing the duration of analgesia with long-lasting 

stability, and reducing undesirable side effects remained a challenging task to 

accomplish.97, 150, 151 

2.2.1 Lidocaine as local anesthetic agent 

Lidocaine (Lido), [2-(diethylamino)-N-(2,6-dimethyl phenyl)-acetamide] formerly 

lignocaine is an effective topical and local anesthetics in dentistry with moderate and 

rapid action.152, 153 During anesthetic injection of Lido in the palatal mucosa154, 155 and 

intraligamentary region156 and gingival probing157 interruption of pain perception and 

blocking sensitive and motor nerves have been previously reported. Nevertheless, 

hydrophilic protonated form of lidocaine limits its bioavailability through SC. To this 

goal, development of a carrier able to deliver and provide long-lasting effect and slow 

release of lidocaine was established as an alternative way. Although several reports 

confirmed that local anesthetics, including lidocaine, provide efficient topical 

anesthesia for the skin when encapsulated into lipid vesicles,158, 159 to our knowledge 

topical delivery of lidocaine, incorporated in dendrimersome is not known. 

Here, we report comparative studies of two types of lidocaine formulations: classic 

liposomal (L) and Dendrimersomal (D).  

2.3 Results and discussion 

Our synthesis began by preparation of alkyne-functionalized JD precursor 2.07 in 

light of previously reported protocol (Scheme 2.1).113 Hydroxyl-functionalized 
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amphiphilic JD 2.08 was synthesized by using radical-initiated thiol-yne (TYC) 

coupling in presence of 2,2-dimethoxy-2-phenylacetophenone photoinitiator (DMPA; 

Scheme 2.2).160 Although earliest thiol-yne coupling protocol appeared in mid-20th 

century,161 nowadays, especially in macrocyclization reactions,162 glycodendrimer,163, 

164 polymer165 and material166 synthesis it has become more in demand. Possessing 

click chemistry character thiol-yne coupling is an efficient method in hydrothiolation 

of alkyne by functionalizing bis-thioether which can be used in lipid mimetic 

synthesis. 
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Scheme 2.1 Synthesis of alkyne-functionalized JD precursor. 
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Scheme 2.2 Radical mediated thiol-yne coupling of JD dendrimer precursor and 

mercaptoethanol. 

 

 

Scheme 2.3 Formation of Lidocaine-loaded dendrimersome. 

2.3.1 DLS studies 

For comparative study purpose, lidocaine was loaded into both dendrimersomes (D) 

and classical liposomes (L, which are generated from mixture of commercially 

available soybean lecithin phospholipid and cholesterol in a ratio of 67:33 w/w) by 

the Ethanol injection method. Direct impact of concentration of the dendrimersome 

on particle size, Zeta potential, and encapsulation efficiency (EE) were studied. 

Dendrimersomal formulation of lidocaine with optimized concentration (D/Lido ratio 
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6/1 (w/w), Cm (D) = 0.05 mg/mL, Cm (Lido) = 0.008 mg/mL in H2O) have been 

found to exhibit to date highest value of Entrapment Efficiency (EE %, Table 2.1). 

Moreover, formulations were evaluated in terms of particle size, polydispersion index 

(PdI) and stability. While having almost similar PdI, Zavg, it was observed that after 

60 days the size of liposomal formulation increased 3.5 times whereas Lido/D had 

only 1.5 times growth. In-vitro release (by using dialysis membrane) and ex-vivo 

permeation studies (by using Franz diffusion cell) of Lido/D versus free Lido have 

been also studied. As result, enhanced values in both parameters have been observed. 

Table 2.1 Comparative studies of free Lidocaine, free Dendrimersome, Lido/D and Lido/L. 

 DLS studies 

EE( %) 
In-vitro 

release 

Ex-vivo skin 

permeation Stability 
(60 days) 

PdI Zavg 

(nm) 

Lido N/A N/A N/A 38 % in 4ha 43 % in 6ha N/A 

D 0.086b 92.50b N/A N/A N/A - 

Lido/D 0.147c 76.57c 97.0 83 % in 8ha 85 % in 10ha f 

Lido/L 0.210d 98.10d 21.6e N/A N/A f 

a) no changes after 24h; b) Cm = 0.05 mg/mL in H2O (obtained minimum size); c) D/Lido ratio 6/1 
(w/w), Cm (D) = 0.05 mg/mL, Cm (Lido) = 0.008 mg/mL in H2O; d) parameters of c was applied for 
Lido/L; e) Literature value167 f) after 60 days the sizes of Lido/D and Lido/L were increased ~1.5 and 
~3.5 times. 
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2.3.2 Infrared spectrum analysis 

FTIR was employed for studying the interaction between lidocaine and JD in 

generated Lido/D formulation. Spectra of JD, Dendrimersomes, Lido, Lido/D 

suspension are reported respectively in Figure 2.3. The main functional groups in JD 

are C=O (1720 cm-1), C=C (1595 cm-1), Csp3-H (2922, 2853 cm-1), O-H (3357 

cm-1). IR of the generated dendrimersome shows only two significant bands at 

1622 and 3342, 3246 cm-1 corresponding to carbonyl of the ester and hydroxyl 

groups of outer surfaces of the nanovesicles. 

Lido contains a tertiary amine connected to a benzene ring (C=C, 1425 cm-1) by an 

amide (C=O, 1662 cm-1 and N-H, 3335 cm-1) bond. The bands at 2970 and 3050 

cm−1 could be assigned respectively to Csp3-H aliphatic and Csp2-H aromatic 

stretching modes of lidocaine. Remarkable, during FTIR analysis of Lido/D, it was 

observed that as a result of incorporation of Lidocaine in JD, the C=O band of Lido at 

1667 cm-1 disappeared due to strong C=O stretching band of JD. Spectral changes 

were also observed in the region corresponding to the polar heads of the JD during 

FTIR analysis of the generated Lido/D. Therefore, the N-H stretching band of Lido at 

3335 cm-1 was disappeared due to strong stretching vibrations of O-H. During 

comparative studies between Lido/D and D, we also observed slight shifting at 

assigned wavenumber for C=O and O-H. 
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Figure 2.3 FTIR spectra of JD, Dendrimersome, Lido, Lido/D. 

2.3.3 DSC studies 

The DSC study was carried out to determine the difference in melting points of 

vesicular structures of dendrimersome and lidocaine loaded dendrimersome. As it is 

shown in Figure 2.4 thermal profile of JD clearly showed a single endothermic  peak 

at -16.01 °C (ΔH = -24.48 J/g), that was shifted after dendrimersome formation. 

However, generated dendrimersome exhibited a melting point at 7.15°C (ΔH= -
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210.99 J/g) which is due to hydrogen bonding between surface hydroxyl groups of 

vesicular structures. DSC thermograms also revealed endothermic melting peaks at 

68°C (ΔH=66.45J/g) and 2.17 °C (ΔH = -59.06 J/g) for crystalline lidocaine and 

Lido/D suspension, respectively. This decrement shows occurring interaction 

between lidocaine and dendrimersomes, we presume that the presence of lidocaine 

can be played a disruptive role in hydrogen bonding. 

 

Figure 2.4 DSC data of JD, Dendrimersomes, Lido, Lido/D. 
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2.3.4 Atomic force microscopy (AFM) analysis  

For AFM analysis, one drop from optimized Lido/D formulation was deposited on a 

fresh mica surface and left to be evaporated at room temperature. During analysis it 

was revealed that despite dilution and evaporation, dendrimersomal formulation 

maintained their spherical shapes (Figure 2.5). Additionally, opposite to micelles, our 

dendrimersomal nanoparticles were not in equilibrium with their monomers which is 

observed by AFM. Furthermore, calculated dimensions of the particles demonstrated 

that, while decreasing diameter from 77 nm to approximately 45 nm via dehydration, 

their heights were slightly changed (4.7 nm). This implies that the nanoparticles were 

‘‘soft’’ and that their volumes dramatically shrunk during dehydration.150 

 

Figure 2.5 AFM micrographs of Lidocaine-loaded dendrimersome: a) 2D and 3D 

micrographs of early Lido/D; b) 2D and 3D micrographs of dehydrated Lido/D. 
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2.3.5 Transmission electron microscopy (TEM) analysis 

Transmission electron microscope (TEM) of freeze-fractured replica was used to 

obtain a visual information on Lido/D suspensions. During analysis, it was 

observed that particles with a diameter of 70 nm are homogeneous, regular and in 

spherical shapes. Moreover, as it was confirmed by DLS, agglomeration of 

nanoparticles was not detected. 

 

Figure 2.6 Transmission electron micrographs of freeze-fractured replica of Lidocaine-

loaded dendrimersomes. 

2.4 Conclusion 

In the present study, Lidocaine was successfully loaded into two types of nanocarriers: 

dendrimersomes and classical liposomes. Both colloidal systems Lido/D and Lido/L 

suspensions showed superiority over the free drug solution for dermal delivery. 

Compared to free Lido solution, Lido/D suspension presented higher drug release in a 

sustained manner. Observed higher value of Lidocaine permeation through human 

skin indicates that the Lido/D formulation could improve the anesthesia efficiency of 
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Lidocaine. Moreover, Lido/D formulation is more stable than Lido/L formulation 

after 60 days. Results also revealed that skin permeation of dendrimersomal 

formulation and controlled release of Lido are much greater than pure Lido. 

Generated from amphiphilic Janus-dendrimer, dendrimersomes can be used for 

dermal drug delivery and immediate skin numbing. Extensive investigation and 

experimentation on potential application of dendrimersomes, which exhibited more 

promising characteristics including Entrapment Efficiency (EE% is defined by the 

quantity of the incorporated drug detected in the formulation over the free or 

unentrapped quantity of the drug used to make the formulation), shelf-life stability, 

mechanical properties than the classical liposomes are strongly recommended. 

2.5 Perspective 

Additionally, for comparative study purpose, less polar amphiphilic Janus dendrimer 

2.12 was synthesized via thiol-ene mediated click reaction between allyl 

functionalized JD precursor 2.11 and mercaptoethanol (Scheme 2.4). The synthesis of 

2.11 itself began from bis allylation of 2.01 followed by deacetalization and Steglich-

Neises esterification. Furthermore, synthesis both propargyl and allyl functionalized 

JD precursor are particularly interesting. Therefore, click reaction with carbohydrate 

moieties through CuAAC and thiol-ene could be comparatively explored. 
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Scheme 2.4 Synthesis of less polar analogue of 2.08. 



 

 

 

 CHAPTER III 

 

 

EFFICIENT AND REGIOSELECTIVE 3'-O-FUNTIONNALIZATION OF 

PROPARGYL AND PARA-NITROPHENYL-BASED LACTOSIDES AS 

INHIBITORS OF GALECTINS 

An efficient and regioselective 3’-O-functionnalization of propargyl and para-

nitrophenyl-based lactosides (Scheme 3.1) as inhibitors of galectins was described. 

The regioselective sulfo and alkyl-lactosides synthesis highlights the use of the 

dibutyltin oxide mediated acetalization protocol from 6,6’-di-TBDPSi-protected 

intermediates (3.34, 3.50, 3.59). The α-stereoselective sialylation reaction was 

performed in light of the previously reported method using thiophenylsialoside donor 

(3.36) and LacNAc acceptor (3.34) under Lewis acidic condition, followed by 

deprotection steps to afford the SialylLacNAc (sialyl-LacNAc) trisaccharide (3.42). 

The regioselective β-D-(1→4) galactosylation of the 4-nitrophenyl-β-D-N-

acetylglucopyranoside acceptor (3.46) provided efficient access to the PNP-LacNAc 

precursor (3.48). 
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Scheme 3.1 Aimed 3’-O-derivatives of propargyl and para-nitrophenyl-based lactosides. 

3.1 Galectins and their role in biology 

Galectins known as S-type168 (sulfhydryl-dependent) lectins and one of the extensive 

class of the lectin family identified in vertebrates in 90s of last century.169 The term 

Galectin was given for the first time in 1994 due to properties of the carbohydrate 

recognition domain (CRD) of the glycoprotein that binds to galactose-containing 

oligosaccharides.170 So far, all extracted galectins from vertebrate tissues have shown 

similar core of amino acid sequence and β-galactosides binding, homologous and 

mostly conserved CRDs.  
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Figure 3.1 Galectin subdivision in human according to structural feature of CRD. a) 

Monomer form of Galectins; b) Homodimerization of “proto-type”, oligomerization or 

pentamerization of “chimera-type”, dimerization of “tandem repeat-type”; c) Attribution of 

subtypes accordingly. 

Although 20 members of galectin have been discovered in mammals to date, only 15 

are expressed in human tissues and all of them consist of about 130-135 amino acids 

including at least one CRD which is conjugated to single polypeptide chain. Based on 

the organization of CRD, galectins are subdivided in 3 types: “proto”, “chimera”, 

“tandem repeat” and all subtypes have been numbered according to the chronology of 

their discovery (Figure 3.1).53 The Proto-type galectins have only one CRD per 

subunit and tends to form homodimer, whereas tandem-repeat have two non-identical 

CRDs linked each other by polypeptide chain and dimerize. Exclusive chimera-type 

galectin which is Gal-3 has a single CRD linked to phosphorylation site in N-terminal 

region within collagen-like polypeptide chain.70 Expression of galectins are localized 

both in intracellular (nucleus, cytoplasm, cell membrane) and extracellular (outer cell 

surface) environments depending on galectin members. Secreted by nonclassical 
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pathway, galectins are implicated in adhesion, cell proliferation, apoptosis, immune 

response, angiogenesis including expression in cancer progression and metastasis. 

Especially overexpression of galectins in cancerous cells makes them to be 

considered the hallmarks of cancer (Figure 3.2).171, 172 Therefore, during 

immunosurveillance in the tumor microenvironment galectins serve as negative 

regulators of immune checkpoints by activating the secretion of immunosuppressive 

cytokines that weaken immune response toward cancerous cells. Among galectins 

most-studied Gal-1 (14.6 kDa) and Gal-3 (26 kDa) are highly expressed in immune 

cells, sensory neurons, epithelial and endothelial cells and nearly participate in all 

stages of tumor development and progression. First member of the family, Gal-1 

binds to LacNAc residue of N- and O-glycans on the surface of various cells and 

modulates cell migration, adhesion and signaling via forming cross-linked lattice.173 

Gal-2 (15 kDa for monomer) is mainly present in gastric cells and its lowered 

expression is associated with lymph node metastasis in gastric cancer.174, 175 Unique, 

chimeric type Gal-3 is composed of N-terminal region consisting of 12 amino acids 

including serine (Ser6 and Ser12) and tyrosine which are responsible for 

phosphorylation site, collagen-like polypeptide chain consisting of ~110 amino acids 

rich in proline and glycine, and C-terminal region consisting of 135 amino acids and 

containing a CRD.176, 177 N-terminal domain affords flexibility and promotes 

pentamerization in presence of specific multivalent glycoconjugates. This ability 

contribute to form heterogenous disordered cross-linked complex on cell surface and 

in the extracellular matrix.178 Interestingly, it has been reported that collagen-like 

domain of Gal-3 is susceptible to cleavage by matrix metalloproteinase (MMP-2 and 

MMP-9) that leads to truncated Gal-3 (trGal-3).179  
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Figure 3.2 Galectin family members in the hallmarks of cancer.171 

Although devoid of self-association, trGal-3 maintains carbohydrate-binding activity 

at C-terminal rendering it to act as dominant negative inhibitor of Gal-3 which can be 

beneficial for fighting cancer.180 Gal-4 (36 kDa) is the third most studied galectin 

which plays numerous important biological roles including intestinal inflammation, 

protein trafficking, tumor progression, cell adhesion, wound healing etc.181-183 

Tandem-repeat type Gal-4 possesses two distinct CRDs (C- and N-terminals), and 

their amino acid sequences are 40 % identical, but they bind preferentially different 

saccharides. Main natural ligands of Gal-4 are human blood group antigens, MUC1 
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(mucin like membrane), glycosphingolipids and sulfated-cholesterol. Gal-7 (15 kDa 

for monomer) is an apoptosis regulator and modulates keratinocytes apoptosis, 

migration and proliferation during skin repair.184 Its gene expression is induced by 

mutant p53 whose accumulation is considered as a hallmark of cancer cells.185 

Comparing to homodimeric Gal-1 (1094 Å2) and Gal-2 (1179 Å2), whose CRDs are 

associated side-by-side organization, Gal-7 (1484 Å2) possesses the largest interface 

among its proto-type homologues due to back-to-back arrangement (Figure 3.3).9, 186 

This structural advantage may give Gal-7 play bridging role during cell-cell 

communication. Studies also showed that Gal-7 preferentially binds to LacNAc 

epitope over Lac, but its association is much weaker than Gal-1 and Gal-3.187 Human 

Gal-8 (34 kDa) is another member of tandem-repeat type galectin whose CRDs are 

connected to each other with either short (33 amino acids, Gal-8L) or long (73 amino 

acids, Gal-8S) polypeptide chains.188, 189 By virtue of its multiple function in immune 

system, Gal-8 is suggested to be an immunostimulatory agent, thus co-stimulation of 

naïve helper T cell in presence of antigens and production of Interleukin 6 (IL6) have 

been observed.190-193 

 

Figure 3.3 Organization of CRDs of homodimeric galectins: side-by-side (Gal-1 and Gal-2), 

back-to-back (Gal-7). 
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3.2 Monovalent Ligands of Galectins 

The elucidation of biological roles of each galectin member have been studied 

individually by several research groups.173, 194-202 Although being natural ligands of 

galectins, galactose (Gal), lactose (Lac) and N-acetyllactosamine (LacNAc) exhibit 

low inhibitory potency toward galectins (KD in millimolar and micromolar range 

Scheme 3.2). Alternatively, as we mentioned earlier, galectins dimerize and 

oligomerize in presence of their multivalent glycoconjugate ligands which are 

omnipresent at the outer surface of cells and form a lattice through crosslinking 

surface glycoproteins and glycolipids. In the past two decades, tremendous progress 

of structural elucidation of CRDs via multivalent glycoconjugates or small molecule 

glycomimetics led to encouraging breakthroughs in the development of cancer 

prognostics. Consequently, structural modification or derivatization of monomeric 

ligands (Gal, Lac, LacNAc) of galectins as the single presentation strategy (binding 

mode between a monovalent carbohydrate ligand and a lectin) has been demonstrated 

persuading advancement in development of potent inhibitor toward monomeric form 

of galectins. The carbohydrate ligand derivatization is oriented either to aglycon-

based approach or SAR-(structure-activity relationship) based direct functionalization 

of sugar moiety. For the sake of clarity, we will give some examples of reported 

monomeric ligands and their inhibitory activity against most studied Galectin 

members (Gal-1, Gal-3, Gal-4, Gal-7 and Gal-8). To elucidate the role of aglycon 

within galactose moiety, Roy et al. developed a heterocyclic isoxazole functionalized 

β-galactoside, which demonstrated 20 times better activity toward Gal-1 than free 

galactose during qualitative hemagglutination inhibition assay.203 Taking into 

consideration that C- and S-glycosides are more stable against enzymatic hydrolysis 

than O-glycosides, galactosides with carbon and sulfur as glycosidic atom have been 

reported to show better stability and similar activity. Compared to natural galactose, 

C-galactoside 3.02, containing phenyl and ester functional groups, have been reported 
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to show 160 times better activity against Gal-1.204 In another example, reported by 

Nilsson and co-workers, C1-heteroaryl galactosides 3.03 (KD = 170 µM for Gal-1) 

and 3.04 (KD = 90 µM for Gal-3) have exhibited superior binding activity versus 

methyl-β-lactoside (KD = 190 µM for Gal-1 and 220 µM for Gal-3) using 

fluorescence polarization assay.205 Moreover, it has been reported that double 

derivatization of galactopyranoside moiety at C3 and C1 positions was even more 

promising.206, 207 As a result, more recently developed by Nilsson and his co-workers, 

α-thio-galactopyranoside 3.05 showed surprisingly low nanomolar potency toward 

Gal-3 (KD = 31 nM) despite having unnatural aglycon at α-anomeric position.208 

Naturally, Galectin family members bind preferentially to lactose over galactose, thus 

derivatization of commercially available lactose appears more beneficial for 

increasing the affinity toward galectins. Lactose derivative with rigid aglycon 3.07 

developed by Pieters and co-workers, was observed to discriminate Gal-3 over Gal-1 

with 14-fold enhancement relative to lactose in a solid phase assay.209 
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Scheme 3.1 Reported Gal-1 and Gal-3 inhibitors; (HI – Hemagglutination Inhibition assay; FP – Fluorescence Polarization assay; SP 

– Solid Phase assay).204-222 
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In another notable work, Roy et al. have developed small library of S-lactosides in 

order to evaluate impact of aglycons through hemagglutination inhibition assay. 

Therefore, among synthetic disaccharides 2-napthylsulfonyl 3.08 and 2-

nitrothiophenyl lactosides have shown respectively 20- and 10-fold enhanced 

inhibitory potency relative to lactose toward Gal-1.210 X-ray elucidation of CRDs of 

Gal-1 and Gal-3 complexed with Lac (Figure 3.4, A1 and B1) and LacNAc (Figure 

3.4, A2 and B2) shows both ligands bind at the same site, but somehow LacNAc 

possesses slightly better binding affinity. Pioneered by Nilsson and co-workers, 

introduction of aromatic moieties for additional interactions (cation-π interaction 

between Arginine and Arene) at C3’ of LacNAc, have been reported to decrease 

dissociation constant to submicromolar value.211, 212 

In the past two decades, among synthetic monovalent ligands thiodigalactosides 

(TDGs) gained more attention. Thus, X-ray crystal structure of Gal-1 and Gal-3 

complexed with thiodigalactoside derivatives 3.12 and 3.16 (Figure 3.4, A3 and B3) 

revealed that the second galactoside moiety replaced GlcNAc of LacNAc. Taking 

into account the previous studies, introduction of aromatic moieties through triazole 

or amide bond as single or double derivatization at C3 3.11–3.18 have been reported 

more successful.206, 211, 213-216 Although reported disaccharides do not show distinct 

selectivity between Gal-1 and Gal-3, KD have reached to a value below 10 nM in the 

fluorescence polarization assay.206, 214, 217 Possessing negatively charged sulfate at O3’ 

position of lactosides218-221 and carboxyl containing SiaLacNAc222 have significantly 

gained attention due to ionic interaction with positively charged lateral chain of 

amino acid within CRD. As result, trisaccharide 3.19 was observed to exhibit 6.3- 

(Gal-1) and 4.8-fold (Gal-3) enhancements relative to lactose in the solid phase assay. 

Additionally, tetrasaccharide (LNnT) containing Lac and LacNAc motifs 3.20 and 

demonstrating 3.8- (Gal-1) and 5-times (Gal-3) decreased IC50 values relative to 

lactose seems promising. 
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Figure 3.4 Binding of human Gal-1 and Gal-3 at CRDs with various disaccharides. A1) hGal-1 – Lac (pdb code: 1W6O);223 A2) hGal-

1 – LacNAc (pdb code: 1W6P);223 A3) hGal-1 – 3.16 (pdb code: 6F83);224 B1) hGal-3 – Lac (pdb code: 4RL7);225 B2) hGal-3 – 

LacNAc(pdb code: 1KJL);211 B3) hGal-3 – 3.12(pdb code: 5E89).217 
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Scheme 3.2 Reported Gal-4, Gal-7, and Gal-8 inhibitors; (FP – Fluorescence Polarization assay; SPR – Surface Plasmon Resonance; 

SP – Solid Phase assay).208, 220, 224, 226-230
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Although both CRDs of tandem-repeat type Gal-4 possess 38 % amino acid sequence 

similarity, they bind preferentially different ligands as well as Gal-8 and Gal-9. Both 

Gal-4C and Gal-4N prefer Lac over LacNAc. O3’sulfation of lactose readily 

improves binding affinity toward Gal-4 and Gal-8 due to salt bridge between 

guanidino of arginine residues (Arg59, Arg45) and sulfate (Scheme 3.3, compound 

3.23).226, 228, 231 Besides having poor binding affinity for LacNAc type-I 

(Galβ1→4GlcNAc), Gal-4 binds to LacNAc type-II (Galβ1→3GlcNAc) 3.24 with 

3.9-fold increased affinity whereas sulfation at O3’ position 3.25 have showed 250-

fold enhancement relative to lactose.226, 227 Nilsson et al. have demonstrated that 

double derivatization of galactose and introduction of aromatic moieties are crucial 

for all galectin members.208 As result, α-thiogalactosides (3.05 and 3.27) and 

thiodigalactosides (3.11-3.12) outclass natural ligands (Gal, Lac, LacNAc) of 

galectins.208, 224, 229 During SPR analysis of oligosaccharide screening on immobilized 

glutathione-S-transferase (GST)-fused recombinant Gal-8, Ideo et al. have found that 

pNP-based O3’-sulfated lactose 3.23 and Sia(α2→3’)Lac 3.28 show strongest 

binding affinity with lowest dissociation constants varying between 1-3 nM by virtue 

of salt bridge at N-terminal domain.228 Studies also demonstrated that, tetrasaccharide 

LNnT 3.29 and pentasaccharide LNF-III 3.30 have reached lower nanomolar potency 

toward GST-Gal-8N whereas GST-Gal-8C showed slightly weaker binding 

affinity.228 Blanchard et al. reported that 3.31 is the best known ligand for Gal-4C 

with 25-fold enhancement relative to lactose due to additionally created interactions 

via GalNAc residue which is utterly promising agent for further development.231  

3.3 Aim of the Project 

3.3.1 Synthesis of a small library of O1- and O3’-derivatives of Lac and 
LacNAc 

Thus, efficient, and low-cost synthesis of lactosides along with exclusive control of 

stereochemistry at anomeric position still remains a hot topic to develop. With the 
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aim of investigating newly created interactions, herein we report short chemical 

synthesis of small libraries of negatively charged O3’- derivatives of propargyl and 

para-nitrophenyl based lactose and LacNAc. Our initial targets are Galectins-3, -4C, -

8N due to similarity up to 80 % of the amino acid sequence at CRD (Table 3.1)70, but 

study shows that other galectin members would also be sensitive to the 3’-O-

derivatives of Lactose and LacNAc.210, 222, 230 

Table 3.1 Amino acid sequence at CRD of Galectin-3, 4C, 8N.70 

CRD-subsite Galectin 3 Galectin 4C Galectin 8N 
A Arg144 (R) Ser220 Arg45 

B Ala146 (A) Ala222 Gln47 
C Asp148 (D) Asn224 Asp49 
D Gln150 (Q) Lys226 Gln51 

E - - Arg59 
F His158 (H) His236 His65 
G Asn160 (N) Asn238 Asn67 

H Arg162 (R) Arg240 Arg69 

I - - - 
J Glu165 (E) - - 

K Asn174 (N) Asn249 Asn79 
L Trp181 (W) Trp256 Trp86 

M Glu184(E) Glu259 Glu89 

N Arg186 (R) Lys261 Ile91 
O Ser297 (S) Gln313 Tyr141 

 

To prepare targeted molecules, based on aglycon and availability of low-cost starting 

material, we initially divided our synthetic strategy in three parts: 1) series of β-

propargyl-LacNAc and its 3’-O-derivatives (Scheme 3.4); 2) β-PNP-LacNAc and 3’-

O-sulfo-β-PNP-LacNAc (Scheme 3.5); 3) β-PNP-Lactose and 3’-O-sulfo-β-PNP-

Lactose (Scheme 3.5). Additionally, β-propargyl-lactoside was added to the list for 

further comparative study purpose with its LacNAc homologue. 

While previous synthetic efforts have been mainly focused on direct synthesis of 3’-

O-sulfate 218, 232, 233 and -alkyl234, 235 of unprotected lactosides, our synthetic strategy 

requires protection of primary hydroxyl groups in order to avoid any formed side 
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products,236, 237 especially inseparable by classical column chromatography 6’-O-

regioisomers (unpublished data), which is quite common in dibutyltin acetal-

mediated functionalization.236 Among propargyl based LacNAc derivatives, the 

synthesis of Neu5Acα(2→3’)LacNAc was particularly interesting. Presence of 

electron-withdrawing carboxyl group at anomeric position and absence of C3 

neighboring participation group decrease the activity of sialyl donors and most of the 

case leads to obtention of exclusive 2,3-elimination product. 

 

Figure 3.5 Structure of CRD site within SiaLacNAc-galectin-8N interaction (PDB 3VKO): 

ionic interaction in orange between carboxyl group of Neu5Ac and Arg59 is crucial.238 

To date, several research groups have reported optimized methods239-242 to sialylate 

LacNAc derivatives stereo- and regioselectively, but unfortunately, they all require 

additional protection/deprotection steps of the acceptor. Herein, we report the shortest, 

atom-economical, and less time-consuming path of preparation of 

Neu5Acα(2→3’)LacNAc trisaccharide. On the other hand, inspiring by electrostatic 

contact between carboxylate of Sialic acid moiety and guanidinium of Arg59 (Gal-8N, 

Figure 3.5), preparation of an alternative 3.40 containing carboxylate at the same 

distance has been particularly interesting in further biological studies. 
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Scheme 3.3 3’-O-funtionnalization of propargyl-based N-Acetyllactosamine. 
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Scheme 3.4 Synthetic strategy for the preparation para-nitrophenyl and propargyl-based lactosides and their 3’-O-sulfated derivatives.
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Figure 3.6 HRMS spectrum of compound 3.32. 

3.3.2 Results and discussion 

In light of previously reported protocol by our group, we first resynthesized 3.31.243 

Subsequently, desilylation using tetrabutylammonium fluoride (TBAF) in THF, then 

treatment of crude product with sodium methanolate in MeOH/THF mixture at room 

temperature led to 3.32 in 88 % yield over 2 steps (Scheme 3.6). Described product 

was characterized by 1H-NMR,13C-NMR and ESI-HRMS (Figure 3.6). 

Deacetylation of 3.31 with catalytic quantity of sodium methanolate in methanol and 

tetrahydrofuran mixture at room temperature in 3 h gave 6-TBDPSi-protected-N-

acetyllactosamine 3.33 in 99 % yield. Completion of deacetylation was confirmed by 
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1H-NMR and ESI-HRMS. Without any further purification step, the primary 

hydroxyl group of disaccharide 3.34 was protected with the bulky tert-

butyldiphenylsilyl ether in the presence of pyridine at room temperature in 8 h to 

afford key intermediate 3.34 in good yield. Appearance of the second tert-

butyldiphenylsilyl ether was confirmed by NMR and HRMS techniques (Figure 3.7 

and 3.8).  

 

Scheme 3.5 Deprotection of compound 3.31 and preparation of the key intermediate 3.34.
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Figure 3.7 1H and 13C NMR (300 MHz, CD3OD) spectra of compound 3.34.
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Figure 3.8 HRMS spectrum of compound 3.34. 

Regioselective sulfation and alkylation of C3’ position of galactoside moiety without 

protecting other hydroxyl groups have been carried out by using dibutyltin oxide 

method.237, 244, 245 It was proposed that cis-vicinal diol preferentially chelates to the 

metal center and form dibutylstannylene acetal intermediate where oxygen atom (3’-

O) at equatorial position is electronically and sterically more reactive (Scheme 

3.6).246 The use of stoichiometric ratio between dibutyltin oxide and unprotected 

lactosides (in our case where primary hydroxyls are protected) are crucial, thus in 

case of excess amount of dibutyltin oxide additional formation of dibutyltin acetal 

intermediate through trans-vicinal diol could lead unwanted side products. 

Toward this goal, dibutylstannylene acetal mediated regioselective sulfation and 

alkylation of the 6,6’-di-TBDPSi-protected-lactosides (3.34, 3.50) were performed 
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using sulfur trioxide-triethylamine complex (Et3N.SO3) and tert-butylbromoacetate235 

to give respectively 3.37 and 3.39 in good to excellent yields (Scheme 3.7, 3.8 and 

3.9). Each compound was characterized using NMR and HRMS techniques. The 

presence of O-sulfo group at C3’ position was confirmed by downfield shift of 3’-H 

signal (Figure 3.9). O-alkylation at C3’ position was confirmed via correlation 

between CH2CO2
tBu and C3’ using HMBC (Heteronuclear Multiple Bond 

Correlation) experiment (Figure 3.11).  

 

Scheme 3.6 Dibutyltin acetal mediated regioselective 3’-O-sulfation and alkylation of 
galactoside moiety of lactosides. 

Efficient removal of silyl protected, especially acid-sensitive 3’-O-sulfated lactosides 

in basic media247 (in pyridine) using HF·Py yielded 3.38, 3.40. Desilylation reaction 

with the presence of TBAF in THF unfortunately led to cleavage of the sulfo group. 
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Scheme 3.7 Stereo- and regioselective sialylation and tin acetal catalyzed regioselective 3’-O-sulfation and 3’-O- etherification.
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Figure 3.9 Comparison of 1H NMR (300 MHz, CD3OD) spectra of compounds 3.34 and 3.37 with the appearance of deshielded H-3, 
H-4 (in red) of galactoside moiety after sulfation.
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Figure 3.10 1H and 13C NMR (600 and 150 MHz, CDCl3) spectra of compound 3.39.
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Figure 3.11 Confirmation of regioselective O-alkylation through HMBC experiment of compound 3.39 with the correlation between 
C3’ (in yellow) and CH2CO2

tBu. 
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Figure 3.12 Comparison of 1H NMR (300 MHz, D2O) spectra of compounds 3.32 and 3.38 with the appearance of deshielded H-3, H-

4 (in red) of galactoside moiety after sulfation. 
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Figure 3.13 Comparison of 13C NMR spectra (75 MHz, D2O,) of compounds 3.32 and 3.38 with the appearance of deshielded C-3 (in 

red) of galactoside moiety after sulfation.
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Figure 3.14 1H NMR (600 MHz, CDCl3) spectrum of compound 3.41. 

The presence of the sulfate groups were readily confirmed on the basis of the H-3’ 

downfield shift from ~3.5 ppm to ~4.35 ppm (Figure 3.12) together with the 

characteristic 13C NMR chemical shift displacement of the C-3’, which usually 

appears 7.5 ppm downfield (~ δ 80 ppm) from the unsubstituted precursors at ~ δ 

72.5 ppm (Figure 3.13).232 NMR COSY and HSQC experiments were also used to 

unambiguously correlate the sulfation, alkylation process and regioselectivity. 

For efficient α-sialylation, the anomeric leaving group (LG) at C2 position plays 

prominent role. Easily prepared from β-chloro sialoside 3.35 using phase transfer 

condition (PTC),248-251 thiophenyl sialyl donor 3.36 have been used for the regio and 

α-stereoselective sialylation of LacNAc acceptor 3.34 in the presence N-

iodosuccinimide (NIS), catalytic amount of triflic acid (TfOH) and 4Å molecular 

sieves (4Å MS) at -45 °C in DCM/MeCN solvent mixture.239 Before the purification 
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Figure 3.15 HRMS spectrum of compound 3.41. 

process, reaction mixture containing desired trisaccharide rather than 

peracetylatation,242 was subjected to high-yielding saponification followed by 

neutralization in presence of acidic resin to obtain 3.41 in 38 % yield over 2 steps. 1H 

NMR spectra of 3.41 clearly showed the two proton signals corresponding to the H-

3eq and H-3ax. protons of neuraminyl residue at δ 2.86 and δ 1.84 ppm for the 

exclusive α-anomer according to well established empirical rules (Figure 3.14).252-256 

Moreover, the regioselectivity was confirmed by downfield shift of 3’-H signal. 

Formation of the trisaccharide was also confirmed by HRMS technique (Figure 3.15). 

Efficient removal of silyl protecting groups in presence of HF in pyridine afforded 

3.42 in 68 %. 
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After successful synthesis of propargyl-based LacNAc derivatives 3.32, 3.38, 3.40 

and 3.42, we turned our efforts to synthesize their para-nitrophenyl-based congeners. 

Starting with the preparation of galactoside acceptor 3.46, we then focused on stereo- 

and regioselective glycosylation. We originally sought to synthesize β-para-

nitrophenyl LacNAc derivative 3.48 following previously employed procedure243 for 

the preparation 3.31, but unfortunately the solubility of 3.46 in DCM at low 

temperature was complicating glycosylation reaction (Scheme 3.8). We, therefore, 

solved this issue via mixing DCM with THF and increasing the reaction temperature 

to -35 °C to obtain desired disaccharide in moderate yield where unreacted 3.46 was 

recovered. The structure of 3.48 was fully characterized using 1H and 13C NMR 

techniques (Figure 3.16). The regioselectivity of the formed interglycosidic linkage 

was determined by HMBC experiment where H1 (Gal) – C4 (Glc) correlation was 

observed (Figure 3.17). Deacetylation of 3.48 following general Zemplén 

transesterification condition (0.5 eq NaOMe in MeOH/THF mixture at room 

temperature, 3.5 h of stirring) afforded 3.49 in 97 % yield. Repeating above linear 

synthesis strategy (protection of 6’-O with TBDPSi, dibutylstannylene acetal-

mediated regioselective sulfation at C3’ position, desilylation in presence of HF in 

basic media) preparation of para-nitrophenyl-based 3’-O-sulfo-LacNAc 3.52 was 

achieved with 53 % yield over 3 steps. As illustrated in Figure 3.18 deshielded H3’ 

and H4’ signals clearly show the presence of sulfo group. Having successfully 

prepared 3.52 and 3.53, we next focused on the synthesis of Lactose derivatives. 
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Figure 3.16 1H and 13C NMR (300 and 75 MHz, CDCl3) spectra of compound 3.48.
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Figure 3.17 HMBC spectrum of compound 3.48, correlation between H1 (in yellow) and C4 (in blue). 
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Scheme 3.8 Preparation of para-nitrophenyl-based LacNAc derivatives. 
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Figure 3.18 Comparison of 1H NMR (600 MHz, D2O) spectra of compounds 3.52 and 3.53 with the appearance of deshielded H-3, H-
4 (in yellow) of galactoside moiety after sulfation.
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Scheme 3.9 Preparation of propargyl and para-nitrophenyl-based lactosides. 
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Synthesis of β-propargyl lactoside 3.56 began with BF3·OEt2 promoted glycosylation 

of 3.54 with propargyl alcohol in DCM, followed by Zemplén deacetylation.257 The 

structures of 3.54 and 3.56 were confirmed with NMR and HRMS techniques. The 

final synthetic challenge was the stereoselective glycosylation and sulfation of β-

para-nitrophenyl lactosides in an efficient manner. PTC condition using 

tetrabutylammonium hydrogensulfate (TBAHS) and para-nitrophenol have been 

previously found to be effective to get only β-anomer from α-glycosyl halides. Thus, 

slightly modifying of the known protocol,210 we synthesized 3.57 in good yield. 

Unfortunately, due to the overlap of two protons between 5.19 and 5.17 ppm 

stereochemistry of the β-anomer via 1H NMR could not be determined. Deacetylation 

of 3.57 under Zemplén transesterification condition gave 3.58 in 97 % yield. The 

structure of 3.58 was fully confirmed by 1H NMR which showed a doublet with J = 

7.8 Hz at 5.32 ppm corresponding to H-1 of β-anomer. To this end, repeating linear 

synthesis strategy, preparation of para-nitrophenyl-based 3’-O-sulfo-lactoside 3.61 as 

well as its LacNAc homologue 3.38 was successfully achieved by following general 

synthetic methods (Scheme 3.8 and 3.9). The presence of sulfo group at C3’ position 

was confirmed on the basis of the H-3’ and H-4’ downfield shift (Figure 3.19). 
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Figure 3.19 Comparison of 1H NMR (300 MHz, D2O) spectra of compounds 3.58 and 3.61 with the appearance of deshielded H-3, H-
4 (in yellow) of galactoside moiety after sulfation.
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3.4 Conclusion 

Small library of β-para-nitrophenyl and β-propargyl-based Lactoside and LacNAc 

together with their 3’-O-derivatives was successfully prepared. Besides employing 

novel strategy for regioselective functionalization at 3’-O-position and avoiding 

potential formation of side products, desired final products were purified by only 

using classical column chromatography. Especially, efficient convergent synthesis of 

SiaLacNAc 3.42 has been achieved in a highly stereoselective manner. Additionally, 

based on previous studies,208, 224, 258, 259 relying on adaptation ability of binding site at 

CRDs, an extension brought at 3’-O and 1-O positions of lactosides would play 

affinity and selectivity-enhancing role further in the design of improved ligand. Using 

analogous derivatization synthesized β-vaniline-based lactose derivatives,233 together 

with our compounds are currently under biological investigation via 

Hemagglutination Inhibition (HI) assay toward Gal-4C, Gal-8N  in collaboration with 

Prof. G. A. Rabinovich group (National University of Cordoba, Buenos-Aires, 

Argentina). Biological data will be published in peer-reviewed journal. 



 

 

 

 CHAPTER IV 

 

 

DESIGN AND SYNTHESIS OF GLYCODENDRIMERSOMES TOWARDS 

CANCER RELATED GALECTINS 

Synthetic multivalent glycoconjugates (neoglycoconjugates) built on wide variety of 

scaffolds have been designed and synthesized to compete natural ligands of galectins. 

Several parameters including architecture of multivalent display, spatial arrangement 

of sugar head groups, topology and valency have been found to play crucial roles in 

enhancement of avidity. Although some neoglycoconjugates have shown good 

binding properties, they suffer some limitations including construction on toxic 

scaffolds (in-vivo toxicity caused by certain artificial scaffolds, e.g. quantum dots, 

unmodified carbon nanotubes), multistep synthesis, lack of in-vivo mimicry of mobile 

cell surface etc. Taking into account these drawbacks, research groups are focused on 

more bioinspired programmable glyconanoparticles. In this chapter, for the sake of 

clarity we will review hitherto reported multivalent neoglycoconjugates as inhibitors 

of Galectins. Subsequently, our approach of designing and synthesizing 

programmable multivalent ligands as potential cancer-related Galectin inhibitors.  
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4.1 Bivalent ligands 

In the past two decades, several research groups have been primarily focused on 

structure-activity relationship between a single CRD of galectins and galactoside-

containing ligands in order to design highly potent and selective inhibitors. 

Alternative approach has been considered to mimic multivalency of naturally 

occurring galectins while creating and designing new potent ligands of therapeutic 

potential. It was therefore anticipated that well-defined multimeric ligands could be 

beneficial to better understand spatial arrangement of CRDs of galectins with 

dimerization and oligomerization tendencies. Toward this goal, targeting proto-type 

galectins with homodimerized CRDs, synthesis and bioevaluation of bivalent ligands 

as glycomimetic strategies have been reported by various research groups. Moreover, 

having nearly similar amino acid sequence at CRD of galectins, designed synthetic 

ligands could be potent inhibitors for several members of the family at the same time. 

Here we review reported to date, bivalent synthetic ligands built on wide variety of 

scaffolds with different spatial arrangement (Figure 4.1). To explore interactions 

between galectins and synthetic ligands in 2001 Gabius and co-workers designed and 

synthesized wedge-like glycodendrimers.260 Constructed on benzoic acid derivative 

and bearing lactoside moieties at the focal points of di-, tetra- and octavalent 

dendrons were tested at solid-phase inhibition assay toward proto-type homodimeric 

Gal-1, Gal-7, and chimera-type Gal-3. Remarkably, increasing sugar valency around 

Galectins have drastically augmented relative potency versus free lactose, thus, 

bivalent ligand 4.001 shown 750, 20 and 1.6 relative potency towards Gal-1, -3 and -

7 respectively.260 Switching from more flexible thiourea to aminothiazole 4.002 via 

treating isothiocyanato-lactoside with corresponding propargylic amine, resulted 

enhancement in relative potency towards Gal-1, -3 and -5 and demonstrated 

selectivity for Gal-3.209 
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Figure 4.1 Schematic representation of receptor binding mechanism of bivalent glycocluster 

and galectins and formation of lectin-carbohydrate lattice.  

Appealingly, extending library of flexible and rigid bivalent lactosides with various 

length of spacers helped to elucidate the distance between sugar headgroups and 

geometrical aspects of ligands more precisely. To meet this objective, flexible and 

rigid bivalent ligands based on various scaffolds including secondary (4.003), tertiary 

(4.012) and N,N-diglycosylteraphatalamides (4.013-4.015), p-

bispropargyloxybenzene (4.004), p-bisacetylenebenzene (4.005, 4.018), fumaramide 

(4.006), glycocyclophane (4.008, 4.011) and its acyclic derivatives (4.007-4.010), m-

benzenedialanine (4.019), calixarene 261 have been synthesized.262-266 Interestingly, 

CuAAC click coupling of azide functionalized-PEGylated lactoside and propargyl 

lactose, afforded triazole-linked unsymmetric bivalent ligand which was observed to 

exhibit submicromolar affinity toward human Gal-3 (KD1 =0.15 μM/ KD1 = 19 μM) 

whereas free lactose has KD = 92.6 μM.267 Remarkably, synthesized H-trisaccharide 

(histo-blood group)-harbored rigid bivalent ligand 4.018 where fucosyl moiety bound 

to O2’ position of galactoside has been found selective toward Gal-4 with IC50 = 8 

μM versus free lactose (IC50 = 1600 μM).266 Not only bivalent N- and O-lactosides 

demonstrated good affinity for certain galectins, but lactulose-bearing bivalent 
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ligands (4.016-4.017)268 and enzymatically more stable C-269 and S-lactosides (4.021, 

4.030-4.032)204 and S-and Se-galactosides (4.022-4.029)217, 270-275 were seen to be 

promising. Among them thiodigalactosides (TDGs) are particularly interesting, thus 

via taking advantage of extra room at shallow binding pocket of CRD, C3-dervatives 

of galactosides have successfully inhibited Gal-1 and -3 by creating additional 

interactions that associated with an increase in the overall avidity.
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Scheme 4.1 Reported bivalent ligands.204, 209, 217, 260-276



 78 

4.2 Trivalent ligands 

Increasing valency permits designing architecturally and geometrically more complex 

ligands that shed new light on multivalent sugar-receptor interactions. As we 

discussed that CRD of galectin family members tends to dimerize or oligomerize, 

synthesizing dimeric, tetrameric, and multimeric ligands seem more rational.  

 

Figure 4.2 Schematic representation of receptor binding mechanism of trivalent glycocluster 

and galectins, and formation of lectin-carbohydrate lattice. 

Due to the fact that galectins are generally soluble lectins, in normal cell membrane 

they are not highly ordered. The reason of designing less common trivalent ligands is 

to cluster galectin through cross-linked lattice (Figure 4.2). For the purpose, Roy et 

al.277 in 2003 designed and synthesized, trivalent glycocluster (Scheme 4.2. 4.033) 

which was constructed on benzene via Sonogashira coupling between propargyl 

lactoside and triiodobenzene. Surprisingly, among bi- and tetravalent glycoclusters, 

trivalent ligand demonstrated its superiority toward Gal-3 with 7.6-fold increase in 

relative potency. After this event, a few examples of trivalent glycoclusters have been 

synthesized with various rigid and flexible frameworks including trialkylamine265, 278, 
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279 (4.034, 4.036), benzenetriols265, 278 (4.035, 4.039), benzentrialanine263 (4.037), 

tricaroboxyamido203 (4.038) and tris(hydroxymethyl)269 derivatives (4.040-4.042). 
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Scheme 4.2 Reported trivalent ligands.207, 263, 265, 269, 278-280 
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4.3 Tetravalent Ligands 

Systematically advancing in the context, tetravalent glycoclusters with various 

topology have been exhibited to impact substantially the binding properties of 

galectins. In aforementioned paper, homologue of 4.001, wedge-like dendrimer with 

tetravalent lactoside ligand in comparison with free lactose have reached maximum 

value of 1667 relative potency for Gal-1.260 This result encouraged glycochemists to 

synthesize more tetravalent glycoclusters (Scheme 4.3). Tetravalent glycocluster 

based on pentaerythritol277 (4.043), rigid cyclic core of calix[4]arenes261 (4.044-

4.045), 3,5-dihydroxybenzylamine265 (4.046), rigid decapeptide281 (4.047-4.049), 

fluorescent TPE276 (tetraphenylethylene, 4.050) penthaerythrityltetraamine279 (4.051) 

and methyl 2,3,4,6-tetrapropargyl-α-D-glucoside269 (4.052) and trisaccharide282 

(4.053) have been hitherto reported. Among them cyclic decapeptide and TPE based 

tetravalent ligands, bearing not lactoside but disaccharide of TF (Thomsen-

Friedenreich) and monosaccharide of Tn antigens have also showed some activity 

toward certain galectins. Generally speaking, synthesized all bi-to tetravalent ligands 

have shown better affinity than single lactoside and galactoside as their monovalent 

references in activity assays. 
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Scheme 4.3 Reported tetravalent ligands.261, 265, 269, 276, 279-282
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4.4 Multivalent ligands 

The aim of augmentation of valencies of carbohydrate ligands gives rise 

exponentially to new glycoconjugates with various topologies which could be built 

on a wide variety of scaffolds. Low-valent neoglycoconjugates are appealing 

synthetic targets that have already been found to possess greater binding properties 

versus monovalent ligands nonetheless, there is a need of spatial and conformational 

optimization. Alternatively, multivalent ligands are mostly considered more potent 

inhibitors due to higher energetic glycoside cluster effect via inducing aggregation of 

protein receptors over randomly distributed heterogenic platform. Therefore, 

multivalent ligands are characterized to possess multiple copies of receptor-binding 

elements which results in high avidity while binding to a receptor. To date, 

constructed on various backbones multivalent neoglycoconjugates including 

glycoproteins, glycopeptides, glyco-gold nanoparticles, glycopolymers and 

glycodendrimers have been extensively reported. For the sake of clarity, we show the 

chemistry of an example of different class of reported multivalent glycoconjugates 

with enhanced affinity toward galectins. 

4.4.1 Neoglycoproteins 

Starting with neo-glycoproteins, most popular proteins as carriers have been 

considered Serum Albumins (SAs) by virtue of their properties of being 

biodegradable and biocompatible and relatively easy for preparation over wide range 

of particle sizes. Bovine Serum Albumin (BSA) and Human Serum Albumin (HSA) 

are frequently employed carriers, which are reported to be low in toxicity.283-285 

Additionally, these non-glycosylated proteins possess multiple lysine residues which 

can be functionalized for tunable multivalency. Among notable works, reported by 

Elling and co-workers, enzymatically synthesized tetrasaccharides which were 

composed of two types of lactoside motifs (LacdiNAc– LacNAc and LacNAc – 
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LacNAc) and conjugated to BSA through squarate spacer 4.061-4.062 discriminated 

Gal-3 (IC50 below 100 nM) over Gal-1 (Scheme 4.4).286 In another publication of 

same group, it has been revealed that cancer-related truncated Gal-3 selectively binds 

to LacNAc – LacNAc motif over LacdiNac – LacNAc.287 As we previously 

mentioned that thiodigalactosides have been reported being most potent inhibitors for 

homo-dimeric Gal-1 (TDG, KD = 24μM) and chimera-type Gal-3 (TDG, KD = 49μM), 

especially after C3-functionnalization affinity in low nanomolar range have been 

achieved. Recently published by Pieters et al. BSA-conjugated thiodigalactoside have 

shown impressive high affinity toward Gal-3 with IC50 = 1.8 nM versus free 

thiodigalactoside with IC50 = 9030 nm at ELISA assay.288 Today neo-glycoproteins 

remain one of the strong and promising candidates for the development of galectin 

inhibitors.
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Scheme 4.4 Enzymatic synthesis of tetrasaccharides and their conjugation to BSA.286 
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Scheme 4.5 Structure of tetrasaccharide-BSA conjugation.286
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4.4.2 Neoglycopeptides 

Alternative to neo-glycoproteins are glycopeptides, thus among polypeptides Q11 has 

been one of noteworthy synthetic peptide to cite. Q11 (QQKFQFQFEQQ) is a de-

novo peptide composed of 11 amino acids that self-assembles into β-sheet nanofiber 

in aqueous media.289 In 2015, Hudalla et al. have successfully conjugated 

Asparagine-linked GlcNAc to Q11 through SGSG (Serine-Glycine-Serine-Glycine) 

linker. Obtained glycopeptide efficiently converted to LacNAc-Q11 via enzymatic 

glycosylation using β- (1→4)-galactosyltransferase and UDP-galactose (Scheme 4.6). 

Interestingly LacNAc-Q11 has inhibited Gal-1-mediated apoptosis of Jurkat T-cells 

while exhibiting fruitless impact on Gal-3 activity.290 
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Scheme 4.6 Enzymatic synthesis of LacNAc-Q11 and self-assembly of obtained glycopeptide.290
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4.4.3 Glyco-gold nanoparticles 

Among inorganic scaffolds bearing carbohydrates, gold nanoparticles (AuNPs) have 

been evaluated as useful medical nanovectors, transducers and nanosensors. Thus, 

with their properties of being relatively inert in biological environment, lower toxicity, 

and lower rate of clearance from circulation AuNPs have found their applications in 

biomedical sciences (Figure 4.3).291  

 

Figure 4.3 Application of AuNPs in biomedical science.291 

Besides having shape and size controlling capacity, AuNPs can be easily prepared 

through strong thiol-gold interaction.292, 293 Another advantage of AuNPs is that, 

while employing as a biosensor agent, they give access to detect biological entities at 

low concentrations.294 Furthermore, AuNPs have been broadly employed as carriers 

of glyco-epitopes in glycobiology via forming self-assembling monolayer (SAM) at 

the surface of nanoparticles by virtue of thiolated carbohydrates.90, 295 As detection 

and identification of galectins are crucial events during cancer diagnosis, prognosis 

and disease progression, there is need of highly sensitive detection methods. Toward 

this goal, successful application of Glyco-AuNPs in development of Galectin sensing 
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techniques have been hitherto realized. For example, Niwa and co-workers have 

achieved to detect nanomolar level (1 nM) of Gal-4 and Gal-8 over lactoside-bearing 

AuNPs by using Surface Plasmon Resonance (SPR) measurements.296 Experiments297, 

298 show that when iron doped into AuNPs, plasmon absorption augment its capacity 

by virtue of increased optical and redox sensing ability. Toward this goal recently 

reported by Vargas-Berenguel et al. multivalent lactose-ferrocene-conjugated gold 

nanoparticles (AuNP@Fc-Lac) have exhibited excellent sensitivity to Gal-3, thus 

nanomolar concentration of glycoprotein have been detected (Scheme 4.7).299 
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Scheme 4.7 Ferrocene-containing gold-glyconanoparticles.299
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4.4.4 Glycopolymers 

An alternative class to Glyco-AuNPs are glycopolymers,300-302 thus, this type of 

macromolecules possesses larger valency than any other glycoconjugates and 

demonstrates largest amplification effects in molecular recognition. They also 

effectively mimic multimeric display of oligosaccharides and serve as useful tool for 

probing carbohydrate-receptor interactions. During last decade, constructed on 

various building blocks glycopolymers with pendant carbohydrates (Figure 4.4) have 

been applied probing cancer-related Galectins.303-305 Especially, recent advances in 

living radical polymerization provide excellent opportunities to control bulk 

properties of targeted proteins with narrow polydispersity index. Among them 

Polyacrylic acid (PAA)- and N-(2-hydroxypropyl)methacrylamide(HMPA)-based 

glycopolymers are attractive due to their water solubility, less toxic or non-toxic and 

non-immunogenic properties.  

 

Figure 4.4 Schematic representation of pentameric Gal-3 receptor binding mechanism of 

glycopolymers. 

Additionally, from a chemist point of view, they are facile to prepare and 

functionalize in post-polymerization phase. In recently reported work by Filipová and 

co-workers, toward Gal-3, HMPA-based polymers bearing disaccharides 4.079, 4.080 
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(LacNAc, LacdiNAc) and tetrasaccharide 4.080 (LacdiNAc-LacNAc) have shown 

304-fold enhancement (IC50 in nanomolar range) in relative potency versus monomer 

(Scheme 4.8).304 In another publication, Chytil et al. have shown that while 

increasing epitope (LacNAc) density on HMPA-based polymer avidity increases for 

both Gal-1 and Gal-3 but dense glycoconjugate discriminates Gal-1 over Gal-3.306 
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Scheme 4.8 Synthesis of HMPA-based glycopolymers.304 
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4.4.5 Glycodendrimers 

In general, what makes dendrimers appealing over linear polymers is that dendrimers 

are nearly monodisperse globular macromolecules, where molecular size, shape and 

branching multiplicity are controllable. 

 

Figure 4.5 Schematic representation of pentameric Gal-3 receptor binding mechanism of 

glycodendrimers. 

As reviewed previously, in the early 2000s Gabius et al.260 have published wedge-like 

dendrimer demonstrating better affinity than single monomer toward Gal-1. To this 

goal, several research groups have henceforth reported various dendrimers built on a 

wide variety of scaffolds including cyclotriphosphazene (CTP), poly(amidoamine) 

(PAMAM), hexaphenylbenzene, decapeptide, glucopyranoside etc. Among them 

most well-known PAMAM-based dendrimers with unique tunable physicochemical 

properties are interesting. Additionally, having functionalizable surface primary 

amine groups give access to growth easily the size of macromolecule by means of 

increased generation number. Cloninger et al.80 have shown that PAMAM-based 

G(2)-dendrimer bearing lactose (15 Lac) inhibits Gal-3-induced aggregation via 

binding to the active site of Gal-3, instead G(6) dendrimer with 100 lactose units 

cause aggregation of cancer cells by means of Gal-3 pathway. In another published 
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work of same author, double functionalized PAMAM-based hybrid dendrimers 

bearing two different saccharides (Lac and Gal; GalNAc and Gal) exhibit IC50 in 

micromolar range for Gal-3 whereas 100-mer lactodendrimer has IC50 = 1.74 nM 

toward Gal-1.307 Alternatively, reported by Roy et al.81 lactose-bearing dendrimers, 

synthesized via novel “onion peel” strategy using different building blocks are quite 

appealing. Synthesis of AB5-type of building block was started by desymmetrization 

of commercially available hexachlorocyclophosphazene via mono-incorporation of 

NBoc-protected para-amino phenol 4.084 in basic media to afford 4.085 (Scheme 

4.9). Introduction of five units of monopropargylated hydroquinone 4.086 using 

under similar basic condition gave protected AB5-type building block 4.087 in 87% 

yield. After deprotection of NBoc-protecting group in presence of trifluoroacetic acid 

in DCM, the compound 4.087 was readily converted to N-chloroacetamide-

terminated dendron 4.088 through amidation reaction with chlroacetyl chloride. 

Synthesis of highly symmetrical triconta-propargylated hypercore 4.090 was 

accomplished in 74% yield by treatment of 4.088 with 4.089 in basic and reductive 

condition (NaOH, NaBH4 in EtOH). In the context, using standard CuAAC-assisted 

click chemistry reaction (CuSO4, sodium ascorbate, THF/H2O) between PEG4-

spacered lactoside 4.091 and propargyl-functionalized AB3-type TRIS-based 

derivative 4.092 halogenated dendron 4.093 was synthesized in moderate yield 

(Scheme 4.10). After introduction of azido functional group at focal point via SN2-

type substitution, 4.094 and 4.090 were subjected to CuAAC-assisted click reaction 

under similar condition followed by Zemplén transesterification reaction to afford 

4.095 in 62% yield over two steps. 

Inhibition studies toward truncated Gal-3 (trGal-3) have revealed that versus 

PEGylated monomeric lactoside (IC50 = 164 μM), 90-mer-lactosylated G(2)-

dendrimer 4.095 demonstrated 1025-fold enhancement in affinity (IC50 = 0.16 μM).81 
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Scheme 4.9 Synthesis of triconta-propargylated hypercore 4.090.81 
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Scheme 4.10 Convergent synthesis of 90-mer lactodendrimer via onion-peel strategy.81 
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4.4.6 Introduction to new class of neoglycoconjugates: Glycodendrimersomes 

In the past three decades, the tremendous evolution of multivalent 

neoglycoconjugates built on a wide variety of scaffolds that mimic natural glycan 

architecture and compete natural ligands for binding to receptors have improved our 

understanding of “sugar codes”.105 Nevertheless, mimicking supramolecular 

interactions with aforementioned synthetic glyconanoparticles have provided useful 

information about biological processes through carbohydrate-protein interactions. But 

not all multivalent platforms have been considered suitable for biological systems, yet, 

lack of certain essential properties including straightforward control of size, aqueous 

solubility, biocompatibility, biodegradation of scaffolds after delivery, non-toxicity of 

scaffolds for vital cells, in-vivo mimicry of mobile cell surface remain upsetting. With 

the aim of overcoming these challenges in novel synthetic multivalent display design 

leads to more bioinspired programmable glyconanoparticles. Recently reported 

carbohydrate-harbored dendrimersomes embodied as glycodendrimersomes 

possessing both dendrimer and liposome characters have gained more attention.113 

Besides having internal cavity and programmable surface, self-assembled from 

glycodendrimers – glycodendrimersomes mimic supramolecular multivalency of 

biological membrane. In 2013 Percec and co-workers105 have reported a library 

containing 51 amphiphilic Janus glycodendrimers with various spacers (propargyl, 

succinic ester, PEG-2, -3, -4) alkyl chains (linear and branched) and harbored with 

monosaccharides (Man, Gal) and disaccharide (Lac). Among them a few have 

demonstrated desired properties. Especially, single-type soft glycodendrimersomes 

(glycodendrimersomes with one type of shape e.g. spherical, polygonal, or tubular 

etc.) with narrow polydispersity and significant stability in buffer and water have 

shown excellent biological properties (Scheme 4.11). 
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Scheme 4.11 Amphiphilic Janus Lactodendrimers self-assemble into single-type soft 

lactodendrimersomes.113-115, 118, 120, 121, 308 

For example, Lactodendrimersomes from 4.096 are agglutinated in presence of with 

different concentration of Gal-3 and Gal-4 where the concentration of generated 

glycodendrimersomes was maintained constant.113 Cryo-TEM images during 

interaction between lectin and glycodendrimersomes have also revealed that 

mechanical properties of multivalent display play major role thus, soft unilamellar 

glycodendrimersomes in terms of adaptability and topology are discriminated by 

lectins.105 For the purpose of studying topology effect of glycodendrimersomes 
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during carbohydrate-dependent aggregation, three types (twin-twin, single-single, 

twin-mixed) of surface presentation have been constructed (Scheme 4.12).114 

Interestingly, it has been revealed that decreasing surface density of cognate sugar 

has a significant impact, thus much better results have been achieved with twin-

mixed lactodendrimersome from 4.106 for human Gal-1, Gal-7 and Gal-8 by virtue of 

reduced steric hindrance.114, 115, 120, 121 Later, during aggregation assay toward proto-

type homodimeric (Gal-1), tandem-repeat-type heterodimeric (Gal-4 and Gal-8) and 

chimera-type monomeric (Gal-3) natural and engineered galectins, binding efficiency 

of 4.106 and its 3’-O-Sulfo analogue 4.107 (Scheme 4.13) have been compared.308 

Results shows that, apart homodimeric Gal-1, rest of the galectins prefer to aggregate 

3’-O-sulfo-Lac bearing dendrimersome generated from 4.107.308 Switching from Lac 

epitope to LacdiNAc 4.108 have slightly influenced on PI (from 0.280 to 0.220 at 

optimal concentration (0.2 mM in THF)) and Zavg (from 91 nm to 58 nm), but 

resulting glycodendrimersomes have demonstrated better activity towards WT 

(Wilms Tumor) engineered variants of Gal-1.308 
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Scheme 4.12 Self-assembly of lactodendrimers with various topologies: a) twin-twin b) single-single c)twin-mixed.114 
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Scheme 4.13 3'-O-sulfo-Lac and LacdiNAc harbored twin-mixed.308 
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4.5 Aim of the Project: Design and synthesis of LacNAc-decorated 
glycodendrimersomes 

As we have reviewed reported multivalent ligands towards Galectins, to our 

knowledge there is no example of glycodendrimersomes with LacNAc disaccharides. 

In current chapter our objective has been set to design LacNAc and its O-3’ 

derivatives (monomers have shown in Chapter 3) decorated dendrimersomes 

(Scheme 4.14). Moreover, generation of various topologies (Figure 4.6) and 

investigation of bioactivity for cancer-related human Galectins will be also realized. 

 

Figure 4.6 LacNAc-harbored glycodendrimersomes with three types of topologies : twin 

(left), twin-mixed (middle), physical-auto dilution of twin-mixed (right).
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Scheme 4.14 Amphiphilic Janus Dendrimers bearing LacNAc and its 3'-O-dervatives at the focal points.
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4.6 Result and Discussion 

4.6.1 Synthesis LacNAc-conjugated amphiphilic Janus-Dendrimers (LacNAc-
JDs) and generation glycodendrimersomes 

As we have synthesized propargyl-functionalized tri- and disaccharides for CuAAC 

click reaction, synthesis of azido-functionalized Janus-Dendrimer precursor was in 

need (Scheme 4.15). Therefore, in order to get desired unilamellar soft 

glycodendrimersome, the hydrophobic and hydrophilic segments must be kept in 

balance.113 To this goal, we first synthesized the double functionalized (azido and 

tosylate functional groups at the focal points) 4.118 in two steps from commercially 

available PEG3. Then, classical Williamson etherification via SN2 – type substitution 

in presence of sodium hydride in DMF afforded 4.119 in 94 % yield. The structure of 

4.119 was confirmed by 1H and 13C NMR (Figure 4.119). Deprotection of anisacetal 

in AcOH/H2O mixture (v/v = 7/3) at 50 ºC followed by Steglich – Neises 

esterification with previously synthesized benzoic acid derivative 2.06 in presence of 

DCC, DMAP and DCM, at room temperature gave 4.121 in 81 % yield over two 

steps. The structure of 4.121 was confirmed by HRMS (Figure 4.8) and NMR (Figure 

4.9). Additionally, NMR COSY, HSQC and HMBC experiments were used to assign 

the carbons and hydrogens. 

Click reaction using standard CuAAC condition (catalytic quantity of CuSO4·5H2O, 

NaAsc in THF/H2O mixture (v/v = 10/1) at room temperature) between 4.121 and 

3.32 afforded bis-clicked 4.109 in 19 % yield. During purification stage mono-clicked 

4.113 was isolated with 15 % yield (Scheme 4.16). Both products were easily purified 

via classical column chromatography on silica gel. The ratio between hydrophobic 

and hydrophilic segments determined by 1H NMR analysis. As illustrated in Figure 

4.10, hydrogen ratio (1:1) between singlet of the formed triazole at 7.86 ppm and 

triplet of the Hp (aromatic) at 6.80 ppm confirms the formation of bis-clicked product 

4.109. In case of isolated less polar compound, relative ratio for the same hydrogens 
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was observed to be 1:2 which was corresponding to mono-clicked product 4.113 

(Figure 4.12). Both products were not soluble neither in CDCl3 nor in CD3OD. To 

resolve this issue, we used mixture of CDCl3/CD3OD in a 1/1 volume ratio where 

peaks corresponding to two deuterated solvents were displayed in 1H and 13C NMR 

spectra. Unfortunately, high-resolution electrospray ionization mass spectrometry 

(ESI-HRMS) could not detect both dendrimers due to in-source cleavage, for this 

reason matrix-assisted laser desorption/ionization time of flight mass spectrometry 

(MALDI-TOF-MS) was chosen alternatively. Both methods, ESI-MS and MALDI-

MS are considered “soft” ionization techniques and widely used in determination of 

molecular weight of various biomolecules. Nevertheless, compare to ESI, MALDI 

through generating single-charged quasi molecular ion and minimizing spectral 

complexity is considered to be more advantageous in molecular weight determination. 

As shown in Figure 4.14 and 4.15, molecular weight of sodium adducts [M+Na]+ of 

the bis and mono-clicked products 4.109 and 4.113 were confirmed by MALDI-TOF 

MS. 
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Scheme 4.15 Synthesis of azido-functionalized Janus-Dendrimer precursor.
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Figure 4.7 1H and 13C NMR (300 and 75 MHz, CDCl3) spectra of compound 4.119.
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Figure 4.8 HRMS spectrum of compound 4.121. 
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Figure 4.9 1H and 13C NMR (300 and 75 MHz, CDCl3) spectra of compound 4.121.
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Scheme 4.16 CuAAC-based click reaction between hydrophobic and hydrophilic segments.
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Figure 4.10 1H NMR (300 MHz, CDCl3+CD3OD, v/v = 1/1) spectrum of compound 4.109.
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Figure 4.11 13C NMR (75 MHz, CDCl3+CD3OD, v/v = 1/1) spectrum of compound 4.109.
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Figure 4.12 1H NMR (300 MHz, CDCl3+CD3OD, v/v = 1/1) spectrum of compound 4.113.
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Figure 4.13 13C NMR (150 MHz, CDCl3+CD3OD, v/v = 1/1) spectrum of compound 4.113.
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Figure 4.14 MALDI-TOF MS spectrum of compound 4.109.



 118 

Figure 4.15 MALDI-TOF MS spectrum of compound 4.113. 
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Using ethanol injection method, different concentration of both glycodendrimersomes 

were prepared and Zavg, particle size and polydispersity index (PdI) were measured by 

DLS technique. Understanding that size determines the fate of nanoparticles, 

therefore depending on concentration, prediction of size with narrow polydispersity is 

one of key advantageous properties of glycodendrimersomes. As shown in Figures 

4.16 – 4.17, plots of self-assemblies from 4.109 and 4.113 demonstrate that 

hydrophobic/hydrophilic ratio influence directly the size of nanoparticles. While 

increasing concentration the size of glycodendrimersomes from 4.109 augments in a 

linear fashion. At the concentration of 0.2 mg/mL in EtOH (EtOH/H2O ratio = 1/4 

v/v) glycodendrimersome from 4.109 has broader size distribution with 0.468 of PdI 

value where the major vesicle size population is 8 nm. Surprisingly, while increasing 

concentration from 0.2 mg/mL to 0.5 mg/mL, the PdI value reached 1, and it means 

the suspension is highly polydisperse. In contrast, two times increment of 

concentration (at 1 mg/mL) leads to narrow size distribution (PdI = 0.131) with 130 

nm of vesicle size. In the context, increment of concentration from 1 mg/mL to 5 

mg/mL resulted highly monodisperse suspension with the vesicle size of 238 nm.  

The changes in vesicle size and size distribution of dendrimersomes from 4.113 at 

similar concentrations show that all dendrimersomes were narrowly dispersed (Figure 

4.17). However, the sizes of the generated dendrimersomes from Janus dendrimer 

with one hydrophilic head are much larger. The influence of polar head group on 

vesicle size has been already reported by several research groups.309-312 It has been 

suggested that higher concentration of polar head groups increase stability of vesicles 

and prevent their aggregation by covering the surface which leads to small vesicle 

size. Formation of large vesicles at lower head group concentration is explained due 

to the effect of decreased surface free energy and increased surface tension which 

leads to high bilayer stiffness and coalescence of bilayer membranes.  
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The difference between size and Zavg can be explained by PdI (Figure 4.18). Ideally 

for monodisperse sample (PdI → 0), particle size and Zavg possess same peak size 

which is the case for glycodendrimersomes from 4.109 and 4.113 at Cm = 1 mg/mL 

and 5 mg/mL where PdI values are close to 0. Higher value of PdI of the sample 

could be explained that the distribution is broad and there are multiple particle size 

populations in the suspension. 

During DLS study it was revealed that the balance between hydrophilic head and 

lipophilic tail affects the size of vesicles. Therefore, in the context, augmented 

hydrophobicity of Janus dendrimer leads to formation of larger vesicles. 
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Figure 4.16 Plot of glycodendrimersome from 4.109, concentration versus size. 

 

Figure 4.17 Plot of glycodendrimersome from 4.113, concentration versus size. 
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Figure 4.18 Plot of glycodendrimersome from 4.109, concentration versus Zavg and PdI. 

 

Figure 4.19 Plot of glycodendrimersome from 4.113, concentration versus Zavg and PdI.
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4.7 Conclusion 

In summary, low-cost, straightforward synthesis of first example of LacNAc-bearing 

Janus-dendrimer was accomplished successfully. CuAAC-based click chemistry was 

chosen for coupling hydrophobic and hydrophilic segments. Obtained dendrimer 

were easily purifiable by classical column chromatography. Size and PdI properties 

of generated dendrimersomes were studied with DLS technique. As it is seen, for 

glycodendrimersomes from 4.109, augmentation of the concentration has led to 

greater size and optimal PdI whereas at the similar concentrations dendrimersome 

vesicles from 4.113 have much larger sizes and narrow size distributions. Especially, 

glycodendrimersome from 4.109. at the concentration of Cm = 5 mg/mL in EtOH and 

in a volume ratio of 1:4 with H2O was observed to show higher monodispersity with 

PdI = 0.003 and D = 238 nm Zavg = 239 nm which corresponds to perfectly uniform 

glycodendrimersome. 

 



 

 

 

 CHAPTER V 

 

 

DESIGN AND SYNTHESIS OF SIALIC ACID-CONJUGATED 

DENDRIMERSOMES 

5.1 Introduction to sialic acid 

Sialic acids (Sias) are a family of nine-carbon acidic monosaccharides and typically 

found at the terminating branches of N-Glycans, O-Glycans and Gangliosides - a 

subgroup of Glycosphingolipids (Figure 5.1).313 The family is also called “neuraminic 

acids” because of first isolation from neuronal glycolipid by German scientist E. 

Klenk.314 Sialic acids play numerous biological roles in human physiology of cell-cell 

communication, cell-cell signaling, immune response, carbohydrate-protein 

interactions etc. For example, in human body during development and regeneration 

they serve as protecting group for some proteins against proteolytic enzymes.315 

There is high concentration of sialic acids in human milk and brain especially 

gangliosides which are very important in synaptogenesis and neural transmissions.  

The sialic acid family hitherto contains more than 50 naturally occurring members 

including N-Acetylneuraminic acid (Neu5Ac) which is an aminosugar member of the 
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family and at the same time most abundant neuraminic acid in human body (Figure 

5.1). N-Acetylneuraminic acid plays crucial role in intracellular and intercellular 

interactions including transport of ions, amino acids and pathogens. In this chapter we 

will focus on sialic acid chemistry, but brief information about major sialic acid-

binding receptors will be also given.  

 

Figure 5.1 Sialic acid on cell surface. 
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Scheme 5.1 Sialic acid family: a) Sia family members; b) Most common Sia family members; 

c) Commonly found terminal Neu5Ac linkage.316 

5.1.1 Sialic acid dependence of Influenza virus in host-cell invasion 

There are 4 subtypes (A, B, C, D) of negative-stranded RNA virus of Influenza. 

Being human viruses Influenza B and C can cause seasonal epidemics (known as 

seasonal flu) and mild illness, whereas Influenza A is most dangerous virus 

responsible for pandemics and global epidemics and they are mainly displaying in 

birds (known as avian viruses) and mammalians hosts. Finally, influenza D is mainly 

circulating in cattle and infection of human is not well-known up to date.  
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Figure 5.2 Attachment of Influenza Virus to the epithelial cell surface (HA3 – trimeric 

hemagglutinin, SA – sialic acid.72 

Influenza viruses attaches to the outer part of epithelial cell in upper respiratory tract 

by using their surface glycoprotein hemagglutinin (HA) which recognize terminal 

sialic acid residue (Figure 5.2). The enveloped virus enters cells via endocytosis 

followed by fusion of endosomal membrane and this phenomenon called infection. 

Based on membrane-bound surface glycoproteins (Hemagglutinin (HA) and 

Neuraminidase Enzyme (NA)) Influenza A viruses are subdivided: H1 through H19 

and N1 through N11. In the nature, up to date 131 Influenza A subtypes have been 

detected. Among them a few circulates in human whereas in the past H1N1 (Spanish 

flu), H2N2 (Asian flu), H3N2 (Hong-Kong flu) caused pandemics by killing more than 

50 million people globally.317 More recently found in China avian influenza virus 

H5N1 have become more deadliest threat worldwide by killing human and poultry.318 

5.1.2 Hemagglutinin of Influenza A viruses 

HA plays essential role in adhesion strategy of the virus via recognizing surface 

glycolipids and glycoproteins terminating with sialic acid residue excluding 

gangliosides. Being type-I transmembrane protein – homotrimeric HA is composed 

of assembly of noncovalently-conjugated copies (HA1, HA2) of single polypeptide 

precursor protein (HA0). HA1 has a molecular weight of approximately 55 kDa (in 
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H1N1, H3N2) and linked with HA2 (25 kDa, H1N1, H3N2) by a disulfide bond. 319 

Cleavage of biosynthetic precursor HA0 (75 kDa) through basic amino acid residue 

(mostly Arg, rarely Lys) at cleavage site by proteolytic enzyme is vital for 

pathogenicity of the virus, thus at endosomal pH, it activates membrane fusion.319, 320 

Globular head (HA1) contains highly mutable receptor binding site (RBS) which is 

situated in shallow groove on the top of the subunit and responsible for the 

attachment of the virus to the cell surface (Figure 5.3a and 5.3c). The interactions 

between Neu5Ac and HA1 are mostly similar in all Influenza A virus subtypes by 

virtue of conserved amino acid residues (Avian RBS: Ala138, Glu190, Leu194, 

Gly225, Gln226, Gly228).321 Naturally, avian influenza binds predominantly to 

Neu5Acα(2→3)Gal linkage, whereas mammalian influenza has binding specificity 

for Neu5Acα(2→6)Gal (Figure 5.3 b, Scheme 5.1 c). Presence of low quantity of 

Neu5Acα(2→3)Gal at the upper trachea of pigs, makes them to be considered 

intermediary hosts or mixing vessels for both avian and mammalian influenza viruses. 

A single amino acid substitution at RBS can dramatically change HA binding 

specificity from α2,3-linked Sia to α2,6-linked Sia or vice-versa that occurs when 

HA1 undergoes mutation.322 Study shows that among conserved amino acids E190 

and G225 play crucial role in determination of the specificity for RBS of avian 

influenza. Replacement of glutamic acid by aspartic acid at 190 position favors both 

specificities which is the case for pigs, whereas D190 and D225 support binding to 

α2,6-linked Sia at human Influenza RBS.323 For example, H1N1 virus (Spanish flu) 

that caused 1918 pandemic, differs one or two conserved residues from avian 

influenza consensus depending on viral isolate.322 Stem domain of HA contains HA2 

and fusion subdomain of HA1 and serves for stabilization of the globular head. 

Mainly composed of conserved hydrophobic amino acids stem domain mediates entry 

of viral RNA and polymerase complex into the host cells through membrane co-

fusion (target cell membrane and viral membrane).324 
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Figure 5.3 Influenza virus HA binding to Sia residue with two different linkage. a) 

Schematic view of HA homotrimer; b) Binding specificity of RBS depending on species; c) 

Location of RBS on the top of HA1; d) Close-up view of HA-Neu5Ac interaction; e) 

Superposition of Avian Influenza HA with Neu5Acα(2→3’)LacNAc and Human Influenza 

HA with Neu5Acα(2→6’)LacNAc.325 

5.1.3 Neuraminidase enzyme of Influenza A virus 

Second major surface glycoprotein of Influenza virus is Neuraminidase (NA) and it 

mediates enzymatic cleavage of terminal Neu5Ac moiety from host and viral 

glycoproteins in order to release the virus from cells and prevent attachment of HA to 

other viral glycoproteins. Additionally, Matrosovich and co-workers reported that NA 

is taking part in early stage of virus invasion through degrading sialic acid-containing 

glycoprotein (mucin) and glycocalyx in human respiratory tract to clear the path for 

HA binding to the surface membrane of target cell.326 Mushroom-shaped 

homotetrameric NA is a type-II integral membrane glycoprotein composed of 

assembly of four identical polypeptides. Each monomer contains about 470 amino 

acids which are distributed in four domains: head, stalk, transmembrane region and 

cytoplasmatic tail (Figure 33). 



 130 

 

Figure 5.4 Structure of Neuraminidase (NA) surface glycoprotein on Influenza virus.327 

Enzymatic activity of the protein occurs in the catalytic head domain where Neu5Ac 

recognizing surface is located sideward for facilitating the cleavage from nearby 

membrane glycoprotein. Compared to HA, NA does not possess any specificity 

toward α2,3- or α2,6-linked Sia by virtue of large polar cavity at binding pocket 

(Figure 5.5 left). Usually, the globular head domain has low mutation rate, therefore 

50-90 % similarity between Influenza A virus subtypes has been reported by Colman 

et al.328 In sialic acid binding pocket, 8 highly conserved amino acid residues 

(Arg118, Asp151, Arg152, Arg224, Glu276, Arg292, Arg371, Tyr406) are 

responsible for the activity of enzyme (Figure 5.5). 
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Figure 5.5 X-ray structure of NA-Neu5Ac complex (pdb code: 2BAT).329 

However stalk domain is highly variable depending on subtypes but contains 

minimum one cysteine residue for stabilization of tetramer through creating disulfide 

bond.330 Although most subtypes possess up to 50 amino acids in stalk domain, 

deletion of around 20 residues in poultry have seen frequently. It has been 

hypothesized that diminished length of stalk domain decrease flexibility of NA 

nearby HA due to increased steric hindrance.327 Hydrophobic transmembrane domain 

is composed of highly variable amino acid sequence (7-29 amino acids) and mediates 

signal translocation from endothelial reticulum (ER) to apical surface. Cytoplasmatic 

or hydrophilic tail consists of highly conserved 6 amino acids (MNPNQK) in most 

Influenza A virus subtypes. To date it has been little known the exact role of 

cytoplasmatic tail. However, the lack of hydrophilic tail has been observed to affect 

negatively budding efficiency of the virus. Furthermore, together with 

transmembrane domain cytoplasmatic tail participate in lipid raft association that 

provides the transport of glycoprotein to the apical plasma membrane.327  

5.1.4 Sialic acid binding Siglec family 

Sialic acid terminated oligosaccharides are also recognized by endogenous receptors 

(selectins, siglecs, factor H). Among them, expressed on the surface of immune cells 
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including innate immune cells – I-type (Ig-type) siglec family has been found to bind 

only sialoglycans and generate inhibitory intercellular signaling. To date 15 members 

of family have been found in human. As we mentioned earlier depending on amino 

acid sequence in N-terminal V-set and C2-set domains siglec family members have 

been subdivided in two groups: 1) Classic siglecs containing Sialoadhesin (Siglec-1 

or CD169), CD22 (Siglec-2), Myelin-associated glycoprotein (MAG, Siglec-4), 

Siglec-15; 2) CD33 (Siglec-3)-related siglecs which have been evolved from CD33 

gene duplication (Figure 5.6). As well as Influenza A Virus hemagglutinin, each 

siglec member possess preferential binding specificity for terminal Neu5Ac linkage 

(Table 5.1). Therefore, CD22 and CD33 preferentially bind to α2,6-linked Neu5Ac, 

whereas Sialoadhesin and MAG have strong binding specificity for α2,3-linked 

Neu5Ac. Additionally, Siglec-5, -7, -11, -14 and -16 have been found to bind 

Neu5Acα(2→8)Neu5Ac linkage (Scheme 5.1 c).331 Although certain siglec members 

have similar specificity for terminal sialic acid linkage, each member possess unique 

binding preference for specific sialoglycans.  
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Figure 5.6 Siglec family subdivision.331 

In biology, glycosylation is the process by which proteins undergo post-translational 

modification mainly in the cytosol, the Golgi apparatus, the endoplasmic reticulum 

and the sarcolemmal membrane. Any abnormal change in glycosylation is considered 

a sign of malignant transformation. Aberrant glycosylation in cancer has been 

reported for the first time in 1969 by Meezan and co-workers.332 Sialylation is one of 

the most widely occurring cancer-associated changes in glycosylation.333 Aberrant 

glycosylation and hypersialylation on the surface of cells are hallmarks of cancer that 

allow cancer cells to proliferate, survive and propagate tumor. Therefore, it has been 

suggested that during cancerous cell progression, hypersialylation is crucial for 

surface antigen masking. As siglecs are present on T cells, B cells, NK cells, 

macrophages, and dendritic cells, during immune surveillance sialylated glycans are 

recognized as immune checkpoint targets. The role of immune checkpoint is to 
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differentiate healthy from unhealthy cells and prevent an immune response that could 

destroy healthy ones. Hypersialylated cancer cells do not trigger an immune response 

as well as healthy cells. Therefore, interaction between sialylated glycan on cancer 

cell and corresponding siglecs on immune cells mediates immunosuppression and 

inhibition of apoptosis (Figure 5.7). Targeting siglecs for immunotherapy of certain 

types of cancer have been considered hot topic by virtue of their selective 

expressions.334 Although naturally siglec-sialic acid interactions have low binding 

affinity, creation of additional binding interactions via SAR or direct 

functionalization of sialic acid moiety have been considered powerful tools. More 

detailed information about sialobiology and sialic acid binding receptors originated 

from pathogens and intrinsic lectins have been described elsewhere.316, 335-338



 

 

 

Table 5.1 Human Siglec classification.339 

 

 

Siglec Expression Terminal Sia linkage 
specificity Biological function 

Siglec-1 
(Sialoadhesin; 

CD169) 
Macrophages Neu5Acα(2→3)Gal 

Macrophage interaction with 
lymphocytes; internalization of sialylated 
pathogens 

Siglec-2 
(CD22) B cells Neu5Acα(2→6)Gal Negative regulation of B cell activation; 

B cell tolerance induction 

Siglec-3 
(CD33) 

Myeloid cells, 
monocytes, microglia Neu5Acα(2→6)Gal 

Regulation of myeloid cell development 
and function; Suppression of amyloid 
beta uptake by microglia in the brain 

Siglec-4 
(MAG) 

Schwann cells, 
oligodendrocytes Neu5Acα(2→3)Gal 

Maintenance of myelinated axons; 
suppression of axonal regeneration after 
injury 

Siglec-5 
(CD170) 

Monocytes, 
neutrophils 

Neu5Acα(2→8)Neu5Ac 
Neu5Acα(2→6)GalNAc 

Recognition and internalization of 
sialylated pathogens; inhibition of 
immune cell activation 

Siglec-6 
(CD327) 

Trophoblasts, B cell 
subset Neu5Acα(2→6)GalNAc Regulation of trophoblast proliferation 

and invasiveness 

Siglec-7 
(CD328) 

NK cells, monocytes, 
mast cells, basophils 

Neu5Acα(2→8)Neu5Ac 
 

Attenuation of NK cell activation and 
function; inhibition of mast cell and 
basophils 

Siglec-8 
(SAF2) 

Mast cells, basophils, 
eosinophils Neu5Acα(2→3)Gal6SO3H Induction of apoptosis in eosinophils 

Siglec-9 
(CD329) 

NK cells, monocytes, 
macrophages, 
dendritic cells, 

neutrophils 

Neu5Acα(2→3)Gal 
Inhibition of NK cell and neutrophil 
activation and function; immune 
modulation of myeloid cells 

Siglec-10 
(SLG2) 

B cells, NK cells, 
monocytes, CD 4+ T 

cells 

Neu5Acα(2→6)Gal 
Neu5Gcα(2→6)Gal 

Attenuation of immune activation and 
overreaction; suppression of CD4+ T 
cells 

Siglec-11 Microglia, 
macrophages 

Neu5Acα(2→8)Neu5Ac 
 Inhibition of microglial activation 

Siglec-14 Neutrophils, 
monocytes 

Neu5Acα(2→8)Neu5Ac 
Neu5Acα(2→6)GalNAc 

 

Activation of proinflammatory pathway 
in monocytes; recognition of sialylated 
pathogens 

Siglec-15 
(CD33L3) 

Osteoclasts, 
macrophages 

Neu5Acα(2→6)GalNAc 
 

Regulation of osteoclast differentiation 
and bone resorption; immune modulation 
of macrophages 

Siglec-16 Macrophages Neu5Acα(2→8)Neu5Ac 
 Unknown 
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Figure 5.7 Siglec-Neu5Ac interactions via immune cells-tumor cells communications.340 

5.2 Sialic acid in chemistry 

In chemistry the stereoselective synthesis of sialosides has been considered to be one 

of the challenging reactions, especially that of the naturally occurring α-sialosides. 

The difficulties arise from the presence of electron withdrawing carboxyl group at 

anomeric position and lack of anchimeric assistance at neighboring C3 position 

which reduce reactivity of the donor and lead to low yield and poor stereoselectivity. 

Moreover, the leaving group at C2 position sometimes causes formation of undesired 

2,3-eliminated product or glycal (Neu5Ac2en) through E1 mechanism (Scheme 5.2). 

Additionally, sterically hindered anomeric position makes sialidation more 

complicated for some bulky nucleophiles. However many advance have been made to 

obtain α-stereoselective sialosides either using chemoenzymatic341-343 or synthetic 

chemical approaches.67, 344-352 In synthetic approach for desired stereoselectivity 

achievement several factors including anomeric leaving groups, nature of promoters, 
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reactivity of acceptors, stereodirecting ability of functional groups on Neu5Ac moiety 

and solvent system play determining roles. 

 

Scheme 5.2 Promoter mediated sialylation and formation of the glycal. 

5.2.1 Anomeric leaving groups 

Anomeric leaving group at C2 position plays prominent role for efficient α-sialylation. 

Earliest attempts for stereoselective synthesis were mostly based on promoter (Ag(I)- 

and Hg(II)-based salts) mediated SN1 (Koening-Knoor condition) and SN2 (Helferich 

condition) type reactions via using halides as anomeric leaving group.253, 353-355 

Although most successful results have been obtained using β-chloro sialoside donors 

and silver-based salt promoters, formation of undesired β-derivatives and glycals, and 

poor selectivity toward less reactive secondary, tertiary and primary higher alcohols 

(higher alcohols – those containing more than 4 carbon atoms) have been considered 

main drawbacks of this synthesis method (Scheme 5.3). To this end, introduction of 
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an auxiliary group at C1356-362 and C3363-371 positions have been reported improve 

stereoselectivity. Takahashi and co-workers reported that introduction of “long-range 

participation” of methylthioethyl ester at C1 position promotes modest α-sialylation 

through formation of sulfonium ion intermediate (Scheme 5.4).357 Further 

development has been reported by Gin and co-workers whereas N,N-

dimethylglycolamide auxiliary leads to the formation of exclusive α-sialosides 

although suffers from weak stereoselectivity toward sterically more hindered 

secondary alcohol acceptors.358 In another published work by Sato et al. C1 

arylthioesters in acetonitrile exhibit moderate to good α-selectivity toward primary 

alcohol acceptors.362 Although C3 auxiliary have been successfully employed to 

obtain desired sialylation, this method requires introduction and removal of 

stereodirecting groups that cause additional difficulties (Scheme 5.5). 

 

Scheme 5.3 Under Koening-Knoor condition, silver carbonate-promoted sialylation. 

Alternatively, from the beginning of 90s the use of sulfur-based functional groups 

(xanthate,372-377 sulfide,378-388 sulfoxide389-391, thioamidoyl392-394) has opened new 

perspectives for sialic acid glycosylation. Due to their remarkable shelf-life stability, 

easy preparation and modest α-stereodirecting abilities, thioaryl and thioalkyl sulfides 

remain hitherto most employed anomeric leaving groups in sialylation reactions. 

During a study of “active” and “latent” thioglycoside donor strategy, Roy et al. have 
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demonstrated that electron withdrawing and donor groups on aryl ring affect the 

reactivity of thiosialoside donor in sialylation (Table 5.2).395 

 

Scheme 5.4 C1 auxiliary in stereoselective sialylation. 

While DMTST promoted electron-rich para-acetamidophenyl thiosialoside donor 

shows modest stereoselectivity, electron-poor para-nitrophenyl thiosialoside remains 

intact. On the other hand, Crich and Li have reported that β-sialoside donor with 
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bulkier thioadamantyl group is more compatible with α-stereodirecting nitriles at low 

temperature whereas its thiotolyl analogue is ineffective.396  

Among α-stereodirecting anomeric leaving groups phosphite,397-404 phosphate405-411 

and phenyltrifluoroacetimidate412-414 should be also mentioned. Although they exhibit 

better α-stereodirecting activity, installation of these leaving groups requires 

additional synthetic steps. 

 

Scheme 5.5 C3 auxiliary-mediated α-sialylation. 
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Table 5.2 Thioaryl and thioalkyl sialosides donor in sialylation. 

 

5.2.2 Influence of C5 protecting group modification  

To date C5 modification of sialyl donor has been considered to be most powerful 

method for efficient α-sialylation. Together combining with α-stereodirecting 

anomeric leaving group N5-modified donors have been observed to give desired 

sialoside compounds in stereoselective manner. Notable, replacement of acetamido 

with more electron withdrawing functional groups are more successful. Demchenko 

and Boons have observed that conversion of C5 acetamido group into N-diacetyl can 

dramatically affect stereoselective sialylation reaction.415 Therefore, at -40 ºC and in 

presence of acetonitrile NIS/TfOH promoted coupling between Neu5Ac2 donor and 

Thiosialoside Donor (Y) Acceptor 
(ROH) Promoter Solvent 

(temp.) 
Yield 
(%) α/β 

5.029 

α 

 

 
DMTST 

DCM 
(r.t.) 

82 1.5/1 

5.030 
 

81 5.5/4.5 

5.031 
 

80 1/1 

MeCN:DCM 
1:1 

(r.t.) 

73 7/3 

5.032 
 

81 3/1 

5.033 
 

Not reacted 

5.034 

β 
 

 
NIS/TfOH 

DCM 
(-40 ºC) 89 1/8 

MeCN 
(-40 ºC) 89 1.6/1 

EtCN 81 2.2/1 

5.035 
 

DCM 
(-40 ºC) 73 1/4 

MeCN 
(-40 ºC) Not reacted 

EtCN Not reacted 
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2-(trimethylsilyl)ethyl-6-O-benzoyl-β-D-galactopyranoside acceptor afforded only α-

anomer with 72 % yield in less than 5 min whereas Neu5Ac acceptor gave same 

exclusive anomer with 61 % yield in 2-6h.415 In another published work by 

Demchenko and Boons, where N-diacetyl methylthiosialoside donor gives 

Neu5Ac2(2→8)Neu5Ac with a ratio 1.7/1 – α/β whereas N-acetyl methylthiosialoside 

affords racemic mixture (Neu5Ac(2→8)Neu5Ac, 1.7/1 – α/β) at -40 ºC in presence of 

acetonitrile.416 Since then, chemically converted C5 into various functional groups 

including N-trifluoroacetyl (NHCOCF3),348, 417-424 N-tricholoroethoxycarbonyl 

(NHTroc),425-433 N-tert-butyloxycarbonyl (NHBoc),434, 435 N-benzyloxycarbonyl 

(NHCbz),422, 427 N,N-tert-butyloxycarbonylacetamido (NAcBoc),436-438 N-

fluorenylmethoxycarbonyl (NHFmoc),427, 435 N-allyloxycarbonyl (NHAlloc),427 N-

trichloroacetyl (NHCOCCl3),427, 439-441 N-phthalimido,413, 442-444 azido (N3),359, 445-452 

isothiocyanato (NCS)451, 453 have been tested for the synthesis of Neu5Acα(2→6)Gal, 

Neu5Acα(2→3)Gal, Neu5Acα(2→8)Neu5Ac and Neu5Acα(2→9)Neu5Ac dimers 

(Scheme 5.6). Although efficient α-sialylation achieved with aforementioned C5 

electron withdrawing functional groups, most of them exhibit only modest 

stereoselectivity with unhindered primary alcohols. 

 

Scheme 5.6 C5 stereodirecting effect in sialylation. 

5.2.3 N5,O4-cyclic protecting group-mediated sialylation 

The installation of trans-fused cyclic oxazolidinone and its acetylated variation on 

sialoside moiety has been considered to be huge breakthrough in sialic acid 

glycosylation. Therefore, to improve α-stereoselectivity with unhindered primary and 
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secondary alcohol acceptors, 5-N, 4-O-oxazolidinone trans-fused cyclic protecting 

group (Takahashi’s oxazolidinone 5.066, Scheme 5.7) with the best α-stereodirecting 

ability has been introduced for the first time by Takahashi et al.454 Subsequently, 

Farris and De Meo has confirmed the superiority of 5-N, 4-O-oxazolidinone-α-

thiophenyl sialoside donor 5.067 in synthesis of α2,6 Neu5Ac, α2,3 Neu5Ac 

glycosidic bonds via obtaining sole α-anomer.455 At the same year Crich group has 

developed and examined N-acetylated variation of oxazolidinone ring with 

thiophenyl 5.068 and thioadamantyl 5.069 leaving groups.396, 456 The purpose of N-

acetylation of the ring is to avoid post-glycosylation harsh deprotection condition. 

Wong and co-workers have reported that sialoside donor 5.070 with the combination 

of trans-fused cyclic N-acetyl-5N, 4-O-oxazolidinone and dibutyl phosphate as 

anomeric leaving group affords only α-anomer under Lewis acidic condition at -78 ºC 

in DCM.405 Moreover, Crich et al. have successfully applied same condition for 

stereoselective C- and S-sialylation reactions.457, 458 According to plausible 

explanation has been given by Crich et al. 5N, 4-O-oxazolidinone ring 5.072 has 

larger dipole moment to slow down positive charge buildup at anomeric center and 

destabilize oxocarbenium ion that promotes SN2-like mechanism.459 Furthermore, the 

presence of trans-fused oxazolidinone forces oxocarbenium to adapt half-chair 

conformation 5.074 (4H5) where both faces are shielded equally. Consequently, attack 

of the nucleophile at either face is in equilibrium: β-face attack provides β-sialoside 

5.075 whereas α-face attack passes through twist boat 5.076 (4S2) and affords α-

anomer 5.077. More information on 5-N, 4-O-oxazolidinone and N-acetyl-5-N, 4-O-

oxazolidinone and other α-stereodirecting sialylation factors have been reviewed by 

several research group.388, 391, 420, 459-466 In this chapter we are focused on synthesis of 

multivalent sialosides and their applications toward major sialic acid-specific 

receptors. 
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Scheme 5.7 Oxazolidinone donors and conformational analysis of nucleophilic attack on oxocarbenium ion.462 
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5.2.4 Thiosialosides 

In carbohydrate chemistry, substitution of anomeric oxygen with sulfur atom has 

been widely exploited as enzymatically more resistant mimetic of O-glycosides. 

Besides being recognized as stable pharmacophores, S-glycosides have been observed 

to show similar or better biological activity. 

 

Scheme 5.8 Synthesis of the analogue of CMP-Neu5Ac with sulfur as glycosidic atom.467 

Another salient particularity of thioglycoside is the bond distance between carbon and 

sulfur at the anomeric position. Therefore, the length of the C-S bond is 1.78 Å versus 

C-O with 1.42 Å which makes thioglycoside slightly more flexible.468 S-sialosides 

have been gained popularity due to their properties of being nonhydrolyzable mimics 

of O-sialosides and facile preparation. For comparative study purpose, Halcomb and 

Cohen have successfully synthesized thiosialoside analogue of CMP-Neu5Ac 5.082 

after deprotection of 5.080 which is previously obtained through tetrazole-promoted 

coupling between β-mercaptosialoside 5.078 and cytidine-5’-phosphoramidite 5.079 

followed by in-situ oxidation in presence of DMDO (Scheme 5.8).467 During 

determination of solvolysis rate in aqueous buffer, 5.082 has been found to be 50-

times more slower than its natural analogue. Study also revealed that thiosialoside 
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exhibits 3-times less reactivity toward α(2,3) sialyl transfer. Taking advantage of 

enzymatic hydrolysis-resistant properties of the S-glycosidic bond, research groups 

have reported that S-sialosides exhibit excellent biological activities as well as natural 

sialosides. As an example, Ye et al. have shown that N-modified S-linked STn 

antigen – KLH (keyhole limpet hemocyanin) neoglycoconjugate 5.083 possesses 

good immunogenic response and induces anti-natural STn IGg tirer.469 In other 

published work, Lin and co-workers have reported S-linked GD3-KLH 

glycoconjugate 5.084 stimulates antibody production against both natural and 

unnatural GD3, whereas Bundle and co-workers, have previously stated that tetanus 

toxoid (TT)-conjugated S-linked GM2 5.085 and GM3 5.086 analogues of natural 

gangliosides are also immunogenic antigens that exhibit similar results.470, 471 More 

on synthesis and application of thiosialosides will be discussed below. 
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Scheme 5.9 Biologically active S-sialosides.469, 471, 472 
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5.2.5 Multivalent Sialoconjugates 

As mentioned earlier, usually monomeric saccharides including sialosides exhibit 

weak binding properties and poor specificity toward their natural receptors (KD in µM 

and mM range).473 However multivalent presentation of sialosides has been 

considered to be powerful tool to overcome this limitation by virtue of glycoside 

cluster effect. To date, based on scaffolds, several sialic acid-containing 

neoglycoconjugates including sialoproteins, sialopeptides, sialopolymers, 

sialodendrimers, sialoliposomes and sialonanoparticles with different ligand valencies 

and spatial arrangement have been reported. In this chapter we are more focused on 

the synthesis of biologically active multiple Neu5Ac bearing synthetic scaffolds from 

organic chemist’s point of view. For the sake of clarity, we will give an example of 3 

most studied class of sialic acid-containing neoglycoconjugates: Sialopolymers, 

Sialodendrimers and Sialoliposomes 

5.2.5.1 Sialopolymers 

Sialic acid-containing polymers are one of the earliest synthetic macromolecules 

reported at the end of 80s. Sialopolymers are the most extensive studied class of 

synthetic sialomacromolecules that have been mainly targeted Influenza virus surface 

glycoproteins (HA, NA), Alzheimer’s disease and cancer related siglec family 

members. The initial reports for sialopolymer synthesis were based on radical-

initiated homo- or copolymerization of monomeric sialic acid with acrylamide 

backbone. However, the field have been dominated by few research groups Roy,474-

480 Whitesides,481-487 and Matrosovich488-490 for almost a decade through providing 

valuable information on the interactions between sialic acid and its receptors. Roy 

group have first reported the copolymerization of Neu5Ac derivatives and acrylamide 

using ammonium persulfate-initiated electron-transfer polymerization (Scheme 

5.10).474, 475 The key product – exclusive α-allyl Neu5Ac 5.087 was synthesized in 

excellent yield using silver salicylate which was readily deprotected by 
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NaOMe/MeOH and aqueous NaOH. Subsequently, ammonium persulfate-initiated 

copolymerization with acryl amide in presence N,N,N,N-tetramethyldiamine 

(TEMED) led to formation of 5.088. For comparative study purpose, more exposed – 

longer spacer possessing glycopolymer 5.091 was also synthesized in 3 steps 

(through thiol-ene click and amidification reactions then copolymerization). During 

study of biological activities, compare to neoglycoproteins Neu5Acα(2→6’)Lac-BSA 

and Neu5Acα(2→3’)Lac-BSA, more exposed sialopolymer 5.091 has been found to 

exhibit superior inhibitory potency. Although, Roy’s sialopolymer have failed toward 

viral NA activity, HA (Influenza A virus (H3N2)) binding to chick red blood cells 

have been successfully inhibited.476 Matrosovich et al. have also observed that 

polyacrylate-based sialopolymers dominate on monomeric Neu5Acα2→3’Lac and 4-

NH2-BnO Neu5Ac derivatives at fetuin binding (FB) assay toward H3 subtypes of 

Influenza A virus.489 As a result, the synthetic macromolecules containing 10 % 

Neu5Ac, have shown 408-fold enhanced relative potency versus monomeric 

Neu5Acα(2→6’)Lac. Furthermore, taking advantage of enzymatically stable 

properties of S- and C-glycosidic bonds, Roy,477 Nagy491, 492 and Whitesides482, 485, 487 

research groups have developed polymeric unnatural sialosides with excellent 

inhibitory potency. Generally, the stereoselective S-sialosides were synthesized either 

via direct SN2-type substitution between thiol and glycosyl halide or through more 

sophisticated, high-yielding PTC (phase transfer catalyst) condition that have been 

developed by Roy research group.250, 377, 381, 395, 478, 493, 494 Interestingly, developed by 

the same group, 9-O-Acetyl poly-S-sialoside 5.094 have shown excellent inhibitory 

capacity toward esterase activity of Influenza C virus hemagglutinin.478, 495 Nagy and 

Whitesides have been copolymerized C-sialosides with 2-amidoglucose and 

acrylamide employing earlier described method by Paulsen and Matschulat which 

gives inseparable mixture (α:β/ 1:1.8) and requires challenging chromatographic 

isolation.496  
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Scheme 5.10 Copolymerization of O-sialosides and acrylamide.474, 475 

 

Scheme 5.11 S- and C-sialoside acrylamide copolymerization.477, 487 
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Since 90s, a wide variety of polymeric N-, C-, O- and S-sialosides based on 

polyacrylamide (5.098-5.104),481, 488, 497-501 polyacrylic acid derivatives,502 

polystyrene (5.105),503 polylysine(5.106-5.107),479, 504 poly-L-glutamic acid,505 and 

others(5.108-5.110)498, 506, 507 have been synthesized and tested (Scheme 5.12). 

Among them, reported by Nagy and co-workers, C-sialoside constructed on 2-

amidoglucose polymer, containing 5 % sugar moiety (IC50 = 1mM) exhibited 4-fold 

enhanced inhibitory potency versus α-methyl Neu5Ac monomer (IC50 = 4mM) 

whereas 30 % Neu5Ac-presented copolymer (IC50 = 200 nM) demonstrated 20000-

fold increased potency toward Influenza virus hemagglutinin.491 In another research 

work, Inokouchi et al. reported polyvalent GM3 epitope containing hydrophobic alkyl 

chain and constructed on polyacrylamide backbone 5.101 have shown strongly inhibit 

cell proliferation against NIH3T3 cells as GM3 resistant cells.508 Furthermore, Usui 

and co-workers designed and synthesized glycopolypeptide carrying α(2→3’) and 

α(2→6’) sialylated glycans with long and short spacer as inhibitors of human and 

avian influenza A virus hemagglutinin. As result glycopolypeptide containing 

GlcNAc β(1→3’)Gal repetitive units 5.111 (IC50 = 38 µM and 19 µM for H5N1 and 

H3N2), and 5.112 (IC50 = 0.29µM for H3N2) exhibited promising inhibitory 

potencies (Scheme 5.13).509 Synthesis of glycopolymers became more widespread 

last two decades due to their advantageous properties in biorecognition phenomenon. 

Although earlier polymerization technique was based on free radical polymerization, 

nowadays controllable polymerization techniques such as atom transfer radical 

polymerization (ATRP) and reversible addition-fragmentation chain-transfer 

polymerization (RAFT) have been more beneficial. A significant breakthrough in the 

area arose from the discovery of copper-assisted azide-alkyne cycloaddition (CuAAC) 

click reaction.510 Therefore, controlled or living polymerization techniques together 

combining with click reactions give access to prepare glycopolymers with predicted 

weight and narrow sugar moiety distribution. Moreover, click reaction is compatible 
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with wide variety of functional groups and solvents and allows post polymerization 

modification attainable. 
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Scheme 5.12 Some examples to linear sialopolymers.479, 481, 488, 497-508 
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Miura and co-workers synthesized Neu5Acα(2→3’)Lac and Neu5Acα(2→6’)Lac 

carrying polymers 5.113-5.114 via using “post-click” and living polymerization 

techniques.511 During biological evaluation, authors indicated that the density of 

sugar moiety around backbone has shown directly influence inhibitory potency. 

Therefore, at HI assays, lowest Ki values have been determined for α2,3 and α2,6 are 

81µM (H1N1) and 48 µM (H3N2) respectively. In another tremendous work by 

Tanaka and co-workers, without using protecting group RAFT polymerization in 

combination with click chemistry afforded 6’-sialyllactose 5.115 and complex-type 

sialyl N-linked oligosaccharide (N-glycan) 5.116.512 The comparative biological study 

toward human and avian influenza at HI assay showed that N-glycan carrying 

polymer 5.116 binds to A/Memphis/1/1972 (H3N2) with Ka = 4.9 x 10-7 M whereas 

5.114 (Ka = 2.5 x 10-4 M) and fetuin (Ka = 7.8 x 10-5M) bind 510 and 160 times less 

tidily. Interestingly, 5.116 possessing biantennary Neu5Acα(2→6)Gal linkage has 

shown to bind to A/duck/Hong-Kong/313/4/1978 (H5N3) with Ka = 6.3 x 10-5 M 

which is specific for Neu5Acα(2→3)Gal linkage. 

Ring-opening metathesis polymerization (ROMP) as an alternative to radical 

polymerization strategy has also applied in glycopolymer synthesis especially for 

signal transduction studies. Main drawbacks of this technique are possessing limited 

solubility in organic and aqueous solvents and allowing side-product formation. 

Additionally, using succinimide as a side chain can be beneficial in post-

polymerization modification. For example, reported by Kiessling et al. fluorescein-

labeled, trisaccharide-containing glycopolymer 5.117 which is synthesized through 

ROMP technique has used to visualize B cell surface glycoprotein CD22 and its role 

for trans interaction in B cell signaling.513 Later, using same technique the group 

reported that designed 2,4-dinitrophenyl (DNP) and CD22 ligand presenting hapten 

successfully promotes B cell activation.514 Olsen and co-workers synthesized 

Neu5Acα(2→6’)Lac containing brush polymer 5.118 and tested toward influenza A 

virus A/WSN/1933(H1N1) hemagglutinin.515 Biostudy revealed that at HI assay 
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monomeric trisaccharide does not show any inhibition on the contrary while using 

sialopolymer virions have seen to bind to brush polymer rather than erythrocytes. 

To date, sialopolymers remain extensively studied class of neoglycoconjugates. Sialic 

acid presenting glycopolymers constructed on polydextran 5.119,516 PEDOT 

(poly(3,4-ethylendioxythiophen)) 5.120517 and others 5.121518-520 have also 

synthesized and tested toward various sialic-acid binding receptors. 
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Scheme 5.13 Some other reported sialopolymer.509, 511-520
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5.2.5.2 Sialodendrimers 

Efforts for blocking influenza virus attachment and replication have driven 

carbohydrate chemists to design and develop bioinspired synthetic polyvalent 

sialoconjugates as anti-adhesive agents and inhibitors. As mentioned above, with 

defined molecular weight, peripheral end group and internal cavities, three-

dimensional and monodisperse dendrimers are best known for targeted and 

controllable drug delivery. Together with molecularly defined multivalent scaffolds 

and various architectural designs, glycodendrimers are considered to be potent 

adjuvant and immunostimulating agents. Synthetic sialic acid bearing polyvalent 

glycoconjugates have been showing strong binding properties are appealing synthetic 

targets since sialic acid-binding receptors are predominantly found on the surface of 

various cells. Being such glycoconjugates, sialodendrimers have emerged as 

promising antiviral agents in the literature early 1990s. Using phase transfer catalyst, 

Roy group first synthesized multi-antennary glycoprotein-like S-sialoside 

dendrimers.385, 521 Constructed on lysine core and glycine spacer, sialodendrimers 

5.122-5.125 with 2-, 4-, 8- and 16-valencies have been observed to inhibit influenza 

virus binding to erythrocytes at concentrations of 625, 312.5, 156 and 19 mM 

respectively (Scheme 5.14). After these promising results, sialic acid-bearing 

dendrimers have gained more attention and synthesized by various research groups as 

potential polyvalent inhibitors of viral and bacterial glycoproteins. Roy and Zanini 

designed and synthesized up to hexadecameric α-thiosialoside-decorated PAMAM 

poly(amidoamine) dendrimer to investigate their inhibitory potency toward animal 

lectin (Limax flavus (FLA)) as a model for a large number of Neu5Ac-protein binding 

interactions.522 The generations were conjugated through amino-acid coupling with 

orthogonally protected 3,3’-iminobis(propylamine) derivatives 5.128a and 5.128b 

which then deprotected (Scheme 5.15). To rapidly increase valency, 5.129 was 

coupled with hexamethylenediamine and tris(2-aminoethyl)amine to afford tetra- and 

hexavalent dendrimers. Subsequently, treatment of 5.127 with N-chloroacetylated 
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cores 5.130 and 5.132 in presence of triethylamine, following deacetylation and 

saponification reactions gave targeted thiosialoside dendrimers 5.131 and 5.133 with 

excellent yields. During biostudy at enzyme-linked lectin inhibition assay (ELLA), it 

was found that binding of human α1-acid glycoprotein (Orosomucoid) to FLA was 

inhibited by sialodendrimers. Especially, versus monomer Neu5AcαN3 (IC50 = 

1.5µM), tetra- and dodecameric thiosialoside dendrimers were observed to exhibit 

127- and 182-fold enhancement in relative potencies. 

 

Scheme 5.14 Multi-antennary glycoprotein-like thiosialoside dendrimers.385, 521 

So far, PAMAM and PPI (polypropylene imine) cores are the most heavily exploited 

scaffolds by virtue of their less toxicity and commercial availability. Another 
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advantage of aminated scaffolds is that direct anchoring capacity of reducing sugar 

moieties into dendrimers through reductive amination, amidation and thioamidation 

reactions easily realizable. Sialic acid decorated PAMAM523-530 and PPI524, 531, 532 are 

the most cited sialodendrimers of the last two decades. As an example, tested against 

3 subtypes (H1N1, H2N2 and H3N2) of influenza A virus using HI assay sialic acid 

attached to G4 PAMAM dendrimer 5.134 (Scheme 5.15) found inhibiting all H1N1 

and 3 H3N2 subtype strains with up to 170-fold enhanced relative potency versus 

monomeric sialic acid.526 Good et al. synthesized two types of sialic acid conjugated 

PAMAM dendrimers through C1 amidation and thioamidation of isothiocyanato-

terminated spacer.527, 528 Bioevaluation revealed that both dendrimers inhibit almost 

equally β-amyloid Aβ-protein and reduce neurotoxicity. β-amyloid Aβ-protein has 

been considered a hallmark of Alzheimer’s Disease and their abnormal aggregation 

leads to neurodegeneration and ultimately dementia.533 Moreover, authors 

demonstrate that free anomeric hydroxyl containing dendrimer shows modestly less 

efficiency versus free carboxylate. Using same strategy (C1 amidation), McReynolds 

et al. synthesized sulfated sialo-PAMAM dendrimer in order to investigate their 

binding properties against HIV.525 Dendrimer possessing sulfo group at 6 position 

was observed to inhibit HIV1 through binding gp120 with IC50 = 23 µM (ELISA). In 

another research work by Schengrund and Thompson, GM1-conjugated PPI 

dendrimer was observed to inhibit cholera toxin B subunit and heat labile enterotoxin 

of E. coli with 15- and 1000-fold lower concentrations versus native GM1 and free 

oligosaccharide.524 Although PAMAM and PPI dendrimers are highly investigated, 

these amine containing macromolecules still suffer from some limitations including 

toxicity in physiological conditions. To overcome this limitation and reduce toxicity 

of the PAMAM scaffold Roy et al. proposed and synthesized hybrid dendrimer 

through reductive amination reaction between thiosialoside decorated and PEGylated 

scaffold and naturally-occurring, non-toxic and biodegradable chitosan 5.135.534 In 

2011, Haag and co-workers introduced new class of sialodendrimer architecture as 
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powerful tool to fight against influenza virus.535 Constructed on biodegradable 

polyglycerol backbone and decorated through click reaction, sialodendrimers were 

seen to inhibit binding and fusion of influenza A virus. During biostudy it has been 

uncovered that the size of the hyperbranched dendrimer is crucial. Thus, 5.136 with 

50 nm was 7000-fold more effective than O-sialodendrimer with 3 nm. 

 

Scheme 5.15 Synthesis of PAMAM-based Sialo-S-dendrimers with various valencies.522 

The incorporation of a variety of scaffolds, differing building block, shapes, and 

spatial arrangement, contributed to broaden the arsenal of sialodendrimers. To this 

end, built on gallic acid 5.137,536 carbosilane 5.138-5.139537-540 and α-resorcylic acid 
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derivatives 5.140-5.143,541 sialic acid bearing dendrimer are the alternative 

sialoconjugates found in the literature. 

 

Scheme 5.16 Sialic acid bearing dendrimers.526, 534-541 

5.2.5.3 Sialoliposomes 

Among multivalent sialoconjugates, self-assembling sialoliposomes or sialolipids 

have been widely studied due to their numerous advantages including 

biodegradability, biocompatibility and lower or non-specific toxicity. Moreover, 
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commercial availability of phospholipid segments such as DSPE-PEG (1,2-

Distearoyl-sn-glycero-3-phosphoethanolamine-Poly(ethylene glycol)), DOPE 

(dioleoylphosphatidylethanol-amine), DOTAB (1,2-dioleoyl-3-trimethylammonium 

propane), DPPC (dipalmitoylphosphatidylcholine) is another facilitating feature that 

allows carbohydrate chemists to explore the field. Several research groups have 

hitherto designed and synthesized sialic acid containing liposomes for various 

receptors including influenza virus surface glycoproteins. In 1992, Whitesides and 

co-workers reported, synthetic liposome from 5.144 (Scheme 5.17) incorporated with 

fluorescent (5-dimethyl amino naphthalene-1-sulfonyl) group and containing sialic 

acid at focal point inhibits hemagglutination of erythrocytes with Ki ≈ 20 nM at HI 

assay whereas monomer exhibits 10000-fold higher Ki value.542 However multivalent 

sialoconjugates failed to block viral infectivity. One year later, Bednarski et al. 

synthesized and tested C-sialoside conjugated to single alkyl chain 5.145 which was 

elongated through alkyne-alkyne (Glaser) coupling, exhibited 30000-fold enhanced 

relative potency versus monovalent α-methyl Neu5Ac toward erythrocytes 

hemagglutination by Influenza virus.543 It was first time a synthetic sialoconjugates 

reached that much higher relative potency. Developed by Koketsu and co-workers, 

sialylation of β-chloro sialoside donor with octyl-linked phospholipid in presence of 

silver triflate generated new type of sialolipid 5.146.544 Investigation of binding 

properties against human and simian rotaviruses, it was revealed that required 

sialoliposome concentrations for 50 % inhibition (IC50) against MO (human) and SA-

11(simian) strains were 16.1 and 4.35 µM respectively. These results were 

corresponding 10000- and 1000-fold enhancement in relative potencies over 

monomeric Neu5Ac. With the aim to explore the role of hydrogens at C3 position, 

Guo and co-workers developed sialoliposome series 5.147-5.150 where either axial or 

equatorial hydrogen was substituted by fluorine atom or hydroxyl group.545 Among 

them axial fluorine containing sialoliposome 5.150 demonstrated much better binding 

properties toward influenza virus A/Aichi/2/68 (H3N2) hemagglutinin and inhibited 
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the catalytic hydrolysis of viral sialidase in lower micromolar range. Recently, 

Kikkeri and Yadav have prepared two types of sialomicelles from 5.151-5.152 to 

study orientation of sugar moieties during carbohydrate-protein interactions.546 SPR 

studies toward five different lectins (Sambacus nigra and Limax Flavus agglutinins, 

E- and P-selectins, CD22-Fc) have been compared. Although generated micelles 

demonstrated similar KD toward E- and P-selectins, surprisingly plant and animal 

lectins were observed to bind more tidily to C9-derivative. In case of CD22-Fc, SPR 

assay demonstrated that C2-sialomicelles were discriminated. Overall, obtained these 

results were promising for further development of potent inhibitors for different types 

of sialic acid-specific receptors. An alternative strategy in preparation of effective 

sialoliposome was developed by Wang et al.547  
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Scheme 5.17 Reported sialic acid containing liposomes.542-546, 548-550 

Therefore, using Fmoc method amine-terminated linker attached to commercially 

available DOPE which was subsequently coupled with Sialylneolacto-N-tetraose c 

(LSTc) through reductive amination reaction. Self-assemblies from 7.5 % LSTc 

containing 5.153 were observed to be best multivalent presentation that bind and 

inhibit efficiently Influenza A virus H1N1 and H3N2 strains at nanomolar 

concentrations. As we mentioned earlier, Sialoadhesin from Siglec superfamily has 

known to bind α2,3 Neu5Ac terminated glycan. However, substitution of 9-OH by 9-

N-biphenyl carboxamide (BPC) was previously seen to overthrow natural epitope 

with higher binding affinity.548 Therefore Paulson and co-workers designed and 
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synthesized sialolipid 5.154 with aim to investigate binding properties of multivalent 

9BPC-Neu5Acα(2→3’)LacNAc.549 Generated liposomal nanoparticles were observed 

to induce Sn-dependent activation of antigen specific T cells through targeting bone 

marrow derived macrophages. 

In recent years, sialoliposomes incorporating the sulfur atom within glycosidic bond 

have been emphasized to be beneficial. Especially, during combatting against 

influenza virus sialidase, sulfur linked sialoconjugates have seen to be more effective. 

In 2018, Liang and co-workers synthesized and generated S-linked 

Neu5Acα(2→6’)di-LacNAc containing sialolipid 5.155.550 Generated liposome was 

determined to inhibit RBCs with Ki value at micromolar range. Disappointingly none 

of prepared liposomal formulations, could block A/WSN/33 (H1N1) infectivity. 

However, developed by same group S-linked Neu5Acα(2→6’)LacNAc containing 

liposome moderately inhibits same IAV strains.551 As it has shown in Scheme 5.18, 

linear synthesis began with glycosylation of 5.156 donor with methyl glycolate 

acceptor in presence of NIS and TfOH. Subsequently, opening benzylidene ring 

under hydrogenolysis condition and regioselective protection of primary alcohol with 

tert-butyldimethylsilyl chloride in presence of imidazole afforded 5.157 in moderate 

yield. Upon activation of thiogalactoside donor 5.158 using BSP/Tf2O and TTBP led 

to formation of disaccharide in 90 % yield. Replacement of NHTroc by NHAc was 

performed under Zn/Ac2O conditions. Replacement of acid sensitive TBDMS by 

more stable TBDPS was started by deprotection of 5.159 in presence TBAF/AcOH. 

After protection C6 hydroxyl in presence of TBDPSCl, Et3N, resulted intermediate 

was subjected to hydrogenolysis. Treatment of diol 5.160 with triflic anhydride 

followed by in-situ substitution gave S-linked trisaccharide 5.161 in 85 % for 2 steps. 

Further, desilylation and saponification reactions gave fully deprotected trisaccharide 

5.163. For comparative study purpose authors also synthesized C6-sulfo derivative. 

After successful protection and deprotection steps, 5.162 was first treated with sulfur 

trioxide trimethylamine complex, then fully deprotected using Zemplén condition and 
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basic hydrolysis to give 5.164. Although sulfo group was sensitive to acidic condition, 

using acidic resin, authors first acidified both hydrophilic segments, then amino acid 

coupling with amine functionalized phospholipid 5.165 was performed using 

EDC/HOBt. At virus neutralization and HI assays, liposome from 5.166 was 

observed to be more potent than its sulfo congener.  
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Scheme 5.18 Synthesis of S-Sialoliposome.551 
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5.3 Aim of the project: Synthesis of new class of sialoconjugates: 
Sialodendrimersomes 

Although multivalent presentations of sialic acid on various synthetic scaffolds have 

been extensively studied, mimicking the functionality of the surface of biological 

membrane, imprecise spatial ligand presentation, chemical construction on toxic 

scaffolds, restricted synthetic approaches, and undesirable mechanical properties 

persists being main drawbacks. As an alternative, recently described 

glycodendrimersomes seem promising to trigger mimicking biological membranes 

with programmable glycan ligands. To our knowledge there is no reported evidence 

of sialic acid bearing dendrimersome or sialodendrimersome. To this end, our main 

goal was to synthesize and generate first example of sialodendrimersome and study 

its binding properties toward sialic acid specific lectins that we discussed above. Due 

to the fact that enzymatically stable S-sialosides are beneficial, we were interested in 

developing S-sialodendrimersome as well. As it is shown in Scheme 5.19, our initial 

approach for the synthesis of 5.168 and 5.169 is based on copper catalyzed azide-

alkyne cycloaddition reaction (CuAAC) to couple hydrophilic 5.170, 5.171 and 

hydrophobic 2.07 segments. 

5.3.1  Synthesis of hydrophilic segments 

As we discussed in Chapter 4, in order to obtain soft glycodendrimersomes with 

shape adaptability (during interactions with various lectins) hydrophilic and 

hydrophobic segments should be maintained in balance. To this goal, azido 

functionalized PEG3 was chosen as a spacer. However, for O- and S-sialosides two 

distinct synthesis strategies were employed (Scheme 5.20). 
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Scheme 5.19 Retrosynthetic analysis of amphiphilic Janus sialodendrimer.
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Scheme 5.20 Retrosynthetic analysis of hydrophilic segments.
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5.3.2 S-sialoside synthesis 

Generally, α-S-sialoside synthesis involves either incorporation of the sulfur atom 

into sialoside acceptor (Scheme 5.21, route A)  via a substitution reaction or 

chemoselective deprotection of anomeric thioacetyl following SN2 type reaction with 

leaving group functionalized acceptor (route B). More recently an alternative 

substitution reaction has been introduced by Crich and co-workers (route C).458  

 

Scheme 5.21 Synthesis of α-S-sialosides by using various approaches.458 

Thus, glycosylation of N-Acetyl-5-N, 4-O-oxazolidinone-protected dibutyl phosphate 

sialosyl donor with primary, secondary, and tertiary thiols under Lewis acidic 

condition gave exclusive α-S-sialosides in high yields. 
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Scheme 5.22 Synthesis of α-S-alkyl sialosides within various thiol precursors.
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Scheme 5.23 Synthesis of thiosialosides under PTC conditions.
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Scheme 5.24 Synthesis of compound 5.170.
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Synthesizing glycal-free azide functionalized S-sialoside 5.170 was challenging. We 

initially thought using standard PTC condition (tetrabutylammonium hydrogen 

sulfate (TBAHS) 1 eq., 1M Na2CO3, EtOAc)248, 249, 395, 477, 478, 536, 552 thioacetylation of 

5.006 then deprotection and in-situ substitution on 4.118 would be ideal. 

Unfortunately, formation of inseparable glycal 5.175 in both steps is very common. 

As illustrated in Figure 5.8, the doublet (H3) with 3 Hz at 5.91 ppm and 

disappearance of H3ax and H3eq peaks between 1.9-2.5 ppm confirmed the formation 

of 5.175. Similar phenomenon using commercially available potassium thioacetate 

(KSAc) was observed by several research groups and even two research papers 

focusing on special purification methods were published.553-555  

 

Figure 5.8 1H NMR (300 MHz, CDCl3) spectrum of compound 5.175. 

To address this issue, we first tried to incorporate sulfur atom into α-position of sialic 

acid moiety via various commercial precursors (Scheme 5.22).  
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Figure 5.9 1H NMR (300 MHz, CDCl3) spectrum of compound 5.174. 

Using PTC condition (2 eq. of potassium salt of thioacetic or ethylxanthic acids, 1 eq. 

of TBAHS, 1M Na2CO3 in EtOAc at room temperature, 3 h of stirring) S-acetyl 5.126 

and S-xanthate-Neu5Ac 5.174 were first synthesized in 67 and 82 % yield 

respectively. The presence of glycal was confirmed via 1H NMR analysis, thus 

doublet at 5.99 ppm with J = 3.1 Hz corresponds to H3 of elimination product (Figure 

5.9). Another commercial precursor as triisopropylsilanethiol (TIPSSH) was 

particularly interesting. In 2014, Nilsson and Mandal reported that TIPS-S-glycosides 

could be synthesized through either base promoted SN2 type substitution from 

glycosyl halides or Lewis acid promoted substitution from glycosyl acetates.556 

Subsequently in-situ substitution via activating with TBAF in acetonitrile, high-

yielding thioalkylation were successfully achieved. However, its application in S-

sialoside synthesis is not known. Unfortunately, thiosialylation with TIPSSH and less 
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Figure 5.10 1H NMR (300 MHz, D2O) spectrum of TBATA. 

bulky triphenylsilanethiol (TPSSH) was fruitless and after chromatographic 

purification only glycal was isolated. To address this issue, we thought using TBATA 

(tetrabutylammonium thioacetate) as an alternative phase transfer catalyst would be 

more efficient. After treatment of TBAB (tetrabutylammonium bromide) with 

potassium thioacetate in methanol at room temperature Bu4NSAc was obtained in 94 % 

yield. The structure of TBATA was confirmed by 1H and 13C NMR. Appearance of 

singlet with 3 H at 2.44 ppm (Figure 5.10) and two more carbon peaks at 37.7 and 

23.2 ppm (Figure 5.11) clearly shows presence of CH3C(O)S- counter anion. The 

spectroscopic data agreed well with those of the literature.555 Therefore, replacing 

TBAHS by freshly synthesized TBATA and reducing concentration of Na2CO3 

solution from 1M to 0.5 M afforded thioacetylsialoside 5.126 in 78 %. Surprisingly 

after chromatographic purification presence of glycal was not observed (Figure 5.12).  
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Figure 5.11 13C NMR (75 MHz, D2O) spectrum of TBATA. 

Subsequently, conversion of 5.126 into 5.176 via SN2 was achieved in two steps 

(deacetylation, thioalkylation). The structure of the obtained product 5.176 was 

confirmed by 1H and 13C NMR experiments (Figure 5.13). As confirmation of 

previous reported work, getting rid of glycal (in case of presence) in this step through 

classical column chromatography is ineffective.554 Alternatively, we developed a new 

approach where glycal can be eliminated in purification stage. Therefore, treating 

5.126 with ditosyl-PEG3 4.117 (instead of 4.118) in presence of diethylamine 

afforded 5.177 in 87 % yield. All the 1H and 13C signal assignments were 

unambiguously determined using DEPT-13C (Figure 5.15) together with 2D-COSY 

(Figure 5.16), HSQC (Figure 5.17) and HMBC (Figure 5.18) experiments. As it is 

shown in Figure 5.14, multiplet at 2.93-2.71 ppm corresponding to two hydrogens of 

SCH2 confirms S-alkylation. Additionally, the signals at 2.41, 7.31 and 7.76 ppm 
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corresponding to the tosylate shows monosubstitution which was positively 

confirmed by ESI-TOF HRMS technique (Figure 5.19).  

 

Figure 5.12 1H NMR (300 MHz, CDCl3) spectrum of compound 5.126. 

Tosyl-functionalized PEG3-S-sialoside 5.177 was synthesized also from 5.174 via 

selective deprotection of xanthate in presence of butyl amine in THF and substitution 

in presence of Na2CO3 in DMF at room temperature. Additionally, in light of 

previously reported protocol,557 sialyl halide donor 5.006 was first treated with 

sodium thiophosphate in methanol. Obtained free thiol containing crude residue was 

subjected to substitution reaction with the same condition (Na2CO3 in DMF, at room 

temperature, overnight stirring) to afford desired compound 5.177 in 56 % over two 

steps. Having versatile tosyl group at focal point is particularly interesting, thus via 

converting it to thiol group and subsequent thiol-ene click reaction with hydrophobic 
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segment as an alternative to CuAAC could be realizable. Further substitution of 

tosylate by azido using sodium azide in DMF at 80 ºC overnight stirring, following 

Zemplén deprotection (NaOMe in MeOH at room temperature in 3 h of stirring) gave 

5.178 in 71 % yield over 2 steps. Disappearance of tosylate and complete removal of 

O-acetyl groups were confirmed by NMR experiments. Subsequently, treatment of 

5.178 in basic hydrolysis condition (1M NaOH in 1 h of stirring) afforded desired 

product 5.170. Without further purification crude product was subjected to click 

reaction with hydrophobic tail that previously prepared. 
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Figure 5.13 1H and 13C NMR (300 and 75 MHz, CDCl3) spectra of compound 5.176.
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Figure 5.14 1H NMR (300 MHz, CDCl3) spectrum of compound 5.177.
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Figure 5.15 DEPT 13C NMR (75 MHz, CDCl3) spectrum of compound 5.177.
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Figure 5.16 2D-COSY spectrum of compound 5.177.
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Figure 5.17 HSQC spectrum of compound 5.177.
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Figure 5.18 HMBC spectrum of compound 5.177.
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Figure 5.19 HRMS spectrum of compound 5.177. 

5.3.3 O-sialoside synthesis 

The synthesis of the naturally occurring α-sialoside constitutes the most challenging 

part of our project. The first step of our synthetic approach dealt with azido 

functionalization of acceptor at the focal point. Toward this goal, we first activated 

one of the hydroxyl groups by converting it to the tosylate group via treating PEG3 

with tosyl chloride and 40 % solution of NaOH in THF at 0 ºC in 3h to get 5.179 

(Scheme 5.25). The success of the monotosylation was confirmed by 1H NMR. 

Subsequent substitution of tosylate by azido group under standard condition (NaN3 in 

DMF at 80 ºC, overnight stirring) afforded 5.180 in 90 %. Disappearance of the 

signals corresponding to the tosyl group at 1H and 13C NMR confirmed the 

completion of the substitution (Figure 5.20). 
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Scheme 5.25 Synthesis of compound 5.171.
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Figure 5.20 1H and 13C NMR (300 and 75 MHz, CDCl3) spectra of compound 5.180. 
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We next focused on synthesis of thiosialosyl donor. Using PTC condition (4-methyl 

phenyl thiol, TBAHS, 1M Na2CO3, in EtOAc at room temperature in 3h of stirring) 

5.006 was converted to 5.181 in 70 % yield. The spectroscopic data agreed well with 

those of the literature.381 We initially tried to synthesize the targeted α-sialoside 

directly from N-acetyl thiosialosyl donor 5.181 but the presence of the undesired β-

anomer and elimination product 5.175 and difficulties in purification stage (which is 

quite common and has the same Rf as desired compound), led us to modify N5 group 

from N-acetyl to 5-N, 4-O-oxazolidinone under standard De Meo conditions.455 De-O 

and N-acetylation of 5.181 was achieved by using 1 eq. of methanesulfonic acid 

(MsOH) in MeOH at 65 ºC. Without further purification, obtained crude product was 

treated with 4-nitrophenyl chloroformate and NaHCO3 in H2O/MeCN (v/v : 1/4) 

mixture. After short column filtration and in-vacuo concentration, the residue was 

subjected to standard acetylation reaction (Py/Ac2O (v/v : 4/1) overnight stirring at 

room temperature) to give 5.182 in 45 % yield over 3 steps. Subsequently by 

activation with N-iodosuccinimide (NIS) and trifluoromethanesulfonic acid (TfOH) 

sialosyl donor 5.182 was treated with acceptor 5.180 at -78 ºC in DCM/MeCN (v/v : 

2/1) mixture to afford 5.183 as a single anomer in 77 % yield. The α-configuration of 

5.183 was determined on the basis of above mentioned established empirical rules. 

These rules include: a) δ H3eq. (α) > δ H3eq. (β); b) δ H4 (α) < δ H4 (β); c) δ H9. – H9’(α) 

< δ H9. – H9’ (β); d) J7,8 (α) > J7,8 (β). Same rules are appliable for the determination of 

anomeric configuration of S-sialosides. Usually, the signals corresponding to H3eq. of 

the α-anomer range between 2.5-2.8 ppm, whereas H3eq. of the β-anomer appears at 

2.2-2.5 ppm. In case of the presence of electron-withdrawing 5-N, 4-O-oxazolidinone 

protecting group for α-anomer, shifting of H3eq to lower field δ ~2.9 ppm and upfield 

shift of H5 toward δ ~3.0 ppm have been already reported.455, 558 Study also revealed 

that the signal corresponding to H3eq. of the 5-N, 4-O-oxazolidinone protected β-O-

sialosides was deshielded to δ ~2.6 ppm.558  
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Figure 5.21 1H NMR (300 MHz, CDCl3) spectrum of compound 5.183.
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Figure 5.22 DEPT 13C NMR (75 MHz, CDCl3) spectrum of compound 5.183.
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Figure 5.23 2D-COSY spectrum of compound 5.183.
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Figure 5.24 HSQC spectrum of compound 5.183.
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Figure 5.25 HMBC spectra of compound 5.183.
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Figure 5.26 HRMS spectrum of compound 5.183. 

As illustrated in Figure 5.21, doublet of doublets of H3eq. at 2.88 ppm and triplet of H5 

at 3.03 ppm of clearly indicates α-anomer. All the 1H and 13C signal assignments 

were unambiguously determined using DEPT-13C (Figure 5.22) together with 2D-

COSY (Figure 5.23), HSQC (Figure 5.24) and HMBC (Figure 5.25) experiments. 

The structure of 5.183 was also confirmed by HMRS technique (Figure 5.26). To this 

end, total deprotection of sugar moiety with LiOH in EtOH/H2O, following 
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chemoselective N-acetylation and Zemplén transesterification reactions provided 

5.171 in almost quantitative yield. As confirmation of α-configuration of 5.183, 

during 1H NMR analysis of 5.171 doublet of doublets. at 2.74 ppm was found to 

correspond to H3eq α-anomer. 

 

Figure 5.27 1H NMR (300 MHz, D2O) spectrum of compound 5.171. 

An alternative synthetic pathway was next explored to prepare 5.171 through low-

cost, atom economical and in stereoselective manner. In 2002 Hindsgaul et al. 

reported treating 5.006 with methyl glycolate in presence of commercially available 

silver-exchanged zeolite (Ag84Na2[(AlO2)86(SiO2)106]·xH2O) afforded exclusive α-

anomer.559 However to our knowledge sialylation with PEGs is not known up to date. 

In light of Hindsgaul’s reported work, 5.183 was successfully synthesized via treating 

5.006 with 5.179 in presence of insoluble granular mesh of silver-exchanged zeolites 
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(at room temperature, in dry toluene, 24 h of stirring). After filtration over celite, 1H 

NMR analysis of crude product showed only α-anomer formation. Further 

purification by column chromatography on silica gel afforded 5.184 in 72 % yield as 

a white solid. All the 1H (Figure 5.28) and 13C NMR signal assignments were 

determined by using DEPT (Figure 5.129), 2D COSY (5.130) and HSQC (5.131) 

experiments. Treatment of tosylate by NaN3 in DMF at 80 ºC in 8 h gave 5.185 in 69 % 

yield. Subsequently, total deprotection of 5.185 via Zemplén transesterification and 

basic hydrolysis afforded desired product 5.171 in shortest pathway. Spectroscopic 

data of obtained product 5.171 by both methods was identical. 

 

 

Scheme 5.26 Stereoselective sialylation by using insoluble silver zeolite.
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Figure 5.28 1H NMR (300 MHz, CDCl3) spectrum of compound 5.184.
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Figure 5.29 DEPT 13C NMR (75 MHz, CDCl3) spectrum of compound 5.184.
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Figure 5.30 2D COSY spectrum of compound 5.184.
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Figure 5.31 HSQC spectrum of compound 5.184.
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5.3.4 Synthesis of amphiphilic Janus sialodendrimer and generation of 
sialodendrimersomes 

After synthesizing both azide and alkyne functionalized intermediates, we turned our 

efforts to conjugate each other via CuAAC-based click reaction. Therefore, treating 

azido thiosialoside 5.170 with previously prepared hydrophobic lipid tail 2.07 under 

classical click condition (CuSO4·5H2O, sodium ascorbate (NaAsc) in THF/H2O, at 

room temperature, 24 h of stirring) afforded 5.168. Unfortunately, purification by 

silica gel column chromatography did not provide pure product. To address this issue 

and circumvent the presence of toxic copper, Sephadex®-G10 gel filtration was 

chosen as an alternative. Elution with 0.01M NaN3 solution afforded desired product 

as white solid. All the 1H (Figure 5.32) and 13C (Figure 5.33) signal assignments were 

unambiguously determined using DEPT-13C (Figure 5.14) together with 2D-COSY, 

HSQC and HMBC experiments. Covalent conjugation of the intermediates 5.168 was 

then confirmed with relative hydrogen ratio between Htriaz. (s, 2H, 7.79 ppm), Hp (brs, 

2H, 6.60 ppm) and H3ax. (t, 2H, 1.82 ppm) which are 1:1:1. Due to poor yield and 

difficulty in purification stage, click product 5.169 having O-sialoside could not be 

isolated. In contrast to click reaction between S-sialoside 5.170 (0.11 g, 0.23 mmol, 

2.5 eq.) and 2.07 (0.11 g, 0.09 mmol, 1 eq.) which led to 5.168 (0.03 g, 0. 014 mmol, 

15 %), click reaction between O-sialoside 5.169 (0.03 g, 0.06 mmol, 2.4 eq.) and 2.07 

(0.03 g, 0.025 mmol, 1 eq.) was carried out in smaller scale. To this end, either HPLC 

purification method or click reaction with increased scale of starting materials could 

be an alternative solution. 
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Scheme 5.27 Click reaction between hydrophobic and hydrophilic intermediates.
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Figure 5.32 1H NMR (600 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 5.168. 
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Figure 5.33 13C NMR (150 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 5.168. 
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Figure 5.34 DEPT 13C NMR (150 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 5.109. 
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Using ethanol injection method, different concentration (0.1mg/mL-5mg/mL) of 

sialodendrimersomes from 5.168 were prepared and particles size and polydispersity 

index (PdI) were measured by DLS technique (Scheme 5.29).  

 

Scheme 5.28 Generation of sialodendrimersome via ethanol injection method. 

During DLS analysis it was revealed that sialodendrimersomes from 5.168 at 0.1 

mg/mL and 0.2 mg/mL in EtOH exhibit higher PdI and as well as LacNAc-based 

glycodendrimersomes from 4.109 (Figure 5.35). In the context, it was observed that 

low concentrations (0.1 mg/mL – 0.5 mg/mL) of Glyco-Janus dendrimers in EtOH 

led to formation of polydisperse suspensions with multiple vesicle size populations. 

As explained for glycoliposomes, dilute particle concentration affords stable small 

vesicles with high curvature by virtue of negligible repulsive forces between 

hydrophilic head group and lipophilic tail.560 However, from 0.5mg/mL towards 

5mg/mL, Zavg augments in a linear fashion and PdI remains nearly unchanged (Figure 

5.36). 
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Figure 5.35 Plot of sialodendrimersome from 5.168, concentration versus PdI. 

 

Figure 5.36 Plot of sialodendrimersome from 5.168, concentration versus Zavg. 

The DLS studies also revealed that the size of nanoparticles is quasi-invariant at first 

four entries (Figure 5.37).  
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Figure 5.37 Plot of sialodendrimersome from 5.168, concentration versus size. 

The large gap between Zavg and size at 0.1 mg/mL shows the distribution of small and 

large components in the suspension that corresponds to polydisperse particles. As the 

PdI value equal to 1, this result is self-explanatory. While increasing concentration up 

to Cm = 2.5 mg/mL, the size of nanoparticle augments from 23 nm to 60 nm. At 

5mg/mL the size of nanoparticles  is much closer to those of Zavg which is considered 

sign of monodispersity. 

5.4 Conclusion 

In summary, the synthesis of Pegylated sialosides with two types of glycosidic 

linkages were accomplished in low-cost, atom economical and stereoselective manner. 

Having tosylate group at the focal point is particularly interesting for further coupling 

with various lipid tails (Scheme 5.29). 
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Scheme 5.29 Advantage of tosylate activating group at the focal point for further 
functionalization via SN2-type substitution. 

During S-sialoside synthesis replacement of TBAHS by TBATA led to glycal free 

product. On the other hand, silver-exchanged zeolite was used for the first time with 

PEG to afford exclusive α-anomer. Conjugation of azido-functionalized S-sialoside to 

Janus dendrimer precursor and formation of first example of sialodendrimersome was 

achieved successfully. Size and PdI of generated sialodendrimersome with various 

concentration were studied. As the average diameter size of most respiratory viruses 

including highly pathogenic Influenza vary between 20-200 nm, nanoparticles 

possessing similar size would be beneficial in the development of nanovaccine.  

Moreover, as mentioned earlier, after HA-mediated attachment to host cells (HA 

binds to sialic acid receptors on the surface of host cells), influenza virus enters host 

cells by fusion of viral and endosomal membranes. Lee and Gui reported that via 

providing target membrane as synthetic liposome with a diameter between 100-200 

nm, viral membrane of Influenza virus-liposome fusion can be achieved.561  

During DLS study of sialodendrimersomes which were generated from 5.168 by 

ethanol injection method, it was revealed that increment of concentration of the 

dendrimers has huge impact on size and dispersity of nanoparticles. We presume at 

higher particle concentration the enhanced repulsive forces between hydrophilic and 



 212 

lipophilic segments leads to higher bilayer membrane stiffness and lower curvature 

that results in coalescence of bilayered membranes to form larger vesicles. 
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CONCLUSION 

During this thesis work, we have synthesized self-assembling Janus dendrimer 2.08 

via radical initiated thiol-yne coupling (TYC) from previously reported Janus 

Dendrimer precursor 2.07 (CHAPTER II).113 Generated dendrimersomes were 

characterized with various techniques (AFM, TEM, DLS, FTIR) and applied for the 

first time in dendrimersome formulation of Lidocaine which is widely used as local 

anesthetic agent in dentistry. Due to poor bioavailability through Stratum Corneum 

the use of lipid-based nanocarrier for the topical delivery of lidocaine is promising for 

long-lasting and enhanced anesthetic effects. Toward this goal, together with the 

Lidocaine-loaded dendrimersome and liposomal formulation which is generated from 

commercially available soybean lecithin phospholipid and cholesterol mixture have 

been comparatively studied. Although we have found that our colloidal system 

(dendrimersome formulation) shows similar size and size distribution as well as 

liposomal formulation, physical and mechanical properties of lidocaine-loaded 

dendrimersome are superior. Additionally, having higher entrapment efficiency value 

(97%) of dendrimersomes makes them promising nanocarriers for the delivery of 

lipophilic drugs including lidocaine (Int. J. Pharm.; in preparation).  

Knowing that cancer-related galectins bind to LacNAc and Lac residues, a small 

library of propargyl and para-nitrophenyl based lactosides could represent promising 

candidates for the development of galectin inhibitors. Making series of 3’-O 

derivatives of propargyl and para-nitrophenyl based unprotected lactosides requires 

high regioselectivity (CHAPTER II). Toward this goal, 3’-O-sulfation and alkylation 

have been carried out in regioselective manner by using dibutyltin oxide method.245 

In order to obtain desired lactosides derivatives in a short sequence of steps without 
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unwanted side products synthesis of 6,6’-di-TBDPSi-protected intermediates (3.34, 

3.50, 3.59) is the key strategy of this work. Together with the results of biostudy 

toward galectins, this work will be published in scientific peer-reviewed journal. 

Moreover, we have also reported known to date exceptionally short synthesis of 

trisaccharide – Sialyl (2→3’) LacNAc 3.41 in a cost-effective and highly atom-

economic fashion (Carbohydr. Res.; in preparation).  

Propargyl and para-nitrophenyl aglycons have been chosen not only for investigation 

of newly created hydrophobic interactions at carbohydrate binding site of galectins 

but also for further conjugation to Janus dendrimer precursors (CHAPTER IV). 

Therefore, glycodendrimersomes have been already reported to show excellent ligand 

bioactivity via selective agglutination in presence of leguminous, bacterial and 

mammalian lectins. With regard to this matter we have synthesized first example of 

LacNAc-conjugated Janus dendrimer through CuAAC-mediated click chemistry 

reaction. During DLS studies it was revealed that depending on concentration the size 

of lactodendrimersomes generated from 4.109 can be predictable. Together with 

further biological investigation of lactodendrimersomes toward galectins this thesis 

work can be published in scientific peer-reviewed journal. 

In the latest chapter (CHAPTER V) we have reported first example of sialic acid-

attached Janus dendrimer and formation of sialodendrimersomes within ethanol 

injection method. The size-concentration relation was studied by DLS technique and 

found that at smaller concentrations (Cm = 0.1 mg/mL and 0.2 mg/mL) of sialic acid-

attached Janus dendrimer in ethanol, formed colloidal suspensions are polydisperse. 

However, starting from Cm = 0.5 mg/mL toward 5 mg/mL the vesicle sizes augment 

in linear fashion with narrow size distribution. Moreover during this project we have 

developed an efficient method to synthesize pegylated S-sialosides. Therefore, by 

using tetrabutylammonium thioacetate (TBATA) as phase transfer agent, 

incorporation of sulfur atom through nucleophilic substitution reaction under PTC 
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conditions (β-chloro sialyl donor, KSAc, TBATA, 0.5M Na2CO3 in EtOAc) afforded 

desired thioacetyl derivative of sialic acid without formation of the glycal 

(Carbohydrate Chemistry: Proven Synthetic Methods Vol. 6; in preparation). The 

low-cost and atom economical stereoselective synthesis of pegylated O-sialoside with 

tosylate activating group at focal point by using commercially available silver-

exchanged zeolite was also reported for the first time in this work (Carbohydrate 

Chemistry: Proven Synthetic Methods Vol. 6; in preparation). 

At the end it worth to note that throughout this thesis work at chromatographic 

purification stage all products are isolated by using classical silica gel column 

chromatography. 

 



 

 

 

 CHAPTER VI 

 

 

EXPERIMENTAL PARTS 

6.1 Materials and methods 

All reactions in organic medium were performed in standard oven dried glassware 

under an inert atmosphere of nitrogen using freshly distilled solvents. Solvents and 

reagents were deoxygenated, when necessary, by purging with nitrogen. All reagents 

were used as supplied without prior purification unless otherwise stated, and obtained 

from Sigma-Aldrich Chemical Co. Ltd. Reactions were monitored by analytical thin-

layer chromatography (TLC) using silica gel 60 F254 precoated plates (E. Merck) 

and compounds were visualized with a 254 nm UV lamp, potassium permanganate 

solution (1.5 g KMnO4, 10 g K2CO3, 1.5 mL 10 % NaOH in 200 mL H2O), a mixture 

of iodine/silica gel and/or mixture of ceric ammonium molybdate solution (100 mL 

H2SO4, 900 mL H2O, 25 g (NH4)6Mo7O24H2O, 10 g Ce(SO4)2), and subsequent spots 

development by gentle warming with a heat-gun. Purifications were performed either 

by silica gel flash column chromatography using Silica (60 Å, 40-63 µm) with the 

indicated eluent or Sephadex® G-10 gel filtration method. The optical rotation 

measurement [α]D was performed at 589 nm by using Jasco P2000 polarimeter. NMR 
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spectroscopy was used to record 1H NMR and 13C NMR spectra at 300 or 600 MHz 

and at 75 or 150 MHz, respectively, on Bruker (300 MHz) and Bruker Avance III HD 

600 MHz spectrometers. Proton and carbon chemical shifts (δ) are reported in ppm 

relative to the chemical shift of residual CDCl3 (in 1H 7.26 ppm, in 13C 77.16 ppm), 

CD3OD (in 1H, 3.31 ppm and in 13C, 49.0 ppm), DMSO-d6 (in 1H, 2.50 ppm and in 
13C, 39.5 ppm), Acetone-d6 (in 1H, 2.05 ppm and in 13C, 206.7, 29.9 ppm), D2O (in 
1H, 4.79 ppm) which were set respectively. 2D homonuclear correlation spectroscopy 
1H-1H (COSY) and 1H-13C heteronuclear single quantum coherence (HSQC) 

experiments were used to confirm NMR peak assignments. Coupling constants (J) are 

reported in Hertz (Hz), and the following abbreviations are used for peak 

multiplicities: singlet (s), broad singlet (brs), doublet (d), doublet of doublets (dd), 

doublet of doublets of doublets (ddd), triplet (t), doublet of triplets (dt), triplet of 

doublets (td), triplet of triplets (tt), multiplet (m). Analysis and assignments were 

made using COSY (Correlated SpectroscopY) and HSQC (Heteronuclear Single 

Quantum Coherence) experiments. High-resolution mass spectrometry (HRMS) data 

were measured either with a LC-MS-TOF (Liquid Chromatography-Mass 

Spectrometry-Time of Flight; Agilent Technologies) in positive and/or negative 

electrospray mode(s) at the analytical platform of UQAM or with MALDI-TOF 

(matrix-assisted laser desorption/ionization time of flight mass spectrometry) at 

McGill university. Particle size distribution (DLS) was measured in water with the 

help of Zetasizer Nano S90 from Malvern Instruments at UQAM. 
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6.2 Experimental Part of Chapter II 

6.2.1 Synthesis and characterization 

2-(4-Methoxyphenyl)-5,5-bis(hydroxymethyl)-1,3-dioxane (2.01) 

 

Pentaerythritol (5.22 g, 38.3 mol, 1 eq.) was dissolved in water (50 mL) with heating 

until complete dissolution. The solution was then cooled to room temperature. Into 

the stirring solution, commercially available concentrated 37 % HCl (0.35 mL) and 

para-anisaldehyde (0.45 mL, 3.7 mmol, 0.1 eq) were added successively. Upon 

appearance of precipitation, another portion of para-anisaldehyde (4.2 mL, 34.47 

mmol, 0.9 eq.) was added dropwise and the reaction mixture was stirred at room 

temperature for 4.5 h. The precipitate was collected, washed with ice-cold Na2CO3 

solution (10 g of Na2CO3 in 500 mL of H2O), Et2O (2 x 250 mL), dried over P2O5 and 

concentrated in-vacuo to give 2.01 as a white solid (8.2 g, 32.59 mmol, 85 %). 

1H NMR (300 MHz, DMSO-d6) δ (ppm) 7.34 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.8 

Hz, 2H), 5.35 (s, 1H), 4.59 (brs, 2H), 3.90 (d, J = 11.4 Hz, 2H), 3.84 – 3.57 (m, 7H), 

3.26 (s, 2H) 

13C NMR (75 MHz, DMSO-d6) δ (ppm) 159.4, 131.3, 127.5, 113.3, 100.7, 69.1, 

61.1, 59.6, 55.1 

 

The spectroscopic data agreed well with those of the literature.113 
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Figure 6.1 1H NMR (300 MHz, DMSO-d6) spectrum of compound 2.01. 
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Figure 6.213C NMR (75 MHz, DMSO-d6) spectrum of compound 2.01. 
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2-(4-Methoxyphenyl)-5,5-bis((prop-2-yn-1-yloxy)methyl)-1,3-dioxane 2.02 

  

To a solution of compound 2.01 (5.2 g, 20.47 mmol, 1 eq.) in dry DMF (70 mL) was 

added NaH (60 % dispersion in mineral oil; 6.45 g, 161.25 mol, 7.9 eq.) in one 

portion at 0 °C and stirred for 30 min. Then, propargyl bromide (80 % in toluene, 

5.25 mL, 47.13 mmol, 2.3 eq.) was added dropwise and the reaction mixture was 

stirred at room temperature for 12 h. The water was added (100 mL), and the reaction 

mixture was extracted with Et2O (3 x 150 mL), washed with water (2 x 100 mL) and 

dried over Na2SO4 and concentrated in-vacuo. After chromatographic purification 

compound 2.02 (5.88 g, 17.81 mmol, 87 %) was obtained as a pale-yellow oil. 

Rf = 0.36, (EtOAc/hexane : 1/4) 

1H NMR (300 MHz, CDCl3) δ (ppm) 7.41 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.8 Hz, 

2H), 5.39 (s, 1H), 4.21 (d, J = 2.4 Hz, 2H), 4.12 (d, J = 2.3 Hz, 2H), 4.08 (s, 2H), 

3.92 – 3.84 (m, 4H), 3.80 (s, 3H), 3.37 (s, 2H), 2.48 – 2.40 (m, 2H) 

13C NMR (75 MHz, CDCl3) δ (ppm) 160.1, 131.0, 127.5, 113.7, 101.8, 80.0, 79.7, 

74.7, 74.3, 69.9, 69.9, 68.8, 58.9, 58.9, 55.4, 38.6 

The spectroscopic data agreed well with those of the literature.113 
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Figure 6.3 1H NMR (300 MHz, CDCl3) spectrum of compound 2.02.
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Figure 6.4 13C NMR (75 MHz, CDCl3) spectrum of compound 2.02.
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2,2-Bis((prop-2-yn-1-yloxy)methyl)propane-1,3-diol 2.03 

 

The solution of 2.02 (3.64 g, 11.04 mmol) in 60 mL of AcOH:H2O (7:3) was stirred 

at 45 °C for 3 h. The reaction mixture was cooled to room temperature, concentrated 

under reduced pressure. After chromatographic purification compound 2.03 (2.04 g, 

9.6 mmol, 87 %) was obtained as a pale-yellow oil. 

Rf = 0.26, (EtOAc/hexane : 1/1) 

1H NMR (300 MHz, CDCl3) δ (ppm) 4.14 – 4.07 (m, 4H), 3.63 (s, 4H), 3.53 (d, 4H), 

2.82 (s, 2H), 2.44 (s, 2H)  

13C NMR (75 MHz, CDCl3) δ (ppm) 79.5, 74.8, 70.0, 63.3, 58.6, 44.7 

The spectroscopic data agreed well with those of the literature.113 
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Figure 6.5 1H NMR (300 MHz, CDCl3) spectrum of compound 2.03.
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Figure 6.6 13C NMR (75 MHz, CDCl3) spectrum of compound 2.03.
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Methyl 3,5-dihydroxybenzoate (2.04). 

 

To a solution of 3,5-dihydroxybenzoic acid (2.46 g, 15.96 mmol) in MeOH (30 mL) 

was added concentrated sulfuric acid (0.3 mL) and resulting mixture was refluxed 9 h. 

After evaporation of the solvent under vacuum, the reaction mixture was diluted in 

EtOAc (100 mL), washed multiple times with saturated aqueous NaHCO3 solution 

(until neutralization of pH) and dried over Na2SO4. The filtrate was concentrated in-

vacuo to give yellow-beige powder (2.66 g, 15.83 mmol, 99 %). 

1H NMR (300 MHz, DMSO-d6) δ (ppm) 9.61 (s, 2H), 6.82 (d, J = 2.3 Hz, 2H), 6.45 

(t, J = 2.3 Hz, 1H), 3.77 (s, 3H) 

13C NMR (75 MHz, DMSO-d6) δ (ppm) 166.4, 158.7, 131.4, 107.3, 107.2, 52.0 

The spectroscopic data agreed well with those of the literature.113 
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Figure 6.7 1H NMR (300 MHz, DMSO-d6) spectrum of compound 2.04. 
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Figure 6.8 13C NMR (75 MHz, DMSO-d6) spectrum of compound 2.04.
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Methyl 3,5-bis(dodecyloxy)benzoate (2.05) 

 

The mixture of 2.04 (2.61 g, 15.52 mmol, 1 eq.), 1-bromododecane (8.6 mL, 37.2 

mmol, 2.39 eq.), K2CO3 (12.87 g, 93.15 mmol, 6 eq.), TBAI (0.29 g, 0.77 mmol, 0.05 

eq.) in dry DMF (50 mL) was stirred under nitrogen atmosphere at 90 °C for 12 h. 

The reaction mixture was cooled to room temperature, followed by addition of 170 

mL of water. The organic phase was extracted with EtOAc (4 x 100 mL), dried over 

Na2SO4 and concentrated in-vacuo. After chromatographic purification compound 

2.05 (7.75 g, 15.37 mmol, 99 %) was obtained as a white powder.  

Rf = 0.51, (EtOAc/hexane : 5/95 ) 

1H NMR (300 MHz, CDCl3) δ (ppm) 7.16 (d, J = 2.3 Hz, 2H), 6.63 (t, J = 2.3 Hz, 

1H), 3.96 (t, J = 6.5 Hz, 4H), 3.89 (s, 3H), 1.85 – 1.59 (m, 4H), 1.52 – 1.37 (m, 4H), 

1.27 (s, 32H) 

13C NMR (75 MHz, CDCl3) δ (ppm) 167.2, 160.3, 132.0, 107.8, 106.7, 68.5, 52.3, 

32.1, 29.8, 29.8, 29.8, 29.7, 29.5, 29.5, 29.3, 26.2, 22.8, 14.3 

The spectroscopic data agreed well with those of the literature.113 
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Figure 6.9 1H NMR (300 MHz, CDCl3) spectrum of compound 2.05.  
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Figure 6.10 13C NMR (75 MHz, CDCl3) spectrum of compound 2.05. 
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3,5-bis(dodecyloxy)benzoic acid (2.06) 

 

To a solution of 2.05 (5.98 g, 11.89 mmol) in EtOH (95 mL) was added 10 % KOH 

solution (15 mL) and the resulting mixture was refluxed for 3.5 h. The reaction 

mixture was cooled to room temperature, dissolved in DCM (200 mL) washed with 

1M HCl (150 mL), brine (200 mL) and dried over Na2SO4.The filtrate was 

concentration in-vacuo to give soft white solid (5.7 g, 11.61 mmol, 98 %). 

1H NMR (300 MHz, CDCl3) δ (ppm) 7.23 (d, J = 2.2 Hz, 2H), 6.69 (t, J = 2.0 Hz, 

1H), 3.98 (t, J = 6.5 Hz, 4H), 1.86 – 1.71 (m, 4H), 1.51 – 1.40 (m, 4H), 1.27 (s, 32H), 

0.88 (t, J = 6.5 Hz, 6H) 

13C NMR (75 MHz, CDCl3) δ (ppm) 172.3, 160.4, 131.2, 108.3, 107.6, 68.5, 32.1, 

29.8, 29.8, 29.8, 29.7, 29.5, 29.3, 26.2, 22.8, 14.3 

The spectroscopic data agreed well with those of the literature.113 
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Figure 6.11 1H NMR (300 MHz, CDCl3).spectrum of compound 2.06.  
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Figure 6.12 13C NMR (75 MHz, CDCl3) spectrum of compound 2.06.
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Amphiphilic Janus Dendrimer precursor (2.07) 

 

To a solution of 2.03 (0.36 g, 1.69 mmol, 1 eq.) 2.06 (2 g, 4.08 mmol, 2.4 eq.), and 

DMAP (0.26 g, 2.15 mmol, 1.27 eq.) in dry DCM (20 mL) was added a solution of 

DCC (1.05 g, 5.08 mmol, 3 eq.) in DCM (3 mL) under nitrogen atmosphere at room 

temperature. The reaction mixture was stirred at room temperature for 18 h. After 

evaporation of solvent under vacuum, the residue was purified with the help of 

column chromatography to afford the desired compound 2.11 (1.6 g, 1.39 mmol, 

82 %) as a viscous colorless oil. 

Rf = 0. 42, (DCM/hexane : 1/1) 

1H NMR (300 MHz, CDCl3) δ (ppm) 7.14 (d, J = 2.2 Hz, 2H), 6.61 (t, J = 2.1 Hz, 

2H), 4.46 (s, 4H), 4.14 (d, J = 2.2 Hz, 4H), 3.93 (t, J = 6.5 Hz, 8H), 3.72 (s, 4H), 2.36 

(t, J = 2.2 Hz, 2H), 1.86 – 1.69 (m, 8H), 1.56 – 1.37 (m, 8H), 1.26 (s, 64H), 0.87 (t, J 

= 6.6 Hz, 12H) 

13C NMR (75 MHz, CDCl3) δ (ppm) 166.0, 160.2, 131.8, 107.8, 106.3, 79.5, 74.8, 

68.5, 68.3, 63.8, 58.7, 44.0, 32.0, 29.8, 29.7, 29.7, 29.7, 29.5, 29.4, 29.3, 26.1, 22.8, 

14.2 

The spectroscopic data agreed well with those of the literature.113 
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Figure 6.13 1H NMR (300 MHz, CDCl3) spectrum of compound 2.07.
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Figure 6.14 13C NMR (75 MHz, CDCl3) spectrum of compound 2.07.
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Amphiphilic Janus Dendrimer 2.08 

 

To as solution of 2.07 (0.71 g, 0.617 mmol, 1 eq.) DMPA (2, 2-dimethoxy-2-

phenylacetophenone 0.017 g, 0.066 mmol, 0.1 eq.) in DMF (0.7 mL) was added 

mercaptoethanol (2 ml, 28.51 mmol, 46 eq.) at room temperature under nitrogen. The 

reaction mixture was stirred under UV light (365 nm) for 12 h in UV quartz cell. The 

reaction mixture was concentrated in vacuo, the residue was dissolved in DCM (5 

mL), washed with water (2 x 5 mL) dried over Na2SO4. After chromatographic 

purification compound 2.08 (0.84 g, 0.575 mmol, 93 %) was obtained as yellowish 

oil. 

Rf = 0.61, (MeOH/DCM : 1/9) 

1H NMR (300 MHz, CDCl3) δ (ppm) 7.04 (d, J = 2.1 Hz, 4H), 6.55 (t, J = 2.1 Hz, 

2H), 4.41 (s, 4H), 3.86 (t, J = 5.9 Hz, 8H), 3.69-3.52 (m, 18H), 2.99-2.90 (m, 2H), 

2.86-2.77 (m, 2H), 2.74-2.62 (m, 8H), 1.81-1.59 (m, 8H), 1,43-1.33 (m, 8H), 1.20 (s, 

64H), 0.81 (t, J = 6.5 Hz, 12H) 

13C NMR (75 MHz, CDCl3) δ (ppm) 166.1, 160.0, 131.3, 107.6, 106.2, 73.4, 68.1, 

61.5, 61.1, 60.2, 45.9, 44.4, 41.2, 35.7, 31.8, 29.6, 29.5, 29.5, 29.3, 29.2, 29.1, 25.9, 

22.6, 14.0 
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Figure 6.15 1H NMR (300 MHz, CDCl3) spectrum of compound 2.08.
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Figure 6.16 13C NMR (75 MHz, CDCl3) spectrum of compound 2.08.
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2-(4-Methoxyphenyl)-5,5-bis((prop-2-en-1-yloxy)methyl)-1,3-dioxane 2.09 

  

To a solution of compound 2.01 (5.01 g, 19.72 mmol, 1 eq.) in dry DMF (70 mL) was 

added NaH (60 % dispersion in mineral oil; 6.54 g, 163.5 mmol, 8.29 ) in one portion 

at 0 °C and stirred for 30 min. Then, allyl bromide (5.1 mL, 58.93 mmol 3 eq.) was 

added dropwise, and the reaction mixture was stirred at room temperature for 12 h. 

The water was added (100 mL), and the reaction mixture was extracted with Et2O (3 

x 150 mL), washed with water (2 x 100 mL) and dried over Na2SO4 and concentrated 

in-vacuo. After chromatographic purification compound 2.09 (6 g, 17.95 mmol, 91 %) 

was obtained as a pale-yellow oil. 

Rf = 0.42, (EtOAc/hexane : 1/4) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.43 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 

2H), 5.91 – 5.83 (m, 2H), 5.40 (s, 1H), 5.34 – 5.24 (m, 2H), 5.22 – 5.16 (m, 2H), 4.13 

(d, J = 11.7 Hz, 2H), 4.06 (dt, J = 5.4, 1.4 Hz, 2H), 3.95 (dt, J = 5.4, 1.4 Hz, 2H), 

3.90 (d, J = 11.7 Hz, 2H), 3.80 (s, 5H), 3.30 (s, 2H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 160.1, 135.1, 134.7, 131.0, 127.4, 116.7, 116.4, 

113.7, 101.7, 72.4, 72.4, 70.3, 70.1, 68.9, 55.3, 38.9 
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Figure 6.17 1H NMR (300 MHz, CDCl3) spectrum of compound 2.09.



 244 

 

Figure 6.18 13C NMR (75 MHz, CDCl3) spectrum of compound 2.09.
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2,2-Bis((prop-2-en-1-yloxy)methyl)propane-1,3-diol 2.10 

 

The solution of 2.09 (4.4 g, 13.16 mmol) in 100 mL of AcOH:H2O (7:3) was stirred 

at 45 °C for 3 h. The reaction mixture was cooled to room temperature, concentrated 

under reduced pressure. After chromatographic purification compound 2.10 (2.47 g, 

11.45 mmol, 87 %) was obtained as a pale-yellow oil. 

Rf = 0.23, (EtOAc/hexane : 1/1). 

1H NMR (300 MHz, CDCl3): δ (ppm) 5.81 (ddt, J = 17.2, 10.7, 5.5 Hz, 2H), 5.19 

(ddd, J = 17.3, 3.2, 1.6 Hz, 2H), 5.11 (ddd, J = 10.5, 2.8, 1.3 Hz, 2H), 3.91 (dt, J = 

5.5, 1.4 Hz, 4H), 3.60 (s, 4H), 3.43 (s, 4H), 3.20 (s, 2H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 134.4, 117.2, 72.6, 71.9, 64.8, 44.9 
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Figure 6.19 1H NMR (300 MHz, CDCl3) spectrum of compound 2.10.
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Figure 6.20 13C NMR (75 MHz, CDCl3) spectrum of compound 2.10.
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Amphiphilic Janus Dendrimer precursor 2.11 

 

To a solution of 2.06 (1.77 g, 3.61 mmol, 2.44 eq.), 2.10 (0.32 g, 1.48 mmol, 1 eq.) 

and DMAP (0.27 g, 2.22 mmol, 1.5 eq.) in dry DCM (12 mL) was added a solution of 

DCC (0.89 g, 4.3 mmol, 2.93 eq.) in dry DCM (5 mL) under nitrogen atmosphere at 

room temperature. The reaction mixture was stirred at room temperature for 18 h. 

After evaporation of solvent under vacuum, the residue was purified with the help of 

column chromatography to afford the desired compound 2.11 (1.54 g, 1.33 mmol, 

90 %) as a viscous colorless oil. 

Rf = 0. 45, (DCM/hexane : 1/1) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.11 (d, J = 2.3 Hz, 4H), 6.62 (t, J = 2.3 Hz, 

2H), 5.85 (ddt, J = 17.1, 10.7, 5.5 Hz, 2H), 5.24 (dq, J = 17.2, 1.5 Hz, 2H), 5.13 (dq, 

J = 10.4, 1.5 Hz, 2H), 4.47 (s, 4H), 3.98 – 3.88 (m, 12H), 3.61 (s, 4H), 1.89 – 1.68 (m, 

8H), 1.49 – 1.39 (m, 8H), 1.27 (s, 64H), 0.88 (t, J = 6.7 Hz, 12H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 166.3, 160.3, 134.8, 131.9, 117.0, 107.8, 106.5, 

72.6, 69.0, 68.5, 64.3, 44.3, 32.1, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 26.2, 22.8, 

14.3 
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ESI-HRMS: m/z calcd. for C73H124O10 M+H+, 1161.9273; found 1161.9287 

M+H+
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Figure 6.21 1H NMR (300 MHz, CDCl3) spectrum of compound 2.11.
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Figure 6.22 13C NMR (75 MHz, CDCl3) spectrum of compound 2.11.
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Figure 6.23 HRMS spectrum of compound 2.11. 
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Amphiphilic Janus Dendrimer 2.12 

 

To a stirring solution of 2.11 (0.11 g, 0.09 mmol, 1 eq.), 2,2’-dimethoxy-2-

phenylacetophenone (DMPAP, 0.003 g, 0.01 mmol, 0.11 eq) in dry DMF (0.2 mL) 

was added mercaptoethanol (0.2 mL, 2.874 mmol, 29.3 eq.) under nitrogen. The vial 

was then purged with nitrogen for 5 min and irradiated for 14 h using UV lamp at 

room temperature (classical glassware, UV lamp (365 nm, Model UVGL-58 

MINERALIGHT® LAMP) in a cardboard box). The solvent was removed under 

vacuum and residue was dissolved in DCM (20 mL) washed with water (2 x 15 mL), 

dried over Na2SO4 and concentrated in-vacuo. After chromatographic purification, 

compound 2.12 (0.12 g, 0.09 mmol, 96 %) was obtained as a viscous colorless oil.  

Rf = 0.60, (MeOH/DCM : 1/9) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.10 (d, J = 2.1 Hz, 4H), 6.62 (t, J = 2.1 Hz, 

2H), 4.45 (s, 4H), 3.94 (t, J = 6.5 Hz, 8H), 3.68 (t, J = 6.0 Hz, 4H), 3.56 (s, 4H), 3.49 

(t, J = 5.8 Hz, 4H), 2.66 (t, J = 6.0 Hz, 4H), 2.56 (t, J = 7.2 Hz, 4H), 1.89 – 1.65 (m, 

12H), 1.47 – 1.39 (m, 8H), 1.26 (s, 64H), 0.87 (t, J = 6.6 Hz, 12H) 
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13C NMR (75 MHz, CDCl3): δ (ppm) 166.3, 160.3, 131.8, 107.8, 106.4, 69.9, 68.5, 

64.3, 60.5, 44.4, 35.4, 32.0, 29.9, 29.8, 29.8, 29.7, 29.7, 29.5, 29.5, 29.3, 28.5, 26.2, 

22.8, 14.2 
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Figure 6.24 1H NMR (300 MHz, CDCl3) spectrum of compound 2.12. 
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Figure 6.25 13C NMR (75 MHz, CDCl3) spectrum of compound 2.12.
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6.3 Experimental Part of Chapter III 

6.3.1 Synthesis and characterization 

General synthetic procedure A: preparation of 3’-O-sulfated lactosides  

A mixture of deacetylated lactosides (1 eq.) and dibutyltin oxide (Bu2SnO, 1.08 eq.) 

in MeOH (4 mL per 0.1 mmol of the SM) was stirred at 80 °C for 4h under nitrogen 

atmosphere. The solution was then concentrated and sulfur trioxide-triethylamine 

complex (Et3N.SO3) (1.2 eq.) and dry DMF (4 mL per 0.1 mmol of the SM) were 

added. After stirring at 60 °C for 17 h, the reaction was quenched with methanol and 

the reaction mixture was concentrated in-vacuo. The residue was purified through a 

classical column chromatography to give desired compound.  

General synthetic procedure B: Zemplén transesterification reaction  

To a solution of lactoside (1 eq.) in dry methanol (2 mL per 0.1 mmol of the SM) was 

added a solution of sodium methoxide (25 % in MeOH, 0.5 eq.). After stirring at 

room temperature for 3 h, the basic media was neutralized by addition of ion-

exchange resin (Amberlite IR 120 H+). The reaction mixture was filtered through a 

pad of celite and concentrated in vacuo to afford the de-O-acetylated lactosides. 

General synthetic procedure C: Protection of primary alcohol with tert-

butyldiphenyl silyl ether (TBDPS) 

To a solution of lactoside (1 eq.) in Pyridine (2 mL per 0.1 mmol of SM) was added 

TBDPSCl (1.5 eq. per primary alcohol) at room temperature under nitrogen 

atmosphere. After 8 h of stirring the reaction was quenched with methanol, the 

reaction mixture was co-evaporated with toluene under vacuum and the residue was 

purified using column chromatography. 
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General synthetic procedure D: Deprotection of tert-butyldiphenyl silyl ether 

(TBDPS) 

To a solution of silyl ether lactoside (1 eq.) in Pyridine (10 mL per 0.1 mmol of the 

SM) was added HF·Py (70 % in Py, 0.1 mL per 0.1 mmol) at 0 °C and the resulted 

mixture was stirred at room temperature for 24 h. The reaction was quenched with 

solid NaHCO3 at 0 °C and the solvent was co-evaporated with toluene and the residue 

was purified using column chromatography. 
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Propargyl (β-D-galactopyranosyl)-(1→4)- 2-N-acetamido-2-deoxy -β-D-

glucopyranoside (3.32). 

 

 

To a solution of compound 3.31 (0.2 g, 0.241 mmol) in dry THF (5mL) was added 

TBAF (1M in THF, 0.5 mL). The reaction mixture was stirred at room temperature 

for 14 h, then the reaction mixture was concentrated in-vacuo and the residue was 

dissolved in MeOH/THF (1:1 v/v, 5mL) and NaOMe (25 % in MeOH, 0.05 mL) was 

added. After 3 h of stirring, the basic media was neutralized using Amberlite 120 H+. 

After chromatographic purification, a white solid (0.08 g, 0.212 mmol, 88 %) was 

obtained. 

[α] D
20

 = -26.3 (c 0.01, H2O). 

Rf = 0.44, (EtOAc/iPrOH/H2O : 6/5/2) 

1H NMR (300 MHz, D2O): δ (ppm) 4.49 (d, J = 7.7 Hz, 1H), 4.43 (d, J = 1.9 Hz, 

2H), 4.01 (d, J = 11.3 Hz, 1H), 3.91 (dd, J = 21.3, 3.8 Hz, 2H), 3.91 (dd, J = 21.3, 3.8 

Hz, 2H), 3.89 – 3.51 (m, 9H), 3.61 – 3.45 (m, 1H), 2.94 (brs, 1H), 2.06 (s, 3H) 

13C NMR (75 MHz, D2O): δ (ppm) 174.7, 102.9, 99.3, 78.8, 78.3, 76.2, 75.3, 75.3, 

72.5, 71.0, 68.5, 61.0, 60.0, 56.7, 54.9, 22.2 

ESI-HRMS: m/z calcd. for C17H27NO11 M+Na+, 444.1482; found 444.1477 

M+Na+ 
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The spectroscopic data agreed well with those of the literature.562 
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Figure 6.26 1H NMR (300 MHz, D2O) spectrum of compound 3.32. 
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Figure 6.27 13C NMR (75 MHz, D2O) spectrum of compound 3.32.
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Figure 6.28 HRMS spectrum of compound 3.32. 
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Propargyl (β-D-galactopyranosyl)-(1→4)-2-N-acetamido-2-deoxy-6-O-tert-

butyldiphenylsilyl-β-D-glucopyranoside (3.33). 

 

Following the general procedure B, compound 3.33 was obtained as a white solid 

(0.32 g, 0.49 mmol, 99 %) without further purification. 

[α] D
21

 = -12.8 (c 0.02, MeOH). 

1H NMR (300 MHz, CD3OD): δ (ppm) 7.65 (d, J = 7.2 Hz, 4H), 7.38 – 7.26 (m, 6H), 

4.59 (d, J = 7.4 Hz, 1H), 4.57 (d, J = 6.9 Hz, 1H), 4.29 – 4.09 (m, 3H), 3.99 – 3.86 (m, 

2H), 3.82 – 3.60 (m, 5H), 3.57 – 3.39 (m, 4H), 3.27 (brs, 1H), 1.99 (s, 3H), 0.95 (s, 

9H) 

13C NMR (75 MHz, CD3OD): δ (ppm) 174.6, 136.7, 136.5, 134.5, 133.9, 130.9, 

128.8, 128.6, 103.9, 99.7, 78.0, 76.9, 76.3, 74.4, 73.7, 72.1, 69.9, 62.9, 62.2, 56.2, 

56.2, 27.3, 23.1, 19.9  

ESI-HRMS: m/z calcd. for C33H45NO11Si M+Na+., 682.2654; found 682.2662 

M+Na+
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Figure 6.29 1H NMR (300 MHz, CD3OD) spectrum of compound 3.33. 
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Figure 6.30 13C NMR (75 MHz, CD3OD) spectrum of compound 3.33.
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Figure 6.31 HRMS spectrum of compound 3.33. 
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Propargyl (6-O-tert-butyldiphenylsilyl-β-D-galactopyranosyl)-(1→4)-2-N-acetamido-

2-deoxy-6-O-tert-butyldiphenylsilyl-β-D-glucopyranoside (3.34). 

 

Following the general procedure C, compound 3.34 was obtained as a white solid 

(0.25 mg, 0.28 mmol, 80 %). 

Rf = 0.54, (EtOAc/MeOH : 9.5/0.5).  

[α] D
21

 = -15.8 (c 0.04, MeOH).  

1H NMR (300 MHz, CD3OD): δ (ppm) 7.80 – 7.76 (m, 4H), 7.70 – 7.65 (m, 4H), 

7.42 – 7.28 (m, 12H), 4.64 (d, J = 8.0 Hz, 1H), 4.59 (d, J = 7.7 Hz, 1H), 4.43 – 4.15 

(m, 3H), 3.97 (d, J = 12.1 Hz, 1H), 3.92 – 3.83 (m, 4H), 3.81 – 3.68 (m, 2H), 3.67 – 

3.57 (m, 2H), 3.47 (dd, J = 9.7, 3.1 Hz, 2H), 2.84 (t, J = 2.4 Hz, 1H), 1.96 (s, 3H), 

1.04 (s, 9H), 1.03 (s, 9H) 

13C NMR (75 MHz, CD3OD): δ (ppm) 173.5, 137.0, 136.7, 136.6, 134.8, 134.3, 

134.3, 134.1, 130.9, 130.9, 130.8, 130.7, 128.8, 128.8, 128.6, 104.7, 100.0, 79.7, 79.5, 

76.7, 76.5, 76.4, 75.0, 73.6, 72.3, 69.6, 63.5, 63.2, 56.5, 56.0, 27.4, 27.4, 23.0, 20.2, 

19.9 

ESI-HRMS: m/z calcd. for C49H63NO11Si2 M+Na+, 920.3832; found 920.3830 

M+Na+
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Figure 6.32 1H NMR (300 MHz, CD3OD) spectrum of compound 3.34. 
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Figure 6.33 13C NMR (75 MHz, CD3OD) spectrum of compound 3.34.
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Figure 6.34 HRMS spectrum of compound 3.34. 
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Methyl (2-Chloro-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-acetamido-D-glycero-β-D-

galacto-non-2-ulopyranitol)onate (3.35) 

 

To as solution of Neu5Ac (0.21 g, 0.68 mmol) in dry methanol (20 mL) was added 

Amberlite® IR120 H+ (0.15 g) and resulted mixture was stirred for 24 h at room 

temperature. Reaction mixture was then filtered over a pad of celite and concentrated 

in-vacuo. After recrystallization from methanol/diethyl ether, white solid was 

immediately treated with freshly distilled Acetyl chloride (20 mL) at -10 ºC and 

resulted mixture was stirred at room temperature for 72 h, then concentrated in-vacuo. 

After chromatographic purification over silica 3.35 (0.29 mg, 0.56 mmol. 83 %) was 

obtained as white foam. 

Rf = 0.74, (EtOAc).  

1H NMR (300 MHz, CDCl3): δ (ppm) 6.46 (d, J = 10.0 Hz, 1H), 5.36 (dd, J = 6.3, 

2.3 Hz, 1H), 5.26 (td, J = 10.8, 4.9 Hz, 1H), 5.04 (td, J = 6.3, 2.6 Hz, 1H), 4.50 – 4.19 

(m, 2H), 4.10 (q, J = 10.3 Hz, 1H), 3.96 (dd, J = 12.5, 6.3 Hz, 1H), 3.74 (s, 3H), 2.65 

(dd, J = 13.9, 4.8 Hz, 1H), 2.11 (dd, J = 14.0, 11.2 Hz, 1H), 2.00 (s, 3H), 1.94 (s, 3H), 

1.92 (s, 6H), 1.77 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 170.7, 170.5, 170.5, 169.8, 96.6, 77.4, 73.8, 

70.2, 68.7, 66.9, 62.0, 53.6, 48.2, 40.5, 22.9, 20.8, 20.7, 20.6 

The spectroscopic data agreed well with those of the literature.563 
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Figure 6.35 1H NMR (300 MHz, CDCl3) spectrum of compound 3.35.
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Figure 6.36 13C NMR (75 MHz, CDCl3) spectrum of compound 3.35.
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Methyl (2-S-phenyl-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-acetamido-D-glycero-β-

D-galacto-non-2-ulopyranitol)onate (3.36) 

 

The compounds 3.36 was prepared according to a modified literature procedure.381 

To a solution of 3.35 (0.28 g, 0.56 mmol 1eq.), TBAHS (0.19 g, 0.56 mmol 1eq.) in 

EtOAc (4 mL was added thiophenol (0.18 mg, 1.68 mmol, 3 eq.) in 1M Na2CO3 (4 

mL). After 3 h stirring at room temperature, reaction mixture was diluted in 

chloroform (25 mL), washed with 0.5M NaOH (2 x 25 mL), 0.5M HCl (25 mL), 

brine (25 mL), dried over Na2SO4 and concentrated in-vacuo. Recrystallization from 

CHCl3/hexane afforded 3.36 (0.3 g, 0.52 mmol, 93 %) as a white solid. 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.67 – 7.46 (m, 2H), 7.44 – 7.29 (m, 3H), 5.34 

– 5.21 (m, 2H), 5.12 (d, J = 9.8 Hz, 1H), 4.84 (ddd, J = 11.7, 10.0, 4.7 Hz, 1H), 4.39 

(dd, J = 12.4, 2.2 Hz, 1H), 4.19 (dd, J = 12.4, 4.7 Hz, 1H), 3.98 (q, J = 10.2 Hz, 1H), 

3.89 (dd, J = 10.7, 1.6 Hz, 1H), 3.57 (s, 3H), 2.81 (dd, J = 12.9, 4.7 Hz, 1H), 2.14 (s, 

3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.02 (brs, 4H), 1.86 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 171.0, 170.7, 170.3, 170.2, 170.1, 168.0, 136.5, 

129.9, 128.9, 128.7, 87.6, 74.9, 70.2, 69.8, 67.8, 62.1, 52.8, 49.2, 38.2, 23.2, 21.0, 

20.9, 20.8 

The spectroscopic data agreed well with those of the literature.563 
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Figure 6.37 1H NMR (300 MHz, CDCl3) spectrum of compound 3.36.
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Figure 6.38 13C NMR (75 MHz, CDCl3) spectrum of compound 3.36.
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Propargyl (3-O-sulfo-6-O-tert-butyldiphenylsilyl-β-D-galactopyranosyl)-(1→4)-2-N-

acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-β-D-glucopyranoside sodium salt 

(3.37). 

 

Following the general procedure, A, compound 3.37 was obtained as a white solid 

(161 mg, 0.161 mmol, 90 %). 

Rf = 0.08, (EtOAc/MeOH : 9/1). 

[α] D
21

 = -10.8 (c 0.005, MeOH) 

1H NMR (300 MHz, CD3OD): δ (ppm) 7.81 – 7.75 (m, 4H), 7.69 – 7.63 (m, 4H), 

7.50 – 7.31 (m, 12H), 4.72 (d, J = 7.7 Hz, 1H), 4.63 (d, J = 8.2 Hz, 1H), 4.42 – 4.19 

(m, 5H), 3.96 – 3.62 (m, 8H), 3.46 (d, J = 9.0 Hz, 1H), 2.87 (t, J = 2.7 Hz, 1H), 1.96 

(s, 3H), 1.03 (s, 9H), 1.02 (s, 9H) 

13C NMR (75 MHz, CD3OD): δ (ppm) 173.6, 137.0, 136.7, 136.6, 134.7, 134.3, 

134.3, 134.1, 130.9, 130.9, 130.9, 130.8, 129.0, 128.9, 128.8, 128.7, 104.1, 100.2, 

82.0, 79.8, 79.1, 76.4, 76.2, 73.8, 71.1, 67.8, 63.1, 63.0, 56.3, 56.2, 55.1, 27.4, 27.3, 

23.0, 20.2, 19.9 

ESI-HRMS: m/z calcd. for C49H64NO14SSi2 M+H+., 978.3581; found 978.3579 

M+H+
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Figure 6.39 1H NMR (300 MHz, CD3OD) spectrum of compound 3.37. 
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Figure 6.40 13C NMR (75 MHz, CD3OD) spectrum of compound 3.37. 
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Figure 6.41 HRMS spectrum of compound 3.37. 
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Propargyl (3-O-sulfo-β-D-galactopyranosyl)-(1→4)-2-N-acetamido-2-deoxy-β-D-

glucopyranoside sodium salt (3.38). 

 

Following the general procedure D, compound 3.38 was obtained as a white solid 

(0.027 g, 0.051 mmol, 64 %). 

Rf = 0.27, (EtOAc/iPrOH/H2O : 5/5/2.5)  

[α] D
21

 = -11.0 (c 0.002, H2O). 

1H NMR (300 MHz, D2O): δ (ppm) 4.61 (d, J = 7.8 Hz, 1H), 4.44 (d, J = 2.3 Hz, 

2H), 4.36 (dd, J = 9.8, 3.2 Hz, 1H), 4.31 (d, J = 3.2 Hz, 1H), 4.02 (dd, J = 12.3, 2.0 

Hz, 1H), 3.91 – 3.60 (m, 9H), 2.93 (t, J = 2.3 Hz, 1H), 2.06 (s, 3H) 

13C NMR (75 MHz, D2O): δ (ppm) 174.8, 102.5, 99.4, 80.0, 78.8, 78.2, 76.2, 74.9, 

74.8, 72.3, 69.1. 66.8, 60.9, 59.9, 56.7, 54.9, 22.2 

ESI-HRMS: m/z calcd. for C17H28NO14S M+H+., 502.1225; found 502.1227 

M+H+
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Figure 6.42 1H NMR (300 MHz, D2O) spectrum of compound 3.38. 
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Figure 6.43 13C NMR (75 MHz, D2O) spectrum of compound 3.38. 
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Figure 6.44 HRMS spectrum of compound 3.38. 
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Propargyl (3-O-[2-(1,1-dimethylethoxy)-2-oxoethyl]-6-O-tert-butyldiphenylsilyl-β-D-

galactopyranosyl)-(1→4)-2-N-acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-β-D-

glucopyranoside (3.39). 

 

A mixture of compound 3.34 (0.21 mg, 0.23 mmol, 1 eq.) and dibutyltin oxide (0.07 

g, 0.28 mmol 1.2 eq.) in THF/Toluene (1/1 : v/v, (4 mL) was stirred using the Dean-

Stark trap at 115 °C for 4h under nitrogen atmosphere. The solution was then 

concentrated and compound 7 (0.3 mL, 1.97 mmol, 8.5 eq.), tetrabutylammonium 

bromide (TBAB, 0.16 g, 0.49 mmol, 2.1 eq.) and dry THF (6 mL) were added. After 

stirring at 70 °C for 4 h, the reaction was cooled to room temperature and quenched 

with methanol and the reaction mixture was concentrated in-vacuo. The residue was 

purified through a classical column chromatography to give white solid (0.19 g, 0.19 

mmol, 80 %). 

Rf = 0.27, (EtOAc) 

[α] D
22

 = -19.4 (c 0.01, MeOH) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.79 – 7.77 (m, 4H), 7.66 – 7.65 (m, 4H), 7.40 

– 7.37 (m, 12H), 6.03 (d, J = 8.3 Hz, 1H), 4.73 (d, J = 8.3 Hz, 1H), 4.52 (d, J = 7.8 

Hz, 1H), 4.43 – 4.10 (m, 5H), 4.05 – 3.77 (m, 7H), 3.67 (d, J = 8.8 Hz, 1H), 3.55 (t, J 

= 6.6 Hz, 1H), 3.47 – 3.38 (m, 1H), 3.22 (dd, J = 9.5, 3.1 Hz, 1H), 2.42 (t, J = 2.4 Hz, 

1H), 1.97 (s, 3H), 1.47 (s, 9H), 1.04 (s, 18H) 
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13C NMR (75 MHz, CDCl3): δ (ppm) 171.6, 170.9, 136.0, 135.7, 135.7, 135.6, 133.8, 

133.1, 133.1, 133.0, 129.9, 129.9, 129.7, 129.6, 127.9, 127.8, 127.8, 127.6, 103.9, 

98.3, 84.4, 83.1, 80.1, 79.1, 75.0, 74.8, 72.0, 69.9, 67.8, 65.4, 62.4, 62.0, 56.1, 55.1, 

28.1, 26.9, 23.7, 19.4, 19.2 

ESI-HRMS: m/z calcd. for C55H73NO13Si2 M+H+., 1012.4693; found 1012.4679 

M+H+
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Figure 6.45 1H NMR (300 MHz, CDCl3) spectrum of compound 3.39. 
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Figure 6.46 
13C NMR (75 MHz, CDCl3) spectrum of compound 3.39. 
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Figure 6.47 HRMS spectrum of compound 3.39. 
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Propargyl (3-O-carboxymethyl-β-D-galactopyranosyl)-(1→4)-2-N-acetamido-2-

deoxy-β-D-glucopyranoside sodium salt (3.40). 

 

To a solution of compound 3.39 (0.15 g, 0.15 mmol) in DCM (2 mL) was added 

trifluoracetic acid (TFA, 2 mL) at 0 °C and the reaction mixture was stirred at room 

temperature for 30 min. After removal of solvent in-vacuo, the general procedure D 

was applied to give white solid (0.064 g, 0.126 mmol, 85 %). 

Rf = 0.15, (EtOAc/iPrOH/H2O : 6/5.5/2.5) 

[α] D
22

 = -9.0 (c 0.003, H2O) 

1H NMR (600 MHz, D2O): δ (ppm) 4.75 (d, J = 7.7 Hz, 1H), 4.52 (d, J = 7.9 Hz, 

1H), 4.42 (s, 2H), 4.10 (d, J = 3.8 Hz, 1H), 4.09 (s, 2H), 4.00 (dd, J = 12.4, 2.3 Hz, 

1H), 3.86 (dd, J = 12.4, 5.0 Hz, 1H), 3.83 – 3.73 (m, 5H), 3.71 (dd, J = 8.1, 3.5 Hz, 

1H), 3.65 (dd, J = 9.8, 7.9 Hz, 1H), 3.63 – 3.61 (m, 1H), 3.51 (dd, J = 9.8, 3.2 Hz, 

1H), 2.05 (s, 3H) 

13C NMR (150 MHz, D2O): δ (ppm) 181.5, 174.8, 102.8, 99.5, 81.8, 78.2, 75.1, 74.9, 

72.4, 69.9, 68.5, 65.4, 61.1, 60.0, 56.8, 54.9, 23.3 

ESI-HRMS: m/z calcd. for C19H29NO13 M+Na+., 502.1531; found 502.1524 

M+Na+
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Figure 6.48 1H NMR (600 MHz, D2O) spectrum of compound 3.40. 
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Figure 6.49 13C NMR (150 MHz, D2O) spectrum of compound 3.40. 
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Figure 6.50 HRMS spectrum of compound 3.40. 
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Propargyl (5-N-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonic 

acid)-(2→3)-(6-O-tert-butyldiphenylsilyl-β-D-galactopyranosyl)-(1→4)-2-N-

acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-β-D-glucopyranoside sodium salt 

(3.41). 

 

A solution of lactoside acceptor 3.34 (0.19 g, 0.22 mmol, 1 eq.), sialyl donor 3.36 

(0.2 g, 0.41 mmol, 1.8 eq.), and pulverized activated 4Å MS (0.45 g) in dry 

DCM/MeCN (1.5/1 : v/v, 6 mL) was stirred under nitrogen at room temperature for 

0.5 h. The reaction mixture was cooled to -78 °C followed by successive addition of 

NIS (0.11 g, 0.47 mmol, 2.20 eq.) and TfOH (0.01 mL, 0.09 mmol, 0.41 eq.). After 

stirring for 7 h at -45 °C, the reaction was quenched by addition of Hunig’s base (0.2 

mL). The reaction mixture was filtered through a pad of celite, diluted in DCM (25 

mL) washed with Na2S2O3 (25 %, 20 mL), Brine solution (20 mL), dried over 

Na2SO4 and concentrated in-vacuo. The residue was dissolved in THF/H2O (3/1 : v/v, 

10 mL) and NaOH (1M , 2.5 mL) was added and stirred for 3 h. Amberlite IR 120 H+ 

was added and the reaction mixture was additionally stirred for another 0.5 h. After 

chromatographic purification compound 3.41 (0.08 g, 0.07 mmol, 32 %) as a white 

solid. 

Rf = 0.1, (EtOAc/MeOH: 8/2) 

[α] D
22

 =-18.7 (c 0.003, MeOH) 
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1H NMR (600 MHz, CD3OD): δ (ppm) 7.78 – 7.72 (m, 4H), 7.68 – 7.65 (m, 4H), 

7.47 – 7.32 (m, 12H), 4.62 (d, J = 7.8 Hz, 1H), 4.60 (d, J = 8.4 Hz, 1H), 4.32 (dd, J = 

15.7, 2.5 Hz, 1H), 4.24 (dd, J = 15.7, 2.4 Hz, 1H), 4.16 (dd, J = 11.5, 3.8 Hz, 1H), 

4.08 – 3.96 (m, 3H), 3.87 (t, J = 9.2 Hz, 1H), 3.85 – 3.56 (m, 14H), 3.48 (ddd, J = 9.7, 

3.8, 1.8 Hz, 1H), 2.87 – 2.85 (m, 2H), 2.02 (s, 3H), 1.94 (s, 3H), 1.84 (t, J = 11.5 Hz, 

1H), 1.04 (s, 9H), 1.02 (s, 9H) 

13C NMR (150 MHz, CD3OD): δ (ppm) 175.6, 175.2, 173.5, 137.0, 136.7, 134.8, 

134.5, 134.4, 130.8, 130.7, 128.9, 128.8, 128.8, 128.6, 103.8, 100.1, 79.8, 79.5, 77.6, 

76.5, 76.5, 76.3, 75.0, 73.6, 72.5, 71.1, 69.4, 69.4, 68.7, 64.1, 63.9, 63.7, 56.3, 56.1, 

54.0, 27.5, 27.4, 23.0, 22.7, 20.2, 19.9 

ESI-HRMS: m/z calcd. for C60H80N2O19Si2 M+Na+., 1211.4786; found 1211.4787 

M+Na+
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Figure 6.51 1H NMR (600 MHz, CD3OD) spectrum of compound 3.41. 
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Figure 6.52 13C NMR (150 MHz, CD3OD) spectrum of compound 3.41. 
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Figure 6.53 HRMS spectrum of compound 3.41. 
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Propargyl (5-N-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonic 

acid)-(2→3)-(β-D-galactopyranosyl)-(1→4)-2-N-acetamido-2-deoxy-β-D-

glucopyranoside sodium salt (3.42). 

 

Following the general procedure D, the desilylated residue was dissolved in 

MeOH/H2O (1/1 : v/v, 4 mL) and LiOH (2M, 0.1 mL) was added. After 2 h of 

stirring, silica gel was added and the reaction mixture was subjected to the column 

chromatography to give white solid (0.03 g, 0.04 mmol, 73 %). 

Rf = 0.59, (EtOAc/iPrOH/H2O : 5/6/3) 

[α] D
22

 = -14.6 (c 0.005, H2O) 

1H NMR (300 MHz, D2O): δ (ppm) 4.74 (d, J = 7.9 Hz, 1H), 4.56 (d, J = 7.8 Hz, 

1H), 4.42 (d, J = 2.4 Hz, 2H), 4.12 (dd, J = 9.9, 3.1 Hz, 1H), 4.06 – 3.93 (m, 2H), 

3.96 – 3.80 (m, 4H), 3.78 – 3.49 (m, 12H), 2.92 (t, J = 2.4 Hz, 1H), 2.76 (dd, J = 12.4, 

4.6 Hz, 1H), 2.05 (s, 3H), 2.04 (s, 3H), 1.81 (t, J = 12.1 Hz, 1H) 

13C NMR (75 MHz, D2O): δ (ppm) 175.0, 174.7, 173.9, 102.5, 99.8, 99.4, 78.7, 78.1, 

76.1, 75.4, 75.2, 74.9, 72.9, 72.3, 71.7, 69.4, 68.3, 68.1, 67.5, 62.6, 61.0, 59.9, 56.7, 

54.8, 51.7, 39.6, 22.2, 22.0 

ESI-HRMS: m/z calcd. for C19H29NO13 M+Na+., 502.1531; found 502.1524 

M+Na+
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Figure 6.54 1H NMR (300 MHz, D2O) spectrum of compound 3.42. 



 302 

 

Figure 6.55 13C NMR (75 MHz, D2O) spectrum of compound 3.42. 



 303 

Figure 6.56 HRMS spectrum of compound 3.42. 
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4-Nitrophenyl-3,4,6-tri-O-acetyl-2-N-acetamido-2-deoxy-β-D-glucopyranoside (3.44). 

 

To a solution of 3.43 (0.98 g, 2.52 mmol 1 eq.) in DCM/AcCl (v/v:1/1; 60 mL) was 

added dry methanol (6 mL) at -10 ºC. The reaction mixture was kept sealed for 36h at 

room temperature without stirring. After evaporating solvent, the residue and TBAHS 

(0.85 g, 2.52 mmol, 1eq.) were dissolved in dry DCM (25 mL). A solution of para-

nitrophenol (0.87 g, 6.29 mmol, 2.5 eq.) in 1M NaOH (25 mL) was added and 

resulted mixture stirred at room temperature for 5 h. The reaction mixture was then 

diluted in DCM (50 mL), washed with 1M NaOH (2 x 50 mL), brine (50 mL), dried 

over Na2SO4 and concentrated in-vacuo. Recrystallization from EtOAc/hexane 

afforded 3.44 (0.72 g, 1.53 mmol, 61 %) as white solid. 

1H NMR (300 MHz, CDCl3): δ (ppm) 8.18 (d, J = 9.2 Hz, 2H), 7.06 (d, J = 9.2 Hz, 

2H), 5.64 (d, J = 8.5 Hz, 1H), 5.51 – 5.39 (m, 2H), 5.14 (t, J = 9.5 Hz, 1H), 4.28 (dd, 

J = 12.3, 5.6 Hz, 1H), 4.22 – 4.02 (m, 2H), 3.99 – 3.87 (m, 1H), 2.07 (s, 6H), 2.06 (s, 

3H), 1.95 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 170.9, 170.6, 170.6, 169.5, 161.6, 143.3, 125.9, 

116.7, 98.1, 72.6, 71.7, 68.4, 62.2, 55.0, 23.5, 20.8, 20.8, 20.8 

The spectroscopic data agreed well with those of the literature.564 



 305 

 

Figure 6.57 1H NMR (300 MHz, CDCl3) spectrum of compound 3.44.
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Figure 6.58 13C NMR (75 MHz, CDCl3) spectrum of compound 3.44.
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4-Nitrophenyl-2-N-acetamido-2-deoxy-β-D-glucopyranoside (3.45). 

 

Following the general procedure B, compound 3.45 was obtained as a white solid 

(0.46 g, 1.33 mmol, 97 %) without further purification. 

1H NMR (300 MHz, CD3OD): δ (ppm) 8.21 (d, J = 9.2 Hz, 2H), 7.18 (d, J = 9.3 Hz, 

2H), 5.21 (d, J = 8.4 Hz, 1H), 4.01 – 3.87 (m, 2H), 3.72 (dd, J = 12.1, 5.6 Hz, 1H), 

3.60 (dd, J = 10.3, 8.6 Hz, 1H), 3.56 – 3.46 (m, 1H), 3.49 – 3.37 (m, 1H), 1.98 (s, 3H) 

13C NMR (75 MHz, CD3OD): δ (ppm) 173.9, 163.7, 144.0, 126.6, 117.7, 100.0, 78.5, 

75.7, 71.7, 62.5, 57.1, 22.9 

The spectroscopic data agreed well with those of the literature.564 
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Figure 6.59 1H NMR (300 MHz, CD3OD) spectrum of compound 3.45. 
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Figure 6.60 13C NMR (75 MHz, CD3OD) spectrum of compound 3.45.
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4-Nitrophenyl 2-N-acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-β-D-

glucopyranoside (3.46). 

 

Following the general procedure C, compound 3.46 was obtained as a white solid 

(0.73 g, 1.25 mmol, 91 %). 

Rf = 0.50, (EtOAc). 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.98 (d, J = 9.1 Hz, 2H), 7.66 – 7.55 (m, 4H), 

7.44 – 7.28 (m, 2H), 7.31 – 7.18 (m, 4H), 7.03 (d, J = 9.2 Hz, 1H), 6.49 (brs, 1H), 

5.20 (d, J = 7.8 Hz, 1H), 4.08 – 3.98 (m, 1H), 3.97 – 3.76 (m, 3H), 3.71 – 3.60 (m, 

1H), 3.60 – 3.50 (m, 1H), 2.03 (s, 3H), 1.02 (s, 9H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 172.9, 161.8, 142.7, 135.7, 135.6, 133.1, 132.9, 

130.0, 130.0, 127.9, 127.8, 125.9, 116.6, 98.0, 76.9, 75.2, 71.6, 63.9, 56.8, 26.9, 23.6, 

19.4 

The spectroscopic data agreed well with those of the literature.565 
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Figure 6.61 1H NMR (300 MHz, CDCl3) spectrum of compound 3.46. 



 312 

 

Figure 6.62 13C NMR (75 MHz, CDCl3) spectrum of compound 3.46.
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4-Nitrophenyl (2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-(1→4)-2-N-acetamido-

2-deoxy-6-O-tert-butyldiphenylsilyl-β-D-glucopyranoside (3.48). 

 

A solution of glucoside acceptor 3.47 (1.46 g, 2.51 mmol, 1eq.), galactoside donor 

3.46 (2.22 g, 4.5 mmol, 1.79eq.), and pulverized activated 4Å MS (750 mg) in dry 

DCM/THF (4/1 : v/v, 75 mL) was stirred under nitrogen at room temperature for 0.5 

h. The reaction mixture was cooled to -35 °C followed by addition of BF3·OEt2 (0.49 

mL, 3.97 mmol, 1.58 eq.). After stirring of 5 h, the reaction was quenched by addition 

of triethylamine (0.5 mL). The reaction mixture was filtered through a pad of celite 

and concentrated in-vacuo. After chromatographic purification compound 3.48 (0.87 

g, 0.96 mmol, 38 %) was obtained as white solid. 

Rf = 0.57, (EtOAc). 

[α] D
23

 = -18.3 (c 0.01, Acetone) 

1H NMR (600 MHz, CDCl3): δ (ppm) 8.10 (d, J = 9.2 Hz, 2H), 7.68 – 7.52 (m, 4H), 

7.45 – 7.28 (m,4H), 7.09 (t, J = 7.5 Hz, 2H), 7.05 (d, J = 9.2 Hz, 2H), 5.95 (d, J = 8.0 

Hz, 1H), 5.53 (d, J = 8.1 Hz, 1H), 5.38 (dd, J = 3.4, 1.0 Hz, 1H), 5.20 (dd, J = 10.5, 

8.0 Hz, 1H), 4.98 (dd, J = 10.5, 3.4 Hz, 1H), 4.71 (d, J = 8.0 Hz, 1H), 4.20 – 4.03 (m, 

3H), 4.03 – 3.90 (m, 2H), 3.92 – 3.72 (m, 3H), 3.65 (d, J = 11.2 Hz, 1H), 2.15 (s, 3H), 

2.06 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H), 1.69 (s, 3H), 1.02 (s, 9H) 

13C NMR (150 MHz, CDCl3): δ (ppm) 170.9, 170.5, 170.2, 170.0, 169.2, 162.0, 

142.8, 135.8, 135.5, 133.2, 132.2, 130.1, 130.0, 127.9, 127.7, 125.8, 116.7, 101.2, 
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97.5, 79.9, 75.0, 71.5, 71.2, 70.8, 68.9, 67.0, 61.8, 61.4, 56.8, 26.9, 23.7, 20.7, 20.7, 

20.6, 20.4, 19.4 

ESI-HRMS: m/z calcd. for C44H55N2O17Si M+Na+, 933.3084; found 933.3085 

M+Na+
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Figure 6.63 1H NMR (600 MHz, CDCl3) spectrum of compound 3.48. 
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Figure 6.64 13C NMR (150 MHz, CDCl3) spectrum of compound 3.48. 
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Figure 6.65 HRMS spectrum of compound 3.48. 
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4-Nitrophenyl (β-D-galactopyranosyl)-(1→4)-2-N-acetamido-2-deoxy-6-O-tert-

butyldiphenylsilyl-β-D-glucopyranoside (3.49). 

 

Following the general procedure B, compound 3.49 was obtained as a white solid 

(0.34 g, 0.47 mmol, 97 %) without further purification.  

[α] D
23

 = -23.67 (c 0.011, MeOH) 

1H NMR (300 MHz, CD3OD): δ (ppm) 8.17 (d, J = 8.9 Hz, 2H), 7.73 (d, J = 8.1 Hz, 

2H), 7.66 (d, J = 7.4 Hz, 2H), 7.42 – 7.23 (m, 4H), 7.19 (d, J = 9.0 Hz, 2H), 7.07 (t, J 

= 7.5 Hz, 2H), 5.29 (d, J = 8.3 Hz, 1H), 4.65 (d, J = 7.6 Hz, 1H), 4.30 (dd, J = 11.7, 

3.3 Hz, 1H), 4.22 – 3.98 (m, 3H), 3.90 – 3.45 (m, 8H), 2.03 (s, 3H), 1.04 (s, 9H) 

13C NMR (75 MHz, CD3OD): δ (ppm) 173.8, 163.5, 143.9, 136.9, 136.7, 134.9, 

134.0, 130.7, 130.6, 128.7, 128.5, 126.7, 117.7, 104.8, 99.4, 78.9, 77.4, 77.0, 75.1, 

73.8, 72.5, 70.4, 63.1, 62.7, 56.6, 27.3, 23.0, 20.2 

ESI-HRMS: m/z calcd. for C36H46N2O13Si M+Na+., 765.2661; found 765.2646 

M+Na+
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Figure 6.66 1H NMR (300 MHz, CD3OD) spectrum of compound 3.49. 
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Figure 6.67 13C NMR (75 MHz, CD3OD) spectrum of compound 3.49. 
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Figure 6.68 HRMS spectrum of compound 3.49. 
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4-Nitrophenyl (6-O-tert-butyldiphenylsilyl-β-D-galactopyranosyl)-(1→4)-2-N-

acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-β-D-glucopyranoside (3.50). 

 

Following the general procedure C, compound 3.50 was obtained as a white solid 

(253 mg, 0.258 mmol, 86 %). 

Rf = 0.34, (EtOAc) 

[α] D
23

 = -7.45 (c 0.004, MeOH) 

1H NMR (300 MHz, CD3OD): δ (ppm) 8.14 (d, J = 9.3 Hz, 2H), 7.74 – 7.57 (m, 8H), 

7.46 – 7.27 (m, 9H), 7.22 (t, J = 7.5 Hz, 1H), 7.16 (d, J = 9.3 Hz, 2H), 7.03 (t, J = 7.6 

Hz, 2H), 5.27 (d, J = 8.4 Hz, 1H), 4.58 (d, J = 7.7 Hz, 1H), 4.23 (dd, J = 11.5, 3.6 Hz, 

1H), 4.09 – 4.00 (m, 2H), 3.99 – 3.78 (m, 5H), 3.74 (d, J = 9.7 Hz, 1H), 3.66 – 3.55 

(m, 2H), 3.47 (dd, J = 9.7, 3.2 Hz, 1H), 1.96 (s, 3H), 1.05 (s, 9H), 0.99 (s, 9H) 

13C NMR (75 MHz, CD3OD): δ (ppm) 173.7, 163.5, 143.9, 136.9, 136.7, 136.7, 

134.8, 134.4, 134.4, 133.9, 130.9, 130.7, 130.6, 128.9, 128.9, 128.8, 128.5, 126.7, 

117.7, 105.0, 99.4, 79.5, 77.0, 76.9, 75.1, 73.5, 72.4, 69.8, 63.8, 63.2, 56.7, 27.4, 27.4, 

23.0, 20.2, 20.0 

ESI-HRMS: m/z calcd. for C52H64N2O13Si2 M+Na+., 1003.3839; found 1003.3835 

M+Na+



 323 

 

Figure 6.69 1H NMR (300 MHz, CD3OD) spectrum of compound 3.50. 
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Figure 6.70 13C NMR (75 MHz, CD3OD) spectrum of compound 3.50. 
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Figure 6.71 HRMS spectrum of compound 3.50. 
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4-Nitrophenyl (3-O-sulfo-6-O-tert-butyldiphenylsilyl-β-D-galactopyranosyl)-(1→4)-

2-N-acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-β-D-glucopyranoside sodium salt 

(3.51). 

 

Following the general procedure A, compound 3.51 was obtained as a white solid 

(0.12 mg, 0.11 mmol, 83 %).  

Rf = 0.09, (EtOAc/MeOH : 9/1) 

[α] D
22

 = -23.7 (c 0.011, MeOH) 

1H NMR (300 MHz, CD3OD): δ (ppm) 8.16 (d, J = 9.3 Hz, 2H), 7.81 – 7.50 (m, 8H), 

7.49 – 7.25 (m, 9H), 7.26 – 7.10 (m, 3H), 6.98 (t, J = 7.6 Hz, 2H), 5.36 (d, J = 8.4 Hz, 

1H), 4.74 (d, J = 7.8 Hz, 1H), 4.37 – 4.29 (m, 2H), 4.22 (dd, J = 11.7, 3.1 Hz, 1H), 

4.13 (dd, J = 10.3, 8.4 Hz, 1H), 4.05 – 3.77 (m, 7H), 3.68 (t, J = 6.6 Hz, 1H), 1.97 (s, 

3H), 1.04 (s, 9H), 0.97 (s, 9H) 

13C NMR (75 MHz, CD3OD): δ (ppm) 173.7, 163.5, 143.8, 136.9, 136.7, 136.6, 

134.6, 134.3, 133.7, 130.9, 130.8, 130.6, 128.9, 128.9, 128.8, 128.4, 126.6, 117.7, 

104.4, 99.4, 82.0, 79.0, 76.6, 76.4, 73.5, 71.0, 68.0, 63.4, 62.9, 56.4, 27.4, 27.3, 23.0, 

20.2, 20.0 

ESI-HRMS: m/z calcd. for C52H64N2O16SSi2 M+Na+., 1083.3407; found 1083.3358 

M+Na+
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Figure 6.72 1H NMR (300 MHz, CD3OD) spectrum of compound 3.51. 
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Figure 6.73 13C NMR (75 MHz, CD3OD) spectrum of compound 3.51. 
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Figure 6.74 HRMS spectrum of compound 3.51. 
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4-Nitrophenyl (3-O-sulfo-β-D-galactopyranosyl)-(1→4)-2-N-acetamido-2-deoxy-β-D-

glucopyranoside sodium salt (3.52). 

 

Following the general procedure D, compound 3.52 was obtained as a white solid (43 

mg, 0.071 mmol, 72 %). 

Rf = 0.54, (EtOAc/iPrOH/H2O : 6/5/3) 

[α] D
23

 = -10.8 (c 0.003, H2O) 

1H NMR (600 MHz, D2O): δ (ppm) 8.35 (d, J = 9.0 Hz, 2H), 7.30 (d, J = 9.1 Hz, 

2H), 5.48 (d, J = 8.4 Hz, 1H), 4.73 (d, J = 7.9 Hz, 1H), 4.47 (dd, J = 10.0, 3.3 Hz, 

1H), 4.40 (d, J = 3.3 Hz, 1H), 4.19 (t, J = 9.0 Hz, 1H), 4.12 (d, J = 11.8 Hz, 1H), 4.06 

– 3.95 (m, 3H), 3.92 – 3.84 (m, 4H), 3.81 (dd, J = 9.9, 8.0 Hz, 1H), 2.12 (s, 3H) 

13C NMR (75 MHz, D2O): δ (ppm) 175.0, 161.7, 142.7, 126.8, 116.7, 102.6, 98.6, 

79.9, 77.9, 75.1, 75.0, 72.0, 69.2, 66.9, 61.0, 59.9, 54.9, 22.3 

ESI-HRMS: m/z calcd. for C20H29N2O16S M+H+., 585.1232; found 585.1222 

M+H+
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Figure 6.75 1H NMR (600 MHz, D2O) spectrum of compound 3.52. 
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Figure 6.76 13C NMR (75 MHz, D2O) spectrum of compound 3.52. 
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Figure 6.77 HRMS spectrum of compound 3.52. 



 334 

4-Nitrophenyl (β-D-galactopyranosyl)-(1→4)-2-N-acetamido-2-deoxy-β-D-

glucopyranoside (3.53). 

 

Following the general procedure D, compound 3.53 was obtained as a white solid (71 

mg, 0.14 mmol, 91 %).  

Rf = 0.14, (EtOAc/iPrOH/H2O : 6/5/2)  

[α] D
22

 = -17.8 (c 0.01, H2O) 

1H NMR (300 MHz, D2O): δ (ppm) 8.26 (d, J = 9.2 Hz, 2H), 7.21 (d, J = 9.3 Hz, 

2H), 5.37 (d, J = 8.3 Hz, 1H), 4.54 (d, J = 7.7 Hz, 1H), 4.12 – 3.79 (m, 10H), 3.71 (dd, 

J = 10.1, 3.3 Hz, 1H), 3.59 (dd, J = 10.0, 7.6 Hz, 1H), 2.05 (s, 3H) 

13C NMR (75 MHz, D2O): δ (ppm) 174.9, 161.7, 142.7, 126.1, 116.5, 102.9, 98.5, 

78.1, 75.4, 75.2, 72.5, 72.0, 71.0, 68.6, 61.1, 59.8, 55.5, 54.9, 22.1 

ESI-HRMS: m/z calcd. for C20H28N2O13 M+Na+, 527.1489; found 527.1478 

M+Na+ 

The spectroscopic data agreed well with those of the literature.565 
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Figure 6.78 1H NMR (300 MHz, D2O) spectrum of compound 3.53. 
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Figure 6.79 13C NMR (75 MHz, D2O) spectrum of compound 3.53. 
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Figure 6.80 HRMS spectrum of compound 3.53. 
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Propargyl (2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-(1→4)-2,3,6-tri-O-acetyl-β-

D-glucopyranoside (3.55). 

 

A solution of compound 3.54 (1.19 g, 1.76 mmol, 1 eq.), propargyl alcohol (0.140 

mL, 2.34 mmol, 1.32 eq.), and pulverized activated 4Å MS (1.05 g) in dry DCM (15 

mL) was stirred under nitrogen at room temperature for 0.5 h. The reaction mixture 

was cooled to 0 °C followed by addition of BF3·OEt2 (0.32 mL, 2.59 mmol, 1.47 eq.). 

After stirring of 9 h, the reaction was quenched by addition of triethylamine (0.5 mL). 

The reaction mixture was filtered through a pad of celite and concentrated in-vacuo. 

After chromatographic purification compound 3.55 (0.94 g, 1.39 mmol, 79 %) was 

obtained as white solid. 

Rf = 0.24, (EtOAc/Hex : 1/1) 

[α] D
23

 = -28.9 (c 0.06, CHCl3) 

1H NMR (300 MHz, CDCl3): δ (ppm) 5.33 (dd, J = 3.4, 1.2 Hz, 1H), 5.22 (t, J = 9.2 

Hz, 1H), 5.10 (dd, J = 10.4, 7.8 Hz, 1H), 4.99 – 4.84 (m, 2H), 4.73 (d, J = 7.9 Hz, 

1H), 4.55 – 4.41 (m, 2H), 4.32 (d, J = 2.4 Hz, 2H), 4.18 – 4.00 (m, 3H), 3.92 – 3.74 

(m, 2H), 3.62 (ddd, J = 9.9, 4.9, 2.1 Hz, 1H), 2.45 (t, J = 2.4 Hz, 1H), 2.14 (s, 3H), 

2.11 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.03 (s, 6H), 1.95 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 170.5, 170.3, 170.2, 169.9, 169.2, 101.2, 98.0, 

78.2, 76.2, 75.6, 71.4, 71.1, 70.8, 69.2, 66.7, 61.9, 60.9, 56.0, 21.0, 20.9, 20.8, 20.8, 

20.6 
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The spectroscopic data agreed well with those of the literature.566 



 340 

 

Figure 6.81 1H NMR (300 MHz, CDCl3) spectrum of compound 3.55. 
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Figure 6.82 13C NMR (75 MHz, CDCl3) spectrum of compound 3.55. 



 342 

Propargyl (β-D-galactopyranosyl)-(1→4)-β-D-glucopyranoside (3.56). 

 

Following the general procedure B, compound 3.56 was obtained as a white solid 

(0.28 g, 0.75 mmol, 99 %).  

[α] D
23

 = -33.9 (c 0.05, D2O) 

1H NMR (300 MHz, CDCl3): δ (ppm) 4.65 (d, J = 7.9 Hz, 1H), 4.47 – 4.42 (m, 2H), 

4.09 – 3.86 (m, 2H), 3.82 – 3.44 (m, 8H) 3.33 (t, J = 6.3 Hz, 1H),  

13C NMR (75 MHz, CDCl3): δ (ppm) 102.9, 100.4, 78.3, 75.3, 74.8¸74.3, 72.6, 72.5, 

70.9, 68.5, 61.0, 60.0, 56.6  

The spectroscopic data agreed well with those of the literature.567 
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Figure 6.83 1H NMR (600 MHz, D2O) spectrum of compound 3.56. 



 344 

 

Figure 6.84 13C NMR (75 MHz, D2O) spectrum of compound 3.56. 
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4-Nitrophenyl (2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-(1→4)-2,3,6-tri-O-

acetyl-β-D-glucopyranoside (3.57). 

 

In light of previously reported protocols210, to a solution of compound 3.54 (3.05 g, 

4.5 mmol, 1 eq.) in DCM (50 mL) was added HBr (33 % in AcOH, 12 mL) over 0.5 h 

at 0 °C. After 3.5 h of stirring the yellow mixture was poured into ice-cold water (80 

mL), extracted with DCM (3 x 90 mL), washed with water (5 x 60 mL), saturated 

solution of NaHCO3 (until pH=7), dried over Na2SO4 and concentrated in-vacuo. The 

residue was dissolved in DCM (45 mL) and mixed with separately prepared solution 

of 4-nitrophenol (1.38 g, 9.9 mmol 2 eq.), tetrabutylammonium hydrogen sulfate 

(TBAHS, 1.53 g, 4.5 mmol 1 eq.) in NaOH (1M, 45 mL). The mixture was stirred at 

room temperature for 3 h and then diluted in DCM (100 mL) washed successively 

with NaOH (1M, 2 x 50 mL), saturated solution of ammonium chloride (2 x 50 mL) 

and brine solution (50 mL), dried over Na2SO4 and concentrated under reduced 

pressure. After chromatographic purification compound 3.57 (2.08 g, 2.74 mmol, 

61 %) as a white solid. 

Rf = 0.56, (EtOAc/Hex : 6/4) 

[α] D
23

 = -28.9 (c 0.06, CHCl3) 

1H NMR (300 MHz, CDCl3): δ (ppm) 8.18 (d, J = 9.0 Hz, 2H), 7.04 (d, J = 9.2 Hz, 

1H), 5.34 (d, J = 3.1 Hz, 1H), 5.32 – 5.24 (m, 1H), 5.22 – 5.05 (m, 3H), 4.96 (dd, J = 

10.4, 3.3 Hz, 1H), 4.55 – 4.44 (m, 2H), 4.19 – 4.00 (m, 3H), 3.96 – 3.79 (m, 3H), 

2.13 (s, 3H), 2.06 (s, 3H), 2.05 (s, 6H), 2.04 (s, 6H), 1.95 (s, 3H) 
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13C NMR (75 MHz, CDCl3): δ (ppm) 170.4, 170.2, 170.2, 170.1, 169.7, 169.5, 169.2, 

161.3, 143.3, 125.8, 116.7, 101.2, 97.8, 76.0, 73.2, 72.7, 71.3, 71.0, 70.9, 69.2, 66.7, 

62.0, 60.9, 20.8, 20.8, 20.7, 20.6 

The spectroscopic data agreed well with those of the literature.210 
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Figure 6.85 1H NMR (300 MHz, CDCl3) spectrum of compound 3.57. 



 348 

 

Figure 6.86 13C NMR (75 MHz, CDCl3) spectrum of compound 3.57. 
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4-Nitrophenyl (β-D-galactopyranosyl)-(1→4)-β-D-glucopyranoside (3.58). 

 

Following the general procedure B, compound 3.58 was obtained as a white solid 

(0.29 g, 0.64 mmol, 97 %). 

[α] D
23

 = -4.7 (c 0.002, H2O) 

1H NMR 600 MHz, D2O): δ (ppm) 8.29 (d, J = 9.2 Hz, 2H), 7.27 (d, J = 9.2 Hz, 2H), 

5.32 (d, J = 7.8 Hz, 1H), 4.50 (d, J = 7.8 Hz, 1H), 4.02 (d, J = 10.1 Hz, 1H), 3.95 (brs, 

1H), 3.88 – 3.84 (m, 2H), 3.81 – 3.75 (m, 5H), 3.73 – 3.65 (m, 2H), 3.58 (t, J = 8.8 

Hz, 1H) 

13C NMR (150 MHz, DMSO-d6): δ (ppm) 162.3, 141.7, 125.7, 116.5, 103.8, 99.3, 

79.9, 75.6, 75.1, 74.7, 73.3, 72.8, 70.6, 68.1, 60.4, 59.9 

The spectroscopic data agreed well with those of the literature.210 
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Figure 6.87 1H NMR (600 MHz, D2O) spectrum of compound 3.58. 



 351 

 

Figure 6.88 13C NMR (150 MHz, DMSO-d6) spectrum of compound 3.58. 



 352 

4-Nitrophenyl (6-O-tert-butyldiphenylsilyl-β-D-galactopyranosyl)-(1→4)-6-O-tert-

butyldiphenylsilyl-β-D-glucopyranoside (3.59). 

 

Following the general procedure C, compound 3.59 was obtained as a white solid 

(0.74 g, 0.79 mmol, 84 %). 

Rf = 0.66, (EtOAc/MeOH : 9.9/0.1) 

[α] D
21

 = -11.67 (c 0.011, MeOH) 

1H NMR (300 MHz, CDCl3): δ (ppm) 8.06 (d, J = 8.9 Hz, 2H), 7.72 – 7.54 (m, 8H), 

7.41 – 7.19 (m, 10H), 7.08 (t, J = 7.5 Hz, 2H), 7.02 (d, J = 9.0 Hz, 2H), 4.95 (d, J = 

7.2 Hz, 1H), 4.52 (d, J = 7.5 Hz, 1H), 4.04 (d, J = 12.2 Hz, 1H), 3.98 (d, J = 3.0 Hz, 

1H), 3.95 – 3.67 (m, 7H), 3.67 – 3.21 (m, 3H), 1.03 (s, 9H), 1.01 (s, 9H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 161.9, 142.8, 135.8, 135.6, 135.5, 133.4, 132.9, 

132.4, 130.1, 129.9, 128.0, 128.0, 127.9, 127.6, 125.8, 116.8, 103.2, 99.6, 77.8, 75.7, 

75.3, 74.5, 73.9, 73.7, 71.4, 68.5, 62.3, 62.2, 26.9, 26.8, 19.4, 19.2 

ESI-HRMS: m/z calcd. for C50H61NO13Si2 M+Na+., 962.3574; found 962.3565 

M+Na+
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Figure 6.89 1H NMR (300 MHz, CDCl3) spectrum of compound 3.59. 



 354 

 

Figure 6.90 13C NMR (75 MHz, CDCl3) spectrum of compound 3.59. 



 355 

Figure 6.91 HRMS spectrum of compound 3.59. 



 356 

4-Nitrophenyl (3-O-sulfo-6-O-tert-butyldiphenylsilyl-β-D-galactopyranosyl)-(1→4)-

6-O-tert-butyldiphenylsilyl-β-D-glucopyranoside sodium salt (3.60). 

 

Following the general procedure A, compound 3.60 was obtained as a white solid 

(0.2 g, 0.19 mmol, 86 %). 

Rf = 0.50, (EtOAc/MeOH : 9/1) 

[α] D
21

 = -10.47 (c 0.006, MeOH) 

1H NMR (600 MHz, CD3OD): δ (ppm) 8.15 (d, J = 9.2 Hz, 2H), 7.74 – 7.64 (m, 6H), 

7.62 (d, J = 7.1 Hz, 2H), 7.42 – 7.32 (m, 9H), 7.24 (d, J = 9.2 Hz, 2H), 7.17 (t, J = 7.5 

Hz, 1H), 6.97 (t, J = 7.5 Hz, 2H), 5.21 (d, J = 7.7 Hz, 1H), 4.78 (d, J = 7.8 Hz, 1H), 

4.41 (d, J = 2.6 Hz, 1H), 4.34 (dd, J = 9.8, 2.9 Hz, 1H), 4.25 (dd, J = 11.7, 2.5 Hz,1H), 

4.02 (t, J = 9.5 Hz, 1H), 3.99 (d, J = 11.5 Hz, 1H), 3.97 – 3.85 (m, 2H), 3.84 (dd, J = 

9.9, 6.2 Hz, 1H), 3.82 – 3.74 (m, 2H), 3.68 (t, J = 6.6 Hz, 1H), 3.63 (t, J = 8.0 Hz, 

1H), 1.04 (s, 9H), 0.95 (s, 9H) 

13C NMR (150 MHz, CD3OD): δ (ppm) 163.6, 143.6, 136.8, 136.6, 136.6, 136.5, 

134.6, 134.3, 134.3, 133.6, 130.9, 130.9, 130.8, 130.5, 128.9, 128.8, 128.8, 128.4, 

126.6, 117.7, 104.0, 100.8, 82.0, 77.8, 76.5, 76.3, 75.4, 74.7, 70.9, 67.9, 63.2, 62.9, 

27.4, 27.3, 20.2, 19.9 

ESI-HRMS: m/z calcd. for C50H61NO16SSi2 M+Na+., 1042.3142; found 1042.3140 

M+Na+
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Figure 6.92 1H NMR (600 MHz, CD3OD) spectrum of compound 3.60. 
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Figure 6.93 13C NMR (150 MHz, CD3OD) spectrum of compound 3.60. 



 359 

Figure 6.94 HRMS spectrum of compound 3.60. 



 360 

4-Nitrophenyl (3-O-sulfo-β-D-galactopyranosyl)-(1→4) -β-D-glucopyranoside 

sodium salt (3.61). 

 

Following the general procedure D, compound 3.61 was obtained as a white solid 

(0.04 g, 0.067 mmol, 74 %). 

Rf = 0.38, (EtOAc/iPrOH/H2O : 5/6/2.5)  

[α] D
22

 = -12.7 (c 0.005, H2O) 

1H NMR (600 MHz, D2O): δ (ppm) 8.26 (d, J = 9.2 Hz, 2H), 7.26 (d, J = 9.3 Hz, 

2H), 5.31 (d, J = 7.8 Hz, 1H), 4.63 (d, J = 7.8 Hz, 1H), 4.38 (dd, J = 9.9, 3.2 Hz, 1H), 

4.33 (d, J = 3.1 Hz, 1H), 4.04 (d, J = 10.6 Hz, 1H), 3.92 – 3.78 (m, 7H), 3.76 – 3.69 

(m, 2H) 

13C NMR (150 MHz, D2O): δ (ppm) 161.7, 142.6, 126.1, 116.5, 102.6, 99.3, 80.0, 

77.9, 75.1, 75.0, 74.1, 72.5, 69.1, 66.9, 61.0, 59.8 

ESI-HRMS: m/z calcd. for C18H25NO16S M+Na+, 566.0786; found 566.0784 

M+Na+ 

The spectroscopic data agreed well with those of the literature.236 
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Figure 6.95 1H NMR (600 MHz, D2O) spectrum of compound 3.61. 



 362 

 

Figure 6.96 13C NMR (150 MHz, D2O) spectrum of compound 3.61.
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Figure 6.97 HRMS spectrum of compound 3.61. 



 364 

6.4 Experimental Part of Chapter IV 

6.4.1 Synthesis and characterization 

2-[2-[2-[[(4-Methylphenyl)sulfonyl]oxy]ethoxy]ethoxy]ethyl 4-

methylbenzenesulfonate (4.117) 

 

To a solution of triehtylene glycol (PEG3; 3.06 g, 20.4 mmol, 1 eq.) and TsCl (7.78 g, 

40.8 mmol, 2 eq.) in DCM (35 mL) was added portionwise powdered KOH (9.16 g, 

163.3 mmol, 8 eq.) at 0 ºC and resulted mixture was stirred at the same temperature 

for 3 h. After addition of water (30 mL), organic phase was extracted with DCM (2 x 

50 mL), dried over Na2SO4 and concentrated in-vacuo. Recrystallization from MeOH 

afforded 4.117 (8.97 g, 19.56, 96 %) as white solid. 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.77 (d, J = 8.3 Hz, 4H), 7.33 (d, J = 8.0 Hz, 

4H), 44.16 – 4.05 (m, 4H), 3.69 – 3.59 (m, 4H), 3.50 (s, 4H), 2.43 (s, 6H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 145.0, 133.0, 129.9, 128.0, 70.7, 69.3, 68.8, 

21.7 

The spectroscopic data agreed well with those of the literature.568 
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Figure 6.98 1H NMR (300 MHz, CDCl3) spectrum of compound 4.117. 



 366 

 
 

Figure 6.99. 13C NMR (75 MHz, CDCl3) spectrum of compound 4.117.



 367 

2-[2-(2-Azidoethoxy)ethoxy]ethyl 4-methylbenzenesulfonate (4.118) 

 

To as solution of 4.117 (4.56 g, 9.94 mmol, 1 eq.) in dry DMF (70 mL) was added 

NaN3 (0.71 g, 10.87 mmol, 1.09 eq.) added at room temperature under nitrogen 

atmosphere and resulted mixture was stirred at 80 ºC overnight. The reaction was 

cooled down to room temperature, quenched by addition of water (40 mL), and 

organic phase was extracted with DCM (4 x 100 mL), dried over Na2SO4 and 

concentrated in-vacuo. After chromatographic purification compound 4.118 (2.42 g, 

7.36 mmol, 74 %) as colorless oil. 

Rf = 0.37, (EtOAc/heptane : 4/6) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.71 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.0 Hz, 

2H), 4.07 (dd, J = 5.4, 4.1 Hz, 2H), 3.64 – 3.57 (m, 2H), 3.55 (dd, J = 5.5, 4.5 Hz, 

2H), 3.50 (s, 4H), 3.32 – 3.23 (m, 2H), 2.36 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 144.7, 132.7, 129.7, 127.7, 70.5, 70.3, 69.8, 

69.2, 68.5, 50.4, 21.4 

The spectroscopic data agreed well with those of the literature.567 
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Figure 6.100 1H NMR (300 MHz, CDCl3) spectrum of compound 4.118. 



 369 

 
 

Figure 6.101 13C NMR (75 MHz, CDCl3) spectrum of compound 4.118.



 370 

5,5-bis((2-(2-(2-azidoethoxy)ethoxy)ethoxy)methyl)-2-(4-methoxyphenyl)-1,3-

dioxane (4.119) 

 

To a solution of 2.01 (0.34 g, 1.33 mmol, 1 eq.) in DMF (5 mL) was added NaH (60 % 

dispersion in mineral oil, 0.46 mg, 11.57 mmol, 8.7 eq.) at 0 °C under nitrogen 

atmosphere. After 30 minutes, a solution of 4.118 (1.09 g, 3.32 mmol, 2.5 eq.) in 

DMF (2.5 mL) was added dropwise and resulted reaction mixture was stirred at room 

temperature for 12 h. The reaction was quenched with water, organic phase was 

extracted with Et2O (3 x 20 mL), washed with brine solution (20 mL), dried over 

Na2SO4, and concentrated in-vacuo. After chromatographic purification 4.119 (0.71 g, 

1.25 mmol, 94 %) was obtained as colorless oil. 

Rf = 0.29, (EtOAc/Hex : 7/3) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.39 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 

2H), 5.37 (s, 1H), 4.07 (d, J = 11.7 Hz, 2H), 3.87 (d, J = 11.7 Hz, 2H), 3.79 (s, 3H), 

3.77 (s, 2H), 3.73 – 3.59 (m, 18H), 3.60 – 3.50 (m, 2H), 3.44 – 3.31 (m, 4H), 3.30 (s, 

2H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 160.1, 131.1, 127.5, 113.7, 101.7, 71.3, 71.1, 

70.9, 70.8, 70.8, 70.8, 70.6, 70.6, 70.2, 70.1, 70.0, 69.9, 55.4, 50.8, 39.0 

ESI-HRMS: m/z calcd. for C25H40N6O9 M+Na+., 591.2749; found 591.2744 

M+Na+
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Figure 6.102 1H NMR (300 MHz, CDCl3) spectrum of compound 4.119. 
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Figure 6.103 13C NMR (75 MHz, CDCl3) spectrum of compound 4.119. 
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Figure 6.104 HRMS spectrum of compound 4.119. 



 374 

2,2-bis((2-(2-(2-azidoethoxy)ethoxy)ethoxy)methyl)propane-1,3-diol (4.120) 

 

4.119 (0.32 g, 0.57 mmol) was dissolved in AcOH/H2O (v/v : 8/2; 10 mL) and the 

reaction mixture was stirred at 50 °C for 3.5 h until TLC revealed complete 

conversion of the starting material. After concentration in-vacuo, the residue was 

subjected to column chromatography and 4.120 (0.22 g, 0.5 mmol, 88 %) was 

obtained as colorless oil. 

Rf = 0.45, (EtOAc/MeOH : 9.5/0.5) 

1H NMR (300 MHz, CDCl3): δ (ppm) 3.67 – 3.51 (m, 24H), 3.48 (s, 4H), 3.39 – 

3.30 (m, 4H), 3.06 (s, 2H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 72.3, 70.7, 70.6, 70.5, 70.3, 70.0, 64.4, 50.6, 

45.2 

ESI-HRMS: m/z calcd. for C17H34N6O8 M+H+., 451.2511; found 451.2512 M+H+
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Figure 6.105 1H NMR (300 MHz, CDCl3) spectrum of compound 4.120. 
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Figure 6.106 13C NMR (75 MHz, CDCl3) spectrum of compound 4.120. 



 377 

Figure 6.107 HRMS spectrum of compound 4.120. 
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2,2-bis((2-(2-(2-azidoethoxy)ethoxy)ethoxy)methyl)propane-1,3-diyl bis(3,5-

bis(dodecyloxy)benzoate) (4.121) 

 

To a solution of 4.120 (0.12 g, 0.27 mmol 1 eq.), 2.06 (0.33 g, 0.67 mmol, 2.5 eq.) 

and DMAP (0.05 g, 0.4 mmol, 1.5 eq.) in DCM (3.5 mL) was added dropwise a 

solution of DCC (0.16 g, 0.78 mmol, 2.9 eq.) in DCM (1.5 mL) under nitrogen 

atmosphere. After 18 h of stirring at room temperature, the reaction mixture was 

diluted in DCM (20 mL), washed with water (10 mL), dried over Na2SO4 and 

concentrated in-vacuo. After chromatographic purification 4.121 (0.35 g, 0.25 mmol, 

92 %) was obtained as colorless oil. 

Rf = 0.39, (EtOAc/Hex : 7.5/2.5) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.10 (d, J = 2.3 Hz, 4H), 6.62 (t, J = 2.3 Hz, 

2H), 4.45 (s, 4H), 3.93 (t, J = 6.3 Hz, 8H), 3.64 – 3.60 (m, 24H), 3.35 (t, J = 4.8 Hz, 

4H), 1.84 – 1.69 (m, 8H), 1.52 – 1.34 (m, 8H), 1.26 (s, 64H), 0.88 (t, J = 6.1 Hz, 12H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 166.1, 160.2, 131.8, 107.7, 106,2, 71.3, 70.8, 

70.7, 70.5, 70.1, 70.0, 68.3, 64.2, 50.6, 44.3, 31.9, 29.7, 29.7, 29.6, 29.6, 29.4, 29.4, 

29.2, 26.1, 22.7, 14.1 
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ESI-HRMS: m/z calcd. for C79H138N6O14 M+H+., 1396.0344; found 1396.0370 

M+H+
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Figure 6.108 1H NMR (300 MHz, CDCl3) spectrum of compound 4.121. 



 381 

 

Figure 6.109 13C NMR (75 MHz, CDCl3) spectrum of compound 4.121. 
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Figure 6.110 HRMS spectrum of compound 4.121. 



 383 

LacNAc-JD (bisclicked) (4.109) 

 

To a solution of 4.121 (0.032mg, 0.023 mmol, 1 eq.) and 3.32 (21 mg, 0.050 mmol, 

2.2 eq.) in THF/H2O (3.5/0.5 mL) were added separately CuSO4·5H2O (10 mg, 0.040 

mmol, 1.7 eq.) and sodium ascorbate (12 mg, 0.060 mmol, 2.6 eq.) in H2O (0.1 mL 

each) at room temperature, under nitrogen atmosphere. After 48 h of stirring, the 

reaction mixture was concentrated in-vacuo and subjected to column chromatography 

(dry loading). Eluting with DCM/MeOH (10/1 to 6/4) afforded 4.113 (6.5 mg, 0. 

0036 mmol, 15 %) and 4.109 (10 mg, 0. 0044 mmol, 19 %) as white solids. 

1H NMR (600 MHz, CDCl3-CD3OD): δ (ppm) 7.86 (s, 1H), 7.03 (d, J = 2.3 Hz, 4H), 

6.60 (d, J = 2.3 Hz, 2H), 4.87 (d, J = 12.4 Hz, 2H), 4.57 – 4.46 (m, 4H), 4.45 (s, 4H), 

4.41 – 4.26 (m, 5H), 3.92 – 3.38 (m, 48H), 1.92 (s, 6H), 1.85 – 1.64 (m, 6H), 1.48 – 

1.34 (m, 8H), 1.24 (s, 64H), 0.85 (t, J = 6.6 Hz, 12H) 

13C NMR (150 MHz, CDCl3-CD3OD): δ (ppm) 173.2, 167.2, 161.0, 132.3, 125.4, 

108.4, 107.0, 104.4, 101.2, 80.3, 76.4, 75.9, 74.2, 73.7, 71.9, 71.1, 71.0, 70.9, 69.9, 

69.8, 69.0, 65.4, 62.5, 62.1, 61.4, 56.0, 45.0, 32.6, 30.3, 30.3, 30.2, 30.2, 30.0, 30.0, 

29.8, 26.7, 23.3, 23.0, 14.4 

MALDI-HRMS: m/z calcd. for C113H192N8O36 M+Na+., 2260.3337; found 

2260.3331 M+Na+ 
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Figure 6.111 1H NMR (300 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 4.109. 
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Figure 6.112 13C NMR (150 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 4.109.
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Figure 6.113 MALDI-TOF MS spectrum of compound 4.109. 



 387 

LacNAc-JD (monoclicked) (4.113) 

  

1H NMR (600 MHz, CDCl3-CD3OD): δ (ppm) 7.82 (s, 1H), 7.05 (d, J = 2.3 Hz, 4H), 

6.60 (t, J = 2.3 Hz, 2H), 4.87 (d, J = 12.4 Hz, 1H), 4.69 (d, J = 12.3 Hz, 1H), 4.45 (s, 

4H), 4.36 (d, J = 7.4 Hz, 1H), 3.99 – 3.41 (m, 45H), 3.18 – 3.11 (m, 1H), 1.92 (s, 3H), 

1.81 – 1.66 (m, 8H), 1.47 – 1.18 (m, 72H), 0.85 (t, J = 6.6 Hz, 12H) 

13C NMR (150 MHz, CDCl3-CD3OD): δ (ppm) 173.0, 167.1, 160.9, 132.2, 108.3, 

107.0, 104.3, 101.1, 80.3, 76.3, 75.8, 74.1, 73.6, 71.8, 71.8, 71.2, 71.1, 71.1, 71.0, 

71.0, 70.8, 70.6, 69.8, 69.7, 68.9, 65.1, 62.4, 62.0, 61.5, 56.0, 55.2, 51.2, 50.9, 44.9, 

43.3, 32.5, 30.2, 30.2, 30.1, 30.1, 29.9, 26.6, 23.2, 23.0, 14.3 

MALDI-HRMS: m/z calcd. for C96H165N7O25 M+Na+., 1840.3898; found 

1840.1550 M+Na+ 
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Figure 6.114 1H NMR (300 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 4.113. 
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Figure 6.115 13C NMR (150 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 4.113. 
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Figure 6.116 MALDI-TOF MS spectrum of compound 4.113. 



 391 

Formation of Dendrimersomes from LacNAc-JDs  

Different solutions (0.2 mg/mL, 0.5 mg/mL, 1.0 mg/mL, 5.0 mg/mL) of 4.109 and 

4.113 in EtOH were prepared by dissolving required amounts.  

200 μL from each solution was injected into 1 mL of milli-Q water followed by 5 s 

vortexing.



 392 

 

Figure 6.117 DLS analysis of glycodendrimersomes of 4.109 with different concentration in 
EtOH.
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Figure 6.118 DLS analysis of glycodendrimersomes of 4.113 with different concentration in 
EtOH. 
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6.5 Experimental Part of Chapter V 

6.5.1 Synthesis and characterization 

General synthetic procedure A: Phase Transfer Catalyst-mediated sialylation  

To a solution of β-chloro sialoside donor 5.006 (1 eq.) and tetrabutylammonium 

hydrogensulfate (TBAHS, 1 eq.) in EtOAc (6 mL per 1 mmol of the SM) was added 

corresponding thiol or their potassium salt (3 eq.) in 1M Na2CO3 (6 mL per 1 mmol 

of the SM) at room temperature and resulted mixture was stirred for 3 h. After 

diluting in CHCl3 organic phase was washed twice with 1M NaOH, 1M HCl and 

brine solutions, dried over Na2SO4 and concentrated in-vacuo. The residue was 

purified either via recrystallization from CHCl3/hexane or through a classical column 

chromatography to give desired compound.  

General synthetic procedure B: Zemplén transesterification reaction  

To a solution of lactoside (1 eq.) in dry methanol (2 mL per 0.1 mmol of the SM) was 

added a solution of sodium methoxide (25 % in MeOH, 0.5 eq.). After stirring at 

room temperature for 3 h, the basic media was neutralized by addition of ion-

exchange resin (Amberlite IR 120 H+). The reaction mixture was filtered through a 

pad of celite and concentrated in vacuo to afford the de-O-acetylated product.
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Methyl (2-S-acetyl-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-acetamido-D-glycero-α-D-

galacto-non-2-ulopyranitol)onate (5.126) 

 

Method A. Following the general procedure A, compound 5.126 (0.48 g, 0.88 mmol, 

67 %) was obtained as a white foam. 

Method B. To a solution of pure (crystallized from Et2O/Petroleum ether/benzene) 

5.006 (0.79 g, 1.55 mmol, 1 eq.) and freshly prepared TBATA (0.49 g, 1.55 mmol, 1 

eq.) in EtOAc (8 mL) was added potassium thioacetate (531 mg, 4.647 mmol, 3 eq.) 

in 0.5 M Na2CO3 (8 mL) at 15 ºC and resulted mixture was stirred for 3 h. The 

reaction mixture was diluted in CHCl3 (30 mL), washed with saturated solution of 

NaHCO3 (2 x 25 mL), dried over Na2SO4 and concentrated under reduced pressure. 

After chromatographic purification, compound 5.126 (0.66 g, 1.21 mmol, 78 %) was 

obtained as a white foam. 

Rf = 0.48, (EtOAc) 

Rf = 0.45, (EtOAc/MeOH : 9.5/0.5) 

1H NMR (300 MHz, CDCl3): δ (ppm) 5.66 (d, J = 10.2 Hz, 1H), 5.33 (d, J = 5.9 Hz, 

1H), 5.17 (d, J = 6.7 Hz, 1H), 4.86 (dt, J = 11.1, 5.5 Hz, 1H), 4.63 (d, J = 10.9 Hz, 

1H), 4.38 (d, J = 12.0 Hz, 1H), 4.16 – 3.92 (m, 2H), 3.75 (s, 3H), 2.58 (dd, J = 13.0, 

4.6 Hz, 1H), 2.24 (s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 1.99 (brs, 7H), 1.84 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 191.6, 170.9, 170.8, 170.5, 170.4, 170.2, 169.4, 

84.5, 75.3, 70.9, 69.0, 68.0, 62.6, 53.5, 48.9, 37.5, 30.1, 23.2, 21.0, 20.9, 20.9, 20.8 
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The spectroscopic data agreed well with those of the literature.555 

 

Preparation of tetrabutylammonium thioacetate (TBATA) 

 

 

To a solution of tetrabutylammonium bromide (TBAB, 2.02 g, 6.27 mmol, 1 eq.) in 

MeOH was added potassium thioacetate (0.73 g, 6.27 mmol, 1 eq.) and resulted 

mixture was stirred at room temperature for 3 h. The reaction mixture was then 

filtered over Buchner and concentrated under reduced pressure. The residue was 

dissolved in acetonitrile and formed white precipitate was removed by filtration 

through a pad of celite and filtrate was concentrated in-vacuo. Recrystallization from 

THF/hexane afforded desired compound (1.87 g, 5.9 mmol, 94 %) as yellow crystal.  

M.p. = 74.9 ºC 

1H NMR (300 MHz, CDCl3): δ (ppm) 3.36 – 3.04 (m, 8H), 2.44 (s, 3H), 1.74 – 1.57 

(m, 8H), 1.46 – 1.28 (m, 8H), 0.96 (t, J = 7.4 Hz, 12H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 58.2, 58.1, 58.1, 37.7, 23.2, 19.2, 19.2, 19.2, 

12.9 

The spectroscopic data agreed well with those of the literature.569 
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Figure 6.119 1H NMR (300 MHz, CDCl3) spectrum of compound 5.126. 
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Figure 6.120 13C NMR (75 MHz, CDCl3) spectrum of compound 5.126. 
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Figure 6.121 1H NMR (300 MHz, D2O) spectrum of compound TBATA. 
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Figure 6.122 13C NMR (75 MHz, D2O) spectrum of compound TBATA.



 401 

Methyl (2-S-(O-ethylcarbonoditionato)-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-

acetamido-D-glycero-α-D-galacto-non-2-ulopyranitol)onate (5.174) 

 

Following the general procedure A, compound 5.174 (0.72 g, 1.2 mmol, 82 %) was 

obtained as a white foam. 

Rf = 0.47, (EtOAc) 

1H NMR (300 MHz, CDCl3): δ (ppm) 5.36 (d, J = 10.1 Hz, 1H), 5.34 – 5.22 (m, 2H), 

4.95 – 4.71 (m, 2H), 4.61 – 4.45 (m, 2H), 4.32 (dd, J = 12.5, 2.4 Hz, 1H), 4.18 (dd, J 

= 12.4, 5.2 Hz, 1H), 4.02 (q, J = 10.4 Hz, 1H), 3.79 (s, 3H), 2.61 (dd, J = 12.9, 4.7 Hz, 

1H), 2.13 (s, 3H), 2.11 (s, 3H), 2.02 (brs, 7H), 1.88 (s, 3H), 1.36 (t, J = 7.1 Hz, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 207.3, 171.0, 170.7, 170.4, 170.3, 170.2, 168.8, 

86.6, 75.2, 70.6, 70.3, 68.9, 67.3, 62.1, 53.4, 49.3, 37.2, 23.3, 21.2, 20.9, 20.9, 20.9, 

13.5 

The spectroscopic data agreed well with those of the literature.563 



 402 

 

Figure 6.123 1H NMR (300 MHz, CDCl3) spectrum of compound 5.174.



 403 

 

Figure 6.124 13C NMR (75 MHz, CDCl3) spectrum of compound 5.174.



 404 

 

Figure 6.125 1H NMR (300 MHz, CDCl3) spectrum of compound 5.175. 



 405 

 

Figure 6.126 13C NMR (75 MHz, CDCl3) spectrum of compound 5.175.
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Methyl (2-S-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-

5-N-acetamido-D-glycero-α-D-galacto-non-2-ulopyranitol)onate (5.128) 

 

To a solution of 5.126 (0.34 g, 0.62 mmol, 1 eq.) and 4.118 (0.41 g, 1.25 mmol 2 eq.) 

in MeOH was added K2CO3 (0.09 g, 0.62 mmol, 1 eq.) at 0 ºC under nitrogen 

atmosphere. After 10 h stirring at the same temperature, the reaction was quenched 

by addition of acetic acid (0.11 mL, 1.91 mmol, 3.1 eq.) and concentrated in-vacuo. 

The residue was dissolved in Ac2O (3 mL) and after successive addition of Pyridine 

(5 mL) and catalytic amount of DMAP (0.01 g, 0.08 mmol, 0.13 eq.) at 0 ºC, the 

reaction mixture was stirred at room temperature overnight. The reaction mixture was 

diluted in CHCl3 (30 mL), washed with ice cold water (2 x 25 mL), 0.2 M HCl (2 x 

30 mL), brine (30 mL) and concentrated in-vacuo. After chromatographic purification 

5.176 (0.29 mg, 0.44 mmol, 72 %) was obtained as white foam. 

Rf = 0.2, (EtOAc) 

1H NMR (300 MHz, CDCl3): δ (ppm) 5.55 – 5.25 (m, 2H), 5.18 (d, J = 10.0 Hz, 1H), 

4.86 (ddd, J = 11.6, 10.2, 4.6 Hz, 1H), 4.29 (dd, J = 12.5, 2.4 Hz, 1H), 4.15 – 3.94 (m, 

2H), 3.82 – 3.79 (m, 4H), 3.72 – 3.56 (m, 8H), 3.38 (t, J = 5.1 Hz, 2H), 3.06 – 2.75 

(m, 2H), 2.72 (dd, J = 12.7, 4.6 Hz, 1H), 2.15 (s, 2H), 2.13 (s, 2H), 2.03 (s, 2H), 2.02 

(s, 1H), 1.99 (t, J = 12.4 Hz, 1H), 1.87 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 171.1, 170.8, 170.3, 170.3, 170.2, 168.6, 83.1, 

74.2, 70.7, 70.4, 70.2, 69.7, 68.6, 67.4, 62.3, 53.1, 50.8, 49.5, 38.1, 29.1, 23.3, 21.3, 

21.0, 20.9 
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Figure 6.127 1H NMR (300 MHz, CDCl3) spectrum of compound 5.176. 



 408 

 

Figure 6.128 13C NMR (75 MHz, CDCl3) spectrum of compound 5.176. 
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Methyl (2-S-[2-[2-[2-[(4-methylphenyl)sulfonyl]ethoxy]ethoxy]ethyl]-3,5-dideoxy-5-

N-acetamido-D-glycero-α-D-galacto-non-2-ulopyranitol)onate (5.177) 

 

Method A. To a solution of 5.126 (1.14 g, 2.07 mmol, 1 eq.) and 4.117 (4.76 g, 10.39 

mmol, 5 eq.) in DMF (70 mL) was added Et2NH (1.4 mL, 13.53 mmol, 6.5 eq.) at 

room temperature under nitrogen. After stirring for additional 17 h, reaction mixture 

was concentrated in-vacuo and subjected to column chromatography to afford 5.177 

(1.13 g, 1.8 mmol, 87 %).was obtained as a white foam  

Method B. To a solution of 5.174 (0.36 g, 0.6 mmol, 1 eq.) in dry THF (3.5 mL) was 

added butylamine (0.07 mL, 0.71 mmol, 1.18 eq) at room temperature under nitrogen. 

After stirring for 4 h the reaction mixture was diluted in DCM (20 mL), washed with 

saturated solution of NH4Cl (20 mL), dried over Na2SO4 and concentrated in-vacuo. 

To a solution of residue and 4.117 (0.69 g, 1.51 mmol, 2.5 eq) in DMF (5 mL) was 

added Na2CO3 (0.13 g, 1.21 mmol, 2 eq.) and resulted mixture was stirred at room 

temperature overnight. The reaction mixture was diluted in CHCl3 (20 mL), washed 

with water (2 x 10 mL), dried over Na2SO4 and concentrated under reduced pressure. 

After chromatographic purification 5.177 (0.25 g, 0.4 mmol, 67 %) as white foam.  

Method C. To a solution of 5.006 (0.45 g, 0.88 mmol, 1 eq.) in dry MeOH (4 mL) 

was added sodium thiophosphate (0.56 g, 1.41 mmol, 1.6 eq) at room temperature 

under nitrogen. After stirring for 6 h the reaction mixture was poured in cold water 

(20 mL), extracted with DCM (3 x 20 mL), dried over Na2SO4 and concentrated in-

vacuo. To a solution of residue and 4.117 (1.01 g, 2.2 mmol, 2.5 eq) in DMF (5 mL) 

was added Na2CO3 (0.19 g, 1.76 mmol, 2 eq.) and resulted mixture was stirred at 
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room temperature overnight. Following work-up and purification procedure from 

Method B 5.177 (0.31 g, 0.49 mmol, 56 %) was obtained as white foam. 

Rf = 0.36, (EtOAc) 

[α] D
19

 = 17 (c 0.006, CHCl3) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.76 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.0 Hz, 

2H), 5.41 (d, J = 10.0 Hz, 1H), 5.36 – 5.22 (m, 2H), 4.83 (td, J = 11.0, 4.5 Hz, 1H), 

4.26 (dd, J = 12.4, 2.2 Hz, 1H), 4.13 – 4.10 (m, 2H), 4.09 – 3.92 (m, 2H), 3.38 – 3.75 

(m, 4H), 3.70 – 3.59 (m, 2H), 3.62 – 3.48 (m, 6H), 2.95 – 2.81 (m, 1H), 2.82 – 2.63 

(m, 2H), 2.41 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H), 1.98 – 1.89 (m, 7H), 1.83 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 170.9, 170.7, 170.3, 170.2, 170.1, 168.5, 144.9, 

133.0, 129.9, 128.0, 82.9, 74.1, 70.6, 70.3, 70.2, 69.3, 68.7, 68.6, 67.4, 62.3, 53.0, 

49.3, 38.2, 23.2, 21.7, 21.2, 20.9, 20.8 
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Figure 6.129 1H NMR (300 MHz, CDCl3) spectrum of compound 5.177.



 412 

 

Figure 6.130 13C NMR (75 MHz, CDCl3) spectrum of compound 5.177.
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Methyl (2-S-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-3,5-dideoxy-5-N-acetamido-D-

glycero-α-D-galacto-non-2-ulopyranitol)onate (5.178) 

 

Following the general procedure B, compound 5.178 (0.48 g, 0.88 mmol, 67 %).was 

obtained as a white solid. 

[α] D
19

 = -8.7 (c 0.003, H2O) 

1H NMR (300 MHz, CD3OD): δ (ppm) 3.84 (s, 3H), 3.83 – 3.72 (m, 3H), 3.71 – 

3.59 (m, 9H), 3.49 (dd, J = 8.8, 1.7 Hz, 1H), 3.44 (dd, J = 10.3, 1.7 Hz, 1H), 3.37 (t, J 

= 5.0 Hz, 2H), 2.96 (dt, J = 13.0, 6.4 Hz, 1H), 2.85 (dt, J = 13.6, 6.9 Hz, 1H), 2.76 

(dd, J = 12.8, 4.6 Hz, 1H), 2.00 (s, 3H), 1.79 (dd, J = 12.9, 11.2 Hz, 1H) 

13C NMR (75 MHz, CD3OD): δ (ppm) 175.2, 172.2, 84.2, 77.2, 72.6, 71.5, 71.4, 

71.4, 71.2, 70.2, 68.9, 64.7, 53.7, 51.8, 42.1, 29.8, 22.6 
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Figure 6.131 1H NMR (300 MHz, CD3OD) spectrum of compound 5.178.



 415 

 

Figure 6.132 13C NMR (75 MHz, CDCl3) spectrum of compound 5.178. 
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2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (5.179) 

 

To a solution of PEG3 (16.24 g, 108.15 mmol, 10 eq.) in THF (45 mL) was added 6 

mL of 4 M aqueous solution of NaOH at 0 °C and resulted reaction mixture was 

stirred for 1 h. Using a dropping funnel, a solution of TsCl (2.11 g, 10.82 mmol, 1 eq.) 

in THF (25 mL) added dropwise over 30 min and the reaction mixture was stirred at 

0 °C for additional 3 h. Then the reaction mixture was poured into ice-cold water 

(200 mL) and extracted with DCM (3 x 200 mL), dried over Na2SO4 and 

concentrated in-vacuo. After chromatographic purification compound 5.179 (3.29 g, 

10.82 mmol, 99 %) was obtained as a colorless oil. 

Rf = 0.47, (DCM/Acetone : 7/3) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.73 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.1 Hz, 

2H), 4.14 – 4.05 (m, 2H), 3.71 – 3.58 (m, 5H), 3.56 – 3.42 (m, 6H), 2.84 (brs, 1H), 

2.38 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 144.7, 132.5, 129.6, 127.6, 72.2, 70.3, 69.8, 

69.1, 68.2, 61.2, 21.2 

The spectroscopic data agreed well with those of the literature.570 

 



 417 

 
 

Figure 6.133 1H NMR (300 MHz, CDCl3) spectrum of compound 5.179. 



 418 

 
 

Figure 6.134 13C NMR (75 MHz, CDCl3) spectrum of compound 5.179. 
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2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (5.179) 

 

To as solution of 5.179 (1.1 g, 3.62 mmol, 1 eq.) in dry DMF (11 mL) was added 

NaN3 (0.72 g, 11.1 mmol, 3 eq.) added at room temperature under nitrogen 

atmosphere and resulted mixture was stirred at 80 ºC overnight. The reaction was 

cooled down to room temperature, quenched by addition of water (20 mL), and 

organic phase was extracted with DCM (4 x 50 mL), dried over Na2SO4 and 

concentrated in-vacuo. After short filtration through a pad of silica gel compound 

5.180 (0.57 g, 3.26 mmol, 90 %) was obtained as yellowish oil. 

1H NMR (300 MHz, CDCl3): δ (ppm) 3.62 – 3.46 (m, 8H), 3.48 – 3.41 (m, 2H), 3.28 

– 3.19 (m, 2H), 3.16 (brs, 1H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 72.3, 70.2, 70.0, 69.6, 61.2, 50.3 

The spectroscopic data agreed well with those of the literature.570 
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Figure 6.135 1H NMR (300 MHz, CDCl3) spectrum of compound 5.180. 



 421 

 

Figure 6.13613C NMR (75 MHz, CDCl3) spectrum of compound 5.180. 



 422 

Methyl (2-S-(4-methylphenyl)-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-acetamido-D-

glycero-β-D-galacto-non-2-ulopyranitol)onate (5.181) 

 

Following the general procedure A, compound 5.181 (1.25 g, 2.09 mmol, 70 %) was 

obtained as a white solid. 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.38 (d, J = 8.1 Hz, 2H), 7.13 (d, J = 7.6 Hz, 

2H), 5.35 – 5.21 (m, 2H), 5.17 (d, J = 9.8 Hz, 1H), 4.83 (ddd, J = 11.7, 9.9, 4.7 Hz, 

1H), 4.40 (dd, J = 12.4, 2.4 Hz, 1H), 4.20 (dd, J = 12.4, 5.3 Hz, 1H), 3.97 (q, J = 10.1 

Hz, 1H), 3.87 (dd, J = 10.7, 1.7 Hz, 1H), 3.59 (s, 3H), 2.77 (dd, J = 12.9, 4.7 Hz, 1H), 

2.36 (s, 3H), 2.13 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.01 (brs, 4H), 1.85 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 171.1, 170.8, 170.3, 170.2, 170.2, 168.2, 140.4, 

136.7, 129.8, 125.1, 87.6, 75.0, 70.3, 69.9, 67.9, 62.2, 52.9, 49.4, 38.2, 23.3, 21.5, 

21.1, 21.0, 21.0, 20.9 

The spectroscopic data agreed well with those of the literature.449 



 423 

 

Figure 6.137 1H NMR (300 MHz, CDCl3) spectrum of compound 5.181. 



 424 

 

Figure 6.138 13C NMR (75 MHz, CDCl3) spectrum of compound 5.181.
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Methyl (2-S-(4-methylphenyl)-7,8,9-tri-O-acetyl-3,5-dideoxy-5-amino-5-N, 4-O-

carbonyl-D-glycero-β-D-galacto-non-2-ulopyranitol)onate (5.182) 

 

The compounds 5.182 was prepared according to a modified literature procedure.571  

To a solution of 5.181 (0.8 g, 1.34 mmol 1eq.), in MeOH (5 mL) was added 

methanesulfonic acid (MsOH, 0.09 mL, 1.38 mmol, 1.03 eq.) at room temperature 

under nitrogen. After stirring at 65 ºC for 17 h, the reaction mixture was cooled to 

room temperature and quenched by excess amount of Et3N (0.15 mL) and 

concentrated in-vacuo. The residue was dissolved in MeCN/H2O (v/v : 4/1; 10 mL) 

and in presence of NaHCO3 (0.62 g, 7.43 mmol, 5.55 eq.) a solution of 4-nitrophenyl 

chloroformate (0.97 g, 4.68 mmol, 3.5 eq.) in MeCN (2 mL) was added at 0 ºC. After 

3 h stirring, the reaction mixture was poured into ice cold saturated solution of 

NaHCO3 (20 mL), extracted with EtOAc (3 x 50mL), dried over Na2SO4 and 

concentrated under reduced pressure. After short filtration over a pad of silica gel, 

and concentration in-vacuo, the residue was dissolved in Ac2O (3 mL) and Pyridine 

(5 mL) the reaction mixture was stirred at room temperature overnight. The reaction 

mixture was diluted in CHCl3 (30 mL), washed with ice cold water (2 x 25 mL), 0.2 

M HCl (2 x 30 mL), brine (30 mL) and concentrated in-vacuo. After chromatographic 

purification 5.182 (0.32 g, 0.59 mmol, 44 %) was obtained as white solid. 

Rf = 0.12, (EtOAc/hexane : 1/3) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.33 (d, J = 7.9 Hz, 2H), 7.12 (d, J = 7.8 Hz, 

2H), 5.47 – 5.23 (m, 2H), 5.07 (dd, J = 9.3, 1.7 Hz, 1H), 4.45 – 4.28 (m, 2H), 4.00 
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(dd, J = 9.9, 1.7 Hz, 1H), 3.90 (ddd, J = 12.6, 10.8, 3.6 Hz, 1H), 3.53 (s, 3H), 3.07 

(dd, J = 12.0, 3.7 Hz, 1H), 3.02 – 2.88 (m, 1H), 2.34 (s, 3H), 2.16 (s, 3H), 2.09 (d, J = 

12.3 Hz, 1H), 2.04 (s, 3H), 2.03 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 171.5, 170.6, 169.5, 167.9, 159.1, 140.4, 136.2, 

129.7, 125.0, 88.4, 77.4, 75.2, 69.0, 68.1, 61.4, 57.8, 52.9, 37.6, 21.4, 20.9, 20.8, 20.7 

The spectroscopic data agreed well with those of the literature.571 
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Figure 6.139 1H NMR (300 MHz, CDCl3) spectrum of compound 5.182. 



 428 

 

Figure 6.140 13C NMR (75 MHz, CDCl3) spectrum of compound 5.182.
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Methyl (2-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-7,8,9-tri-O-acetyl-3,5-dideoxy-5-

amino-5-N, 4-O-carbonyl-D-glycero-β-D-galacto-non-2-ulopyranitol)onate (5.183) 

 

A solution of sialyl donor 5.182 (0.09 g, 0.16 mmol, 1 eq.), acceptor 5.180 (0.06 g, 

0.35 mmol, 2.22 eq.) and pulverized activated 4Å MS (0.06 g) in dry DCM/MeCN 

(0.6/0.4 mL) was stirred under nitrogen at room temperature for 0.5 h. The reaction 

mixture was cooled to -78 ⁰C followed by successive addition of NIS (0.08 g, 0.35 

mmol, 2.2 eq.) and TfOH (6 μL, 0.07 mmol, 0.42 eq.). After stirring for 7 h at the 

same temperature, the reaction mixture was quenched by excess amount of Hunig’s 

base (0.02 mL), filtered through a pad of celite and concentrated under reduced 

pressure. After chromatographic purification compound 5.183 (0.07 g, 0.12 mmol, 

77 %) was obtained as a brownish oil. 

Rf = 0.15, (EtOAc/heptane : 1/1) 

[α] D
21

 = -20 (c 0.004, CHCl3) 

1H NMR (300 MHz, CD3OD): δ (ppm) 5.43 (dt, J = 9.8, 2.7 Hz, 1H), 5.35 (s, 1H), 

5.09 (dd, J = 9.8, 1.9 Hz, 1H), 4.26 (d, J = 2.8 Hz, 2H), 4.22 (dd, J = 9.9, 1.9 Hz, 1H), 

3.98 – 3.79 (m, 2H), 3.76 (s, 3H), 3.73 – 3.46 (m, 8H), 3.46 – 3.31 (m, 3H), 3.02 (dd, 

J = 15.3, 5.5 Hz, 1H), 2.88 (dd, J = 12.1, 3.5 Hz, 1H), 2.15 (s, 3H), 2.14 (s, 3H), 2.08 

– 2.00 (m, 4H) 
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13C NMR (750 MHz, CD3OD): δ (ppm) 171.6, 170.6, 169.9, 168.5, 159.4, 100.3, 

76.8, 73.6, 70.8, 70.6, 70.2, 70.1, 68.9, 67.0, 65.0, 61.8, 57.9, 53.0, 50.7, 37.5, 21.1, 

20.8, 20.7 

ESI-HRMS: m/z calcd. for C23H34N4O14 M+Na+., 613.1969; found 613.1932 

M+Na+
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Figure 6.141 1H NMR (300 MHz, CDCl3) spectrum of compound 5.183.
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Figure 6.142 13C NMR (75 MHz, CDCl3) spectrum of compound 5.183.
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2-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-3,5-dideoxy-5-N-acetamido-D-glycero-β-D-

galacto-non-2-ulopyranosylonic acid (5.171) 

 

To a solution of 5.183 (46 mg, 0.078 mmol, 1 eq.) in EtOH (0.3 mL), was added 

LiOH·H2O (72 mg, 1.716 mmol, 22 eq.) in H2O (0.3 mL). After stirring at 80 ºC for 

12 h, the reaction mixture was cooled down to room temperature, quenched with 

Amberlite® IR120 H+ and concentrated under reduced pressure. The residue was 

dissolved in H2O (1.5 mL) and in presence of NaHCO3 (197 mL, 2.344 mmol, 30 eq.) 

Ac2O (0.6 mL) was added and resulted mixture was stirred for 12 h. After 

concertation in-vacuo the residue was dissolved in H2O/MeOH and NaOMe was 

added dropwise until (pH = 9) and resulted mixture was stirred for additional 0.5 h. 

The reaction was quenched by aforementioned acidic resin, filtered through a pad of 

celite and concentrated under reduced pressure to crude 5.171 (36 mg, 0.077 mmol, 

99 %) was as a white solid. 

1H NMR (300 MHz, D2O): δ (ppm) 3.92 – 3.35 (m, 19H), 2.74 (dd, J = 12.4, 4.4 Hz, 

1H), 2.03 (s, 3H), 1.68 (t, J = 12.2 Hz, 1H) 

13C NMR (750 MHz, D2O): δ (ppm) 174.9, 173.3, 100.4, 72.4, 71.6, 69.5, 69.4, 69.3, 

69.1, 68.1, 67.9, 63.2, 62.4, 51.8, 50.0, 40.0, 22.2 

ESI-HRMS: m/z calcd. for C17H30N4O11 M+Na+., 489.1809; found 489.1798 

M+Na+
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Figure 6.143 1H NMR (300 MHz, D2O) spectrum of compound 5.171.
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Figure 6.144 13C NMR (75 MHz, D2O) spectrum of compound 5.171.



 436 

Methyl (2-[2-[2-[2-[(4-methylphenyl)sulfonyl]ethoxy]ethoxy]ethyl]-3,5-dideoxy-5-

N-acetamido-D-glycero-α-D-galacto-non-2-ulopyranitol)onate (5.184) 

 

To a mixture of silver-exchanged zeolite (2.04 g), 5.179 (1.23 g, 4031 mmol, 2.25 eq.) 

in toluene (11 mL) was added dropwise a solution of 5.006 (0.91 g, 1.79 mmol, 1 eq.) 

in toluene (6 mL) at 0 ºC under nitrogen atmosphere. After 24 h of stirring, the 

reaction mixture was filtered through a pad of celite, concentrated under pressure and 

subjected to column chromatography to give 5.184 (1 g, 1.29 mmol, 72 %) as a white 

solid. 

Rf = 0.54, (EtOAc) 

[α] D
21

 = 6.1 (c 0.003, CHCl3) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.77 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 7.8 Hz, 

2H), 5.45 – 5.20 (m, 3H), 4.83 (ddd, J = 12.3, 9.7, 4.7 Hz, 1H), 4.27 (dd, J = 12.4, 2.6 

Hz, 1H), 4.19 – 4.09 (m, 2H), 4.11 – 3.97 (m, 3H), 3.86 (ddd, J = 10.7, 5.0, 3.5 Hz, 

1H), 3.76 (s, 3H), 3.71 – 3.61 (m, 2H), 3.61 – 3.51 (m, 6H), 3.41 (ddd, J = 10.4, 6.4, 

3.7 Hz, 1H), 2.59 (dd, J = 12.8, 4.6 Hz, 1H), 2.42 (s, 3H), 2.11 (s, 3H), 2.10 (s, 3H), 

2.01 (s, 3H), 2.00 (s, 3H), 1.94 (t, J = 12.6 Hz, 1H), 1.85 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 171.1, 170.7, 170.4, 170.2, 170.2, 168.3, 144.9, 

133.1, 129.9, 128.1, 98.9, 72.5, 70.8, 70.5, 70.2, 69.4, 69.2, 68.7, 68.5, 67.4, 64.5, 

62.5, 52.9, 49.4, 38.1, 23.3, 21.7, 21.2, 20.9, 20.9, 20.8 



 437 

 

Figure 6.145 1H NMR (300 MHz, CDCl3) spectrum of compound 5.184.
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Figure 6.146 13C NMR (75 MHz, CDCl3) spectrum of compound 5.184.
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Methyl (2-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-

N-acetamido-D-glycero-α-D-galacto-non-2-ulopyranitol)onate (5.185) 

 

 

To a solution of 5.184 (0.45 g, 0.58 mmol, 1 eq.) and in DMF (12 mL) was added 

NaN3 (0.11 g, 1.75 mmol, 3 eq.) at room temperature under nitrogen atmosphere and 

resulted mixture was stirred at 80 ºC for 8 h. The reaction mixture was diluted in 

CHCl3 (30 mL), washed with H2O (3 x 20 mL), dried over Na2SO4 and concentrated 

under reduced pressure. After chromatographic purification 5.185 (0.26 g, 0.4 mmol, 

69 %) was obtained as a brownish oil. 

Rf = 0.31, (EtOAc) 

[α] D
21

 = -10.89.1 (c 0.018, CH2Cl2) 

1H NMR (300 MHz, CDCl3): δ (ppm) 5.52 – 5.49 (m, 1H), 5.38 – 5.13 (m, 2H), 4.97 

– 4.59 (m, 2H), 4.25 (dd, J = 12.4, 2.6 Hz, 1H), 4.10 – 3.90 (m, 3H), 3.90 – 3.78 (m, 

1H), 3.73 (s, 3H), 3.66 – 3.52 (m, 8H), 3.44 – 3.29 (m, 4H), 2.55 (dd, J = 12.8, 4.6 Hz, 

1H), 2.08 (s, 3H), 2.07 (s, 3H), 1.97 – 1.91 (m, 7H), 1.81 (s, 3H) 

13C NMR (75 MHz, CDCl3): δ (ppm) 171.0, 170.7, 170.3, 170.1, 168.3, 98.8, 72.5, 

70.6, 70.6, 70.1, 70.0, 69.2, 68.7, 67.4, 64.4, 62.4, 52.7, 50.7, 49.2, 37.9, 23.1, 21.1, 

20.8, 20.8, 20.8 
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Figure 6.147 1H NMR (300 MHz, CDCl3) spectrum of compound 5.185.
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Figure 6.148 13C NMR (75 MHz, CDCl3) spectrum of compound 5.185.



 442 

Methyl (2-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-3,5-dideoxy-5-N-acetamido-D-glycero-

α-D-galacto-non-2-ulopyranitol)onate (5.185b) 

 

Following the general procedure B, compound 5.185b (0.04 g, 0.08 mmol, 99 %) was 

obtained as a white solid. 

1H NMR (300 MHz, D2O): δ (ppm) 3.96 – 3.80 (m, 4H), 3.75 – 3.58 (m, 13H), 3.55 

– 3.38 (m, 2H), 2.75 (dd, J = 12.5, 4.6 Hz, 1H), 1.92 (s, 3H), 1.69 (t, J = 12.1 Hz, 1H) 

13C NMR (75 MHz, D2O): δ (ppm) 175.1, 173.5, 100.5, 72.6, 71.7, 69.6, 69.5, 69.2, 

68.2, 63.2, 62.6, 51.9, 50.1, 40.2, 22.0 
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Figure 6.149 1H NMR (300 MHz, D2O) spectrum of compound 5.185b.
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Figure 6.150 13C NMR (75 MHz, D2O) spectrum of compound 5.185b.



 445 

Sia-JD (bisclicked) (5.109) 

 

To a solution of 5.170 (0.11 g, 0.23 mmol, 2.5 eq.) and 2.07 (0.11 g, 0.09 mmol, 1 eq.) 

in THF/H2O (3.5/0.5 mL) were added separately CuSO4·5H2O (0.05 g, 0.19 mmol, 2 

eq.) and sodium ascorbate (0.06 g, 0.28 mmol, 3 eq.) in H2O (0.1 mL each) at room 

temperature, under nitrogen atmosphere. After 48 h of stirring, the reaction mixture 

was concentrated in-vacuo and subjected to filtration through a short column of silica 

gel (dry loading). The filtrate was then concentrated under reduced pressure and 

residue was purified using Sephadex® G10 and eluting with 0.01 M NaN3 to give 

afforded 5.168 (0.03 g, 0. 014 mmol, 15 %) as white solid. 

1H NMR (600 MHz, CDCl3-CD3OD): δ (ppm) 7.79 (s, 2H), 6.97 (d, J = 2.3 Hz, 4H), 

6.60 (brs, 2H), 4.60 (s, 4H), 4.41 (s, 8H), 3.89 (t, J = 6.5 Hz, 8H), 3.83 – 3.79 (m, 

14H), 3.75 (t, J = 10.3 Hz, 2H), 3.70 – 3.51 (m, 20H), 3.48 (d, J = 8.8 Hz, 2H), 3.34 

(d, J = 10.3 Hz, 2H), 3.31 (s, 2H), 2.95 – 2.85 (m, 2H), 2.80 – 2.76 (m, 4H), 1.99 (s, 

6H), 1.82 (t, J = 12.1 Hz, 2H), 1.74 (p, J = 6.9 Hz, 8H), 1.42 (p, J = 7.5 Hz, 8H), 1.34 

– 1.25 (m, 64H), 0.85 (t, J = 6.9 Hz, 12H) 

13C NMR (150 MHz, CDCl3-CD3OD): δ (ppm) 174.8, 171.6, 167.0, 160.9, 145.1, 

132.1, 124.9, 108.2, 107.1, 83.6, 76.7, 71.8, 70.8, 70.8, 70.7, 69.8, 69.5, 68.9, 68.2, 

65.1, 64.8, 64.1, 53.7, 53.1, 50.8, 44.7, 41.4, 32.5, 30.2, 30.2, 30.2, 30.2, 30.0, 29.9, 

29.8, 29.3, 26.6, 23.2, 22.6, 14.3 
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Figure 6.151 1H NMR (600 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 5.109.
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Figure 6.152 13C NMR (150 MHz, CD3OD+CDCl3 (v/v : 1/1)) spectrum of compound 5.109.
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Figure 6.153 DLS analysis of sialodendrimersomes of 5.168 with different concentration in 
EtOH. 
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