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1.  Abstract 

Carbohydrates are widely involved in physiological and pathological processes. The 

development of carbohydrate-based probes to investigate these processes is an important 

aspect of drug design and drug discovery. A carbohydrate moiety is generally used in drug 

development as a pharmacophore for a natural biological interaction. Alternatively, a 

carbohydrate moiety attached to a well-known biologically active pharmacophore (i.e. as a 

scaffold), can be used to address solubility issues and/or modulate the pharmacokinetic 

properties of that pharmacophore. The work of this thesis utilises carbohydrates in both of 

these ways. 

The research described in this PhD thesis was focused on the development and evaluation of 

carbohydrate-based probes for two different enzymes: cancer-related carbonic anhydrase 

isozymes, and influenza virus neuraminidases. A common feature of the development of these 

carbohydrate-based probes, was the use of glycosyl azides with in copper and ruthenium 

catalysed Azide-Alkyne Cycloaddition (CuAAC and RuAAC) reactions to respectively form 

glycosyl 4- and 5-substituted [1,2,3]-triazoles. 

In Chapter 1, an overview of the significant involvement of carbohydrates in physiological and 

pathological processes and their use in drug discovery is provided, concentrating on drugs 

currently on the market or in clinical trials. This overview is followed by a discussion presenting 

the important role of click chemistry − especially CuAAC and RuAAC reactions − in medicinal 

chemistry, concentrating on the applications of AAC reactions in glycoscience.  

The aim of the research described in Chapter 2 was the design of carbonic anhydrase (CA) 

inhibitors that would specifically target the cancer-related membrane-associated isozymes CA 

IX and CA XII. CAs are ubiquitous enzymes that are involved in numerous essential biological 

processes. The various CA isozymes (CA I to XV) are either intracellular or localised on the cell 

membrane. Two specific membrane-associated isozymes, CA IX and XII, are involved in cancer. 

Many potent CA inhibitors have been synthesised, however, most of these inhibitors have no 

specificity for particular isozymes. To create specificity for the cancer-related isozymes, one 

approach is to design CA inhibitors that would not be able to cross the cell membrane based 

on their intrinsic physicochemical properties.  

In the first study described in Chapter 2, glucosyl and galactopyranosyl azides were 

synthesised, in which the carbohydrate hydroxyl groups were protected with acyl groups of 

varying chain length. Using CuAAC, glycosyl 4-phenyl-[1,2,3]-triazoles were then prepared. 

These O-acylated glycosyl triazole derivatives were used as model compounds to study the 

influence of the O-acylation on in vitro biopharmaceutical properties. Investigation of the 
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metabolic stability, plasma stability, and plasma protein binding of the O-acylated glycosyl 

triazoles revealed that the derivatives with longer acyl chains were stable whereas the 

derivatives with smaller acyl chains were more susceptible to metabolism. Overall, these 

results suggested that relative plasma stability of the various esters may be linked to the 

susceptibility to plasma esterases, balanced by the binding strength to plasma proteins. 

Based on the results of the initial study, in the second study described in Chapter 2, O-acylated 

glycosyl triazoles incorporating a well-known CA inhibitor − a m- or p-substituted aryl 

sulfonamide − were synthesised by CuAAC as CA probes, using the previously synthesised 

glycosyl azides. Investigation of the metabolic stability, plasma stability, and plasma protein 

binding of the new glycosyl triazole sulfonamides revealed similar stability of the acyl chains to 

that seen for the model glycosyl 4-phenyl-[1,2,3]-triazoles. Biological testing of the 

O-unprotected (hydroxyl groups free) and the fully O-acylated glycoconjugates against 

physiologically important CA isozymes (hCA I, II, XIV) and cancer-related isozymes (hCA IX and 

XII), showed that these compounds were potent (Ki micro- to nanomolar) inhibitors. However, 

no consistent structure-activity relationship trends could be identified across each of the four 

scaffolds, based on the different acyl groups present. Consequently, this second study 

suggested that any of the fully acylated compounds could be used as a prodrug for the 

corresponding O-unprotected glycoconjugate.  

The aim of the research described in Chapter 3 was the development and evaluation of 

influenza virus neuraminidase (NA) inhibitors. Influenza viruses cause worldwide seasonal 

epidemics and sporadic pandemics of influenza. By targeting the viral surface NA, an enzyme 

that facilitates the release of newly formed virions from the infected cell, structure-based 

inhibitor design has led to four commercially available anti-influenza drugs − zanamivir, 

oseltamivir, peramivir and laninamivir. New findings in structure and mechanistic features of 

influenza virus NA, however, are driving ongoing research into development of new 

anti-influenza agents. The natural micromolar NA inhibitor Neu5Ac2en and the anti-influenza 

drug zanamivir both have a glycerol side-chain, which engages in hydrogen-bond interactions 

with conserved residue Glu276. In contrast, other inhibitors (oseltamivir and peramivir) use a 

hydrophobic side-chain to bind the glycerol side-chain binding pocket by inducing a 

reorientation of Glu276, creating a hydrophobic pocket. The 4,5-unsaturated 

(Δ4-)N-acetylglucosaminuronic acid template, in which a β-glycoside aglycon replaces the 

glycerol side-chain of Neu5Ac2en, has proved to be a useful template to probe binding 

interactions within this area of the NA active site.  

In the first study described in Chapter 3, a multigram-scale synthetic route to the key 

N-acetylglucosaminuronate glycosyl azide was optimised. Using CuAAC, novel 
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N-acetyl-Δ4-β-D-glucosaminuronyl 4-substituted [1,2,3]-triazoles, with a range of substituents 

on the triazole ring, were then synthesised. Using an in vitro fluorometric enzyme assay, the 

NA inhibitory activity of the synthesised compounds was assessed. The best inhibitor, with 

activity (IC50) equivalent to Neu5Ac2en against an H3N2 NA, was obtained with a phenyl 

substituent on the triazole group. Further modifications of the aromatic ring did not appear to 

create additional favourable binding interactions, at least with respect to strength of 

inhibition. Studies of inhibition against influenza A virus H5N1 and the H5N1–His274Tyr 

variant, indicated that the inhibitory activity of the triazole derivatives was not adversely 

affected by the inability of the His274Tyr strain to re-orient Glu276. This is in line with our 

modelling study, which suggested that the triazole substituent would orient towards the 

side-pocket lined by Ile222 and Ser246 (or Ala246, depending on the strain), rather than bind 

in the glycerol side-chain binding pocket. The binding mode of the 4-phenyl triazole derivative, 

the most potent inhibitor across all tested NAs, will next be assessed in crystallographic 

studies. 

In the second study described in Chapter 3, following on from the results of the first study, a 

basic docking study was undertaken to explore the potential binding mode of 

N-acetyl-Δ4-β-glucosaminuronyl 5-substituted-[1,2,3]-triazole derivatives. This study suggested 

that the hydrophilicity, bulkiness and length of the 5-subtituent on the triazole influenced the 

success of the docking into the NA active site, and that the binding of these compounds might 

be dependent on the Glu276 orientation. Using, the previously synthesised unsaturated 

glucosaminuronate glycosyl azide, introduction of a 5-substituted [1,2,3]-triazole group by 

RuAAC was attempted. Unfortunately, this glycosyl azide showed a lack of reactivity towards 

functionalised alkynes in the Ru-catalysed reaction, with only phenylacetylene successfully 

generating the desired 5-phenyl-[1,2,3]-triazole. As suggested by the docking study, this 

derivative with a bulky triazole substituent had only weak (millimolar) inhibitory activity 

against the tested influenza A virus NAs. Further method development would be required to 

provide a series of 5-substituted [1,2,3]-triazole derivatives on the glucosaminuronic acid 

template to explore the effect of this substitution on influenza virus NA inhibition. 
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Rha rhamnose 
Rib ribose 
Rib-5P D-ribose 5-phosphate  
Xyl  xylose 
Xyl-5P xylose-5-phosphate 
  
  
Sial ic acid abbreviations 
  
Kdo 
 

ketodeoxyoctonic acid; 
3-deoxy-D-manno-oct-2-ulopyranosonic acid 

Neu5Ac / NANA 
 

N-acetylneuraminic acid; 5-acetamido-3,5-dideoxy-D-glycero-D-
galacto-non-2-ulopyranosonic acid 

Neu5Gc N-glycolylneuraminic acid  
Neu5Ac2en / DANA 2,3-dehydro-2-deoxy-N-acetylneuraminic acid  
Sia sialic acid  
  
  
Other carbohydrates  
  
Lex Lewis x; Galβ(1→4)[Fucα(1→3)]GlcNAc 
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NMR abbreviations  
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m multiplet (spectral) 
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1.CHAPTER 1  

 Carbohydrates in Drug Discovery 

Carbohydrates are the most abundant of the biological molecules. They play essential roles in 

mammalian physiological processes, as well as in numerous diseases due to either interactions 

with pathogens (e.g. bacteria, viruses, parasites), or physiological processes going awry. This 

chapter introduces the broad involvement of carbohydrates in human physiological and 

pathological processes and their use in drug discovery, concentrating on drugs currently on the 

market and in clinical trials. The discussion in this chapter then moves to the widespread and 

interesting recent roles of ‘click chemistry’ azide-alkyne cycloadditions in medicinal chemistry, 

focusing on their applications in glycoscience. 

1.1 Carbohydrate structure  

1.1.1 Monosaccharide constitution and configuration 

Carbohydrates are polyhydroxycarbonyl compounds with 3 or more carbon atoms.1,2 

Monosaccharides are the simplest carbohydrate units, possessing 3 to 9 carbon atoms,3 and 

were originally described with the general formula Cn(H2O)n. The most common derivatives are 

composed of 5, 6 or 9 carbon atoms. When the carbonyl group is an aldehyde or a ketone, the 

carbohydrate is respectively referred to as an aldose or a ketose. They exist in equilibrium 

between acyclic (open-chain) and cyclic forms (Figure 1.1).2  

 

Figure 1.1  Equilibrium between cyclic and acyclic forms of the aldohexose D-glucose. The 

configurational symbol D refers to the R-configuration at the most distant stereogenic centre, ‘the 

configurational carbon’ (C-5 for glucose), from the carbonyl group (C-1), whereas L would indicate an 

S-configuration at this point. 

The intramolecular reaction between the carbonyl group (aldehyde or ketone), and a hydroxyl 

group of the linear (open-chain) monosaccharide results in the formation of an entropically 

favoured (with respect to the intermolecular reaction) cyclic hemiacetal, or hemiketal 

respectively.2 Predominant in solution,3 the cyclic hemiacetals or hemiketals, are referred to as 
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furanoses when they are 5-membered rings, and as pyranoses when they are 6-membered 

rings (examples of D-glucose cyclic hemiacetals are shown in Figure 1.1).1 

The new stereocentre formed upon intramolecular ring closure is called the anomeric 

centre.1,2 The two resulting diastereomers (for each ring size) are referred to as α- and 

β-anomers, depending on the respective cis or trans configuration of the exocyclic substituent 

(in Fischer projection) with respect to the substituent at the most distant stereogenic centre 

from the anomeric centre (C-5 for hexoses, examples of D-glucose anomers are presented in 

Figure 1.1).2  

Reaction at the anomeric centre with another carbohydrate moiety, or a non-carbohydrate 

aglycon (e.g. an aliphatic alcohol), leads to the formation of an acetal, with the newly created 

bond referred to as the glycosidic bond or glycosidic linkage.2,3 The newly formed acetal is 

called a glycoside and is configurationally more stable than the hemiacetal.2,3 

1.1.2 Monosaccharide ring conformations 

Monosaccharide constitution and stereochemical configuration are predetermined, and 

require a chemical reaction (e.g. glycosidic bond formation) to change.1 In contrast, ring 

conformation interconversion occurs at room temperature in solution.1 Two main factors 

influence the ring conformation of a monosaccharide and generally stabilise one particular 

conformation: steric (Van der Waals) interactions, and polar (electrostatic) interactions.1 

Focusing on the common hexoses, envelope or twist forms are the main furanose 

conformations,2 whereas five main conformation types are representative of the 38 recognised 

conformations4 adopted by the pyranose ring. These five conformation types are: chair (C), 

envelope (E), boat (B), skew (S, also referred to as twisted or twist boat), and half-chair (H) 

(Figure 1.2).1,2,5  

  

Figure 1.2  Selected representative pyranose conformations. By convention, the clockwise hemiacetal 

atom is numbered 1 for hexoses.  

The chair conformation has been shown to be by far the most stable of the pyranose 

conformations.1,2 This conformation has two types of bonds, referred to as axial or equatorial 

depending on their direction with respect to the axis of the ring (Figure 1.3A).6 The axial bonds 

are parallel to the axis of the ring and the equatorial bonds lean at about the tetrahedral angle 

off the axis (Figure 1.3A).1 Considering the pyranose conformations of β-D-glucose, two chair 

conformations can occur - 4C1 and 1C4 - where respectively C-1 lies either under or above a 
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reference plane (defined by C-2, C-3, C-5 and the endocyclic oxygen atoms), and C-4 above or 

under this plane (Figure 1.3B).1,2,6  

 

Figure 1.3 A. Axial and equatorial bonds;  B.  Chair conformations of β-D-glucopyranose. Reproduced 

(A) with modification from Lehmann,
1
 with permission.  

Interchange of equatorial bonds with axial bonds occurs with changes in ring conformation (i.e. 

equatorial bonds in the 4C1 conformation become the axial bonds of 1C4 and vice-versa).1,4 In 

most of the cases, the substituents of the ring determine if a conformation is energetically 

unfavoured due to Van der Waals repulsions,2 sometimes referred to as 1,3-diaxial interactions 

(Figure 1.3B).5  

1.2 Carbohydrates in biology  

1.2.1 Monosaccharides: building blocks of larger structures 

Monosaccharides are the building blocks of larger structures – linear or branched chain 

carbohydrates – where the monosaccharide units are joined by glycosidic linkages.7,8 For 

relatively small carbohydrate structures, a prefix is added to ‘saccharide’ to indicate the 

number of monosaccharide units included: e.g. monosaccharides (1), disaccharides (2), 

trisaccharides (3), tetrasaccharides (4), etc. Large structures are usually referred to as 

oligosaccharides (3 or more units, usually used for carbohydrates with defined structures) or 

polysaccharides (linear or branched polymers of monosaccharide residues).2,3 

The term ‘sugar’ is a synonym of carbohydrate,2,9 although it usually refers to relatively small 

carbohydratesa − monosaccharides and small oligosaccharides − with the size of the 

oligosaccharides not strictly (or unanimously) defined (i.e. it is somewhat  

author-dependent).6-8 

 

 

 

 

                                                            
a  In this thesis, the term carbohydrate will be preferred and the term saccharide will only be used when 

following a numeric prefix (e.g. tetra) or the prefix mono-, oligo-, and poly-. However, the term sugar 

will be used if it is the most widespread term used in the literature for a particular topic.  

ax
eq

109.5°

axis

4C1 1C4

HO O
OH

OH

OH

O

OH

OH

HO
OH

OH
HO

1,3-diaxial interactionsBA



 4 

1.2.2 Monosaccharides: natural  occurrence and biological  importance 

as subunits 

1.2.2.1  Natural occurrence of monosaccharides 

The intrinsic structural features of monosaccharides lead to a structurally diverse pool of 

building blocks. For example, considering the common hexoses, the existence of cyclic forms 

with a variety of ring sizes, the possibility of α- and β-anomers, and the relative 

stereochemistry of substituents (due to the presence of multiple stereocentres) provide a 

large range of building blocks. These building blocks have a high potential to create diverse and 

complex structures because of the possibility of substitution or linkage at/through every 

position.10 However, this potential is so far, not noticed in carbohydrates isolated from Nature, 

where the use of monosaccharide building blocks is found to be limited to a small set with also 

a limited pool of substitutions observed (e.g. sulfation, phosphorylation, acetylation). This 

recurrent group of monosaccharide building blocks (Figure 1.4) can consequently be 

considered as the primary alphabet of the so-called “sugar code”.11 

A core group of 10 monosaccharidesb represents the most important monosaccharides in 

mammalian biology3,12 (Figure 1.4a), with the most prevalent hexoses being glucose (Glc), 

galactose (Gal, the C-4 epimer of Glc), and mannose (Man, the C-2 epimer of Glc). However, 

many of the common monosaccharides (Figure 1.4) differ from the original formula Cn(H2O)n by 

either deoxygenation, oxidation, replacement, or modification of a functional group. For 

example, fucose (Fuc), a deoxycarbohydrate (or more specifically a deoxyhexose), has the 

primary hydroxyl group replaced by a hydrogen atom.1 N-Acetylglucosamine (GlcNAc) and 

N-acetylgalactosamine (GalNAc) belong to the amino sugar family (also known as amino 

carbohydrates or hexosamines). In this family, a hydroxyl group is replaced by an amino group, 

either as a free amine, or as a substituted amine (amide), as for instance in GlcNAc or GalNAc.1 

Glucuronic acid (GlcA), in which the primary hydroxyl group is oxidised, belongs to the uronic 

acid family.2 N-Acetylneuraminic acid (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-

ulopyranosonic acid, Neu5Ac, NANA)c and N-glycolylneuraminic acid (Neu5Gc) belong to the 

ketoaldonic (ulosonic) acid family, and more particularly to the sialic acids. Neu5Gc, although 

not expressed in healthy human tissue, is produced in other mammals.12 Finally, xylose is an 

important pentose in mammalian biology.  

                                                            
b
  It is a group of 9 monosaccharides if Neu5Ac and Neu5Gc are considered together as sialic acids, and if 

only monosaccharides used for mammalian glycoconjugate biosynthesis are considered (i.e. 
N-acetylmannosamine and iduronic acid are not always taken into account into this 9/10 number). 
c  Neu5Ac is often loosely referred to as sialic acid for historical reasons. 
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Figure 1.4  Prevalent monosaccharides in Nature (primary “alphabet” of the sugar code) shown in 

their most frequently observed cyclic form. All of these monosaccharides commonly occur in 

D-configuration except Rha, Fuc, Ido and Ara, which are usually observed in an L-configuration. Hexoses 

are represented in blue, hexosamines in green, uronic acids in red, ulosonic acids in black, pentoses in 

orange, and deoxyhexoses or deoxypentoses in violet. This Figure is based on information from Refs 

[9,12-15]. 

Although not always formally taken into account into the 9 or 10 mammalian 

monosaccharides, N-acetylmannosamine (ManNAc) and iduronic acid (IdoA) are often 

associated with these core mammalian monosaccharides for respectively being either an 

important substrate in sialic acid biosynthesis,12 or being a common post-synthetic 

modification (epimerisation) of GlcA12 (Figure 1.4a). 

Monosaccharides observed in microbial organisms encompass the so-called mammalian 

monosaccharides as well as more microbial-specific monosaccharides.9,15,16 Bacteria-specific 

monosaccharides (Figure 1.4b) include for example galacturonic acid (GalA), L-arabinose 

(L-Ara), ketodeoxyoctonic acid (3-deoxy-D-manno-oct-2-ulopyranosonic acid, Kdo) and 

L-rhamnose (L-Rha) (bacterial carbohydrates have been reviewed in detail by Herget et. al15).  

Fructose (Fru), ribose (Rib) and 2-deoxy-D-ribose (dRib, loosely referred to as deoxyribose) 

(Figure 1.4c) are other prevalent monosaccharides. The last two, ribose and deoxyribose, are 
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the two sugar components of nucleotides, which are respectively building blocks of the nucleic 

acids RNA and DNA.d 14 

1.2.2.2  Biological  importance of monosaccharides in humans  

Glucose, galactose and fructose are the most prevalent monosaccharides in human nutrition.17 

Whereas glucose is found in plant and animal tissues, galactose is found in dairy products, and 

fructose is found in fruits, vegetables and honey.18 However, these monosaccharides are not 

only ingested as free monosaccharides but also as components of disaccharides, 

oligosaccharides or polysaccharides depending on the sources of the diet.17 For example, 

galactose is generally found in dairy products as part of the disaccharide lactose 

[β-D-Galp-(1→4)-α-D-Glcp], but is also found as the free monosaccharide in fermented dairy 

products (the digestion and metabolism of carbohydrates has been reviewed by Southgate17). 

Aside from these carbohydrates ingested in part as free monosaccharides, within the human 

system carbohydrates are found as free monosaccharides when involved in monosaccharide 

interconversion and metabolic pathways, as well as in energy supply and energy conversion 

(carbohydrate metabolism is discussed further in Section 1.2.3). Aside from these physiological 

processes, carbohydrates are found as glycosidically-linked oligosaccharides, polysaccharides 

and glycans.1 The term glycan refers to the carbohydrate component of glycoconjugates, which 

are carbohydrates covalently linked to other biological molecules (such as amino acids, 

peptides, proteins, and lipids) (glycoconjugate biosynthesis is presented in Section 1.2.3). 

These glycoconjugates are often expressed at the cell surface and are involved in specific 

processes (carbohydrate-specific interactions are discussed in Section 1.2.4).  

1.2.3 Carbohydrate metabolism and glycoconjugate biosynthesis 

After a meal, ingested (dietary) disaccharides, oligosaccharides and polysaccharides need to be 

digested before their subunit monosaccharides can be absorbed. Enzymatic digestion 

(hydrolysis of glycosidic bonds) begins in the mouth with salivary enzymes, before being 

continued in the gastrointestinal tract. Monosaccharides are then absorbed into the 

bloodstream to be circulated in the body and reach the organs where they are required 

(digestion and absorption of carbohydrates are discussed more fully in Refs [17,19]).   

Glucose is commonly referred to as ‘blood sugar’2 because it is the main metabolite of 

hydrolysis of dietary carbohydrates, and consequently it is the most abundant carbohydrate in 

the bloodstream.17 Its primary function is to provide the cells with a source of energy.18 Energy 

                                                            
d
  DNA (deoxyribonucleic acid), RNA (ribonucleic acid), and their biological roles are outside the scope of 

this thesis so the biological importance of ribose and deoxyribose will not be discussed in further detail. 
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(in the form of adenosine tri-phosphate, ATP) is produced when glucose 6-phosphate (Glu-6P) 

is broken down to pyruvate (2-oxopropanoate) in a 10-step process called glycolysis (Figure 

1.5).23,24 In fact, pyruvate is a key non-carbohydrate metabolite common to the metabolism of 

carbohydrates, ‘fats’ (fatty acids) and proteinse (protein digestion and amino acid biosynthesis) 

(fatty acid metabolism is reviewed in Refs [25,26]). It is used to produce energy (Figure 1.5) via 

the citric acid cycle (the citric acid cycle is discussed in Refs [27,28]).  

The reciprocal process to glycolysis, called gluconeogenesis, consumes ATP when producing 

Glc-6P from non-carbohydrate sources (i.e. from pyruvate or lactate, Figure 1.5). Although 

glycolysis produces energy by degrading Glc-6P and gluconeogenesis consumes energy when 

producing Glc-6P, these two processes are not completely reciprocal and reversible,1 because 

some enzymes are unique to each process (glycolysis and gluconeogenesis are reviewed in 

Refs [23,24]).  

Blood glucose level and energy storage (as a polysaccharide of glucose called glycogen, Figure 

1.5) are regulated by hormones to maintain a constant supply of glucose to the organs of the 

body through the day (reviewed in McGuire & Beerman18). Whereas blood glucose level is 

controlled by glucagon and insulin, glucagon and epinephrine regulate energy storage by 

favouring gluconeogenesis and glycogen breakdown.18 

 

                                                            
e Not all amino acids have the same metabolic pathway, so for the purpose of simplification, the 

different metabolic pathways of amino acids are not represented in Figure 1.5 (more details of protein 

digestion, amino acid metabolism, and amino acid biosynthesis are described in Refs [20-22]). 
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Figure 1.5  Schematic representation of carbohydrate metabolism with key metabolites and main 

interconnections to other metabolic pathways. P = phosphate group. Fru-6P is also a key metabolite in 

glycolysis and can be produced through the pentose phosphate cycle as well (both not represented). 

This Figure is based on information from Refs [1,6,23,29-31]. Detailed metabolic pathways are available 

on the KEGG pathway website.
32

 

Aside from these metabolic pathways resulting in energy supply and energy conversion, the 

pentose phosphate cycle leads to the production of various pentose derivatives including 

D-ribose 5-phosphate (Rib-5P) and 2-deoxy-D-ribose-1-phosphate (dRib-1P), which are used for 

the synthesis of nucleotides and subsequently for the biosynthesis of RNA and DNA (Figure 1.5, 

the pentose phosphate cycle is discussed more fully in Refs [23,33]). Nucleotides are not only 

used for the synthesis of nucleic acids but also for the synthesis of nucleotide sugars (i.e. 

nucleoside mono- or di-phosphate sugars) from phosphorylated hexoses. Both families − 

phosphorylated hexoses and nucleotide sugars − are key metabolites in monosaccharide 

interconversions (Figure 1.5). The interconversion of monosaccharides through enzymatic 

reactions is the main source of monosaccharide diversity since there are only three 

monosaccharides provided (in significant quantities) from the diet. Consequently, most of the 

building blocks of the “sugar code” required for the synthesis of glycoconjugates (Figure 1.5) 

are produced in adequate quantities through monosaccharide metabolic interconversions 

between hexose phosphates or between nucleotide sugars (monosaccharide interconversion is 

discussed more fully in Refs [30,34]). 
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The biosynthesis of glycoconjugates in human cells can be divided into 5 main steps (Figure 

1.6; reviewed by Meledeo and Yarema12). The cellular intake of monosaccharides (step 1) and 

monosaccharide processing and activation (step 2) are common with the carbohydrate 

metabolism pathways for energy supply and conversion. The cellular intake of 

monosaccharides – mainly provided by dietary intake but also by endogenous metabolism or 

salvage pathways35 – is regulated by sugar transporters. These monosaccharides transporters  

– SGLT and GLUT families – are found in plasma membranes and mediate the carriage of 

monosaccharides from the blood plasma into the cells. This process is substrate-specific and 

depends on saturation kinetics.  

 

Figure 1.6  Carbohydrate metabolism and glycoconjugate biosynthesis in human cells.
36  

Reproduced from Yarema et al., 2005,
36

 with permission. 

Once monosaccharides are inside the cell, they are processed and activated (step 2). 

Processing occurs by interconversion of monosaccharides (Figure 1.5, e.g. epimerisation), 

condensation reactions (e.g. sialic acid biosynthesis from ManNAc) and through diversification 

by functionalisation (e.g. oxidation). These newly formed monosaccharides are then activated 

by phosphorylation and coupled with nucleotides to form nucleotide sugars (if not already 

formed during monosaccharide interconversions). These nucleotide sugars are then either 

used in the cytoplasm,12 or transported from the cytosol into the Endoplasmic Reticulum (ER) 

or Golgi apparatus (step 3). The synthesis of glycoconjugates (step 4) occurs in the ER and 

Golgi, where glycosyltransferases use the nucleoside sugars (also referred to as nucleotide 
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sugar donors) as glycosyl donors to form glycosidic bonds with other sugars to produce oligo- 

or polysaccharides (glycans). Ultimately, these glycans are attached to a protein or a lipid to 

form glycoconjugates. The structural variations in linking monosaccharide units are used to 

provide specificity of interactions. Post- (or co-) synthetic modifications (step 5), such as 

epimerisation (e.g. GlcA to IdoA) or sulfation [e.g. N- and O-sulfation of glycosaminoglycans 

(GAGs)], expand the physical and chemical properties of the new glycoconjugates (Figure 1.7).6  

 

Figure 1.7  Products of glycoconjugate biosynthesis. 
a
10-15% by weight carbohydrate, 

b
50-60% by 

weight carbohydrate, 
c
also referred to as oligomannose type. GSLs = glycosphingolipids; GPI anchors = 

glycophosphatidylinositol anchors; GAGs = glycosaminoglycans. This Figure is based on information from 

Refs [6,7,36].
 

The mature glycans and glycoconjugates are then either displayed on a cell surface, or 

secreted. Ultimately they are recycled and used as an alternative source of basic building 

blocks. Occurring in the lysosome, degradation of glycans and salvage pathways provide 

monosaccharides that can be re-used for the biosynthesis of glycoconjugates (Figure 1.5).6,7 

1.2.4 Carbohydrate-specif ic interactions 

The glycocalixf or “glycocoat” is a polysaccharide and glycoconjugate-based layer, present on 

the surface of almost all cells, and different for each organism.2,37 The cell surface can be 

likened to a docking area since it is the place where cell-cell interactions, cell-molecule 

interactions and cell-pathogen interactions occur.2 These carbohydrate-specific interactions 

                                                            
f
  Also spelled ‘glycocalyx’ in the literature. 
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can trigger physiological processes (e.g. fertilization, cell growth and differentiation, immune 

responses), or pathological processes such as inflammation, infections (viral, bacterial, 

parasite) and cancer metastasis.38   

1.2.4.1  Carbohydrate-protein interactions 

Carbohydrate-protein interactions have essential roles in physiological and pathological 

processes (Figure 1.8),39 and are based on the structural features of both the carbohydrate and 

the protein.39 These complex interactions can involve the molecular levelg (a mix of 

hydrogen-bonding, electrostatic and hydrophobic interactions; for more details see Table A.1 

in Appendix A) as well as ‘spatial’ interactions (for more details on the levels of 

binding/differentiation that are possible, see Table A.2 in Appendix A).  

 

Figure 1.8  Examples of protein-carbohydrate interactions. Image reproduced from Institute for 

Glycomics archive (unpublished). 

Carbohydrates can be recognised by several types of proteins: glycan-binding proteins, 

carbohydrate-specific antibodies (immunoglobulins), carbohydrate-processing enzymesh [e.g. 

glycosyltransferases, glycohydrolases (glycosidases), sulfatases], and proteins involved in the 

carriage and sensing of free carbohydrates.39,40  

Lectins and GAG-binding proteins are the two major classes of ‘glycan-binding proteins’, 

proteins which specifically recognise glycans.40 Whereas GAG-binding proteins are classified 

based on the GAG chain that they recognise, lectins - sometimes referred to as “translators of 

the sugar code”41 - are classified into major groups and subtypes depending on their host, the 

carbohydrates they recognise and/or their sequence and structural homology.40 Historically, 

plant lectins were first discovered, leading the way to a new field referred to as “lectinology”, 

                                                            
g
 Molecular level interactions are used in this thesis for designing influenza virus neuraminidase 

inhibitors (see Chapter 3). 
h
  Also referred to as carbohydrate-metabolising enzymes in the literature. 

Cell  Membrane 

Carbohydrates 
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which today also includes animal, human and microbial lectins.42 Carbohydrate-binding 

proteins and lectinology belong to a rapidly growing and changing field, so there is presently 

no universal lectin classification.40  

Animal and human lectins display a broad range of functions such as cell-cell interactions, 

cell-matrix interactions, cell growth control, and glycan recognition (native and foreign) 

(animal and human lectins are discussed more fully in Refs [43,44]). Considering human 

pathogenic microorganisms, microbial lectins – bacterial, viral and parasite lectins – have 

important roles in the associated disease.45 Bacterial lectins can either be found on 

fimbriae/pili, on the surface of the bacteria, or be secreted as toxins.45 They are involved in the 

host cell attachment, cell entry, and in the promotion of the infection.45 Similarly, viral surface 

lectins are involved in viral adhesion and infection (microbial lectins are discussed more fully in 

Refs [45,46]).  

1.2.4.2  Carbohydrate-carbohydrate interactions 

Carbohydrate-carbohydrate interactions can be either adhesive or repulsive depending on the 

type of interactions.47 Although not well characterised (yet), carbohydrate-carbohydrate 

(glycan-glycan) interactions are assumed to involve the same type of interactions as 

carbohydrate-protein interactions (e.g. hydrogen-bonds, hydrophobic and Van der Waals 

interactions).48 These interactions are difficult to study because of the difficulty to detect 

monovalent interactions as well as the weakness (fragility) of the interactions.49 However, 

these interactions are specific, which is suggested to be due to carbohydrate motif 

arrangements.49 

Examples of carbohydrate-carbohydrate interactions are currently very limited compared to 

protein-carbohydrate interactions. Nevertheless, the significance of carbohydrate-

carbohydrate interactions in disease is far from being fully determined. Their importance in 

cancer, and for example the role of carbohydrate-carbohydrate interactions involving 

glycosphingolipids (GSLs) in tumorogenesis (e.g. GM3-GM3, GM3-LacCer or GM3-Gg3 in 

melanoma cells), is currently under investigation.50-52  

1.2.4.3  Strength of carbohydrate-specif ic interactions 

It is accepted that the low affinity (strength of monovalent interaction) of 

carbohydrate-carbohydrate or carbohydrate-protein interactions involving a single 

carbohydrate ligand is overcome in Nature by the use of multivalency. Multivalency is the 

combination of low affinity single carbohydrate ligand interactions via multivalent interactions 

resulting in a higher avidity (strength of polyvalent interactions).2,47,49 Indeed, looking at 

carbohydrate-protein interactions, the dissociation constant (Kd) of lectins for carbohydrate 
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monomers (small sugars) is estimated to be mM, whereas it is estimated to be nM for natural 

carbohydrates (polysaccharides).53 On the other hand, the interaction between carbohydrate 

monomers (small sugars) and carbohydrate-metabolising enzymes can be stronger with the Kd 

for the transition state predicted to be as low as 10-22M,i and the Kd for natural substrates 

observed to be subµM to µM.37,53,54  

Interestingly, recent work from Jennings and co-workers55 showed a higher affinity for 

carbohydrate-carbohydrate interactions than what was previously accepted (weak 

interactions) by demonstrating the existence of direct glycan-glycan interactions 

(bacterial-glycan and host-glycan) with a Kd from high nM to low µM, which is similar to 

lectin-glycan interactions.  

1.2.5 Tools for investigating carbohydrate-specif ic interactions 

Considering the involvement of carbohydrates in physiological and pathological processes, it is 

of importance to understand their specific role(s). The role of carbohydrates can be 

established by investigating carbohydrate-specific interactions, which involves analysing 

binding partners of carbohydrates. By doing so, it becomes possible to modify, interrupt or 

take advantage of these interactions for diagnosis and drug design.  

Carbohydrate-protein interactions are currently investigated by various complementary 

approaches and techniques (reviewed by Sollis et al.44), which include: 

- in silico methods (molecular modelling: molecular docking and molecular dynamics) 

- solid state methods (X-ray crystallography) 

- solution-based methods to analyse lectin features [e.g. circular dichroism, mass 

spectrometry (MS), fluorescence spectroscopy, Nuclear Magnetic Resonance (NMR 

spectroscopy)] 

- solution-based methods to analyse lectin interactions [e.g. carbohydrate inhibition 

studies, affinity chromatography, atomic force microscopy, microarrays, Surface 

Plasmon Resonance (SPR), isothermal calorimetry (ITC), NMR spectroscopy] 

- cell and tissue-based methods (e.g. lectin cyto- and histo- chemistry) 

- in vivo methods (e.g. biodistribution analysis)  

Most commonly, X-ray crystallography is used to explore the atomic basis of interactions.39,44 

SPR and ITC are used to determine the Ka/Kd values of lectins.56 NMR is used for various 

purposes such as, for example, studying the bound conformation of carbohydrates (TR-NOE),39 

establishing the thermodynamic binding energy by titration using isotope labelled protein or 

                                                            
i NB: The transition state varies between individual carbohydrate-metabolising enzymes and its ‘exact 

nature’ is often unknown. 
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ligand (1H, 19F, 15N, 2H)57 or determining the functional groups of the ligand that interact with 

the protein (mapping the binding epitope of the ligand) by transfer of magnetization 

(STD-NMR).58,59 Lastly, lectin or glycan (micro)arrays are used for determining their binding 

profiles to glycans and glycan-binding proteins, respectively.56,60 Microarrays are usually 

combined with other techniques for detection such as fluorescence spectroscopy, which uses 

fluorescently labelled samples or detection reagents.61 

Carbohydrate-carbohydrate interactions are presently investigated by studying carbohydrate 

affinity interactions (e.g. cell-binding studies such as cell adhesion or cell aggregation to a 

substrate). Actually, similar approaches and techniques used for investigating carbohydrate-

protein interactions [e.g. microscopy (electronic and atomic force), microarrays, SPR, 

fluorescence (spectrofluorometric titration), X-ray crystallography, MS, NMR spectroscopy and 

molecular modelling],47,55,62,63 as well as a range of more recent techniques64-68 are used to 

investigate carbohydrate-carbohydrate interactions. 

1.3 Glycomedicine: from Nature’s metabolites to diagnosis and 

carbohydrate-based therapeutics  

1.3.1 Therapeutic intervention and disease diagnosis  

As previously described in Section 1.2.2.2, carbohydrates are involved in numerous 

physiological and pathological processes. Consequently, carbohydrate-specific interactions – 

notably those involved in cellular recognition and cellular adhesion/cleavage on the glycocalix 

– present various targets for disease diagnosis and therapeutic intervention. An overview of 

the glycobiology of a human (eukaryotic) cell with the main current therapeutic intervention 

and disease diagnosis targets is presented in Figure 1.9 (pages 15-16). 

The drive to study cell-cell, cell-molecule, cell-pathogen, and cell-antibodies interactions has 

led to the emergence of a range of techniques such as glycan and lectin arrays where glycan 

binding to antibodies and serum proteins, lectins, or other glycan-binding proteins is 

investigated to widen the knowledge of the human glycointeractome (glycan interaction map) 

(glycan arrays are reviewed in Refs [60,61,69-73], and lectin arrays are reviewed in Refs 

[74,75]). Such techniques can ultimately be used for diagnostic purposesj (e.g. biomarker 

discovery) for cancer and for infectious diseases.  

 

                                                            
j
  The use of carbohydrates and/or carbohydrate-specific interactions in diagnosis is not part of the work 

of this thesis so it will not be discussed in further detail. 
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Figure 1.9 (for detailed legend see page 16)  
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Figure 1.9  Overview of the glycobiology of a human (eukaryotic)  cel l  with the main current therapeutic intervention and disease diagnosis targets.  
Organelles and cell membrane structures are represented in green. Carbohydrate uptake, metabolism and glycoconjugate biosynthesis are represented in red. (a) Cellular uptake 
of monosaccharides; (b) Monosaccharide processing and activation (metabolic interconversions); (c) Transport to ER/Golgi apparatus; (d) Glycoconjugate biosynthesis; (e) 
Post-synthetic modifications; (f) Secretion of mature glycans and glycoconjugates; (g) Display of mature glycoconjugates on cell surface; (h) Recycling of monosaccharide building 
blocks: degradation of glycans and salvage pathways. Virus infection is represented in blue. (a) Absorption; (b) Penetration by (membrane) fusion or endocytosis; (c) Replication 
and transcription; (d) Synthesis and assembly of the nucleocapsid; (e) Release. A bacterium is represented in purple and a parasite is represented in brown. Targets for 
therapeutic intervention. General target (e.g. specific target, use). (1) Carbohydrate metabolism (e.g. α-glycosidases, anti-diabetic); (2) Carbohydrate metabolism (e.g. 
lysosomal enzymes, treatment of lysosomal storage disorders); (3) Carbohydrate metabolism & glycoconjugate biosynthesis (glycoengineering, drug delivery); (4) Carbohydrate 
metabolism & glycoconjugate biosynthesis (glycoengineering, immunostimulant); (5) Cell-antibody interactions [e.g. cell surface carbohydrates (antigens), 
immunostimulant/adjuvants]; (6) Cell-antibody interactions (e.g. tumour-associated carbohydrate antigens, cancer vaccines); (7) Antigen-antibody interactions [e.g. microbial cell 
surface carbohydrates (antigens), infectious disease vaccines]; (8) GAG–GAG-binding protein interactions (e.g. heparanase, anti-cancer & anti-angiogenesis); (9) GAG–GAG-binding 
protein interactions [e.g. antithrombin III (secreted plasma protein), anti-coagulants]; (10) Cell-cell interactions (e.g. tumour cellular adhesion through GSL-GSL interactions, 
anti-cancer); (11) Cellular recognition by virus of cell glycoconjugate receptors (e.g. influenza virus haemagglutinin, antiviral); (12) Viral glycoprotein processing [e.g. (host, 
trimming) α-glycosidases, antiviral]; (13) Cellular cleavage (release) of virus from cell glycoconjugate receptors (on the glycocalix) (e.g. influenza virus neuraminidase, antiviral); 
(14) Carbohydrate–protein interactions (e.g. bacterial ribosome, antibacterial); (15) Carbohydrate–protein interactions (e.g. bacterial biosynthesis, antibacterial); (16) Cell-toxin 
interactions (e.g. Vibrioe Cholerae toxin, antibacterial); (17) Cell-lectin interactions [e.g. PA-IL (bacterial lectin from Pseudomonas aeruginosa), antibacterial]; Targets for 
diagnosis.  (18) Cell(glycan)-lectin interactions (glycan & lectin arrays); (19) Cell(glycan)–glycan-binding protein interactions (glycan & ‘lectin’ arrays); (20) Cell(glycan)-antibody 
interactions (glycan & lectin arrays); (21) Glycoconjugate biosynthesis (glycoengineering & bioorthogonal chemistry, labelling). Targets for modulating ADME. (22) Cell 
membrane permeability (drug delivery); (23) Transporters (e.g. GLUTs, drug delivery); (24) Enzymes (e.g. β-glycosidases, drug delivery). This Figure is based on information from 
references that are provided either in Tables 1.1 and 1.2, or for tumour cellular adhesion through GSL-GSL interactions in Refs [50-52], for glycan & lectin arrays in Refs [60,61,69-
75], for glycoengineering and bioorthogonal chemistry in Section 1.3.5.1, for cell membrane permeability in Section 1.3.5.2.3, for GLUTs in Ref. [76], and for β-glycosidases in Ref. 
[77]. 
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On the other hand, therapeutic intervention against carbohydrate-specific interactions can 

take different forms such as the use of carbohydrate derivatives as drugs, as vaccines or 

adjuvants in immunology, or as tools. Therapeutic disruption of carbohydrate-specific 

interactions, such as the interruption of lectin binding (‘attachment’) or enzymatic reactions 

(‘metabolism’), has led to the research and development of carbohydrate-based drugs 

(discussed in Section 1.3.3). Taking advantage of the recognition of carbohydrates by the 

immune system (carbohydrate-specific interactions), has led to the development of 

carbohydrate-based vaccines (Section 1.3.4.1) and carbohydrate-containing/based adjuvants 

(Section 1.3.4.2). On a different note, carbohydrates have also been used to exploit 

biosynthetic (glycosylation) pathways by metabolic carbohydrate engineering (see Section 

1.3.5.1) or investigated as modulators of drug-like properties (see Section 1.3.5.2). 

1.3.2 Carbohydrates and drug development 

1.3.2.1  Role of biopharmaceutical  properties in drug development 

Designing a good drug requires consideration of what is the target the drug must reach and 

how the drug will do it. Pharmacodynamics is the study of how the drug or compound 

interacts with the body (over time). In particular, it is the study of how the drug interacts with 

its biological target (e.g. receptor, enzyme).78 On the other hand, pharmacokinetics is the study 

of how the body interacts with the drug over time.78 More specifically, it is the study of the 

journey of the drug through the body to reach its target, and particularly the modifications to 

the drug that can take place over time.78 It involves four major steps: Absorption, Distribution, 

Metabolism and Excretion.78 These four processes, as well as the Toxicity of the drug, are 

referred to as ADME-T, drug-like properties or biopharmaceutical properties. Therefore, the 

challenge of drug design consists of finding the balance between the pharmacodynamic and 

the pharmacokinetic properties (or drug-like properties) (Scheme 1.1).78,79 

 

Scheme 1.1  Drug design challenge  
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To determine the journey of the drug, different parameters are studied such as the clearance 

of the drug (the elimination of the drug from the blood), its half-life (the time necessary to 

eliminate or metabolise half the quantity of the drug), and its bioavailability (the amount of 

drug available after administration).79  

1.3.2.2  Challenges with the use of carbohydrates in drug development 

The inherent properties of carbohydrates are a drawback for their use in drug development 

since carbohydrates display a short-serum half-life, rapid renal excretion, and poor cellular 

uptake.37 The free hydroxyl groups result in high water solubility and high polarity. However, 

they are also the cause of the inability of carbohydrates to passively pass through lipophilic 

membrane barriers such as cell membranes or the barrier of the small intestine, the latter 

being an issue for oral bioavailability.37 Nonetheless, oral bioavailability is not necessarily a 

requirement depending on the targeted organ (e.g. α-glycosidase inhibitors for the treatment 

of diabetes targeting an enzyme in the small intestine, and influenza virus neuraminidase 

inhibitors working at the airway epithelium).  

1.3.3 Carbohydrate-based drugs 

Carbohydrate-based actual, and potential, drugs include polysaccharides, glycoconjugates and 

modified monosaccharide molecules (reviewed in Refs [37,59,80-86]). A selection of currently 

licensed carbohydrate-based drugs is presented in Table 1.1 (pages 19-22). The majority of 

carbohydrate-based drugs currently approved target carbohydrate-processing enzymes, and 

more specifically glycohydrolases.k Taking advantage of carbohydrate-specific interactions, 

many of these drugs have been developed by drug design to be (natural) substrate-mimetics 

for biological recognition (sometimes referred to as receptor mimics).87 However, some 

carbohydrate-based drugs do not have, yet, a defined and definite mechanism of action (e.g. 

use of hyaluronic acid in ophthalmology) because of the complexity and multiplicity of the 

roles of carbohydrates. Some carbohydrate-based drugs also present side-effects (an 

unwanted role of the drug) that require a new generation of drugs to be designed. For 

example, the development of carbohydrate-based anti-coagulants resulted in the design of 

Fondaparinux 1.1, a structurally-defined pentasaccharide, which has fewer side-effects than 

its polysaccharide predecessors.  

                                                            
k Although carbohydrate-lectin interactions are currently an intense field of investigation, no 
carbohydrate-based drug has (yet) been approved. 
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Table 1.1  Selection of carbohydrate-based approved drugs, or which reached clinical trials (for footnotes and structures, see page 22). 

General 
target 

Name (registered name) Use/Indication Specif ic target Activity / Mode of action Molecule family/typesa Development Refs 

hyaluronic acid ophthalmology e.g. tissue lubricant b charged polysaccharide licensed 88,89 
sodium hyaluronate, 
(Orthovisc®) 

improve joint mobility 
(osteoarthritis of the knee) 

viscoelastic supplement b charged polysaccharide licensed 90-92 
⎯ 

sodium 
carboxymethylcellulose 
(Theratears®) 

lubricant eye drops 

⎯ 

tissue lubricant b charged polysaccharide licensed 93-95 

heparin 
a complex GAG with 
different disaccharide units 
and different MWs 

licensed 

danaparoid (Orgaran®) 
Heparinoid (GAG 
derivatives of heparin) 

licensed 

dalteparin (Fragmin®) 
enoxaparin  (Lovenox®) 
nadroparine (Fraxiparine®) 
ardeparin (Normiflo®) 

blood thinners 
enhancing the activity of 
antithrombin III (AT-III), GAG-
binding protein which 
inactivates thrombin and 
factor Xa [enzymes promoting 
coagulation (blood 
coagulation cascade)] 

low MW heparins licensed 
GAG-binding 
protein 

fondaparinux 1.1 (Arixtra®) 

anti-coagulants 
anti-thrombotic 
/ 
prevention of pulmonary 
embolism and deep 
venous thrombosis 

antithrombin III (AT-III, plasma 
protein) 

bind AT-III, AT-III mediated 
selective inhibition of factor 
Xa 

pentasaccharide (synthetic 
heparin analogue) 

licensed 

96,97 

GAG-binding 
protein 

PI-88 (Muparfostat®) 
anti-cancer (advanced 
melanoma) 
anti-angiogenesis 

heparanasec  
& growth factors 

inhibitor of heparanase 

heparan sulfate 
(substrate) mimetic 

polysulfated oligomannose 
derivative 

phase III 
completed, no 
overall benefit 
observed 

97,98 

miglitol 1.2 (Glyset®) 
substrate (Glc) 
mimetic – iminosugard 

licensed 

 
 
 
licensed 

carbohydrate 
metabolism 
 / 
carbohydrate-
processing 
enzyme 

 

acarbose 1.3 (Precose®, 
Glucobay®) 

voglibose 1.4 (Glustat®) 

anti-diabetic 
intestinal α-glycosidase 
(digestion of carbohydrates) 

α-glycosidase inhibitors 
(slow down the digestion of 
carbohydrates, reduce glucose 
uptake) 

transition-state  
mimetics 
pseudo-tetrasaccharidee 

carbasugar 
licensed 

99,100 
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Table 1.1  Selection of carbohydrate-based approved drugs, or which reached clinical trials (continued). 

General 
target 

Name (registered name) Use/Indication Specif ic target Activity / Mode of action Molecule family/typesa Development Refs 

miglustat 1.5 (Zavesca®) 

substrate reduction 
therapy 

treatment of type 1 
Gaucher’s disease 
(lysosomal storage 
disorder) 

glucosylceramide synthasee 
(degradation of glycolipids)  

inhibitor of glucosylceramide 
synthase (pharmacological 
chaperonef) 

iminosugard licensed 101,102 

carbohydrate 
metabolism  

/ 

carbohydrate-
processing 
enzyme 

migalastat 1.6 (Galafold®) 
treatment of Fabry’s 
disease (lysosomal storage 
disorder) 

(‘faulty’)g α-galactosidase 
(degradation of glycolipids and 
glycopreoteins) 

inhibitor of ‘faulty’ 
α-galactosidase 
(pharmacological chaperoneg) 

iminosugard 
licensed 
(approved in the 
EU) 

103,104  

arbekacin 1.7 

streptomycin h 
kanamycin A h 
dibekacin h 
neomycin B h 
gentamicin h 
tobramycin h 
paramomycin h 
amikacin h 

isepamicin h 
sisomicin h 
netilmicin h 

licensed 

carbohydrate-
protein 
(ribosome) 
interaction  

/ 

bacterial 
ribosome 

plazomicin j 

antibiotics 

antibacterialsi 

Gram-positive and Gram-
negative bacteria 

bind to bacterial ribosome 
(ribosomal RNA) 

/ 

interfere with bacterial 
protein translation (disrupt 
protein synthesis)  

aminoglycosides 

(1 inositol derivative + at 
least 1 amino 
carbohydrate) 

phase III110 

105-109 
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Table 1.1  Selection of carbohydrate-based approved drugs, or which reached clinical trials (continued). 

General 
target 

Name (registered name) Use/Indication Specif ic target Activity / Mode of action Molecule family/typesa Development Refs 

vancomycin 1.8 
inhibit bacterial cell wall 
peptidoglycan synthesis 
(transglycosylation)j 

glycopeptide bacterial cell 
wall 
biosynthesis 

carbohydrate-
processing 
enzyme 
(vancomycin 
derivatives only) 

dalbavancin (Dalvance®) h 

oritavancin (Obactiv®) h 

telavancin (Vibativ®) h 

antibiotics 

antibacterials 
Gram-positive bacteria 

inhibit bacterial cell wall 
peptidoglycan synthesis 

inhibit bacterial lipid synthesis 

perturb bacterial cell 
membrane 

inhibit bacterial 
transglycosylase 

(lipo)glycopeptides 

vancomycin derivatives 

licensed 
107,111-

113 

viral 
glycoprotein 
processing / 

carbohydrate-
processing 
enzyme 

celgosivir 1.9 (BuCast) 

antiviral  

HIVk antiviral 

 

 

dengue antiviral 

 

 

(chronic) hepatitis C 
antiviral 

(host) α-glucosidase 
(‘hi jacked’ to process the 

viral  envelope protein) 

HIV – gp120 (surface 
glycoprotein involved in the 
attachment of the virus) & 
gp41 (fusion protein) 

inhibition of host directed 
glycosylation of viral proteins 
(e.g. gp120 & gp41 for HIV) 

iminosugarc 

oral prodrug of natural 
product castanospermine 
(Cast) 

phase I & II 
completed,38,114 
discontinued         
(no explanation 
provided).98 

phase I 
completed,98,114 
phase I & II not 
yet recruiting98 

phase II 
completed,98,114 
discontinued         
(no explanation 
provided).98 

 

38,114,115 

 

 

114 

 

 

114 

zanamivir 1.10 (Relenza®) 

laninamivir octanoate 1.11 
(Inavir®) 

transition-state 
mimetic 

sialic acid derivatives 

licensed 

licensed 
cellular release 
of virus / 
carbohydrate-
processing 
enzyme oseltamivir 1.12 (Tamiflu®)  

influenza viruses 
antiviral 

neuraminidase (NA), surface 
glycoprotein 

NA inhibitors 
 

carbasugar (cyclitol-based) licensed 

see Chap.3 
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Table 1.1  Selection of carbohydrate-based approved drugs, or which reached clinical trials. Footnotes and structures.  

a Substrate mimetics are mimetics of (one of) the natural substrate(s). Transition-state mimetics are mimetics of the predicted/postulated transition state of the given enzyme since by definition 
transition states cannot be isolated so their exact nature is unknown (not to be confused with ground state/reaction intermediate).116  

b Takes advantage of the natural properties of these polysaccharides. 
c Cleaves heparan sulfate (GAG); expression is correlated with spread of various tumours. 
d Also referred to as iminocarbohydrate or azasugar. 
e Acarbose is a pseudo-tetrasaccharide with a terminal cyclitol (carbasugar). It is considered a transition-state mimetic. 
f Also known as ceramide glucosyltransferase. 
g The enzyme is “faulty” because a misfolding of the protein results in the protein/enzyme not being active. Inhibiting the “faulty” enzyme results in changing the folding behaviour towards the proper 

conformation, which makes the enzyme active and so results in substrate reduction. Drugs displaying this kind of mode of action are called pharmacological chaperones. 
h Structures available in Appendix B. 
I Aminoglycosides are also investigated for different uses (e.g. as antifungal agents or antiprotozoal agents, reviewed in 117). 
j The carbohydrate groups in vancomycin provide steric hindrance that result in an increase in the ligand (peptide) binding (to the peptidoglycan) resulting in an enhancement of antibacterial activity 

(with respect to the aglycon vancomycin derivative). 
k Human immunodeficiency virus. 
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1.3.4 Glycoimmunology and the development of carbohydrate-based 
vaccines and adjuvants 

1.3.4.1  Carbohydrate-based vaccines  

Glycoimmunology is a relatively recent developing field of research, since the importance of 

glycosylation in the regulation of innate and adaptive immune responses has been 

demonstrated.80,81,118,119 The adaptive immune system produces antibodies that can be seen as 

the essential molecular soldiers of the immune system. Antibodies are produced to target 

foreign molecules and signal invasion by specifically binding to them. 

Human carbohydrate epitopes are considered self-antigens, and thus in healthy tissues are not 

recognised by the immune system (low immunogenicity, weak immune response). On the 

other hand, pathogens and foreign carbohydrate epitopes (different − or not common − 

epitopes to human carbohydrate epitopes) are non-self antigens, and so are better recognised 

by the immune system (immunogenic antigens, stronger immune response). 

1.3.4.1.1  Vaccines for infectious diseases 

Microbial cell surfaces are mainly composed of capsular polysaccharides (CPS) and 

lipopolysaccharides (LPS), that can be specifically recognised by the immune system of the 

host since these antigens are foreign to the host.80 Conjugating natural polysaccharide 

antigens (CPS or LPS) to a carrier protein has been used to produce some commercial vaccines 

since these antigens elicit a strong immunological response (Table 1.2). Other vaccines are 

currently under investigation to treat other infectious diseases such as malaria (targeting the 

parasite Plasmodium falciparum) or HIV.80,120 Carbohydrate-based vaccines against infectious 

diseases have been reviewed in Refs [120-122].  

1.3.4.1.2  Cancer vaccines 

In tumour cells, the blockage or activation of carbohydrate processing enzymes, such as 

glycosyl transferases, leads to changes in the biochemical features on the cell surface, by 

production of different carbohydrate epitopes (antigens) on the glycocalix.80 A series of 

tumour-associated carbohydrate antigens (TACAs),l present on cancer cell surfaces have been 

identified (reviewed by Heimburg-Molinaro et al.123).38 These epitopes can be categorised into 

three groups: glycolipids (GPI anchors, lipid layers, from the ganglio-series, globo-series, or 

lacto-series such as Globo-H, Gb3, GM2 or GM3); glycoproteins (bound to the cell-surface, e.g. 

T/TF antigen, Ca1, and shared antigens with the glycolipids), and; modified blood group 

antigens (e.g. blood groups A and B, Lex, sLex sLea).  

                                                            
l  These TACAs can be seen as biological markers of various cancers and can be used for diagnostics. 
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Although TACAs are associated with cancer cells, they might also be present on healthy cells 

(even though in low concentrations) resulting in TACAs being tolerated by the immune system 

(recognised as “self-antigens”), and so being poorly immunogenic (of low antigenicity).124 

Consequently, the development of carbohydrate-based cancer vaccines has been proven to be 

a lot more challenging than the development of carbohydrate-based infectious disease 

vaccines, because of the difficulty to elicit a strong antibody (immunological) response. 

However, several carbohydrate-based cancer vaccines have reached clinical trials with a carrier 

and/or an adjuvant attached to a TACA to increase the immune response (Table 1.2). 

Carbohydrate-based cancer vaccines have been reviewed in Refs [124-126].  

1.3.4.2  Carbohydrates as tools in immunology: carbohydrate-based 
adjuvants as immunostimulants 

Carbohydrates are not only involved in glycoimmunology in vaccine development, but are also 

used as adjuvants to enhance the immunological response (reviewed in 127-129). Polysaccharides 

and glycosylated compounds [e.g. saponin-based QS-21130 or α-galactosylceramide C34130 

(Figure 1.10)] of either natural origin (plant, bacteria, yeast) or synthetic origin (e.g. QS-21 

derivatives) are currently intensively investigated in clinical and non-clinical studies as 

adjuvants.120,127,129 Recent studies of their mechanism of action suggested that 

carbohydrate-based adjuvants bind to specific innate immune receptors or activate different 

immune pathways, acting as immunostimulants. 120,127,129 

 
Figure 1.10  Structures of carbohydrate-based adjuvants QS-21 and C34. Reproduced from 

Danishefsky et al., 2015,130 with permission. 
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Table 1.2  Examples of carbohydrate-based vaccines. 

Types of vaccine Target (disease) Name Antigen Immunogenic 
carrier 

Adjuvant Development Refs 

Haemophilus influenzea 
type b  

(childhood bacterial 
meningitis infection) 

Quimi-Hib® 
ActHib® 

OnmiHib® 
HibTiter® 

Vaxem-Hib® 
PedvaxHib® 

Hiberix® 

Type b CPS 
TTa / CRM197b / 

OMPsc 
none licensed 80,81,120 

Salmonella typhi 
Tiphoid Vi® 
PedaTyph® 

Vi CPS none or TT none licensed 38 

Infectious 
disease vaccines 

Steptococcus 
pneumoniae 

Prevnar® 

glycoconjugate 
heptavalent 

vaccine, 
polysaccharides 

from 7 serotypes 

CRM 197  none licensed 79,80 

breast cancer Theratope® STnd KLH protein e none 

- phases I and II: promising 
results 

- phase III: good safety and 
tolerability in patients but no 
overall benefit observed131 

80,81 

breast, prostate cancers  
hexasaccharide 

Globo-H 
KLH protein/ CRM 197 QS-21 / C34 

several vaccines are under 
clinical investigation98 

reviewed in 81,130 

Cancer vaccines 
 

melanoma (cancer)  ganglioside GM2 KLH QS-21 
phase III completed, no 

overall benefit observed132 
81 

a Tetanus toxin. 
b Nontoxic derivative of diphtheria toxin.  
c Outer membrane proteins. 
d Part of mucin-1, found on breast cancer cells. 
e Keyhole lympet hemocyanin protein. 
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1.3.5 Carbohydrates used as tools  

1.3.5.1  Metabolic glycoengineering: at the frontier between glycobiology 

and glycomedicine 

1.3.5.1.1  Definition  

Metabolic glycoengineering – also referred to as metabolic oligosaccharide engineering or 

MOE – takes advantage of the substrate permissivity of biosynthetic (glycosylation) pathways 

to introduce modified (non-natural) monosaccharides into the glycocalix of living cells.133,134 By 

“simply feeding cells”135 with modified monosaccharides (instead of exogenous 

monosaccharides), metabolically-glycoengineered glycans are assembled and produced 

through the cellular biosynthetic pathway(s), instead of naturally-occurring cell surface glycans 

(Figure 1.11).134 

 

Figure 1.11  Overview of metabolic glycoengineering. (a) Exogenous monosaccharides are 
taken in by the cell. (b) Exogenous monosaccharides are metabolised and used as substrates in 
biosynthetic (e.g. glycosylation) pathways to produce glycans and glycoconjugates that are secreted on 
the cell surface. (c) Modified monosaccharides (e.g. R1 = Ac, R2 = Bu) are taken in by the cell. (d) 
Modified monosaccharides are metabolised and used as substrates in biosynthetic (e.g. glycosylation) 
pathways to produce metabolically-glycoengineered carbohydrates that are secreted on the cell surface. 
(e) Variations of R2 groups have shown “scaffold-dependent” activities. (f) Metabolic glycoengineering 
on a cancer cell is shown as an example of activity (here selective toxicity on cancer cells) generated by 
the modified monosaccharides. Reproduced from Wang et al., 2009,134 with permission. 

Metabolic glycoengineering was pioneered with the sialic acid pathway.136,137 It has since been 

extended to additional pathways such as the hexosamine or the (fucose) salvage 

pathway.134,138 Although most of the reported studies investigate metabolic glycoengineering 

in mammalian cells, recent studies are investigating metabolic glycoengineering in bacterial 

cells.139,140  
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1.3.5.1.2  Bioorthogonal chemistry and applications 

Whereas the metabolic glycoengineering approach exploits the replacement of natural 

monosaccharides by non-natural residues and their incorporation on the surface of living cells, 

its combination with bioorthogonal chemistry by Bertozzi and co-workers,141 brings this 

approach to the next level. Bioorthogonal chemistry consists of introducing orthogonal 

functional groups into the oligosaccharides of the cell surface through MOE, and uses these 

non-natural functional groups to covalently functionalise the cell surface by chemical 

ligations.142 For example, bioconjugation between the ketone groups of unnatural cell-surface 

sialic acids (N-levulinoyl-neuraminic acids, introduced through MOE) and complementary 

hydrazine-labelled biotin, led to the decoration of cells with biotin groups. In the presence of a 

ricin A chain–avidin conjugate, with the ricin A chain being a toxin, these cells were selectively 

killed showing the use of metabolic glycoengineering in drug delivery (a toxin in this 

example).143  

Extension of the chemical versatility of this strategy led to the introduction of thiol, diazirine, 

alkyne and azide groups on the sialic acids coating the cell surface, in addition to the (naturally 

occurring) functional groups (e.g. hydroxyl groups, acetyl groups). Applications134 of the 

introduction of azide and alkynes groups will be discussed in Section 1.4.5.1.  

By installing “chemical tags” on cell-surface glycans,144 the application of this strategy was 

extended to gene delivery,134 drug delivery (delivery of small molecules, e.g. of doxuribicin, an 

anticancer drug),134 and diagnostics, with delivery of imaging agents such as Magnetic 

Resonance Imaging (MRI) contrast agents.134 Additionally, by introducing non-natural or 

non-ubiquitous functional groups, this strategy allows the extension of the sugar code and the 

modulation of biological recognition events.134,144 For instance, this strategy was extended to 

the modulation of the cell surface immunoreactivity142 by for example, increasing the 

antigenicity of TACAs for cancer immunotherapy,134 or studying disease-associated 

glycosylation defects through metabolic selection of glycan mutants.145  

To summarise, bioorthogonal chemistry associated with metabolic engineering has 

applications both in therapeutics, and in diagnostics. 

1.3.5.2  Glyco-fused therapeutics:  carbohydrates as tools to mediate drug 

delivery and modulate drug-l ike properties  

A recent approach that is under development is to use carbohydrates for a different purpose 

than as pharmacophore(s) for a biological interaction: rather as glyco-fused therapeutic(s).80 

Cipolla et al. defined glyco-fused therapeutics as “the engineering of the drug [aglycon] 

structure onto a sugar moiety” where “the glycidic [glycosidic] part of the molecule might 

address solubility issues (one of the main problems of organic-based drugs) and/or modulate 
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the pharmacokinetic properties”.80 By modulating drug-like properties, it is possible to 

mediate/affect drug delivery. Carbohydrates are currently investigated in drug delivery as 

carriers, as prodrugs and as scaffolds. 

1.3.5.2.1  Carbohydrate-based carriers 

Exploiting the intrinsic properties of carbohydrates (such as hydrophilicity, biodegradability 

and biocompatibility), a new field of research has emerged where carbohydrates are used as 

carriers.146,147 This encompasses the investigation and development of relatively simple 

structures (e.g. glycoproteins, glycoconjugates or glycoclusters), to glycosylated carriers 

(monosaccharides or polysaccharides conjugated to various carriers) or more complex 

engineered carbohydrate-based nanocarriers with various delivery applications (Figure 

1.12).146-148 Carbohydrate-based nanocarriers are investigated for drug delivery across different 

biological barriers (e.g. skin, mucosa, ophthalmic and blood brain barriers).147 Such 

nanocarriers are composed of oligosaccharides such as α-, β- and γ-cyclodextrins (cyclic 

oligosaccharides) because of their ability to encapsulate various substrates, or polysaccharides 

(e.g. hyaluronic acid or heparin) because of their ability to form self-assembled 

architectures.147-149 Examples of polysaccharide-based carriers include glycosylated liposomes, 

glycodendrimers and glycodendrimersomes (self-assembled dendrimers).  

 

Figure 1.12  Applications of carbohydrates in drug delivery. Reproduced from Jain et al., 2012,146 with 
permission. 

 

of administration and also facilitates the use of more chronic
treatment regimens [65,66]. Hence development of a suitable
carrier for oral delivery is always beneficial for drugs, which cannot
be administered by oral route. Glycosylated carriers have also been
evaluated for this purpose and have resulted in positive inferences
in this regard [67]. Mannose as a surface group has the ability to
enhance oral absorption of drugs. Pukanud et al. developed
acyclovir entrapped mannosylated liposomes and found higher
in vitro drug absorptions through everted sacs of mice ileum from
mannosylated acyclovir liposomes than conventional acyclovir
liposomes [68]. Similarly, Salman et al. developed mannosylated
nanoparticles to describe their gut bioadhesive properties to
develop a promising carrier for oral drug delivery and concluded
thatmannosylated nanoparticles could serve as a promising vehicle
for oral delivery of drugs [69]. Glycosylated carrier have been also
explored for oral immunization due to their bioadhesive properties
and resulted in overwhelming inferences [69,70].

5.3. Sustained release

Surface engineering of carriers with carbohydrate is also bene-
ficial in providing the sustained release of drugs. The conjugation of
dextran to the surface amino groups of PPI dendrimers results in
sustained release of anticancer drug doxorubicin in comparison to
free drug [52]. The developed glycosylated formulation exhibited
the initial rapid release followed by prolonged and sustained
release of doxorubicin in different in vitro dissolution media
including double distilled water, phosphate buffer saline (pH 7.4)

with albumin (1%) and phosphate buffer (pH 6.8). In the initial
rapid release about 40% of drug was released in 3 h, while in the
later half the drug was released slowly. Similarly mannosylated
solid lipid nanoparticles elicited the prolonged release of drug in
both in vitro and in vivo studies [72]. In the in vitro drug release
study the mannosylated nanometric system exhibited the initial
burst release followed by slower sustained release. Similarly in
in vivo pharmacokinetic studies the mannose conjugated nano-
particles was retained for longer period compared to plain solid
lipid nanoparticles.

In their study with galactosylated liposomes Garg and Jain
observed prolonged release of an antiviral drug azidothymidine
compared to uncoated liposomal formulation [9]. Similarly Agrawal
et al. also observed prolonged release of Chloroquine phosphate
with galactosylated dendrimers compared to plain dendrimers and
concluded that the galactose carrier could be successfully capital-
ized on to obtain sustained release of Chloroquine phosphate [53].
Garg et al. observed that galactosylated liposomes could be
successfully explored for improved therapeutic profile of drug
stavudine by altering its pharmacokinetic disposition [8]. Dutta and
Jain evaluated the targeting potential of mannosylated PPI den-
drimers for anti-HIV drug lamivudine [18]. In the in vitro drug
release study mannose conjugated PPI dendrimers prolonged the
release up to 144 h whereas PPI dendrimers has released the drug
by 24 h. Kim and Kim developed galactose conjugated nano-
particles from biotinylated poly(ethylene glycol) conjugated with
galactose containing lactobionic acid and evaluated as drug
delivery system. In drug release studies these nanoparticles

Fig. 5. Various therapeutic applications of glycosylated carriers.

K. Jain et al. / Biomaterials 33 (2012) 4166e4186 4173
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1.3.5.2.2  Carbohydrates as prodrugs 

Direct functionalisation of drugs with mono- or polysaccharides produces glycoconjugates that 

can be used as prodrugs.147-149 A prodrug is defined as a derivative of an active drug molecule 

(prodrug = drug molecule + promoiety), which needs to be metabolised in vivo by 

biotransformation (enzymatic or chemical) to be pharmacologically active (Figure 1.13).79,150,151 

In glycosylated drugs, naturally hydrophilic carbohydrate moieties (with free hydroxyl groups, 

e.g. Glc, Gal, or GlcA) have been used as promoieties to enhance the aqueous solubility of 

poorly water-soluble drugs, and/or to selectively target specific tissues, (carbohydrate) 

transporters (i.e. used as carriers), or enzymes (to change the distribution profile).148,151,152 The 

active free drugs are expected to be released after the glycosylated drugs undergo enzymatic 

hydrolysis, either in plasma, or intracellularly by glycosidases.151,152 By improving the stability 

and solubility of poorly water-soluble drugs, carbohydrates can enhance their bioavailability, 

which can result in a more controlled drug release.148  

 

Figure 1.13  Simplified illustration of the prodrug concept. Reproduced from Huttunen et al., 2011,151 
with permission. 

In addition to the uses of carbohydrates described in the preceding paragraph, carbohydrates 

can also be used to target another important drug delivery problem, which is the inefficient 

membrane uptake (membrane/barrier permeability) and absorption of hydrophilic drugs. In 

this approach, carbohydrates are used as backbones (scaffolds) for functional groups that 

would be the target of the metabolic biotransformation.  
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1.3.5.2.3  Carbohydrates as scaffolds for modulating membrane 

permeabil ity and absorption 

An interesting example of a carbohydrate used as a scaffold for modulating membrane 

permeability is Topiramate® 1.13, an anticonvulsant that has lately been approved to treat 

epilepsy.81 Topiramate® has recently been found to inhibit carbonic anhydrase enzymes due to 

its sulfamate moiety (discussed in more detail in Chapter 2, Section 2.1). To target the central 

nervous system (therefore to cross the blood-brain barrier), the drug should display lipid 

solubility (lipophilicity). This feature was achieved for Topiramate® by masking the free 

hydroxyl groups of the fructofuranose moiety with acetonide groups.81 Thus, in this example, it 

was not the lipophilicity of the carbohydrate due to the hydroxyl groups that has been taken 

advantage of, but rather the hydrophobicity created by functionalisation (protection) of these 

hydroxyl groups, which enhanced the membrane permeability and absorption of the drug. 

  

Another main area of research of “glycoengineering”, targets the membrane permeability 

issue using acylated monosaccharides as prodrugs.133 Acylation (or esterification) has been 

used in drug discovery to mask polar functional groups (hydroxyl groups, carboxyl groups and 

even amines) with esters (amides) in the development of prodrugs or profluorophores,153 

enhancing the hydrophobicity of the parent molecule and so improving its cell membrane 

penetration.79 This strategy makes use of the activity of non-specific esterases to cleave the 

ester group(s) [promoiety(ies)] and release the active drug or fluorophore (fluorescent moiety 

used for imaging) into the cell.153 Esterases are ubiquitous enzymes, notably found in the liver, 

kidney and plasma.153 Plasma esterase activity is principally due to non-specific 

cholinesterases.150 Carboxylesterases, the most prominent esterases in the bioactivation of 

prodrugs,150 have been found in the cytosol, ER and lysosomes.153,154 They can hydrolyse ester, 

thioester, carbamate or amide bonds that have been incorporated into prodrugs.150 A 

significant number of ester prodrugs have reached the clinic. These include the influenza 

neuraminidase inhibitors oseltamivir 1.12 (Tamiflu®, an ethyl ester prodrug) that requires 

bioactivation by carboxylesterase to release the active compound oseltamivir carboxylate, and 

laninamivir octanoate 1.11 (Inavir®) that also requires bioactivation by carboxylesterase to 

cleave the octanoate ester from the glycerol side-chain, releasing the long acting inhibitor 

laninamivir (neuraminidase inhibitors are described in more detail in Chapter 3, Section 

3.1).150,151  

O

O

O

O
O

1.13  Topiramate®

OSO2NH2
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In contrast to using ‘simple’ acyl groups solely to enhance cell permeability of a carbohydrate, 

Yarema and co-workers examined another approach that uses the delivery of biologically 

active acyl groups on a carbohydrate that when unmasked (de-O-acylated) is itself biologically 

active. In this study, they targeted both histone deacetylation (gene regulation) and 

glycosylation pathways (glycoconjugate expression) with carbohydrate scaffolds carrying n-

butanoyl esters as cancer prodrugs (peracylated But4ManNac, But4GlcNAc and But5Man).155 

Indeed, butyrate is a known histone deacetylase inhibitor which displays selectivity for tumour 

cells versus healthy cells.155 For these prodrugs, non-specific esterases liberated intracellularly 

the butyrate groups from the carbohydrate moiety, and allowed the latter to enter the 

targeted metabolic pathway.133 This study demonstrated that But4ManAc was the only 

analogue inducing apoptosis instead of (only) a transient cycle arrest for the other 

carbohydrate derivatives.155 It should be noted that whereas production of metabolically 

engineered glycans on the cell surface (e.g. for glycan labelling) requires a high metabolic flux 

of modified monosaccharides into biosynthetic pathways (e.g. the sialic acid pathway), this is 

not as primordial for anti-cancer drugs. Anti-cancer drugs primarily have to display cell toxicity 

and/or cell growth inhibition.133  

It was hypothesised that upon esterase processing, the butyrate groups at C-1 and C-6 would 

be the first to be cleaved intracellularly. In a subsequent study, Yarema and co-workers 

surprisingly discovered that a free hydroxyl group at either C-1 or C-6 on the partially 

de-O-acylated derivatives had a different impact on the biological activity depending on the 

position of the free hydroxyl group.133 A free hydroxyl group at C-6 induced an increase in 

metabolic flux through the sialic acid pathway without toxicity, whereas a free hydroxyl group 

at C-1 induced an improvement of anti-cancer activities. These results suggested that 

hexosamines are not only “delivery vehicles” to intracellular metabolic pathways and that 

minor structural changes impact their biological activity.133 

These studies were presuming that extracellular (plasma) esterases would not hydrolyse the 

butyrate-carbohydrate prodrugs and so would not impede the prodrugs expected plasma 

membrane permeability. In a recent study, Yarema and co-workers determined that 

extracellular hydrolysis of Ac4ManNAc and Bu4ManNAc is indeed relatively slow in normal cell 

culture and in high serum concentrations, two experimental conditions proposed to mimic in 

vivo (plasma) conditions.156 It was also ascertained that processing of these acylated 

carbohydrates by the targeted intracellular esterases is not the rate-limiting step for 

incorporation of the carbohydrates into metabolic pathways.156 
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1.4 Developing carbohydrate-based tools and inhibitors – 

azide-alkyne cycloaddition ‘cl ick chemistry’  in glycoscience 

Click chemistry, in particular based on azide-alkyne cycloaddition reactions, in medicinal 

chemistry,157-160 and their application in glycoscience,161,162 have been widely reviewed. This 

section therefore presents only a brief introduction to click chemistry, and then introduces 

specific examples of azide-alkyne cycloaddition click reaction applications in glycoscience, 

focusing on smaller molecules. 

1.4.1 Therapeutic intervention and disease diagnosis strategies using 

cl ick chemistry reactions 

As previously discussed in Section 1.3, there are various targets, and strategies, for disease 

diagnosis and therapeutic intervention using carbohydrate-based compounds (Figure 1.9). 

Click chemistrym – especially Cu-catalysed alkyne-azide cycloadditionsn – has emerged as an 

indispensable tool in the glycosciences.161 The applications of click chemistry to the glycoworld 

range from diagnosis (e.g. imaging using glycotools with triazole-containing radiotracers,163 

microarrays164), drug delivery,165 design of triazole-containing glycoconjugates as 

carbohydrate-based drugs,166,167 and bioconjugation and ligation of macomolecules,164 to 

glycoengineering.168  

1.4.2 General principles 

1.4.2.1  Click chemistry ‘guidelines’ 

Nature’s method to create (synthesise) her most important primary metabolites (i.e. 

polynucleotides, polypeptides and polysaccharides), involves the use of carbon-heteroatom 

bonds.169 Originally, with the purpose of imitating Nature’s methodology, Sharpless and co-

workers defined “click chemistry” as chemistry that uses carbon-heteroatom bonds (more 

easily formed than carbon-carbon bonds) to generate molecules by attaching small building 

blocks together.169 According to the click chemistry philosophy, “click chemistry reactions” 

should meet a number of criteria:169  

1. be “modular, [and] wide in scope”; 

2. give “very high yields”; 

3. “generate only inoffensive byproducts”: be environmentally friendly, especially in 

large-scale applications; 

                                                            
m  While writing this section, a comprehensive review of copper-catalysed click chemistry in glycoscience 
from Tiwari et al.161 was published in Chem. Rev. (2016), with a similar outline to this Section. That 
reference has been introduced in the introductory overview paragraph, without changing the outline 
and content of this Section.  
n CuAAC reactions are sometimes loosely referred to in the literature as simply ‘click chemistry 
reactions’. 
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4. “be stereospecific”; 

5. have “simple reaction conditions”: be easy reproducible; 

6. use “readily available starting materials”; 

7. use either no solvent, an environmental friendly solvent, or a solvent that is easily 

removed;  

8. have a “simple product isolation”: optimally, the purification process should not involve 

chromatographic methods, but rather effective methods such as crystallisation or 

distillation; 

9. generate a physiologically stable product: applications in medicinal chemistry. 

Different types of reactions involving the creation of carbon-heteroatom bonds can fit (most 

of) these criteria. However, the best click reactions are fusion transformations where no 

side-products are produced, and all the atoms of the reactants are incorporated into the 

desired product,169 i.e. reactions with a high atom economy.170 This explains the common 

comparison of click chemistry reactions to LEGO-type reactions where the reactants snap 

together like LEGO® bricks.171,172 173,174 

1.4.2.2  Azide-alkyne cycloaddition (AAC) reactions 

The most popular click reactions, and consequently the most investigated over the last 15 

years, have been the Huisgen 1,3-dipolar cycloadditions between azides and alkynes, defined 

as the “cream of the crop” by Sharpless and co-workers.169 Under thermal conditions, these 

[3+2] cycloadditions lead to a mixture of stable unsaturated 1,4- and 1,5-disubstitued 

[1,2,3]-triazoleso (Figure 1.14). The ‘baby boom’ of click chemistry was triggered by the 

simultaneous independent discovery by Meldal and co-workers,175 and by Sharpless and 

co-workers169 that copper can catalyse these reactions with terminal alkynes and 

regioselectively produce the 1,4-disubstitued [1,2,3]-triazole isomer (Figure 1.14). 

                                                            
o Historically, ‘1H’ or ‘2H’-triazoles were used to describe the tautomeric forms of υ- (vicinal) 
1,2,3-triazoles (as distinct from the 1,2,4-triazole isomers), indicating the position of the hydrogen on 
the nitrogens of the triazole (and consequently, the position of the unsaturation).173,174 Today, ‘1H’ 
refers to the position of the substituent on the nitrogen atom and therefore also indicates the position 
of the unsaturation (i.e. N-2–N-3 and C-4–C-5). It is frequently loosely omitted in the literature when 
discussing 1H-[1,2,3]-triazoles (especially when discussing [3+2] cycloadditions). In this thesis, ‘1H’ will 
be omitted when either ‘1,4-’ or ‘1,5-disubstituted’ precedes ‘1,2,3-triazoles’ since these terms indicate 
the positions of the substituents. 
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Figure 1.14  The 1,3-dipolar cycloadditions between azides and alkynes. Reproduced with modification 
from Tron et al., 2008,158 with permission. 

Based on kinetics studies, quantum mechanical calculations, Density Functional Theory (DFT) 

and MS studies, a reaction mechanism, shown in Figure 1.15, has been postulated for the 

Copper Azide-Alkyne Cycloaddition (CuAAC).176,177  

 

Figure 1.15  CuAAC proposed mechanism. Reproduced from Himo et al., 2005,176 with permission. 

It was more recently found that ruthenium complexes can catalyse Huisgen azide-alkyne 1,3-

dipolar cycloadditions and produce the 1,5-disubstituted [1,2,3]-triazole regioisomer178 

(recently reviewed by Johansson et al.179). In contrast to reactions with copper salts, ruthenium 

complexes can catalyse the reaction with both terminal and internal alkynes.158 A mechanism, 

shown in Figure 1.16, was also postulated for the Ruthenium Azide-Alkyne Cycloaddition 

(RuAAC) supported by DFT calculations.180 
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Figure 1.16  RuAAC proposed mechanism. Reproduced from Boren et al., 2008,180 with permission. 

The following sections will focus on azide-alkyne cycloadditions and the resulting 1,4- and 

1,5-disubstituted [1,2,3]-triazole products. 

1.4.3 Advantages of the 1H-[1,2,3]-triazole group  

The similarities in structural and electronic characteristic of the 1H-[1,2,3]-triazole group with 

the peptide bond have led to the use of the 1H-[1,2,3]-triazole motif as a non-classical 

bioisostere of the amide group, one of the most commonly functional groups identified in 

drugs.159,181 Dependant upon the substitution pattern o the triazole ring, 1,4- and 

1,5-disubstitued [1,2,3]-triazoles can mimic the Z-amide bond and E-amide bond 

respectively.158 Indeed, both triazole and amide groups contain hydrogen-bond acceptor 

characteristics (N-3 or N-2, and the carbonyl oxygen, respectively), have similar distance 

between the two R substituents, and have a similar dipole moment (Figure 1.17).159,160,181,182 

Studies of crystal structures with co-crystallised 1H-[1,2,3]-triazole ligands have revealed that 

the triazole ring can interact either through hydrogen-bond donor (C-H), hydrogen-bond 

acceptor (N-2 and N-3 atoms) or by π-stacking interactions with the binding.182  
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E-amide 

Z-amide 

 

Figure 1.17  Comparison of Z and E amides with 1,4- and 1,5-disubstituted [1,2,3]-triazoles.158 
Reproduced from Tron et al., 2008,158 with permission. 

Intrinsically, a tautomeric equilibrium may occur when there is no substituent at the nitrogen 

(N-1) of the triazole ring.181 Otherwise, the triazole ring is stable under basic and acidic 

hydrolysis conditions, as well as reductive and oxidative conditions, probably due to its stable 

aromaticity.158,181 Metabolic studies have revealed that triazoles can be either metabolically 

inert (1,4-disubstituted [1,2,3]-triazoles) or active (1,5-disubstituted [1,2,3]-triazoles, 

generation of N-oxides).182  

The robustness of the 1H-[1,2,3]-triazole moiety and its relatively straightforward construction 

through Cu-catalysed or Ru-catalysed AAC, make the 1H-[1,2,3]-triazole moiety an attractive 

functionality in medicinal chemistry. 

1.4.4 Applications of azide-alkyne cycloadditions in medicinal 

chemistry 

1.4.4.1  The  1H-[1,2,3]-triazole moiety: tool versus pharmacophore  

With the 1H-[1,2,3]-triazole moiety being an attractive functional group, applications of AAC in 

medicinal chemistry are very broad. They range from the synthesis of biomolecule mimetics 

and therapeutics, to bioconjugation and ligation of biomolecules, to labelling and 

immobilisation of biomolecules on solid surfaces for diagnosis and/or the investigation of 

biological interactions (recently reviewed in Ref. [160]). However, with the exception of 

derivatives where the 1H-[1,2,3]-triazole moiety is for example used as an amide bioisostere, 

the 1H-[1,2,3]-triazole moiety is often not purposely used (or identified to be used) for its 

biological function (as a pharmacophore) or biopharmaceutical properties (intrinsic properties) 

but rather as a tool (e.g. as a linker). Accordingly, derivatives containing 1H-[1,2,3]-triazole 

moieties have been identified to display a broad range of biological properties and are being 

1,5-disubstituted 

triazole 

1,4-disubstituted 

triazole 
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investigated for a significant number of pathologies or diseases (e.g. antibacterial, antiviral, 

antifungal, anti-diabetic, anti-cancer, enzyme inhibitor or inhibitor of a specific physiological 

process).181 

1.4.4.2  Commercial ly available drugs and drugs in cl inical  tr ials that contain 

a 1H-[1,2,3]-triazole moiety 

Since the recent explosion of CuAAC and RuAAC, 1H-[1,2,3]-triazoles are being intensively 

investigated in medicinal chemistry. The first clinical drugs to be approved containing a 

1H-[1,2,3]-triazole moiety, were mubritinib 1.14, which is used to treat breast, bladder, kidney 

and prostate cancers, and tazobactam 1.15, an antibiotic.181 In addition, several drugs are 

currently being investigated in clinical trials: cefatrizine 1.16 (anticancer), 

carboxyamidotriazole 1.17 (CAI, anticancer), and tert-butyldimethylsilylspiroamino-

oxathioledioxide 1.18 (TSAO, HIV reverse transcriptase inhibitor).181 While the 

1H-[1,2,3]-triazole in 1.17 and 1.18 carries important functionality, the unsubstituted 

triazoles in 1.14,183 1.15184 and 1.16185 were introduced as part of combinatorial studies 

introducing various heterocyclic groups at the position of the triazole. 

   

1.4.5 Applications of azide-alkyne cycloadditions in the glycoworld: 

from large to small  molecules 

Applications of AAC in the glycoworld (glycoscience) reflect the therapeutic intervention and 

disease diagnosis targets related to carbohydrates and glycoconjugates, previously described 

in Section 1.3.1, (e.g. carbohydrate metabolism and glycoconjugate biosynthesis, 

carbohydrate-protein interactions, carbohydrate-metabolising enzymes), as well as the 

applications of AAC in medicinal chemistry. A number of these are described in the following 

sections. 
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1.4.5.1  Metabolical ly-engineered glycans: when azide-alkyne cycloadditions 

meet glycoengineering  

The azide group is absent in nature.157 In terms of its physical characteristics, it is considered a 

“pseudohalide” since its size, polarity and electronic character are similar to bromide.186 

Chemically, the azide group is extremely resistant to oxidative conditions, but is susceptible to 

reductive conditions to form an amine.186 All of these properties made the azide group an 

attractive tool for glycoengineering. Its use in ligation to form an amide linkage through a 

modified Staudinger reaction with a triarylphosphine,187,188 was a powerful initial proof of 

concept of the potential of the azide group in glycoengineering. The subsequent discovery that 

AAC could be undertaken in water led to the use of AAC in vitro for the labelling or 

functionalisation of biomolecules.157 For example, conjugation of azide-containing 

fluorophores with alkyne-modified DNA (DNA with alkyne-modified uridine nucleosides), was 

realised by CuAAC using a Cu(I) as catalyst and an amine ligand which stabilises the copper 

oxidation state (to prevent unwanted reactions between the DNA and the copper catalyst).157  

Azides and terminal alkynes have also successfully been introduced into glycans 

(glycoconjugates) by MOE through the incorporation of azido-sugars and alkynyl-sugars into 

metabolic pathways, for subsequent AAC on the produced glycoconjugates (Figure 1.18).189,190 

However, the intrinsic toxic nature of the copper catalyst (cytotoxicity) was an obstacle to the 

use of AAC in vivo.157 This problem has now notably been overcome by the use of ring strain 

activated alkynes (e.g. cyclooctyne derivatives)191 to perform Cu-free strain promoted [3+2] 

cycloaddition (Figure 1.18) in cells,192-194 and subsequently in living animals.195,196  

 

Figure 1.18  Metabolic glycoengineering and bioorthogonal ligations using AAC. Reproduced with 
modifications from Du et al., 2009,138 with permission. 
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1.4.5.2  Glycomaterials and glycopolymers 

Immobilisation of carbohydrates or proteins by CuAAC onto solid surfaces has been used in 

microarrays and biosensor chips197 for understanding biological interactions, but also for in situ 

screening to identify hits.157 In addition, glycomaterials have been used for lectin purification. 

For instance, “glyco-silica” – silica coupled to a well-known carbohydrate receptor of lectins  – 

can be used in affinity chromatography to bind the complementary carbohydrate-binding 

protein, which can then be isolated from a complex mixture.198 

By attaching carbohydrates to polymers through CuAAC, glycopolymers were synthesised and 

evaluated as DNA delivery agents, multivalent lectin inhibitors, or used for labelling or 

purification of protein mixtures.198 Fluorescent polymers were also used for labelling as 

sensors of interactions between biomolecules and carbohydrates, and consequently for 

diagnosis purposes.164 A recent example of a multivalent inhibitor is the investigation of 

glycopolymers to inhibit interactions of the viral glycoprotein gp120 involved in HIV 

infection.164 

1.4.5.3  Glycodendrimers and glycoclusters 

As previously discussed in Section 1.2.4.3, polyvalent interactions are used by Nature to 

compensate the low affinity of single ligand interactions. Based on Nature’s strategy, 

carbohydrate-based multivalent ligands – glycodendrimers and smaller glycoclusters – have 

been designed, synthesised and biologically evaluated.199,200 An increase in activity was 

observed for these multivalent ligands (on a valence-corrected basis) compared to the 

corresponding monovalent ligand.201 This effect – referred to as the “glycoside cluster effect” – 

has been taken advantage of by synthesising glycodendrimers and glycoclusters using CuAAC 

where the triazole moiety is used as a linker between the carbohydrate and the multivalent 

core. The azide group was either on the carbohydrate moiety and the alkyne on the 

multivalent core, or vice-versa. Glycodendrimers based on different scaffolds have been 

investigated as multivalent inhibitors of binding interaction of, for instance, toxins, bacteria 

and viruses.198 An interesting recent example is the synthesis of a fullerene-based dentritic 

structure coated with 120 mannose and galactose residues, as a potent inhibitor of cell 

infection by an artificial Ebola virus.202,203 

Glycoclusters - carbohydrate residues conjugated to various scaffolds through linkers - are 

commonly synthesised using CuAAC as a ligation (conjugation) method.164 For instance, 

fullerene-based,204 cyclic β-peptoid-based,205 porphyrin-based,205 carbohydrate-based206 and 

calix[n]arene-based199,205 glycoclusters have all been investigated in vitro as multivalent 

inhibitors of PA-IL (a bacterial lectin from the opportunistic Pseudomonas aeruginosa) leading 

to in vivo studies.207 
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1.4.5.4  Glycopeptides  

C-Linked and N-linked triazole glycopeptides have been synthesised by CuAAC as potentially 

more hydrolytically stable glycopeptide mimetics, using carbohydrates with either an anomeric 

alkyne or an anomeric azide, respectively.208 Neoglycopeptides were also synthesised as 

glycopeptide mimetics where a triazole group was part of the linker between an alkynyl 

O-glycoside and the peptide, instead of having the triazole ring directly linking the peptide to 

the carbohydrate at the anomeric position.208 Danishefsky and co-workers have used CuAAC to 

attach (known) carbohydrate-based antigens to a small peptide substrate, which in the 

development of synthetic vaccines would be a useful method to create an immunogenic 

conjugate.209 

1.4.5.5  Small  glycoconjugates and glycosides 

Recently, relatively small carbohydrate-based molecules containing a triazole motif have been 

investigated for a range of activities where the triazole can be at the ‘anomeric’ position or at 

another position on the carbohydrate moiety. For example, galactosyl triazoles (e.g. compound 

1.19) have been synthesised as inhibitors of the Vibrio Cholerae toxin (inhibiting toxin binding 

to the natural GM1 receptor).210 Sialic acid derivatives with triazole moieties as part of the 

aglycon211 or at the C-9 position212 (e.g. compounds 1.20 and 1.21) have been synthesised as 

inhibitors of the Vibrio Cholerae neuraminidase where the triazole moity is a part of the 

pharmacophore. Similarly, sialic acid derivatives with triazole moieties at the C-4 position (e.g. 

compound 1.22213) were synthesised as influenza virus neuraminidase inhibitors213 and human 

parainfluenza virus inhibitors214 where the triazole is part of the pharmacophore, interacting 

with the binding cavity. Disaccharides,181 where the triazole moiety is a linker between the two 

monosaccharides, have been synthesised as inhibitors of the trans-sialidase of the parasite 

Trypanosoma cruzi (e.g. compound 1.23).   
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Targeting α-glucosidases for the treatment of diabetes, small monosaccharides, 

iminocarbohydrates, and acarbose derivatives181 were synthesised where the triazole moiety is 

either part of the pharmacophore, or part of the linker. Targeting glycogen phosphorylase, also 

for the treatment of diabetes, Goyard et al. synthesised glycosyl triazoles based on xylose, 

5-thioxylose, 5-thioxylose sulfoxide, 5-thioxylose sulfone and glucose scaffolds where the 

triazole moiety is part of the pharmacophore (e.g. compound 1.24).215-217 

1.5 Scope of Thesis  

From the fundamental roles of carbohydrates in physiological and pathological processes, it 

seems clear that carbohydrates have an essential role to play in drug design and drug 

discovery. An excellent addition to using carbohydrates in drug development is the 

1H-[1,2,3]-triazole moiety, with its straightforward access through azide-alkyne cycloadditions 

(AACs), its biocompatibility, and its resistance to metabolism (hydrolysis). The combination of a 

carbohydrate – either as a scaffold or pharmacophore – with a 1H-[1,2,3]-triazole moiety at 

the anomeric position, gives access to glycosyl triazoles for use as small carbohydrate-based 

probes of proteins. The work of this thesis consists of two different projects that have in 

common the use of synthetically accessible glycosyl azides as building blocks for the (design 

and) synthesis of glycosyl triazoles, that are then used as biological probes. A brief description, 

and the aims, of the two projects are described, separately, below.  
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Studies of carbohydrate-based carbonic anhydrase (CA) inhibitors using a 
prodrug approach (Chapter 2) 

In the first project, glycosyl triazoles were studied as carbohydrate-based moieties for 

modulating the biopharmaceutical properties of a well-known biologically-active 

pharmacophore, taking the example of inhibitors of cancer-related membrane-associated 

carbonic anhydrase (CA) isozymes. 

The specific aims of this research project were as follows: 

! In the first part, synthesis of glycosyl azide building blocks on the gluco- and galacto- 

pyranose scaffolds, in which the carbohydrate hydroxyl groups were protected with 

acyl groups of varying chain length. Subsequently, the synthesis of model glycosyl 

4-phenyl-[1,2,3]-triazoles by CuAAC, and investigation of the influence of the 

O-acylation on the in vitro biopharmaceutical properties of the compounds.  

! In the second part, synthesis by CuAAC of similarly O-acylated glycosyl triazoles that 

incorporate a well-known CA inhibitor pharmacophore, a m- or p-substituted aryl 

sulfonamide, using the previously synthesised glycosyl azide building blocks. 

! Investigation of the in vitro biopharmaceutical properties of the new glycosyl triazole 

glycoconjugate sulfonamides. 

! Study of the impact of the carbohydrate moiety on the inhibitory activity of the 

glycoconjugate sulfonamides on various on-target (cancer-related), and off-target CA 

isozymes. 

Exploring influenza virus neuraminidase inhibit ion with 4,5-unsaturated (Δ4-)  
N-acetyl-β-D-glucosaminuronyl 1H-[1,2,3]-triazole derivatives (Chapter 3) 

In the second project, glycosyl triazoles were investigated as mimetics of a natural inhibitor of 

a carbohydrate-metabolising enzyme, taking the example of inhibitors of influenza virus 

neuraminidase (NA). This work investigated the potential for replacement of the hydrophilic 

glycerol side-chain of the natural influenza virus NA inhibitor 

2,3-dehydro-2-deoxy-N-acetylneuraminic acid (Neu5Ac2en), with an N1-linked triazole. 

The specific aims of this research project were as follows: 

! Using X-ray crystal structures of influenza virus NA, and basic docking studies, 

exploration of the potential for N-acetyl-Δ4-β-glucosaminuronyl 4- and 5-substituted 

[1,2,3]-triazole derivatives to bind the NA active site. From these docking studies, 

design of a series of derivatives for synthesis and biological evaluation.  

! Synthesis of an N-acetylglucosaminuronate glycosyl azide derivative as the key 

building block, and using the results of the docking study, introduction of 4- and 
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5-subtituted [1,2,3]-triazole groups as the anomeric substituents using respectively 

CuAAC and RuAAC.  

! Biological evaluation of the synthesised 4- and 5-substituted 

N-acetyl-Δ4-β-glucosaminuronyl [1,2,3]-triazole derivatives, using an in vitro 

fluorometric assay, for inhibitory activity against influenza A virus NAs of the subtypes 

N1 and N2. 

! Finally, investigation of the NA binding mode of the any 

N-acetyl-Δ4-β-glucosaminuronyl 1H-[1,2,3]-triazole derivatives that show good NA 

inhibitory activity, by X-ray crystallography, if possible.  
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2.CHAPTER 2 

Using Carbohydrates to Influence Isozyme Selectivity and 

Biopharmaceutical  Properties of Carbonic Anhydrase Inhibitors – 

Towards Potential  Cancer-related Therapeutics 

Carbonic anhydrases (CAs) are an important family of ubiquitous enzymes catalysing the 

reversible hydration of carbon dioxide. As a result, they are involved in numerous essential 

biological processes. The development of carbonic anhydrase inhibitors is a highly active area 

of research and many potent inhibitors have been synthesised, but one problem is that most 

of these inhibitors have no specificity for particular CA isozymes. The aim of the research 

described in this chapter was the design of CA inhibitors that specifically target membrane-

associated CAs (e.g. cancer-related CA IX and CA XII). This was approached by tailoring the 

physicochemical properties of the inhibitor through conjugation of a carbohydrate moiety to a 

CA inhibitor core. Carbonic anhydrases and CA-targeted therapeutics,1-4 especially related to 

cancer,5-8 have been widely reviewed so this preface to our research focuses on introducing 

the use of carbohydrates in CA inhibitor development. 

2.1 Introduction 

2.1.1 Carbonic anhydrase enzymes  

Carbonic anhydrases (CAs, EC 4.2.1.1) are widespread metalloenzymes. They catalyse with an 

excellent turnover (kcat
CO2 ≈ 106 s–1) the interconversion of carbon dioxide and bicarbonate (i.e. 

hydration of CO2 − hydratase activity, and dehydration of HCO3
– − dehydratase activity) (Figure 

2.1).1,9 This reversible reaction is involved in fundamental physiological roles by producing, 

consuming and transporting the substrates (CO2, HCO3
– and H+).1,9  

 

Figure 2.1  Physiological reaction catalysed by carbonic anhydrases. 

Five CA gene families – α, β, γ, δ, and ζ – (with a sixth, η, recently identified in 201410) can 

currently be distinguished according to their amino acid sequence homologies.4 The most 

investigated CAs, the mammalian α-CAs, comprise at least 16 CA isozymes or CA-related 

proteins (CARPs).1 The 13 isozymes with hydratase/anhydratase catalytic activity are divided 

into intracellular and membrane-associated CAs (Figure 2.2).4 Among the intracellular CAs, two 

are mitochondrial (isozymes CA V divided into CA VA and VB) and five are cytosolic (CA I, II, III, 

VII, and XIII).1,2,9 The membrane CAs are composed of one isozyme secreted in salivary and 

mammary glands (CA VI) and five membrane-associated isozymes. These 

membrane-associated CAs are subdivided according to the type of membrane. Three are 

CO2 + H2O              HCO3–  + H+
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single-pass transmembrane proteins (CA IX, XII, and XIV) and two are plasma membrane 

proteins (CA IV and XV).1,2,11,12 

 

Figure 2.2  Localisation of catalytically active intracellular and membrane-associated mammalian CA 

isozymes. The inactive isozymes are not presented. This Figure is based on information from Refs [1,2,9]. 

2.1.1.1  Tissue distribution and biological  roles of α-CAs 

α-CAs are widespread enzymes in humans that have notably been detected in healthy tissues 

[in red blood cells, the eyes, brain, kidneys, gastrointestinal (GI) tract, skin, central nervous 

system, pancreas, liver, and the lungs], but also in tumour tissues (Table 2.1). CAs are involved 

in numerous fundamental physiological processes such as metabolism (ureagenesis, 

gluconeogenesis and lipogenesis; CA II, VA, and VB),1 cell growth, respiration and pH/CO2 

homeostasis (CA I, II, and IV), as well as various organ-localised processes (Table 2.1).12 α-CAs 

are additionally involved in pathological processes (Table 2.1) such as tumorigenicity, obesity, 

neurological disorders, and osteoporosis.1,2,9,11 In addition, various human pathogens contain 

α-CAs that are virulence factors (e.g. the bacterium Helicobacter pylori and the parasite 

Plasmodium falciparum).11  

2.1.1.2  CA-Targeted therapeutics:  CA activators and inhibitors  

By examining the vast number of human pathologies where CA isozymes are involved (Table 

2.1), it is rather clear why there is an interest in CA activators and inhibitors in medicinal 

chemistry.2 CA activators are presently studied as a treatment for Alzheimer’s disease and 

other pathologies involving memory deficits.11 Research of CA activators is relatively limited in 

comparison with the research of CA inhibitors probably due to the considerable number of 

pathologies potentially treated by the latter. For example, CA inhibitors are currently being 

investigated to treat glaucoma, macular oedema and related degenerative pathologies, 

epilepsy and other brain disorders, altitude sickness, osteoporosis, obesity, gastric 

dysfunctions, and renal disorders (diuretic drugs), as well as cancers (tumorigenicity).1,9,11 

Inhibition of the microbial α-CA from the life-threatening parasite Plasmodium falciparum is 

also under investigation to treat malaria.11  

CA VA
CA VB

CA I
CA II
CA III
CA VII
CA XIII

Cytosol

Mitochondria
CA IV
CA IX
CA XII
CA XIV

CA XV

Membrane-associated
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Table 2.1  Tissue distribution, physiological and pathological processes of α-hCAs. This Table is based on information from Refs [1,3,9,11-13]. 

Cells & Organs  CA isozyme s Physiological  processes Pathological  processes and associated diseases 
Cells    
Red Blood Cells I, II Transport of CO2/HCO3

–
 between metabolising tissues and lungs  

Bone osteoclasts  II Bone development and function (II), calcification Osteoporosis (II) 

Eyes (lens, cornea, vitreous body, 

retina, ciliary body) 

II, IV, XII 

 

Vision (II, IV, XII) 

 

Glaucoma (II, IV, XII), retinal oedema, retinitis pigmentosa 

(IV), retinopathy, macular degeneration (XIV
c
) 

Central  Nervous System   Nervous system function Epilepsy (II, VII, XII,
b
 XIV), cerebral oedema, stroke (IV),  

Brain II, III, IV, XIII, XIV Signalling and memory Alzheimer’s disease and other brain disorders (I,
b 

II), 

Spinal cord VB, XIV  neurodegeneration (VIII), altitude sickness (II) 

Other organs VII, VIII, X, XI     

Lungs II, IV, XII Respiration (I,
b
 II, IV)   

Kidneys II, IV, VB, XIII, XIV   Renal disorders (diuretics, II, IV, XII,
b
 XIV) 

GI tract I, II, VB, IX Intestinal ion transport Obesity (VA and/or VB) 

Stomach II, V, IX Gastric acid production   

Small intestine XIV Bile production   

Liver VA, XIV     

Pancreas IV, VB Insulin secretion signalling (V), pancreatic juice production   

Colon I, II, IV, V, IX     

Gut XIII     

Urinary bladder XIV     

Reproductive tract II, IV, IX, XII, XIII   Sterility (XIII) 

Tissues       

Skeletal muscle III, VB    

Heart muscle  IV, VB   
 
 

Adipocytes III     

Renal, intestinal, reproductive 

epithelia 
XII     

Tumour tissues IX, XII   Cancer (tumorigenicity, VIII,
b
 IX, XII)

c
 

Sal ivary and mammary glands VI Saliva production, electrolyte secretion   

Adaptation to cellular stress Oxidative stress 
Not determined yet. Not determined yet. 

Gustation, olfaction   
a
 Catalytic and acatalytic (CARPs, VIII, X, XI) hCAs are shown.  

b
 Involved CAs not related to the mentioned organs. 

c
 Although CA VIII is acatalytic, mutations in the gene coding for this isozyme (CA 8 ) have been linked to the development of cancer and to neurodegeneration, although the role of CA VIII is 

still unclear.
14
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2.1.2 Carbonic anhydrase binding cavity and mechanism 

2.1.2.1  Catalytic site and proximal regions important for drug design 

Despite displaying very different tissue distribution (Table 2.1), the human CAs (hCAs), all 

α-CAs, share structural features and common catalytic site motifs.1,9,15 The α-CAs are zinc (II) 

metalloenzymes that require the presence of the metal ion to be catalytically active.16 CAs 

interconvert CO2, a gas and quite a hydrophobic molecule, with HCO3
–, a polar hydrophilic 

molecule. The following discussion will focus on the hydration reaction, so CO2 will be referred 

to as substrate and HCO3
– as product. 

Both substrate and product are small molecules so a small catalytic site would be expected.16 

However, crystal structures revealed that it is not the case, with the catalytic site situated at 

the bottom of a deep conical cavity (13 Å deep, 12 Å wide at the surface) (Figure 2.3A & C).3 

The catalytic site or primary coordination sphere around the zinc ion, is surrounded by a 

hydrophobic pocket and a hydrophilic pocket so the cavity is sometimes referred to as being 

“bipolar” (Figure 2.3A).1,9 These three functionally defined areas are common to all α-CAs.1 At 

the time of writing, the crystal structures of all the α-isozymes have been elucidated with the 

exception of CA VB and XVa.3 Because of the structural homology between α-CAs, hCA II, a 

human representative CA isoform, is commonly used as a model for structural investigation.1,3 

hCA II numbering will be used for further structural descriptions, if not specified otherwise. 

The catalytic site of α-CAs is composed of a Zn(II) ion coordinated in a distorted tetrahedron by 

the imidazole groups of three histidine residues (His94, His96, and His119) and by one 

hydroxide ion (or water molecule depending on the catalytic step) (Figure 2.3D, see also 

Scheme 2.1).1,9 The hydroxide ion is engaged in a hydrogen bond with the hydroxyl group of 

Thr199 which also forms a hydrogen bond with the carboxylate moiety of Glu106 (Scheme 

2.1).9 These interactions are suggested to enhance the nucleophilicity of the hydroxide ion.3 

Both of these residues belong to the hydrophilic pocket (Figure 2.3B),3 which is suggested to 

play a role in the release of the polar products (bicarbonate ion and a proton) from the cavity 

towards the environment.16 The proton transfer is necessary for regeneration of the active 

form (basic) of the enzyme.3 A histidine residue, His64, situated at the entrance of the catalytic 

site, shows two different conformations depending on the pH (Figure 2.3B), suggesting an 

essential role for this residue in the proton transfer process.1 His64 can be either pointing into 

the catalytic site towards the metal ion, or out of the catalytic site.1,3 The role of the nearby 

hydrophobic pocket – particularly residues Val121, Val143 and Leu198 – (Figure 2.3B), is 

                                                            
a  CA XV is not known in humans. 
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considered to be to entrap the substrate (CO2) and orientate the carbon atom in a position 

ready for nucleophilic attack by the hydroxide ion.16  

 

                       

Figure 2.3  hCA II binding cavity: catalytic site and closest interactions (from pdb 2VVB).  A.  Top view. 
The Zn(II) ion (magenta) binding the bicarbonate ion (carbon in cyan/ hydrogen in red) is shown at the 
bottom of the binding cavity. Molecular surface of residues delimiting the hydrophobic half of the 
binding cavity are shown in red (Ile91, Val121, Phe131, Val135, Leu141, Val143, Leu198, Pro202, Leu204, 
Val207 and Trp209), while residues delimiting the hydrophilic half are shown in blue (Asn62, His64, 
Asn67 and Gln92, Glu106, Thr199).  B.  Top view without molecular surface. Residues delimiting the 
hydrophobic pocket are represented in orange and residues delimiting the hydrophilic pocket are 
represented in cyan. Both conformations of His64 (‘In’/‘Out’) are represented.  C.  Side view (front 
surface removed). The bicarbonate ion binding the Zn(II) ion are shown.  D. Top view without molecular 
surface. The bicarbonate ion and the three histidines (His94, His96 and His119) binding the Zn(II) ion are 
shown. Thr199 and Glu106 are also presented in cyan. For the purpose of clarity, the water molecules 
are not represented in any of the Figures. YASARA17 was used to produce these Figures. 

B A 

C D 
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2.1.2.2  Mechanism 

α-CAs share a two-step “ping-pong” mechanism (Scheme 2.1).1 The first and central catalytic 

step involves the nucleophilic attack on the carbon dioxide molecule by the hydroxide ion 

bounded to the Zn atom, resulting in Zn-bound bicarbonate (Scheme 2.1), which is then 

displaced by a water molecule.1,2,9 The second and rate-limiting step consists of the 

regeneration of the active, basic, form Zn(II)-OH by the transfer of a proton from the water 

molecule to the medium.1,2,9 In the case of the most catalytically active isozymes such as CA II, 

IX and XII,9 this proton transfer is facilitated through hydrogen bonding with a network of 

water molecules, by the proton-shuttling His64 (Figure 2.3B) and by a cluster of histidines that 

extends from the catalytic site to the surface of the protein close to the binding cavity 

entrance.1,18   

 

Scheme 2.1  Hydration mechanism of CA II. Formal charge is only indicated on the Zn-bound water to 
emphasise that the water ligand is acidic. Reproduced from Krishnamurthy et al., 2008,1 with 
permission. 

CAs act not only as hydratases/anhydratases with carbon dioxide but also show in vitro 

enzymatic activity with various substrates such as cyanate, cyanamide and aryl/aliphatic 

aldehydes.1,9,19 CAs have also been reported to act as esterases with the hydrolysis of 

carboxylic,20 sulfonic21 and thio esters22 as well as hydrolysis of other less studied functional 

groups.12 However, the physiological (in vivo) functions of these reactivities (if any) are still 

unclear.12 
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2.1.3 CA inhibitors  

Four main classes of CA inhibitors, with different binding modes, have been described.16,23 

First, the zinc ion binders either replace the natural substrate and interact with the metal ion 

in the catalytic site as well as with Thr199 and Glu106 (amino acids common to all the α-CAs), 

or anchor to the zinc ion and so add to the metal coordination sphere.9 The functional group 

binding the metal ion is commonly referred to as the Zinc-Binding Function (ZBF)24 or 

Zinc-Binding Group (ZBG).3 ZBG inhibitors include sulfonamides and their isosteres3,16 

(sulfamates and sulfamides), and small inorganic anions,3,16 as well as the more recently 

studied4 dithiocarbamates and derivatives (xanthates, thioxanthates), thiols, hydroxamates 

and ureates, salicyladoxyme and hydroxamic acid derivatives. Secondly, there are inhibitors 

that bind to the catalytic site but do not directly interact with the zinc ion.3 These compounds 

include phenols, carboxylates, polyamines, some esters, 2-thioxocoumarins and 

sulfocoumarins.16,23 The third class of inhibitors binds further away from the catalytic site, such 

as coumarins and related derivatives which bind near (and occlude) the entrance of the 

binding cavity.16,23 Finally, a benzoic acid derivative has recently been identified as binding 

outside the catalytic site and inhibiting the enzyme by blocking the proton-shuttling His64.25 

The following discussion principally focuses on sulfonamide-based CA inhibitors. 

2.1.3.1  Sulfonamide-based cl inical ly-used drugs 

Seventy-five years ago, sulfanilamide 2.1, an aromatic sulfonamide antibiotic was found to 

have CA inhibitory activity.26 This finding led to the discovery of clinical CA inhibitor drugs as 

anti-glaucoma agents.1 Currently, several sulfonamide-based CA inhibitors are used clinically to 

treat various conditions such as altitude sickness, oedema, glaucoma, and epilepsy, or are used 

as diuretics (see for example 2.2-2.9 in Figure 2.4).11,16,27 Indisulam 2.1011 and SLC-0111 

2.11,23 are currently in clinical trials for their anti-cancer activity. Unfortunately, all these 

drugs present side effects because of a lack of isozyme selectivity of sulfonamide-based CA 

inhibitors.28  

Examination of sulfonamide-based clinical drugs (Figure 2.4) reveals a common structural 

pattern: an aromatic ring (Figure 2.4, 2.1, 2.5-2.7, 2.10-2.11) or a substituted 

heteroaromatic ring (Figure 2.4, 2.2-2.4, 2.8-2.9) is attached to a classical ZBG 

(sulfonamide). This is related to the significant elements for CA recognition, closely correlated 

to the functional regions of the binding cavity.24 
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Figure 2.4  Examples of clinically used sulfonamide-based CA inhibitors. 

2.1.3.2  Inhibitor binding mode of the sulfonamide ZBG 

Sulfonamide, sulfamate, and sulfamide-based CA inhibitors substitute for the natural ligands 

(water molecule/hydroxide ion and CO2) to form a tetrahedral Zn(II) adduct (inhibitor-CA 

complex).12 More precisely, X-ray crystallography of adducts12 and a 15N NMR study29 have 

revealed that sulfonamides and isosteres bind with the deprotonated terminal nitrogen atom 

taking the place of the oxygen normally coordinated to Zn(II), the attached hydrogen takes the 

place of the hydrogen of the hydroxide ion to interact with the hydroxyl oxygen of Thr199, and 

one oxygen of the sulfonyl group creates a hydrogen-bond to the backbone NH of Thr199, 

mimicking the putative interactions of CO2 in the catalytic site (Figure 2.5, substituted 

arylsulfonamides as examples).9  

 

Figure 2.5  Comparison of the putative interactions of substrate (A) and product (C) of the hydratase 
reaction, and substituted arylsulfonamide inhibitors (B) with the binding site of hCA II. Reproduced from 
Krishnamurthy et al., 2008,1 with permission. 
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2.1.3.3  “Ring” and “Tail” strategies 

Based on the essential components of effective CA inhibitors, two different strategies have 

been used to work towards isozyme-selective CA inhibitors. The “ring strategy” – consisting in 

varying the moiety linked to the ZBG with different aromatic or heterocycle rings – was first 

developed in order to create additional interactions with either or both hydrophobic and 

hydrophilic parts of the binding cavity.1  

It was realised, however, that the interactions between the ZBG and the organic scaffold of a 

ZBG-ring type inhibitor and most of the CA isozymes were virtually the same.3 The tail 

approach or “tail strategy” was developed to tackle the challenge of gaining isozyme 

selectivity. It consists of attaching a tail to well-known scaffolds (functionalisation of the “ring”, 

Figure 2.6). Depending on the tail attached, this functionalisation can alter the binding with 

different areas of the CA binding cavity or the physicochemical properties (e.g. solubility) and 

therefore look towards differentiating between membrane-associated and cytosolic CA 

isozymes.24 

 

Figure 2.6  CA inhibition pharmacophore and putative interactions with the binding cavity of CA II. 

An interesting class of inhibitors that take fully advantage of both strategies are substituted 

arylsulfonamides. They present high affinity binding to CAs (from 1 µM to sub-nM) that can be 

explained by the binding interactions previously described for the sulfonamide inhibitors as 

well as interactions between the aromatic ring and the hydrophobic part of the binding cavity.1 

Additionally, substitution at the aromatic ring (addition of a tail) allows the study of adjacent 

regions.1 Compound 2.12 is shown as an example of a substituted arylsulfonamide with a tail 

displaying the aforementioned interactions (Figure 2.7). 

ZBG

Ring Tail

Zn2+

Thr 199

Glu 106

Hydrophobic pocket
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Figure 2.7  hCA II binding cavity with arylsulfonamide inhibitor 2.12 (pdb 2NNG). The Zn(II) 
coordination is shown with the binding of the inhibitor. Residues are coloured as previously described in 
Figure 2.3. For the purpose of clarity, the water molecules are not represented. YASARA17 was used to 
produce this Figure. 

2.1.4 Towards cancer-related-isozyme specif ic CA IX and CA XII  
inhibitors  

The current challenge is not only to synthesise effective CA inhibitors but also to synthesise 

inhibitors which are selective for a particular isozyme and/or organ in order to improve 

therapeutic efficiency and reduce the numerous unwanted side-effects.9 Scientists are faced 

with the large number of CA isozymes with common structural features and with the presence 

of several isozymes in the same tissues frequently working in tandem.2,11  

2.1.4.1  Cancer-related CAs 

CA IX and CA XII are two isozymes whose overexpression has been linked to cancer 

progression.5 Both are transmembrane enzymes where the catalytic site is extracellular.30 CA 

IX is normally expressed in the stomach (GI tract) with only limited expression in other healthy 

tissues so its expression in other tissues is considered a hallmark of several kinds of solid 

tumours.31 The range of tumour tissues (benign or malignant) expressing CA IX is considerable. 

Tumours expressing this enzyme have been found in the kidney, oesophagus, colon, lungs, 

pancreas, liver, ovaries, brain, skin, breast, rectum, uterine cervix, thyroid, head, neck and the 

bladder.5,31,32 In contrast to CA IX, CA XII is more widely expressed in healthy cells in addition to 

being co-expressed with CA IX in many tumours (renal cell carcinomas, ovarian, breast, cervical 

carcinomas, brain tumours).7,11,27,30,31  

NH2

H2NO2S

2.12
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2.1.4.1.1  CA and hypoxia inducible factor-1 (HIF-1) 

Hypoxia is a condition where the environment (e.g. cell) is deprived of sufficient oxygen 

supply.11 Investigations on the hypoxia inducible factor-1 (HIF-1) have explained why the 

overexpression of CA IX and XII is a trademark of various solid tumours. 

HIF-1 controls numerous hypoxia-inducible genes and in particular some genes which regulate 

cell metabolism.33,34 More particularly, HIF-1 activates genes which favour glycolysis (e.g. 

GLUT1) and as a result, a shift from oxidative phosphorylation (limited by hypoxia since it 

requires oxygen) towards anaerobic glycolysis can be observed (Figure 2.8).30,34 This metabolic 

change induces an increase in the production of lactic acid, which is easily dissociated into 

lactate and a proton at physiological pH.34,35 The production of this proton consequently 

induces a decrease of the intracellular pH (pHi). 34,35 The intracellular CA II uses this proton to 

convert a bicarbonate ion into carbon dioxide that then reaches the extracellular environment 

by diffusion. To manage this substantial intracellular acidosis, a threat to cell survival, HIF-1 

induces the expression of H+/monocarboxylate transporter MCT4 but also the overexpression 

of two carbonic anhydrases: CA IX and CA XII (Figure 2.8).30,34,36 These two enzymes convert the 

carbon dioxide (produced intracellularly by CA II) into a bicarbonate ion and a proton, leading 

to a decrease of the extracellular pH (pHe). A re-uptake into the cell of the bicarbonate ion by 

Na+/HCO3
– co-transporters (NBCs) provides the substrate necessary for the dehydration of 

bicarbonate catalysed by CA II (Figure 2.8).31 By co-transporting monocarboxylate anions such 

as lactate with protons, MCT4 also induces a decrease in pHe (Figure 2.8).31 Low pHe favours 

cell invasion and cell proliferation. As a consequence, HIF-1 triggers a metabolic advantage of 

cancer cells over normal cells by helping them to survive, allowing the proliferation of the 

tumour.34,35  

2.1.4.1.2  Breaking the HIF-1 cycle to treat cancers 

Targeting the pH regulating proteins (e.g. CAs, anion exchangers or monocarboxylate 

transporters) to restore normal intracellular and extracellular pH values, breakdown the HIF-1 

cycle and thus stop the cancer progression, is a different and not yet clinically used approach 

to treat cancer.30 Chiche et al. (2009) have established that the inhibition of both CA IX and XII 

can induce a halt in the growth of xenograft tumours, demonstrating the interest in CA 

inhibitors as potential anti-cancer drugs.36 
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Figure 2.8  Simplified representation of the role of CA II, IX and XII in tumour cells. Genes are indicated 

in italics. This Figure is based on information from Refs [30,31,34-36]. 

The ability of arylsulfonamide CA inhibitors to overturn the effect of tumour acidification has 

been demonstrated with compound 2.12 (Figure 2.7).27 In cell-based assays, aromatic 

sulfonamide compounds − including clinical drugs 2.3, 2.4 and 2.10 − are able to inhibit the 

growth of cancer cells with µM GI50.18 It has also be shown that acetazolamide 2.2 can 

suppress the invasion of the tumour of CA IX/XII associated cancers.27 However, the main issue 

remains that these aromatic sulfonamides are effective but not selective inhibitors of cancer-

related CA IX and XII with respect to the physiologically important CA I and II.27   

2.1.4.1.3  Structural  features of the CA IX and XII  binding cavities 

There are two different strategies to target cancer-related CAs: looking at structure-based 

differences between cancer-related CAs (on-target isozymes) and other CAs (off-target 

isozymes), or, looking at the differences in the cellular location of the cancer-related CAs and 

the other CAs. 

Protein superimposition and structural-alignment comparison between CA IX and the other 

membrane-associated CAs (IV, XII and XIV) as well as with the cytosolic CA II revealed that 

these isozymes mainly display differences of residues on a common, but not 

superimposable, α-helix 125-137 (Figure 2.9).37,38 Some of the residues of this α-helix play a 

role in the interactions of an inhibitor’s tail with the binding cavity, suggesting that the amino 

acids 130-136 could be a potential area to target for isozyme-selective drug design.39,40  
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Figure 2.9  Structural superposition of hCA XIV (pdb 4LU3, green), hCA IV (pdb 1ZNC, cyan), hCA IX 
(pdb 3IAI, blue), and hCA XII (pdb 1JD0, red). An arrow points out the region 127–136. Reproduced from 
Alterio et al., 2014,38 with permission. 

While there are structural differences (as described above) that could be used to design CA IX 

and CA XII selective inhibitors, a second strategy is to attempt limiting the access of an 

inhibitor to intracellular CAs by modification and manipulation of an inhibitor’s 

physicochemical profile. The following discussion will focuses on the second strategy. 

2.1.4.2  From classic sulfonamide-based CA inhibitors towards isozyme-
specif ic CA IX and CA XII  inhibitors  

2.1.4.2.1  Historical  approaches: membrane permeabil ity approaches 

Arylsulfonamides, established CA inhibitor pharmacophore, have a poor aqueous solubility.11 

Their predominantly hydrophobic nature should enable them to permeate to a cell’s cytosolic 

environment and by passive diffusion through the lipid membrane, reach cytosolic CAs. To 

target membrane-associated CAs, further modifications of arylsulfonamide-based CA inhibitors 

are required to impair their diffusion through the cell’s lipid membrane.  

The first attempt to target membrane-associated CAs was the development of inhibitors with a 

high molecular weight such as polymers with attached sulfonamides, based on the hypothesis 

that these inhibitors would be too bulky to cross the plasma membrane.8,9 However, two main 

issues have arisen, potent allergic reactions and decrease of bioavailability in vivo, 

disqualifying them for being developed intro drugs.8,9 

The second attempt was the development of cationic sulfonamides to selectively target 

membrane-bound CAs rather than cytosolic CAs thanks to the positive charge leading to 

compounds that are incapable of readily crossing the cell membrane.24,30 These compounds 

generally incorporated pyridinium moieties as a tail. It was found that although these 
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inhibitors were not isozyme selective in vitro (nM inhibitors of CA II, IV and IX), in vitro and ex 

vivo experiments revealed that they were not able to cross the plasma membrane suggesting 

the potential of this approach.41-43 

A third potential approach and the basis of the research described in this chapter, is the use of 

carbohydrate moieties, particularly as tails, to modify the physicochemical properties of CA 

inhibitors.  

2.1.4.2.2  Carbohydrate-based CA inhibitors:  the “sugar approach” and 
advantages of using carbohydrates 

Winum et al. (2009) defined the “sugar-approach”b as the strategy of incorporating 

carbohydrate moieties in the design of CA inhibitors either directly linked to the ZBG as a 

carbohydrate scaffold, or attached to an aromatic or heteroaromatic scaffold as a tail group.24 

The polyfunctionality and stereochemical diversity of carbohydrates (as described in Chapter 

1) could potentially be used to modulate selectivity of inhibition among the carbonic 

anhydrase isozymes.24  

The classic example of a carbohydrate-based CA inhibitor is Topiramate® 2.13, an 

anti-epileptic clinical drug.24 Topiramate’s sulfamate group is the ZBG of the compound, 

whereas the fully acetal-protected carbohydrate scaffold acts as a “ring”, interacting with the 

hydrophobic region of the binding cavity.24 Interestingly, aromatic sulfonamides which 

incorporate the Topiramate® carbohydrate ring as a tail (e.g. compound 2.14) have 

demonstrated either better anticonvulsant activity or better inhibition of the cancer-related 

CA IX than Topiramate® itself.44  

 

Smaine et al. have developed glycosyl thioureido-sulfonamides with various monosaccharides 

as tails (e.g. compound 2.15) displaying µM to sub-µM CA I and II inhibition as well as low nM 

CA IX and XII inhibition.45 The carbohydrate moiety – mannose, glucose or galactose tails – in 

this study, had an influence on the inhibition but no clear Structure Activity Relationships (SAR) 

were able to be drawn.45 

                                                            
b Although the terminology for this approach uses the word sugar, the word carbohydrate will be 
preferentially used in this discussion. 
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The conjugation of a carbohydrate moiety (as a tail) to a CA inhibitor ZBG-ring can also be used 

to modulate the biopharmaceutical properties of the potential drug. Glycosyl arylsulfonamides 

(e.g. compound 2.16) have demonstrated promising antiglaucoma activities with CA inhibition 

similar to the corresponding parent drug clinically used for the treatment of glaucoma, as well 

as increased water solubility at neutral pH because of the presence of several free hydroxyl 

groups on the carbohydrate residue.15 On the other hand, the nature of the carbohydrate did 

not seem to be very important for SAR since all glycosyl arylsulfonamides in this study 

displayed similar CA inhibition.15 The carbohydrate moiety of compound 2.16 was shown by 

X-ray crystallography to include interactions with the hydrophilic region of the binding cavity 

(Figure 2.10), emphasising the importance of tail drug design in the development of potent 

carbohydrate-based CA inhibitors.  

  

Figure 2.10  hCA II binding cavity: catalytic site and closest interactions with glycosyl arylsulfonamide 
inhibitor 2.16 (pdb 2HL4). The Zn(II) coordination is shown with the binding of the inhibitor. Residues 
are coloured as previously described in Figure 2.3. For the purpose of clarity, the water molecules are 
not represented. YASARA was used to produce this Figure.17 

Carbohydrate tailing of arylsulfonamides 

Based on the potential advantages of adding a carbohydrate-based tail to a CA inhibitor core   

– such as accessing further binding interactions or modulating the solubility (where 

carbohydrates are used as water-solubilising moieties) – different methods have been used to 

introduce a carbohydrate tail and especially synthesise glycosyl arylsulfonamide CA inhibitors. 

For example, Winum and co-workers have linked arylsulfonamides to various monosaccharides 

via an amine group at the anomeric position15 or a thio-ureido linker either at C-2,45 or at the 

anomeric position.44  
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Click tailing strategy: click chemistry as route to link “ring” and “tail”  

Looking for a more efficient way for attaching a carbohydrate tail to a known CA 

pharmacophore, Wilkinson et al. synthesised various glycosyl arylsulfonamides using a click 

tailing strategy.46-48 The click tailing strategy24 consists of the use of metal catalysed 

azide-alkyne cycloaddition (usually CuAAC) – a form of click chemistry – to link the aryl group 

substituted with a primary sulfonamide, to the carbohydrate derivative via a robust 

1H-[1,2,3]-triazole linkage. Either the alkyne,49 or the azide46,48 functional group can be 

attached to the carbohydrate moiety. Consequently, after CuAAC, either a short47 or longer 

linker connecting to the arylsulfonamide group can be produced (Scheme 2.2).46,48 The 

generated triazoles are principally chemically inert towards a large number of reaction 

conditions.50,51 Following Wilkinson et al. works, N-, O- and S-glycosides (with or without linker) 

attached to arylsulfonamides through a triazole group were then studied.24  

 

Scheme 2.2  Click tailing strategy for a general hexopyranose structure. The circle represents either 
the aryl group only (short linker: triazole only) or the aryl group and an additional linker (long linker). 
This Scheme is based on information from Refs [46-48]. 

Attaching directly an arylsulfonamide group to the carbohydrate moiety through a triazole 

linkage resulted in a more rigid family of carbohydrate-based CA inhibitors. Biological 

evaluation of such compounds against CA I, II and IX revealed that the carbohydrate moiety is 

important for potency and selectivity (e.g. glucosyl triazole 2.17 vs galactosyl triazole 2.18 vs 

glucosamine triazole 2.19, Figure 2.11).47  

 

 F igure 2.11  Structures of compounds 2.17, 2.18, and 2.19 and their CA inhibition (Ki, nM).47 

2.1.4.3  Prodrug approach to cancer-related-CA inhibitors 

A third strategy to target cancer-related CAs, closely related to the second strategy − 

modification and manipulation of an inhibitor’s physicochemical profile − is the use of 

prodrugs in CA inhibitor development. As previously mentioned in Chapter 1, a prodrug is a 

compound that needs to be metabolised in vivo by biotransformation to be pharmacologically 

SO2NH2

SO2NH2N3

+

+

O
N3

(RO)4

O(RO)4

O(RO)4

SO2NH2

N
N

N

O(RO)4

SO2NH2

NN
N

R = H, Ac

O(HO)4 N
N
N

SO2NH2 Glc 2.17 Gal 2.18 GlcNAc 2.19

CA I

CA II

CA IX

9.4 9.3 4400

380 8.8 460

89 120 85

Ki (nM)
isozyme



 75 

active.52,53 Two different types of prodrugs have been used in the development of CA inhibitors 

targeted to cancer-related CAs: passive and active produgs.8 

Passive prodrugs reach the hypoxic environment of cancer-cells unmasked (with respect to the 

physiological environment) and need the bioreduction induced by hypoxia to activate the 

pharmacophore.8 For example, under hypoxic conditions, arylsulfonamides such as 2.20 

possessing a sterically hindered disulfide bond are reduced to two less bulky thiol-containing 

aryl sulfonamide molecules 2.21 (Figure 2.12).3,11 In vivo studies are under investigation to 

evaluate the antitumour activity of compounds such as 2.20.54  

 
Figure 2.12  Example of a bis-arylsulfonamide CA inhibitor that is activated under reducing conditions. 

Reproduced from Alterio et al., 2012,3 with permission. 

On the other hand, active prodrugs require the presence of esterases or other metabolizing 

enzymes, either ubiquitous physiologically or possibly weakly active in CAs themselves.8 For 

instance, it is possible to take advantage of the esterase and sulfatase activities of α-CAs to 

open the ring of sulfocoumarins to form sulfonic acids CA inhibitors (Figure 2.13).16  

 

Figure 2.13  Example of a CA-mediated hydrolysis of a sulfocoumarin CA inhibitor. Reproduced from 
Tars et al., 2013,55 with permission. 

2.2 Preface to published papers: studies of carbohydrate-based CA 
inhibitors using a prodrug approach 

As previously described in Chapter 1, acyl groups have been heavily investigated in the 

development of ester prodrugs to improve membrane permeability, targeting the in vivo 

hydrolysing activity of ubiquitous (intracellular) carboxylesterases, and have led to numerous 

marketed prodrugs.52  

2.2.1 Prodrug strategy using carbohydrates: transport selectivity 
approach to target membrane-associated CAs 
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inhibitors that are too hydrophobic are more likely to be able to go through the cell membrane 

and inhibit off-target intracellular CAs and so would not be selective for the cancer-related 

(membrane-associated) CA isozymes. On the other hand, CA inhibitors that are too hydrophilic 

are more likely to be unable to go through the membranes and only inhibit on-target 

extracellular CAs. However, hydrophilic CA inhibitors are also more likely to have a low 

bioavailability.  

We therefore considered a prodrug approach applied to carbohydrates integrated as tails on a 

CA inhibitor core. A carbohydrate moiety could be modified through (metabolically reversible) 

functionalisation of the carbohydrate’s hydroxyl groups, and thus could provide transport 

selectivity. As discussed in Chapter 1, acylation of carbohydrate hydroxyl groups can be used to 

decrease the hydrophilicity of a molecule and so increase its ability to penetrate cell 

membranes. The action of endogenous esterases (e.g. carboxylesterases) in vivo however 

should gradually unmask the hydroxyl groups, leading ultimately to a free carbohydrate moiety 

that would limit cell permeability. 

2.2.2 Investigation of the biopharmaceutical  properties of acylated 
carbohydrate moieties  

In our first study, we investigated the influence of O-acylation of carbohydrate hydroxyl groups 

on biopharmaceutical properties. We evaluated the stability of different ester groups on a 

common glycosyl triazole scaffold under physiological-type conditions. Two standard 

monosaccharides, glucose and galactose, were chosen as carbohydrate frameworks, and a 

robust substituted triazole was attached to them because of the versatility of the triazole 

functionality in drug discovery (e.g. the click tailing strategy in development of CA inhibitors). 

The glycosyl azides of D-glucopyranose and D-galactopyranose were used as starting templates. 

Protection of these compounds with 5 different acyl groups (acetyl, propionyl, butanoyl, 

pentanoyl and 3-methylbutanoyl) led to 10 glycoside azide building blocks. Using 

phenylacetylene as the alkyne reaction partner, 10 novel glycoconjugates were synthesised 

using CuAAC. Deprotection of the per-O-acetylated glucose and galactose derivatives under 

basic conditions provided the free carbohydrate derivative as fully hydrolysed reference 

compounds.  

The biopharmaceutical properties of the O-acylated glycoconjugates were evaluated in a series 

of in vitro tests. LogP values were calculated (cLogP) as an indication of the affinity of the 

compounds for a lipid environment rather than an aqueous environment.56,57 In order to 

investigate the metabolic stability of the compounds in the plasma with respect to metabolism 

reactions, plasma stability was measured in human plasma at 37 °C and degradation half-life 

(in minutes) was determined upon analysis by UPLC-MS.58,59 In vitro metabolic stability of the 
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compounds in human liver microsomes (HLMs) was measured in the presence or absence of 

NADPH.60 Stability in HLMs is a tool to determine the hepatic metabolic stability. NADPH is a 

co-factor necessary for the oxidation activity of the metabolising cytochrome P450 (CYP) 

enzymes. Finally, to study the capability of the compound to bind the proteins found in blood 

plasma (i.e. plasma protein binding) the binding to Human Serum Albumin (HSA) – one of the 

two plasma proteins accountable for the majority of plasma binding to drugs – was 

determined.56  

2.2.3 Acylated carbohydrate-tai led arylsulfonamide prodrugs as CA 
inhibitors  

In our second study, we investigated this carbohydrate prodrug approach in the development 

of CA inhibitors. Using the glycosyl azide building blocks synthesised in our first study in 

conjunction with meta- and para-ethynyl benzenesulfonamides as CuAAC reaction partners, 24 

glycosyl arylsulfonamides were synthesised. Meta- and para-substituted arylsulfonamide 

alkynes were selected to investigate the orientation of the carbohydrate tail in relation to the 

sulfonamide.  

The same biopharmaceutical properties were investigated as in the first study, as well as the 

cell layer permeability of the compound using the Caco-2 cell monolayer model.60,61 This last 

test was used to investigate the capability of the compounds to cross a biological membrane 

barrier.57  

Given that the fully acylated derivatives containing butanoyl and in particular, pentanoyl and 

methyl butanoyl acyl groups, had a long degradation half-life in plasma, it was interesting to 

determine the CA inhibition and selectivity for both the fully protected (“masked”) derivatives 

as well as the derivatives with free hydroxyl groups (“unmasked”). Considering that the length 

of the assay used for determining the CA inhibition is short (15 min),62 it was assumed that 

after 15 min, the CA esterase activity would be negligible20 and so the “masked” derivatives 

would not have time to be de-O-acetylated under the assay conditions. Enzymatic inhibition 

studies of these compounds with 5 different carbonic anhydrases (hCA I, II, IX, XII and XIV) 

were carried-out. While hCA IX and XII are the on-target cancer-related membrane-associated 

(single-pass transmembrane) isozymes, and hCA I and II the ubiquitous off-target intracellular 

isozymes, it was of importance to determine as well the inhibition of the off-target membrane-

associated hCA XIV. The glycoconjugates were shown to display a low µM to low nM inhibition 

depending on the CA isozyme. Monosaccharide moiety and acyl groups present within the 

molecule seemed to influence the CA inhibition. However, no clear SAR was able to be drawn.  
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2.4 Synthesis of acylated glycoconjugates as templates to investigate 
in vitro  biopharmaceutical  properties 
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a b s t r a c t

A series of novel glycopyranosyl azides were synthesised wherein the carbohydrate moiety was peracy-
lated with four acetyl, propionyl, butanoyl, pentanoyl (valeryl) or 3-methylbutanoyl (isovaleryl) ester
linked groups. A panel of glycoconjugates was synthesised from these glycopyranosyl azides using cop-
per-catalysed azide–alkyne cycloaddition. The in vitro metabolic stability, plasma stability and plasma
protein binding was then measured to establish the impact of the different acyl group when presented
on a common scaffold. The acetyl, propionyl and butanoyl esters exhibited metabolism consistent with
esterase processing, and various mono-, di- and tri-acylated hydrolysis products as well as the fully
hydrolysed compound were detected. In contrast, the pentanoyl and 3-methylbutanoyl esters were
stable.

! 2012 Elsevier Ltd. All rights reserved.

Introduction

Carbohydrates are polyhydroxylated compounds that when
incorporated onto a small molecule may be used as a platform
from which to modulate physicochemical and biopharmaceutical
properties of the resulting compounds for medicinal chemistry
applications.1–4 Carbohydrates linked to natural product based
drugs are often a prerequisite for biological activity and heavily
influence the pharmacokinetics, drug targeting and mechanism of
action.5 The development of synthetic carbohydrate-based small
molecules is increasingly being recognized as a viable and appeal-
ing approach towards safe and effective therapeutics1–4,6 and ester
prodrugs of monosaccharides have been developed.7–9 Esters are
the most common prodrug moiety employed by the pharmaceuti-
cal industry.10 They are used extensively to mask polar hydroxyl
groups with hydrophobic acyl groups to enhance passive diffusion
and enable therapeutic concentrations of the prodrug to reach the
bloodstream. The ester functional group is susceptible to in vivo
hydrolysis by hydrolytic plasma enzymes and cellular carboxylest-
erase (CE) enzymes to generate the corresponding alcohol and car-

boxylate.11,12 Human CEs play a key role in fatty acid metabolism,
they comprise a number of isozymes with differential distribution,
expression profile and ester substrate specificity and they differ to
plasma esterase enzymes.10 The heterogeneity of substrate speci-
ficity of ester hydrolysis enzymes means that it is difficult to pre-
dict activity on differing acyl groups on parent alcohol drugs and
this limits rational drug optimization.13 Yarema and colleagues
investigated the bioactivity of N-acetyl-D-mannosamine (ManNAc)
and butyrate and showed that in isolation each component had
poor drug-like properties however when combined into a single
carbohydrate molecule (Bu4ManNAc) exhibited favourable bio-
pharmaceutical properties.14,15

In this Letter we describe the synthesis of novel glycoconjugates
wherein the carbohydrate moiety is peracylated with acyl groups
comprising acetyl, propionyl, butanoyl, pentanoyl (valeryl) or 3-
methylbutanoyl (isovaleryl) groups. The in vitro metabolic stabil-
ity, plasma stability and plasma protein binding were measured
for one set of the glycoconjugates to establish the impact of the dif-
ferent acyl groups on these biopharmaceutical properties. To the
best of our knowledge there has been no systematic approach in
the medicinal chemistry of glycoconjugate small molecules to ad-
dress the effect of labile acyl groups on biopharmaceutical proper-
ties associated with carbohydrate ester hydrolysis. As a
consequence we were keen to provide new chemical tools in this
context.

0960-894X/$ - see front matter ! 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmcl.2012.11.056

Abbreviations: CuAAC, copper-catalysed azide–alkyne cycloaddition; CE, carb-
oxylesterase; c logP, calculated LogP; HLMs, human liver microsomes; HSA, human
serum albumin; CYP450, cytochrome P450.
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Copper-catalysed azide–alkyne cycloaddition (CuAAC) with car-
bohydrate-based azide substrates is now routinely applied in drug
discovery and has proven extremely versatile both in the prepara-
tion of glycoconjugate small molecule inhibitors against a range of
enzymes and to append carbohydrates to biomolecules.16–18 Sev-
eral reactions fulfill the criteria that defines click chemistry,19 how-
ever it is CuAAC to regioselectively form 1,2,3-triazoles that has
proven the most accomplished click chemistry reaction for the
development of new molecules with useful chemical properties,
delivering an impressive volume of diverse applications within a
short period.20 In drug development some functional groups, while
synthetically attractive, can be a liability to biopharmaceutical per-
formance of a compound in vivo. The early applications of glyco-
pyranosyl azide building blocks in click chemistry demonstrated
that the formed triazole was compatible with commonly employed
carbohydrate protecting group approaches21 and that peracetylat-
ed glycopyranosyl triazoles were robust molecules.21,22 Glycopyr-
anosyl azides are stable and are inert towards a wide range of
reaction conditions and are readily synthesised anomerically
pure.16 In addition a range of bioactive glycopyranosyl triazoles
have been reported.4,6,17,22–25

The azide precursors of the glycoconjugate target compounds of
this study, compounds 1–10 , are O-peracylated b-D-glucopyranosyl
and b-D-galactopyranosyl azides containing acetyl (1 and 6 ), propi-
onyl (2 and 7 ), butanoyl (3 and 8 ), pentanoyl (4 and 9 ) and 3-meth-
ylbutanoyl (5 and 10 ) moieties, Figure 1. Compounds 1 and 6 are
well known and have been widely used,16 however the remaining
acyl analogues are novel compounds. To synthesise compounds 1
and 6 we employed the Lewis acid catalysed synthesis directly
from commercially available per-O-acetylated D-glucose and
per-O-acetylated D-galactose using trimethylsilyl azide16 to stere-
oselectively introduce the azide functional group at the anomeric
centre. We then considered two approaches for the synthesis of
azides 2–5 and 7 –10 . The first approach operated similarly to the
synthesis of 1 and 6 , with the intention to directly introduce the
azide at the anomeric centre of the corresponding per-O-acylated
glucose and galactose derivative. The per-O-acylated precursors
needed to be synthesised and acylation of unprotected D-glucose
with an acid anhydride using typical monosaccharide acylation
conditions was investigated. The reaction of D-glucose with propi-
onic anhydride and butyric anhydride in either refluxing pyridine
or using sodium propanoate or sodium butanoate, respectively,
generated an anomeric mixture of the peracylated sugars 11 and
12, Scheme 1.26–28 While the target b-anomer predominated
(typical ratio b:a !80:20) it could not be readily separated from
the a-anomer by chromatography or crystallization. We continued
with compounds 11 and 12 as anomeric mixtures and successfully
converted the b-anomer to azides 2 and 3 (the a-anomer is

unreactive), Scheme 1, extensive chromatography was however
required for purification. The second approach employed peracet-
ylated b-glycopyranosyl azides 1 and 6 as indirect precursors for
the remaining target azides 2–5 and 7 –10 , Scheme 2. Deprotection
of 1 and 6 using Zemplén conditions gave the b-glycopyranosyl
azides 13 and 14 , respectively, in an almost quantitative yield.29

Next acylation of 13 and 14 with the corresponding propionic,
butyric, pentanoic or 3-methyl butyric acid anhydride in pyridine
gave the target per-O-acylated b-glycopyranosyl azides 2–5 and
7 –10 in good to high yields. This second approach was preferred
to the first as it provided good yields from accessible starting
materials and circumvented the purification difficulty caused
by the formation and use of anomeric mixtures. The 1H and
13C NMR spectra of azide compounds 2–5 and 7 –10 were consis-
tent with their expected structures.

With the panel of anomeric glycopyranosyl azides 1–10 in hand
next the 1,4-disubstituted-1,2,3-triazole glycoconjugate target
compounds 15 –24 were synthesised from these azides and phenyl-
acetylene by CuAAC, Scheme 2. The 1H and 13C NMR spectra of 15 –
24 were consistent with their expected structures, the H-4 proton
of the 1,4-disubstituted triazoles resonated at d 8.95–8.82 ppm,
while the triazole CH carbon resonated at d 120.6–120.3 ppm.
These chemical shifts are in agreement with those reported for
other 1,4-disubstituted-1,2,3-triazoles.30

Compound 25 is the fully deacylated glycoconjugate that would
result following the complete hydrolysis of acyl groups of the par-
ent compounds 15 –19 . Compound 25 was prepared from 15 using
Zemplén conditions and was used as the control compound for the
biopharmaceutical property assays with the glucose series com-
pounds 15 –19 described next. Esterase hydrolysis of compounds
15 –19 may take place sequentially, to form multiple tri-acylated,
di-acylated and mono-acylated glycoconjugates as intermediates,
Scheme 3. The characteristic molecular weights of the potential
intermediates allow monitoring by mass spectrometry.

In order to assess the susceptibility of these compounds to ester
hydrolysis within plasma, we determined the in vitro stability of
compounds 25 and 15 –19 in human plasma at 37 !C, Table 1.
The pentanoyl (18 ) and 3-methylbutanoyl (19 ) esters, together
with the corresponding fully deacylated compound 25 were stable
in human plasma. In contrast, the shorter chain acetyl, propionyl
and butanoyl analogues (15 , 16 and 17 ) degraded with estimated
half lives of 55, 26, and 555 min, respectively, the order of stability
is butanoyl > acetyl > propionyl. Multiple mono-, di- and tri-acyl-
ated hydrolysis products as well as the fully hydrolysed compound
25 were detected for each labile compound consistent with serial
hydrolysis of the ester moieties.

Given the broad range of calculated LogP (cLogP) values for the
acylated glycoconjugates (+2.25 to +8.60, Table 1) and the likely
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Figure 1. Target b-glucosyl azides 1–5 and b-galactosyl azides 6 –10 each comprising four acetyl, propionyl, butanoyl, pentanoyl and 3-methylbutanoyl acyl groups.
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relationship between lipophilicity and binding to serum albumin,
we considered whether the differences in plasma stability of
15 –19 could in part be due to differences in binding to plasma
proteins. Experimentally, the lability of 15 and 16 precluded
determination of protein binding via traditional methods (e.g.,
equilibrium dialysis, ultrafiltration and ultracentrifigation), due
to the potential for deacylation under the experimental conditions.
Instead, protein binding values of the test compounds were esti-
mated by correlation of their chromatographic retention times on
an immobilized human serum albumin (HSA) column against the
characteristics of a series of standard compounds with known pro-
tein binding values.31 HSA binding increased with increasing size
and lipophilicity of the acyl group and the two most highly bound

compounds (18 and 19 ) were also the most stable in human
plasma, Table 1. On this basis it seems likely that the relative
plasma stability of the different esters is determined by a combina-
tion of the intrinsic susceptibility to hydrolytic enzymes and the
extent of binding to plasma proteins. Noncovalent plasma protein
binding may be a desirable characteristic for diagnostic molecules
such as MRI contrast agents, to increase the blood circulation half-
life.32 In addition it has been demonstrated that plasma protein
binding often has little clinical relevance on drug exposure.33

We next determined the in vitro stability of the compounds 25
and 15 –19 in human liver microsomes (HLMs) to provide a preli-
minary indication of the likely in vivo hepatic metabolic clearance
and to see if metabolic products corresponding to loss of the acyl
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groups, including complete loss (compound 25) could be detected.
Microsomal stability was assessed in both the presence and ab-
sence of NADPH, the cofactor required for oxidative activity of
the cytochrome P450 (CYP450) enzyme family. This allowed a
qualitative indication of the relative contributions of CYP450 and
non-CYP450 mediated degradation processes. The pentanoyl (18)
and 3-methylbutanoyl (19) compounds, together with compound
25, were essentially stable in HLMs in both the presence and ab-
sence of NADPH; these compounds would therefore be expected
to be subject to low hepatic metabolic clearance in vivo. In con-
trast, the acetyl, propionyl and butanoyl analogues (15, 16 and
17) were degraded in HLMs in the presence of NADPH, and a com-
parable degradation rate for each compound in the absence of
NADPH was evident, an indicator that microsomal metabolism
was primarily due to non-CYP450 enzymes. Mono-, di- and tri-
acylated hydrolysis products as well as the fully hydrolysed com-
pound 25 were detected for each of the labile acyl derivatives, an
indicator that the cofactor-independent degradation resulted from
compound susceptibility to hydrolytic enzymes such as micro-
somal esterases.

LogP describes compound lipophilicity, and values often corre-
late with a number of key biopharmaceutical parameters in drug
discovery. The use of software tools to calculate LogP (cLogP) is
routine to provide rapid and accurate predictions when used with
an awareness of limitations of the software.10,34 Table 1 contains
calculated LogP (cLogP) values and molecular weight for glycocon-
jugates 15–19 and 25. The trend of cLogP values is consistent with
the compounds biopharmaceutical properties, discussed above.
cLogP values increase with the size of the acyl group, it is feasible
that the different esters could also be applied to balance oral
absorption and bioavailability characteristics of prodrugs with
esterase processing.

In summary, a synthetic route towards novel per-O-acylated
glycopyranosyl azides with variable acyl groups was developed,
this synthesis delivered anomerically pure tetra-acylated com-
pounds in good yields. Using CuAAC the azide building blocks were
then transformed into glycoconjugate templates and used as tools
to study the effect of different acyl groups on biopharmaceutical
properties. Specifically we determined the in vitro stability of var-
iably acylated glycoconjugates 15–19 as well as the non-acylated
control compound 25 in human plasma and in HLMs. Pentanoyl
(18) and 3-methylbutanoyl (19) esters, together with the corre-
sponding fully deacylated compound 25 were stable both in

human plasma and in HLMs, while the shorter chain acyl groups
(acetyl, propionyl and butanoyl) of 15–17 exhibited degradation
consistent with esterase processing, the order of stability was
butanoyl > acetyl > propionyl. Various mono-, di- and tri-acylated
hydrolysis products as well as the fully hydrolysed compound 25
were detected from metabolism of compounds 15–17, consistent
with serial hydrolysis of the carbohydrate ester moieties. The plas-
ma protein binding to HSA was also measured and observed to in-
crease with increasing size and lipophilicity of the acyl group.
These findings may indicate that the relative plasma stability of
the different esters is determined by a combination of the intrinsic
susceptibility to hydrolytic enzymes and the extent of binding to
plasma proteins. Collectively our findings demonstrate key differ-
ences in acyl group stability when presented on a common carbo-
hydrate scaffold core. This may provide a useful guide to the
selection of small acyl groups for regulating biopharmaceutical
properties in future ester prodrug approaches.
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Chemistry. All starting materials and reagents, including per-O-acetylated sugars, were 

purchased from commercial suppliers. All solvents were available commercially dried or dried 

prior to use. Reaction progress was monitored by TLC using silica gel-60 F254 plates with 

detection by short wave UV fluorescence (λ = 254 nm) and staining with sulfuric acid stain (5% 

H2SO4 in ethanol) and/or orcinol stain (1 g of orcinol monohydrate in a mixture of 

EtOH:H2O:H2SO4 72.5:22.5:5). Silica gel flash chromatography was performed using silica gel 

60 Å (230-400 mesh). NMR (1H, 13C {1H}, gCOSY and HSQC) spectra were recorded on a 500 

MHz spectrometer at 30 °C. Chemical shifts for 1H and 13C NMR spectra obtained in DMSO-d6 

are reported in ppm relative to residual solvent proton (δ = 2.50 ppm) and carbon (δ = 39.5 ppm) 

signals, respectively. Chemical shifts for 1H NMR spectra obtained in CDCl3 are reported in 

ppm relative to residual solvent proton (δ = 7.26 ppm). Multiplicity is indicated as follows: s 

(singlet); d (doublet); t (triplet); m (multiplet); dd (doublet of doublet); ddd (doublet of doublet 

of doublet); b (broad). Coupling constants are reported in hertz (Hz). Melting points are 

uncorrected. Mass spectra (low and high resolution) were recorded using electrospray as the 

ionization technique in positive ion and/or negative ion modes as stated. All MS analysis 

samples were prepared as solutions in methanol. Optical rotations were measured at 25 °C and 

reported as an average of ten measurements. Purity of all compounds was ≥ 95%. Carbohydrates 

are named in accordance with IUPAC-IUBMB “Carbohydrate Nomenclature” [1-3].  

 

General procedure 1. Deprotection of carbohydrate moieties. Fully deprotected sugar 

derivatives were prepared by treating the corresponding acylated precursor in dry MeOH (final 

concentration of ~0.1 – 0.2 M) with methanolic sodium methoxide (25% w/v, 100-140 µL; pH 

12). The reaction was left to stir until full deacylation was evident by TLC (CH3CN:H2O 9:1; 30 

min - overnight). Neutralization of the solution by Amberlite IR-120-H+ ion-exchange resin, 

followed by filtration (the resin is washed several times with methanol) and evaporation of the 

filtrate to dryness, generally afforded analytically pure compounds.  

 

General procedure 2. Acylation of β-D-glycopyranosyl azides with acid anhydrides.  The β-

D-glycopyranosyl azide (13 or 14) (1.0 equiv.) was dissolved in pyridine and the anhydride 

derivative (20 equiv.) added. The reaction mixture was stirred at 60 °C until complete as evident 

by TLC (EtOAc/Hexane 1:4, orcinol stain), typically overnight to 2 d. The reaction mixture was 

poured onto ice then stirred vigorously until excess anhydride was hydrolysed, typically 1 – 2 h. 
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The product was extracted with ethyl acetate (3 × 100 mL), the organic fractions were combined 

and washed with saturated Na2CO3(aq) (3 × 100 mL) and 5% HCl (1 × 100 mL), dried over 

MgSO4, filtered and concentrated under reduced pressure.  

 

General procedure 3. CuAAC reaction conditions. A mixture of the azide (1.0 equiv.) and 

phenylacetylene (10 equiv.) was suspended in water and EtOH (1:2.5 to 1:5, 2.5-5 mL EtOH). A 

solution of sodium ascorbate (0.4 equiv) in water (0.5 mL), followed by a solution CuSO4.5H2O 

(0.2 equiv) in water (0.5 mL) was successively added. The bright yellow suspension was stirred 

vigorously at 60 °C for 4 h to 4 days, as needed for full consumption of the azide or no further 

change as indicated by TLC. The EtOH was removed and the crude product collected by 

filtration and washed with H2O. The crude material was then dissolved in EtOAc, dried over 

MgSO4, filtered and concentrated under reduced pressure. The resulting residue was purified by 

flash chromatography to yield analytically pure material. 

 

2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosyl azide (1). To a solution of penta-O-acetyl-β-

glucopyranose (3.96 g, 10.1 mmol) in anhydrous CH2Cl2 (15 mL) was added Me3SiN3 (1.5 

equiv.) and SnCl4 (1.0 M in CH2Cl2, 0.5 equiv.). The reaction was stirred at rt overnight, 

quenched by addition of saturated NaHCO3(aq) (~ 40 mL) until pH ≈ 8. The crude mixture was 

filtered through Celite, washed with H2O (150-200 mL) and the filtrate extracted with CH2Cl2 (3 

× 100 mL). The organic fractions were combined, dried over MgSO4, filtered and concentrated 

under reduced pressure. The crude product was recrystallised from EtOH affording 1 (3.34 g, 

89%) as white crystals. Rf = 0.60 (EtOAc/Hexane 1:1). 1H NMR data was in agreement with 

literature [4]. This synthesis is adapted from a literature procedure [5].  

 

2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl azide (6). The title compound 6 was prepared 

from penta-O-acetyl-β-galactopyranose (3.91 g, 10.0 mmol) similarly to compound 1. The crude 

product was recrystallised from EtOH affording 6 (3.30 g, 88%) as white crystals. Rf = 0.56 

(EtOAc/Hexane 1:1). 1H NMR data was in agreement with literature [6].  

 

2,3,4,6-Tetra-O-propionyl-β-D-glucopyranosyl azide (2). The title compound 2 was 

synthesised from the glucosyl azide 13 (198 mg, 0.97 mmol) and propanoic anhydride according 

to general procedure 2 and obtained as a pale yellow oil (383 mg, 92%). The crude product was 

used without further purification. Rf = 0.40 (EtOAc/Hexane 1:4). [α]25
D = -28 (c = 0.067, 

CHCl3). 1H NMR (500 MHz, DMSO-d6): δ = 5.35 (dd ≈ t, 3J3,4 = 9.7 Hz, 3J3,2 = 9.6 Hz, 1H, H3), 
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5.15 (d, 3J1,2 = 8.9 Hz, 1H, H1), 5.01 (dd ≈ t, 3J4,5 = 9.8 Hz, 3J4,3 = 9.7 Hz, 1H, H4), 4.83 (dd ≈t , 
3J2,3 = 9.6 Hz, 3J2,1 = 8.9 Hz, 1H, H2), 4.20 (dd, 2J6a,6b = 12.1 Hz, 3J6a,5 = 5.1 Hz, 1H, H6a), 4.14 

(ddd, 3J5,4 = 9.8 Hz, 3J5,6a = 5.1 Hz, 3J5,6b = 1.8 Hz, 1H, H5), 4.09 (dd, 2J6b,6a = 12.1 Hz, 3J6b,5 = 

1.8 Hz, 1H, H6b), 2.39 – 2.17 (m, 8H, COCH2CH3), 0.94-1.06 (m, 12H, COCH2CH3). 

Assignments were confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 173.2, 

172.8, 172.44, 172.40 (4 × COCH2CH3), 86.2 (C1), 72.8 (C5), 71.8 (C3), 70.2 (C2), 67.6 (C4), 

61.4 (C6), 26.70, 26.68, 26.66, 26.6 (4 × COCH2CH3), 8.92, 8.90, 8.8 (2C) (4 × COCH2CH3). 

Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 452 [M+Na]+.  

                                                                              

2,3,4,6-Tetra-O-butanoyl-β-D-glucopyranosyl azide (3). The title compound 3 was prepared 

from the glucosyl azide 13 (132 mg, 0.64 mmol) and butanoic anhydride according to general 

procedure 2 and obtained as a pale orange oil (232 mg, 74%). The crude product was used 

without further purification. Rf = 0.50 (EtOAc/Hexane 1:4). [α]25
D = -14 (c = 0.067, CHCl3). 1H 

NMR (500 MHz, DMSO-d6): δ = 5.37 (t, 3J3,4 = 9.6 Hz, 3J3,2 = 9.6 Hz, 1H, H3), 5.14 (d, 3J1,2 = 

8.9 Hz, 1H, H1), 5.02 (dd ≈ t, 3J4,5 = 9.5 Hz, 3J4,3 = 9.6 Hz, 1H, H4), 4.84 (dd ≈ t, 3J2,3 = 9.6 Hz, 
3J2,1 = 8.9 Hz, 1H, H2), 4.19 – 4.08 (m, 3H, H5, H6a, H6b), 2.35 – 2.14 (m, 8H, COCH2CH2CH3), 

1.58 – 1.42 (m, 8H, COCH2CH2CH3), 0.90 – 0.81 (m, 12H, COCH2CH2CH3). Assignments 

were confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.3, 171.7, 171.5, 

171.4 (4 × COCH2CH2CH3), 86.3 (C1), 72.8 (C5), 71.5 (C3), 70.1 (C2), 67.5 (C4), 61.3 (C6), 

35.13, 35.10, 35.0 (2C) (4 × COCH2CH2CH3), 17.79, 17.79, 17.69, 17.65 (4 × COCH2CH2CH3), 

13.3, 13.22, 13.20, 13.1 (4 × COCH2CH2CH3). Assignments were confirmed by 1H-13C gHSQC. 

LRMS (ESI+): m/z = 508 [M+Na]+.  

                                                                                                                                                         

2,3,4,6-Tetra-O-pentanoyl-β-D-glucopyranosyl azide (4). The title compound 4 was prepared 

from the glucosyl azide 13 (104 mg, 0.51 mmol) and pentanoic anhydride according to general 

procedure 2 and obtained as a pale yellow oil (217 mg, 79%). The crude product was used 

without further purification. Rf = 0.68 (EtOAc/Hexane 1:4). [α]25
D = -35 (c = 0.075, CHCl3). 1H 

NMR (500 MHz, DMSO-d6): δ = 5.37 (t, 3J3,4 = 9.6 Hz, 3J3,2 = 9.6 Hz, 1H, H3), 5.14 (d, 3J1,2 = 

8.9 Hz, 1H, H1),  5.02 (dd ≈ t, 3J4,5 = 9.5 Hz, 3J4,3 = 9.6 Hz, 1H, H4), 4.83 (dd, 3J2,3 = 9.6 Hz, 3J2,1 

= 8.9 Hz, 1H, H2), 4.25 – 4.05 (m, 3H, H5, H6a, H6b), 2.39 – 2.14 (m, 8H, COCH2CH2CH2CH3), 

1.55 – 1.38 (m, 8H, COCH2CH2CH2CH3), 1.35 – 1.18 (m, 8H, COCH2CH2CH2CH3), 0.92 – 

0.79 (m, 12H, COCH2CH2CH2CH3). Assignments were confirmed by 1H-1H gCOSY. 13C NMR 

(500 MHz, DMSO-d6): δ = 172.4, 171.8, 171.6, 171.5 (4 × COCH2CH2CH2CH3), 86.3 (C1), 

72.8 (C5), 71.6 (C3), 70.1 (C2), 67.5 (C4), 61.3 (C6), 33.0, 32.92, 32.90, 32.88 (4 × 
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COCH2CH2CH2CH3), 26.39, 26.37, 26.3, 26.2 (4 × COCH2CH2CH2CH3), 21.5, 21.43 (2C), 

21.38 (4 × COCH2CH2CH2CH3), 13.5, 13.42, 13.42, 13.39 (4 × COCH2CH2CH2CH3). 

Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 564 [M+Na]+. 

                                                                                                                                                        

2,3,4,6-Tetra-O-(3-methylbutanoyl)-β-D-glucopyranosyl azide (5). The title compound 5 was 

prepared from the glucosyl azide 13 (400 mg, 1.95 mmol) and 3-methylbutanoic anhydride 

according to general procedure 2. Purification of the crude product by flash silica gel column 

chromatography (EtOAc/Hexane 1:4) provided 5 (848 mg, 80%) as a white solid. Rf = 0.72 

(EtOAc/Hexane 1:4). mp 51-53 °C. [α]25
D = -11 (c = 0.056, CHCl3). 1H NMR (500 MHz, 

DMSO-d6): δ = 5.39 (t, 3J3,4 = 9.6 Hz, 3J3,2 = 9.6 Hz, 1H, H3), 5.12 (d, 3J1,2 = 8.9 Hz, 1H, H1),  
5.03 (dd ≈ t, 3J4,5 = 9.4 Hz, 3J4,3 = 9.6 Hz, 1H, H4), 4.84 (dd ≈ t, 3J2,3 = 9.6 Hz, 3J2,1 = 8.9 Hz, 1H, 

H2), 4.17 – 4.06 (m, 3H, H5, H6a, H6b), 2.24 – 2.05 (m, 8H, COCH2CH(CH3)2), 2.02 – 1.82 (m, 

4H, COCH2CH(CH3)2), 0.92 – 0.88 (m, 12H, COCH2CH(CH3)2 ), 0.87 – 0.83 (m, 12H, 

COCH2CH(CH3)2). Assignments were confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, 

DMSO-d6): δ = 171.7, 171.0, 170.81, 170.77 (4 × COCH2CH(CH3)2), 86.4 (C1), 72.8 (C5), 71.4 

(C3), 70.0 (C2), 67.6 (C4), 61.3 (C6), 42.3, 42.20, 42.17, 42.1 (4 × COCH2CH(CH3)2), 25.09, 

25.08, 24.8 (2C) (4 × COCH2CH(CH3)2), 22.00 (2C), 21.94 (2C), 21.91 (2C), 21.85 (2C) (8 × 

COCH2CH(CH3)2). Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 564 

[M+Na]+.  

                                                                                                                                                        

2,3,4,6-Tetra-O-propionyl-β-D-galactopyranosyl azide (7). The title compound 7 was 

prepared from the galactosyl azide 14 (140 mg, 0.68 mmol) and propanoic anhydride according 

to general procedure 2 and obtained as a pale yellow oil (270 mg, 92%). The crude product was 

used without further purification. Rf = 0.45 (EtOAc/Hexane 1:4). [α]25
D = -28 (c = 0.060, 

CHCl3). 1H NMR (500 MHz, DMSO-d6): δ = 5.34 (bd, 3J4,3 = 3.3 Hz, 1H, H4), 5.27 (dd, 3J3,2 = 

10.2 Hz, 3J3,4 = 3.3 Hz, 1H, H3), 5.09 (d, 3J1,2 = 8.9 Hz, 1H, H1), 4.97 (dd, 3J2,3 = 10.2 Hz, 3J2,1 = 

8.9 Hz, 1H, H2), 4.38 (bt, 3J5,6a = 6.3 Hz, 1H, H5), 4.09 (bd, 3J = 6.3 Hz, 2H, H6a, H6b), 2.42 (q, 
3J = 7.5 Hz, 2H, COCH2CH3), 2.38 – 2.27 (m, 4H, COCH2CH3), 2.27 – 2.10 (m, 2H, 

COCH2CH3), 1.07 (t, 3J = 7.5 Hz, 3H, COCH2CH3), 1.03 – 1.00 (m, 6H, COCH2CH3), 0.96 (t, 
3J = 7.5 Hz, 3H, COCH2CH3). Assignments were confirmed by 1H-1H gCOSY. 13C NMR (500 

MHz, DMSO-d6): δ = 173.1, 173.0, 172.6, 172.4 (4 × COCH2CH3), 86.6 (C1), 72.1 (C5), 69.9 

(C3), 67.9 (C2), 67.1 (C4), 61.1 (C6), 26.7, 26.64 (2C), 26.58 (4 × COCH2CH3), 9.1, 8.9, 8.8, 8.6 

(4 × COCH2CH3). Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 452 

[M+Na]+. 
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2,3,4,6-Tetra-O-butanoyl-β-D-galactopyranosyl azide (8). The title compound 8 was prepared 

from the galactosyl azide 14 (133 mg, 0.65 mmol) and butanoic anhydride according to general 

procedure 2 and obtained as a pale yellow oil (282 mg, 89%). The crude product was used 

without further purification. Rf = 0.52 (EtOAc/Hexane 1:4). [α]25
D = -5 (c = 0.089, CHCl3). 1H 

NMR (500 MHz, DMSO-d6): δ = 5.35 (bd, 3J4,3 = 3.3 Hz, 1H, H4), 5.28 (dd, 3J3,2 = 10.2 Hz, 3J3,4 

= 3.3 Hz, 1H, H3), 5.08 (d, 3J1,2 = 8.9 Hz, 1H, H1), 4.98 (dd, 3J2,3 = 10.2 Hz, 3J2,1 = 8.9 Hz, 1H, 

H2), 4.38 (bt, 3J = 6.3 Hz, 1H, H5), 4.13 – 4.03 (m, 2H, H6a, H6b), 2.42 – 2.37 (m, 2H, 

COCH2CH2CH3 ), 2.34 – 2.23 (m, 4H, COCH2CH2CH3), 2.20 – 2.08 (m, 2H, COCH2CH2CH3), 

1.62 – 1.41 (m, 8H, COCH2CH2CH3), 0.93 (t, 3J = 7.4 Hz, 3H, COCH2CH2CH3), 0.89 – 0.85 

(m, 6H, COCH2CH2CH3), 0.83 (t, 3J = 7.4 Hz, 3H, COCH2CH2CH3). Assignments were 

confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.2, 172.1, 171.6, 171.5 

(4 × COCH2CH2CH3), 86.7 (C1), 72.1 (C5), 69.9 (C3), 67.7 (C2), 67.1 (C4), 61.1 (C6), 35.2, 

35.08 (2C), 35.07 (4 × COCH2CH2CH3), 18.0, 17.9, 17.8, 17.6 (4 × COCH2CH2CH3), 13.3, 

13.20, 13.19, 13.1 (4 × COCH2CH2CH3). Assignments were confirmed by 1H-13C gHSQC. 

LRMS (ESI+): m/z = 508 [M+Na]+.  

 

2,3,4,6-Tetra-O-pentanoyl-β-D-galactopyranosyl azide (9). The title compound 9 was 

prepared from the galactosyl azide 14 (286 mg, 1.39 mmol) and pentanoic anhydride according 

to general procedure 2 and obtained as a pale yellow oil (628 mg, 83%). The crude product was 

used without further purification. Rf = 0.74 (EtOAc/Hexane 1:4). [α]25
D = -4 (c = 0.083, CHCl3). 

1H NMR (500 MHz, DMSO-d6): δ = 5.34 (bd, 3J4,3 = 3.0 Hz, 1H, H4), 5.28 (dd, 3J3,2 = 10.2 Hz, 
3J3,4 = 3.0 Hz, 1H, H3), 5.07 (d, 3J1,2 = 8.9 Hz, 1H, H1), 4.98 (dd ≈ t, 3J2,3 = 10.2 Hz, 3J2,1 = 8.9 

Hz, 1H, H2), 4.37 (bt, 3J = 6.3 Hz, 1H, H5), 4.11 – 4.03 (m, 2H, H6a, H6b), 2.43 – 2.39 (m, 2H, 

COCH2CH2CH2CH3), 2.38 – 2.24 (m, 4H, COCH2CH2CH2CH3), 2.20 – 2.11 (m, 2H, 

COCH2CH2CH2CH3), 1.59 – 1.39 (m, 8H, COCH2CH2CH2CH3), 1.38 – 1.20 (m, 8H, 

COCH2CH2CH2CH3), 0.91 – 0.80 (m, 12H, COCH2CH2CH2CH3). Assignments were confirmed 

by 1H-1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.4, 172.2, 171.7, 171.6, (4 × 

COCH2CH2CH2CH3), 86.7 (C1), 72.1 (C5), 69.9 (C3), 67.7 (C2), 67.1 (C4), 61.1 (C6), 33.02, 

32.96 (2C), 32.9, (4 × COCH2CH2CH2CH3), 26.6, 26.5, 26.4, 26.2 (4 × COCH2CH2CH2CH3), 

21.5, 21.43, 21.40, 21.38 (4 × COCH2CH2CH2CH3), 13.49, 13.47, 13.44, 13.40 (4 × 

COCH2CH2CH2CH3). Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 

564 [M+Na]+.  
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2,3,4,6-Tetra-O-(3-methylbutanoyl)-β-D-galactopyranosyl azide (10). The title compound 10 

was prepared from the galactosyl azide 14 (402 mg, 1.96 mmol) and 3-methylbutanoic 

anhydride according to general procedure 2 and obtained as a pale yellow oil (824 mg, 78%). 

The crude product was used without further purification. Rf = 0.66 (EtOAc/Hexane 1:4). [α]26
D 

= -3 (c = 0.1, CHCl3). 1H NMR (500 MHz, DMSO-d6): δ = 5.35 (bd, 3J4,3 = 3.3 Hz, 1H, H4), 

5.29 (dd, 3J3,2 = 10.1 Hz, 3J3,4 = 3.3 Hz, 1H, H3), 5.06 (d, 3J1,2 = 8.8 Hz, 1H, H1), 4.98 (dd, 3J2,3 = 

10.1 Hz, 3J2,1 = 8.8 Hz, 1H, H2), 4.37 (bt, 3J5,6a = 6.3 Hz, 1H, H5), 4.10 (bdd, 3J6a,6b = 11.4 Hz, 
3J6a,5 = 6.3 Hz, 1H, H6a), 4.04 (bdd, 2J6b,6a = 11.4 Hz, 3J6b,5 = 5.4 Hz, 1H, H6b), 2.35 – 2.25 (m, 

2H, COCH2CH(CH3)2), 2.24 – 2.13 (m, 4H, COCH2CH(CH3)2), 2.08 – 1.94 (m, 6H, 

COCH2CH(CH3)2), 0.95 (d, 3J = 6.6 Hz, 6H, COCH2CH(CH3)2), 0.89 (d, 3J = 6.6 Hz, 12H, 

COCH2CH(CH3)2), 0.86 – 0.84 (m, 6H, COCH2CH(CH3)2). Assignments were confirmed by 
1H-1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 171.6, 171.4, 170.94, 170.87, (4 × 

COCH2CH(CH3)2), 86.8 (C1), 72.1 (C5), 69.9 (C3), 67.6 (C2), 67.1 (C4), 61.1 (C6), 42.31, 42.29, 

42.25, 42.2 (4 × COCH2CH(CH3)2), 25.3, 25.18, 25.15, 24.8 (4 × COCH2CH(CH3)2), 22.0 (2C), 

21.90 (2C), 21.85 (2C), 21.8 (2C) (8 × COCH2CH(CH3)2). Assignments were confirmed by 1H-
13C gHSQC. LRMS (ESI+): m/z = 564 [M+Na]+.  

 

1,2,3,4,6-Penta-O-propionyl-α-D-glucopyranose (11, α  anomer). Compound 11 is known [7] 

however 1H NMR data has not been reported and is described here. 1H NMR (500 MHz, 

DMSO-d6): δ = 6.20 (d, 3J1,2 = 5.0 Hz, 1H, H1), 5.37 (t ≈ dd, 3J3,2 = 10.0 Hz, 3J3,4 = 10.0 Hz, 1H, 

H3), 5.11 (t ≈ dd, 3J4,3 = 10.0 Hz, 3J4,5 = 10.0 Hz, 1H, H4), 5.05 (dd, 3J2,1 = 5.0 Hz, 3J2,3 = 10.0 

Hz, 1H, H2), 4.25-3.99 (m, 3H, H5, H6a, H6b), 2.36-2.18 (m, 10H, COCH2CH3), 1.09-0.94 (m, 

15H, COCH2CH3).  

 

1,2,3,4,6-Penta-O-propionyl-β-D-glucopyranose (11, β  anomer). Compound 11 is known [7] 

however 1H NMR data has not been reported and is described here. 1H NMR (500 MHz, 

DMSO-d6): δ = 5.98 (d, 3J1,2 = 10.0 Hz, 1H, H1), 5.47 (t ≈ dd, 3J3,2 = 10.0 Hz, 3J3,4 = 10.0 Hz, 

1H, H3), 4.99 (t ≈ dd, 3J4,3 = 10.0 Hz, 3J4,5 = 10.0 Hz, 1H, H4), 4.95 (dd, 3J2,1 = 5.0 Hz, 3J2,3 = 

10.0 Hz, 1H, H2), 4.25 –! 3.99 (m, 3H, H5, H6a, H6b), 2.36 – 2.18 (m, 10H, COCH2CH3), 1.09 – 

0.94 (m, 15H, COCH2CH3).  

 

1,2,3,4,6-Penta-O-butryl-α-D-glucopyranose (12, α  anomer). Compound 12 is known [7] 

however 1H NMR data has not been reported and is described here. 1H NMR (500 MHz, 

DMSO-d6): δ = 6.22 (d, 3J1,2 = 3.5 Hz, 1H, H1), 5.39 (t ≈ dd, 3J1,2 = 9.5 Hz, 1H, H3), 5.12 (t ≈ 
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dd, 3J4,3 = 10.0 Hz, 3J4,5 = 10.0 Hz, 1H, H4), 5.04 (dd, 3J 2,1 = 3.5 Hz, 3J2,3 = 10 Hz, 1H, H2), 4.17 

– 4.04 (m, 3H, H5, H6a, H6b), 2.34 – 2.12 (m, 10H, COCH2CH2CH3), 1.61 – 1.45 (m, 10H, 

COCH2CH2CH3), 0.94 – 0.81 (m, 15H, COCH2CH2CH3). 

 

1,2,3,4,6-Penta-O-butryl-β-D-glucopyranose (12, β  anomer). Compound 12 is known [7] 

however 1H NMR data has not been reported and is described here. 1H NMR (500 MHz, 

DMSO-d6): δ = 5.98 (d, 3J1,2 = 8.5 Hz, 1H, H1), 5.49 (t ≈ dd, 3J3,2 = 9.5 Hz, 3J3,4 = 9.5 Hz, 1H, 

H3), 5.00 (t ≈ dd, 3J4,3 = 9.5 Hz, 3J4,5 = 9.5 Hz,1H, H4), 4.96 (dd, 3J2,1 = 8.5 Hz, 3J2,3 = 9.5 Hz, 

1H, H2), 4.22 – 4.01 (m, 2H, H5, H6a, H6b), 2.30 – 2.12 (m, 10H, COCH2CH2CH3), 1.53 – 1.46 

(m, 10H, COCH2CH2CH3), 0.87 – 0.82 (m, 15H, COCH2CH2CH3).  

 

β-D-Glucopyranosyl azide (13). The title compound 13 was prepared from 1 (744 mg, 1.99 

mmol) according to general procedure 1 and was obtained as a colourless oil (390 mg, 95%). Rf 

= 0.49 (CH3CN/H2O 9:1). 1H NMR data was in agreement with literature [8].   

 

β-D-Galactopyranosyl azide (14). The title compound 14 was prepared from 6 (1.40 g, 3.75 

mmol) according to general procedure 1 and was obtained as a white foam (720 mg, 94%). Rf = 

0.34 (CH3CN/H2O 9:1). 1H NMR data was in agreement with literature [9].  

 

4-Phenyl-1-(2',3',4',6'-tetra-O-acetyl-β-D-glucopyranosyl)-1H-1,2,3-triazole (15). The title 

compound 15 was prepared from the azide 1 (200 mg, 0.54 mmol) and phenylacetylene 

according to general procedure 3. The reaction time was 1 day. Purification by flash 

chromatography (EtOAc/Hexane 3:7) afforded 15 (154 mg, 60% yield) as a white solid. Rf = 

0.09 (EtOAc/Hexane 3:7). 1H NMR data was in agreement with the literature [10, 11].  

 

4-Phenyl-1-(2',3',4',6'-tetra-O-propionyl-β-D-glucopyranosyl)-1H-1,2,3-triazole (16). The 

title compound 16 was prepared from the azide 2 (183 mg, 0.43 mmol) and phenylacetylene 

according to general procedure 3 in 4.5 h. Purification of the crude product by flash 

chromatography (EtOAc/Hexane 3:7) afforded 16 (191 mg, 84% yield) as a white solid. Rf = 

0.35 (EtOAc/Hexane 3:7). mp 166-168 °C. [α]26
D = -35 (c = 0.056, CHCl3). 1H NMR (500 MHz, 

DMSO-d6): δ = 8.95 (s, 1H, CHTriazole), 7.84 (dd ≈ bd, 3J = 7.4 Hz, 2H, H2’’/6’’), 7.47 (dd ≈ t, 3J = 

8.0 Hz, 3J = 7.4 Hz, 2H, H3’’/5’’), 7.37 (dt ≈ bt, 3J = 7.4 Hz, 1H, H4’’), 6.42 (d, 3J1’,2’ = 9.1 Hz, 1H, 

H1’), 5.71 (dd ≈ t, 3J2’,3’ = 9.3 Hz, 3J2’,3’ = 9.1 Hz, 1H, H2’), 5.64 (dd ≈ t, 3J3’,4’ = 9.5 Hz, 3J3’,2’ = 

9.3 Hz, 1H, H3’), 5.23 (dd ≈ t, 3J4’,5’ = 9.7 Hz, 3J4’,3’ = 9.5 Hz, 1H, H4’), 4.45 (ddd, 3J5’,4’ = 9.7 Hz, 
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3J5’,6a’ = 5.3 Hz, 3J5’,6b’ = 1.7 Hz, 1H, H5’), 4.22 (dd, 2J6a’,6b’ = 12.6 Hz, 3J6a’,5’ = 5.3 Hz, 1H, H6a’), 

4.12 (dd, 2J6b’,6a’ = 12.6 Hz, 3J6b’,5’ = 1.7 Hz, 1H, H6b’), 2.40 – 2.26 (m, 4H, COCH2CH3), 2.26 – 

2.19 (m, 2H, COCH2CH3), 2.13 – 1.99 (m, 2H, COCH2CH3), 1.04 – 0.95 (m, 9H, COCH2CH3), 

0.78 (t, 3J = 7.5 Hz, 3H, COCH2CH3). Assignments were confirmed by 1H-1H gCOSY. 13C 

NMR (500 MHz, DMSO-d6): δ = 173.3, 172.7, 172.6, 171.9 (4 × COCH2CH3), 146.9 (C1’’), 

130.0 (CTriazole), 129.0 (2C) (C3’’/5’’), 128.2 (C4’’), 125.2 (2C) (C2’’/6’’), 120.3 (CH Triazole), 84.0 

(C1’), 73.3 (C5’), 72.1 (C3’), 70.2 (C2’), 67.4 (C4’), 61.5 (C6’), 26.74, 26.69, 26.6, 26.4 (4 × 

COCH2CH3), 8.9, 8.84 (2C), 8.77 (4 × COCH2CH3). Assignments were confirmed by 1H-13C 

gHSQC. LRMS (ESI+): m/z = 532 [M+H]+. 

  

4-Phenyl-1-(2',3',4',6'-tetra-O-butanoyl-β-D-glucopyranosyl)-1H-1,2,3-triazole (17). The 

title compound 17 was prepared from the azide 3 (168 mg, 0.35 mmol) and phenylacetylene 

according to general procedure 3 in 4.5 h. Purification of the crude product by flash 

chromatography (EtOAc/Hexane 1:4) afforded 17 (167 mg, 81%) as a white solid. Rf = 0.52 

(EtOAc/Hexane 3:7). mp 162-163 °C. [α]26
D = -45 (c = 0.056, CHCl3). 1H NMR (500 MHz, 

DMSO-d6): δ = 8.94 (s, 1H, CHTriazole), 7.86 – 7.79 (m, 2H, H2’’/6’’), 7.47 (dd ≈ t, 3J = 7.7 Hz, 3J 

= 7.4 Hz, 2H, H3’’/5’’), 7.36 (dt ≈ bt, 3J = 7.4 Hz, 1H, H4’’), 6.41 (d, 3J1’,2’ = 9.1 Hz, 1H, H1’), 5.72 

(dd ≈ t, 3J2’,3’ = 9.3 Hz, 3J2’,3’ = 9.1 Hz, 1H, H2’), 5.65 (dd ≈ t, 3J3’,4’ = 9.4 Hz, 3J3’,2’ = 9.3 Hz, 1H, 

H3’), 5.24 (dd ≈ t, 3J4’,5’ = 9.7 Hz, 3J4’,3’ = 9.4 Hz, 1H, H4’), 4.44 (ddd, 3J5’,4’ = 9.7 Hz, 3J5’,6a’ = 5.0 

Hz, 3J5’,6b’ = 2.0 Hz, 1H, H5’), 4.18 (dd, 2J6a’,6b’ = 12.6 Hz, 3J6a’,5’ = 5.0 Hz, 1H, H6a’), 4.13 (dd, 
2J6b’,6a’ = 12.6 Hz, 3J6b’,5’ = 2.0 Hz, 1H, H6b’), 2.37 – 2.21 (m, 4H, COCH2CH2CH3), 2.19 (t, 3J = 

7.2 Hz, 2H, COCH2CH2CH3), 2.06 – 1.98 (m, 2H, COCH2CH2CH3), 1.57 – 1.43 (m, 6H, 

COCH2CH2CH3), 1.31 – 1.22 (m, 2H, COCH2CH2CH3), 0.90 – 0.80 (m, 9H, COCH2CH2CH3), 

0.57 (t, 3J = 7.4 Hz, 3H, COCH2CH2CH3). Assignments were confirmed by 1H-1H gCOSY. 13C 

NMR (500 MHz, DMSO-d6): δ = 172.4, 171.7, 171.6, 170.9 (4 × COCH2CH2CH3), 146.9 (C1’’), 

130.1 (CTriazole), 128.9 (2C) (C3’’/5’’), 128.2 (C4’’), 125.2 (2C) (C2’’/6’’), 120.3 (CHTriazole), 84.0 

(C1’), 73.3 (C5’), 71.9 (C3’), 70.1 (C2’), 67.3 (C4’), 61.4 (C6’), 35.14, 35.07, 35.05, 34.8 (4 × 

COCH2CH2CH3), 17.70, 17.67, 17.66 (2C) (4 × COCH2CH2CH3), 13.3, 13.24, 13.21, 12.7 (4 × 

COCH2CH2CH3). Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 588 

[M+H]+.  

 

4-Phenyl-1-(2',3',4',6'-tetra-O-pentanoyl-β-D-glucopyranosyl)-1H-1,2,3-triazole (18). The 

title compound 18 was prepared from the azide 4 (197 mg, 0.36 mmol) and phenylacetylene 

according to general procedure 3 in 4.5 h. Purification of the crude product by flash 
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chromatography (EtOAc/Hexane 1:4) afforded 18 (148 mg, 63%) as a white solid. Rf = 0.32 

(EtOAc/Hexane 3:7). mp 162-164 °C. [α]26
D = -54 (c = 0.072, CHCl3). 1H NMR (500 MHz, 

DMSO-d6): δ = 8.92 (s, 1H, CHTriazole), 7.85 – 7.79 (m, 2H, H2’’/6’’), 7.46 (dd ≈ t, 3J = 7.7 Hz, 3J 

= 7.4 Hz, 2H, H3’’/5’’), 7.36 (dt ≈ bt, 3J = 7.4 Hz, 1H, H4’’), 6.40 (d, 3J1’,2’ = 9.1 Hz, 1H, H1’), 5.71 

(dd ≈ t, 3J2’,3’ = 9.3 Hz, 3J2’,3’ = 9.1 Hz, 1H, H2’), 5.64 (dd ≈ t, 3J3’,4’ = 9.5 Hz , 3J3’,2’ = 9.3 Hz, 1H, 

H3’), 5.23 (dd ≈ t, 3J4’,5’ = 9.7 Hz, 3J4’,3’ = 9.5 Hz, 1H, H4’), 4.43 (ddd, 3J5’,4’ = 9.7 Hz, 3J5’,6a’ = 5.0 

Hz, 3J5’,6b’ = 2.4 Hz, 1H, H5’), 4.16 (dd, 2J6a’,6b’ = 12.6 Hz, 3J6a’,5’ = 5.0 Hz, 1H, H6a’), 4.12 (dd, 
2J6b’,6a’ = 12.6 Hz, 3J6b’,5’ = 2.4 Hz, 1H, H6b’), 2.38 – 2.23 (m, 4H, COCH2CH2CH2CH3), 2.20 (t, 
3J = 7.4 Hz, 2H, COCH2CH2CH2CH3), 2.09 – 1.98 (m, 2H, COCH2CH2CH2CH3), 1.53 – 1.40 

(m, 6H, COCH2CH2CH2CH3), 1.31 – 1.16 (m, 8H, COCH2CH2CH2CH3), 0.96 – 0.88 (m, 2H, 

COCH2CH2CH2CH3), 0.88 – 0.79 (m, 9H, COCH2CH2CH2CH3), 0.63 (t, 3J = 7.3 Hz, 3H, 

COCH2CH2CH2CH3). Assignments were confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, 

DMSO-d6): δ = 172.5, 171.9, 171.7, 171.0 (4 × COCH2CH2CH2CH3), 146.9 (C1’’), 130.1 

(CTriazole), 128.9 (2C) (C3’’/5’’), 128.2 (C4’’), 125.2 (2C) (C2’’/6’’), 120.3 (CHTriazole), 84.0 (C1’), 

73.3 (C5’), 72.0 (C3’), 70.1 (C2’), 67.4 (C4’), 61.4 (C6’), 33.0, 32.93, 32.92, 32.7 (4 × 

COCH2CH2CH2CH3), 26.32, 26.29 (3C) (COCH2CH2CH2CH3), 21.48, 21.47, 21.46, 21.1 (4 × 

COCH2CH2CH2CH3), 13.49, 13.47, 13.4, 13.3 (4 × COCH2CH2CH2CH3). Assignments were 

confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 644 [M+H]+.  

 

4-Phenyl-1-(2',3',4',6'-tetra-O-(3-methylbutanoyl)-β-D-glucopyranosyl)-1H-1,2,3-triazole 

(19). The title compound 19 was prepared from the azide 5 (205 mg, 0.38 mmol) and 

phenylacetylene according to general procedure 3 in 4 days. Purification of the crude product by 

flash chromatography (EtOAc/Hexane 1:9) afforded 19 (155 mg, 64%) as a white foam. Rf = 

0.03 (EtOAc/Hexane 3:7). [α]26
D = -50 (c = 0.067, CHCl3). 1H NMR (500 MHz, DMSO-d6): δ = 

8.92 (s, 1H, CHTriazole), 7.81 (dd ≈ bd, 3J = 7.4 Hz, 2H, H2’’/6’’), 7.46 (dd ≈ t, 3J = 7.7 Hz, 3J = 7.4 

Hz, 2H, H3’’/5’’), 7.36 (dt ≈ bt, 3J = 7.4 Hz, 1H, H4’’), 6.41 (d, 3J1’,2’ = 9.1 Hz, 1H, H1’), 5.73 (dd ≈ 

t, 3J2’,3’ = 9.3 Hz, 3J2’,3’ = 9.1 Hz, 1H, H2’), 5.66 (dd ≈ t, 3J3’,4’ = 9.4 Hz , 3J3’,2’ = 9.3 Hz, 1H, H3’), 

5.24 (dd ≈ t, 3J4’,5’ = 9.7 Hz, 3J4’,3’ = 9.4 Hz, 1H, H4’), 4.43 (ddd, 3J5’,4’ = 9.7 Hz, 3J5’,6a’ = 5.2 Hz, 
3J5’,6b’ = 2.1 Hz, 1H, H5’), 4.16 (dd, 2J6b’,6a’ = 12.6 Hz, 3J6b’,5’ = 2.1 Hz, 1H, H6b’), 4.12 (dd, 
2J6a’,6b’ = 12.6 Hz, 3J6a’,5’ = 5.2 Hz, 1H, H6a’), 2.27 – 2.21 (m, 1H, COCH2CH(CH3)2), 2.21 – 2.13 

(m, 3H, COCH2CH(CH3)2), 2.10 (d, 3J = 7.0 Hz, 2H, COCH2CH(CH3)2), 1.99 – 1.85 (m, 5H, 

COCH2CH(CH3)2), 1.68 – 1.58 (m, 1H, COCH2CH(CH3)2), 0.92 – 0.87 (m, 6H, 

COCH2CH(CH3)2), 0.85 (d, 3J = 6.6 Hz, 12H, COCH2CH(CH3)2), 0.58 (d, 3J = 6.6 Hz, 6H, 

COCH2CH(CH3)2). Assignments were confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, 
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DMSO-d6): δ = 171.7, 171.1, 171.0, 170.2 (4 × COCH2CH(CH3)2), 147.0 (C1’’), 130.1 (CTriazole), 

129.0 (2C) (C3’’/5’’), 128.2 (C4’’), 125.2 (2C) (C2’’/6’’), 120.4 (CHTriazole), 84.0 (C1’), 73.3 (C5’), 

71.8 (C3’), 70.1 (C2’), 67.4 (C4’), 61.4 (C6’), 42.3, 42.2, 42.1, 42.0 (4 × COCH2CH(CH3)2), 

25.00, 24.95, 24.84, 24.80 (4 × COCH2CH(CH3)2), 21.97 (2C), 21.94, 21.92, 21.52, 21.45 (8 × 

COCH2CH(CH3)2). Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 644 

[M+H]+, 666 [M+Na]+.  

 

4-Phenyl-1-(2',3',4',6'-tetra-O-acetyl-β-D-galactopyranosyl)-1H-1,2,3-triazole (20). The title 

compound 20 was prepared from the azide 6 (200 mg, 0.54 mmol) and phenylacetylene 

according to general procedure 3 in 4 h. Purification of the crude product by flash 

chromatography (EtOAc/Hexane 3:7) afforded 20 (179 mg, 70% yield) as a white solid. Rf = 

0.27 (EtOAc/Hexane 2:3). 1H NMR was in agreement with the data reported in the literature 

[11]. 

 

4-Phenyl-1-(2',3',4',6'-tetra-O-propionyl-β-D-galactopyranosyl)-1H-1,2,3-triazole (21). The 

title compound 21 was prepared from the azide 7 (185 mg, 0.43 mmol) and phenylacetylene 

according to general procedure 3 in 5 h. Purification of the crude product by flash 

chromatography (EtOAc/Hexane 3:7) afforded 21 (185 mg, 81%) as a white solid. Rf = 0.19 

(EtOAc/Hexane 1:4). mp 121-123 °C. [α]26
D = -46 (c = 0.1, CHCl3). 1H NMR (500 MHz, 

DMSO-d6): δ = 8.86 (s, 1H, CHTriazole), 7.92 (bd, 3J = 7.4 Hz, 2H, H2’’/6’’), 7.46 (dd ≈ t, 3J = 7.7 

Hz, 3J = 7.4 Hz, 2H, H3’’/5’’), 7.36 (dt ≈ bt, 3J = 7.4 Hz, 1H, H4’’), 6.33 (d, 3J1’,2’ = 9.3 Hz, 1H, 

H1’), 5.69 (dd ≈ bt, 3J2’,3’ = 10.1 Hz, 3J2’,3’ = 9.2 Hz, 1H, H2’), 5.55 (dd, 3J3,2 = 10.1 Hz, 3J3,4 = 3.5 

Hz, 1H, H3’), 5.47 (bd, 3J4’,3’ = 3.4 Hz, 1H, H4’), 4.67 (dd ≈ bt, 3J5’,6a’ = 7.2 Hz, 3J5’,6b’ = 5.6 Hz, 

1H, H5’), 4.17 (dd, 2J6b’,6a’ = 11.5 Hz, 3J6b’,5’ = 5.6 Hz, 1H, H6b’), 4.07 (dd, 2J6a’,6b’ = 11.5 Hz, 
3J6a’,5’ = 7.2 Hz, 1H, H6a’), 2.55 – 2.49 (m, 2H, COCH2CH3), 2.33 – 2.26 (m, 2H, COCH2CH3), 

2.25 – 2.18 (m, 2H, COCH2CH3), 2.17 – 2.01 (m, 2H, COCH2CH3), 1.15 (t, 3J = 7.5 Hz, 3H, 

COCH2CH3), 1.01 – 0.95 (m, 6H, COCH2CH3), 0.78 (t, 3J = 7.5 Hz, 3H, COCH2CH3). 

Assignments were confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 173.21 

173.15, 172.4, 171.9 (4 × COCH2CH3), 146.8 (C1’’), 130.0 (CTriazole), 128.9 (2C) (C3’’/5’’), 128.2 

(C4’’), 125.4 (2C) (C2’’/6’’), 120.6 (CHTriazole), 84.4 (C1’), 72.9 (C5’), 70.4 (C3’), 67.8 (C2’), 67.1 

(C4’), 61.2 (C6’), 26.8, 26.7, 26.53, 26.47 (4 × COCH2CH3), 9.2, 8.9, 8.8, 8.6 (4 × COCH2CH3). 

Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 532 [M+H]+.  
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4-Phenyl-1-(2',3',4',6'-tetra-O-butanoyl-β-D-galactopyranosyl)-1H-1,2,3-triazole (22). The 

title compound 22 was prepared from the azide 8 (216 mg, 0.44 mmol) and phenylacetylene 

according to general procedure 3 in 5 h. Purification of the crude product by flash 

chromatography (EtOAc/Hexane 1:4) afforded 22 (225 mg, 86%) as a white solid. Rf = 0.60 

(EtOAc/Hexane 3:7). mp 130-131 °C. [α]26
D = -39 (c = 0.1, CHCl3). 1H NMR (500 MHz, 

DMSO-d6): δ = 8.84 (s, 1H, CHTriazole), 7.90 (bd, 3J = 7.7 Hz, 2H, H2’’/6’’), 7.46 (dd ≈ t, 3J = 7.7 

Hz, 3J = 7.3 Hz, 2H, H3’’/5’’), 7.36 (dt ≈ bt, 3J = 7.3 Hz, 1H, H4’’), 6.33 (d, 3J1’,2’ = 9.2 Hz, 1H, 

H1’), 5.71 (dd ≈ bt, 3J2’,3’ = 10.1 Hz, 3J2’,3’ = 9.2 Hz, 1H, H2’), 5.55 (dd, 3J3’,2’ = 10.1 Hz, 3J3’,4’ = 

3.4 Hz, 1H, H3’), 5.48 (bd, 3J4’,3’ = 3.4 Hz, 1H, H4’), 4.66 (dd ≈ bt, 3J5’,6a’ = 7.2 Hz, 3J5’,6b’ = 5.6 

Hz, 1H, H5’), 4.14 (dd, 2J6b’,6a’ = 11.4 Hz, 3J6b’,5’ = 5.5 Hz, 1H, H6b’), 4.08 (dd, 2J6a’,6b’ = 11.5 Hz, 
3J6a’,5’ = 7.2 Hz, 1H, H6a’), 2.53 – 2.46 (m, 2H, COCH2CH2CH3), 2.28 – 2.22 (m, 2H, 

COCH2CH2CH3), 2.21 – 2.15 (m, 2H, COCH2CH2CH3), 2.09 – 2.00 (m, 2H, COCH2CH2CH3), 

1.71 – 1.61 (m, 2H, COCH2CH2CH3), 1.54 – 1.44 (m, 4H, COCH2CH2CH3), 1.34 – 1.20 (m, 

2H, COCH2CH2CH3), 0.97 (t, 3J = 7.4 Hz, 3H, COCH2CH2CH3), 0.87 – 0.80 (m, 6H, 

COCH2CH2CH3), 0.58 (t, 3J = 7.4 Hz, 3H, CO CH2CH2CH3). Assignments were confirmed by 
1H-1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.3 172.2, 171.6, 170.9 (4 × 

COCH2CH2CH3), 146.9 (C1’’), 130.1 (CTriazole), 128.8 (2C) (C3’’/5’’), 128.2 (C4’’), 125.4 (2C) 

(C2’’/6’’), 120.5 (CHTriazole), 84.5 (C1’), 72.9 (C5’), 70.4 (C3’), 67.6 (C2’), 67.1 (C4’), 61.1 (C6’), 

35.2, 35.1, 35.0, 34.8 (4 × COCH2CH2CH3), 18.1, 17.85, 17.7, 17.6 (COCH2CH2CH3), 13.3, 

13.2 (2C), 12.7 (4 × COCH2CH2CH3). Assignments were confirmed by 1H-13C gHSQC. LRMS 

(ESI+): m/z = 588 [M+H]+.  

 

4-Phenyl-1-(2',3',4',6'-tetra-O-pentanoyl-β-D-galactopyranosyl)-1H-1,2,3-triazole (23). The 

title compound 23 was prepared from the azide 9 (182 mg, 0.34 mmol) and phenylacetylene 

according to general procedure 3 in 4 h. Purification of the crude product by flash 

chromatography (EtOAc/Hexane 1:4) afforded 23 (173 mg, 80%) as a white solid. Rf = 0.36 

(EtOAc/Hexane 1:4). mp 121-123 °C. [α]27
D = -40 (c = 0.1, CHCl3). 1H NMR (500 MHz, 

DMSO-d6): δ = 8.83 (s, 1H, CHTriazole), 7.91 (bd, 3J = 7.7 Hz, 2H, H2’’/6’’), 7.46 (dd ≈ t, 3J = 7.7 

Hz, 3J = 7.4 Hz, 2H, H3’’/5’’), 7.36 (dt ≈ bt, 3J = 7.4 Hz, 1H, H4’’), 6.33 (d, 3J1’,2’ = 9.3 Hz, 1H, 

H1’), 5.71 (dd ≈ bt, 3J2’,3’ = 10.2 Hz, 3J2’,1’ = 9.3 Hz, 1H, H2’), 5.55 (dd, 3J3’,2’ = 10.2 Hz, 3J3’,4’ = 

3.4 Hz, 1H, H3’), 5.47 (bd, 3J4’,3’ = 3.4 Hz, 1H, H4’), 4.66 (dd ≈ bt, 3J5’,6a’ = 6.4 Hz, 3J5’,6b’ = 6.4 

Hz, 1H, H5’), 4.16 – 4.06 (m, 2H, H6a’/6b’), 2.53 – 2.48 (m, 2H, COCH2CH2CH2CH3), 2.32 – 

2.24 (m, 2H, COCH2CH2CH2CH3), 2.21 – 2.15 (m, 2H, COCH2CH2CH2CH3), 2.13 – 2.00 (m, 

2H, COCH2CH2CH2CH3), 1.67 – 1.58 (m, 2H, COCH2CH2CH2CH3),  1.50 – 1.42 (m, 4H, 
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COCH2CH2CH2CH3), 1.42 – 1.43 (m, 2H, COCH2CH2CH2CH3), 1.30 – 1.15 (m, 6H, 

COCH2CH2CH2CH3), 0.99 – 0.89 (m, 5H, COCH2CH2CH2CH3) 0.87 – 0.77 (m, 6H, 

COCH2CH2CH2CH3), 0.63 (t, 3J = 7.3 Hz, 3H, COCH2CH2CH2CH3). Assignments were 

confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.4 172.37, 171.7, 171.0 

(4 × COCH2CH2CH2CH3), 146.9 (C1), 130.1 (CTriazole), 128.8 (2C) (C3/5), 128.2 (C4), 125.3 (2C) 

(C2/6), 120.6 (CH Triazole), 84.4 (C1’), 72.9 (C5’), 70.4 (C3’), 67.6 (C2’), 67.1 (C4’), 61.1 (C6’), 

33.04, 32.99, 32.9, 32.7 (4 × COCH2CH2CH2CH3), 26.6, 26.38, 26.36, 26.16 (4 × 

COCH2CH2CH2CH3), 21.5, 21.44, 21.41, 21.1 (4 × COCH2CH2CH2CH3), 13.52, 13.45, 13.4, 

13.3 (4 × COCH2CH2CH2CH3). Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): 

m/z = 644 [M+H]+.  

 

4-Phenyl-1-(2',3',4',6'-tetra-O-(3-methylbutanoyl)-β-D-galactopyranosyl)-1H-1,2,3-triazole 

(24). The title compound 24 was prepared from the azide 10 (205 mg, 0.38 mmol) and 

phenylacetylene according to general procedure 3 in 4 h. Purification of the crude product by 

flash chromatography (EtOAc/Hexane 1:9 to 1:4) afforded 24 (189 mg, 77%) as a white solid. 

Rf = 0.40 (EtOAc/Hexane 1:4). mp 157-160 °C. [α]26
D  = -37 (c = 0.1, CHCl3). 1H NMR (500 

MHz, DMSO-d6): δ = 8.82 (s, 1H, CHTriazole), 7.89 (bd, 3J = 7.7 Hz, 2H, H2’’/6’’), 7.46 (dd ≈ t, 3J 

= 7.7 Hz, 3J = 7.4 Hz, 2H, H3’’/5’’), 7.36 (dt ≈ bt, 3J = 7.4 Hz, 1H, H4’’), 6.33 (d, 3J1’,2’ = 9.3 Hz, 

1H, H1’), 5.73 (dd ≈ bt, 3J2’,3’ = 10.2 Hz, 3J2’,1’ = 9.3 Hz, 1H, H2’), 5.56 (dd, 3J3’,2’ = 10.2 Hz, 3J3’,4 

= 3.3 Hz , 1H, H3’), 5.49 (bd, 3J4’,3’ = 3.3 Hz, 1H, H4’), 4.65 (dd ≈ bt, 3J5’,6a’ = 6.3 Hz, 3J5’,6b’ = 

6.3 Hz, 1H, H5’), 4.11 (d, 3J = 6.3 Hz, 2H, H6a’/6b’), 2.45 – 2.33 (m, 2H, COCH2CH(CH3)2), 2.15 

(bd, 3J = 6.6 Hz, 2H, COCH2CH(CH3)2), 2.13 – 2.06 (m, 3H, COCH2CH(CH3)2), 1.99 – 1.86 

(m, 4H, COCH2CH(CH3)2), 1.70 – 1.60 (m, 1H, COCH2CH(CH3)2), 1.01 – 0.98 (m, 6H, 

COCH2CH(CH3)2), 0.87 – 0.82 (m, 12H, COCH2CH(CH3)2, 0.62 – 0.57 (m, 6H, 

COCH2CH(CH3)2). Assignments were confirmed by 1H-1H gCOSY. 13C NMR (500 MHz, 

DMSO-d6): δ = 171.7 171.6, 171.0, 170.2 (4 × COCH2CH(CH3)2), 146.9 (C1’’), 130.1 (CTriazole), 

128.9 (2C) (C3’’/5’’), 128.2 (C4’’), 125.4 (2C) (C2’’/6’’), 120.6 (CHTriazole), 84.5 (C1’), 73.0 (C5’), 

70.4 (C3’), 67.5 (C2’), 67.1 (C4’), 61.2 (C6’), 42.32, 42.29, 42.2, 42.0 (4 × COCH2CH(CH3)2), 

25.2, 25.10, 25.07, 24.8 (4 × COCH2CH(CH3)2), 21.98 (2C), 21.92 (4C), 21.53, 21.46 (8 × 

COCH2CH(CH3)2). Assignments were confirmed by 1H-13C gHSQC. LRMS (ESI+): m/z = 644 

[M+H]+.  

!
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4-Phenyl-1-β-D-glucopyranosyl)-1H-1,2,3-triazole (25). The title compound 25 was prepared 

from 15 (108 mg, 0.25 mmol) according to general procedure 1 and obtained as a white solid 

(71 mg, 92%). 1H NMR data was in agreement with literature [10]. 
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In Vitro Metabolic Stability. Human liver microsomes (Xenotech, Tokyo, Japan) were 

suspended in 0.1 M phosphate buffer (pH 7.4) at a final protein concentration of 0.4 mg/mL and 

incubated with compounds (1 µM) at 37 °C. An NADPH-regenerating system (1 mg/mL 

NADP, 1 mg/mL glucose-6-phosphate, 1 U/mL glucose-6-phosphate dehydrogenase) and 

MgCl2 (0.67 mg/mL) was added to initiate the metabolic reactions, which were subsequently 

quenched with ice-cold acetonitrile at time points ranging from 2 - 60 min. Samples were also 

incubated in the absence of co-factor to monitor for non-cytochrome P450-mediated metabolism 

in the microsomal matrix. Samples were then centrifuged and the concentration of parent 

compound remaining in the supernatant monitored by LCMS. The first order rate constant for 

substrate depletion was determined by fitting the data to an exponential decay function and these 

values were used to calculate the in vitro intrinsic clearance (CLint).  

 

In Vitro Plasma Stability. Human plasma was separated from whole blood procured from the 

Australian Red Cross Blood Service and was stored frozen at -80 °C. On the day of the 

experiment, frozen plasma was thawed in a water bath maintained at 37 °C and plasma from 

three different donors was pooled prior to confirming plasma esterase activity by monitoring the 

conversion of p-nitrophenyl acetate to p-nitrophenol. Each test compound was spiked into a 

separate aliquot of human plasma to a nominal concentration of 5000 ng/mL (final DMSO and 

acetonitrile concentrations were 0.2 and 0.4% (v/v), respectively). Spiked plasma was incubated 

at 37 °C for 4 h, and at various time points, duplicate plasma samples were taken and 

immediately snap-frozen in dry ice. All plasma samples were stored frozen (-20 °C) until 

analysis by UPLC-MS (using a Waters/Micromass Xevo triple quadrupole mass spectrometer) 

relative to calibration standards prepared in blank human plasma. At each sample time, the 

average concentration of test compound (based on duplicate samples) was expressed as a % 

compound remaining, and these data were used to calculate the apparent degradation half-life by 

fitting to an exponential decay function. 

 

Chromatographic Human Serum Albumin Binding. Protein binding characteristics were 

estimated by correlation of their chromatographic retention properties on an immobilised human 

serum albumin (HSA) column against the characteristics of a series of standard compounds with 

known protein binding properties. The method employed is a gradient HPLC method based on 

the approach developed by Valko [29]. Chromatographic retention was assessed using a 

ChromTech Chiral HSA column (3.0 x 50mm, 5µm) with mobile phase comprised of a mixture 
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of aqueous ammonium acetate (pH 7.4) and iso-propanol. The assay uses 13 standard 

compounds of known plasma protein binding (PPB) values ranging from 5.4 to 99.5% bound.  
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2.5 A prodrug approach toward cancer-related carbonic anhydrase 
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ABSTRACT: The selective inhibition of cancer-associated human carbonic anhydrase (CA) enzymes, specifically CA IX and
XII, has been validated as a mechanistically novel approach toward personalized cancer management. Herein we report the
design and synthesis of a panel of 24 novel glycoconjugate primary sulfonamides that bind to the extracellular catalytic domain of
CA IX and XII. These compounds were synthesized from variably acylated glycopyranosyl azides and either 3- or 4-ethynyl
benzene sulfonamide using Cu(I)-catalyzed azide alkyne cycloaddition (CuAAC). The CA enzyme inhibition profile for all
compounds was determined, while in vitro metabolic stability, plasma stability, and plasma protein binding for a representative
set of compounds was measured. Our findings demonstrate the influence of the differing acyl groups on these key
biopharmaceutical properties, confirming that acyl group protected carbohydrate-based sulfonamides have potential as prodrugs
for selectively targeting the extracellular cancer-associated CA enzymes.

■ INTRODUCTION
There are 12 catalytically active isoforms of CA that have been
characterized in humans, four of these (CA IV, IX, XII, and
XIV) are transmembrane anchored proteins with an extrac-
ellular active site domain. The role of CA IX and XII was
recently shown to be pivotal for pH regulation to support a
microenvironment suited for hypoxic tumor cell survival and
proliferation through the conversion of hypoxic cell generated
carbon dioxide to bicarbonate and a proton. The effect is to
trap protons extracellularly and acidify the extracellular hypoxic
microenvironment (supporting tumor invasiveness). HCO3

− is
transported back into the cell to maintain intracellular pH
(supporting tumor cell survival).1 The expression of CA IX and
XII is upregulated in many hypoxic tumors, with CA IX usually
absent in the corresponding normal tissue and CA XII
constitutively expressed in a small selection of normal tissues.2

Molecular tools that can selectively bind to or inhibit the
cancer-associated CA isozymes in vivo are required to further
explore the strong association between CA IX/XII expression
and tumor cell survival in the altered microenvironment caused

by hypoxia. CA IX-specific monoclonal antibodies are already in
phase III clinical development as both therapeutic and
diagnostic agents.3 Small molecules can provide improved
pharmacokinetic profiles and lower cost over antibodies,4 and
consequently we expect that small molecules which target CA
IX and XII would be desirable for targeting hypoxic tumors in
vivo. The membrane permeability properties of small molecules
targeting CA IX and XII can in principle be employed to take
advantage of the cell membrane as a barrier between off-target
cytosolic CAs and transmembrane CA IX and XII. CA
inhibitors with limited membrane permeability have been
developed,5 however, these compounds are generally hydro-
philic and so are likely to lack oral bioavailability. Esters are a
common prodrug moiety employed by the pharmaceutical
industry,6 and ester prodrugs of monosaccharides have been
developed to mask polar hydroxyl groups with hydrophobic
acyl groups as an approach to enhance oral bioavailability and
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enable therapeutic concentrations of the prodrug to reach the
bloodstream.7 When in the blood, the ester moiety is
susceptible to hydrolysis by carboxylesterases to give the
corresponding alcohol and carboxylate, potentially minimizing
passive diffusion into cells within tissues.8

Cu(I)-catalyzed azide alkyne cycloaddition (CuAAC) to
synthesize triazoles has contributed to a renaissance in the
chemistry of azides as building blocks toward higher complexity
glycoconjugates.9−11 We have recently described the synthesis
of glycopyranosyl azides wherein a monosaccharide moiety was
peracylated to give O-peracylated β-D-glucopyranosyl (1−5)
and β-D-galactopyranosyl azides (6−10), comprising acetyl (1
and 6),12 propionyl (2 and 7), butanoyl (3 and 8), pentanoyl
(4 and 9), and 3-methylbutanoyl (5 and 10) moieties.13 We
have also established that 1,2,3-triazoles are compatible with
commonly employed carbohydrate protecting group ap-
proaches14 and applied CuAAC between the O-peracylated
glycopyranosyl azides and phenylacetylene to synthesize
glycoconjugates as tools to study the effect of different acyl
groups on biopharmaceutical properties. We then demon-
strated that these carbohydrate building blocks were susceptible
to plasma hydrolytic enzymes with serial hydrolysis of the
carbohydrate ester moieties to form a fully deprotected and
hydrophilic glycoconjugate. Other work in our research group
has applied CuAAC to synthesize CA inhibitors.5c,d,f,g,15 In the
present study, we combine the merits of these earlier
investigations by employing the variably acylated glycopyr-
anosyl azide building blocks 1−10 for the first time in a
medicinal chemistry campaign to synthesize glycoconjugates
that target CA. We assess the potential of these compounds as
prodrugs for a hydrophilic glycoconjugate benzene sulfonamide

compound as an approach to selectively target the active site of
extracellular CA IX and XII over cytosolic CAs.

■ RESULTS AND DISCUSSION
Compound Design and Synthesis. The 24 glycoconju-

gate compounds (13−36) of this study comprise three core
structural elements: (i) a sugar moiety (glucose or galactose),
(ii) a 1,2,3-triazole moiety, and (iii) a benzene sulfonamide
group (meta- or para- substituted). The sugar moiety provides a
common prodrug template, while the benzene sulfonamide
group is a component of classical small molecule CA inhibitors
wherein the sulfonamide anion is able to coordinate to the CA
active site Zn2+ to block the endogenous reaction.1,16 The
triazole linker serves as a biocompatible, nonlabile covalent
spacer between the sugar and benzene sulfonamide group-
s.15a,17 The 24 library members are in four sublibraries that each
comprises six compounds with an identical sugar and benzene
sulfonamide group but differing in the sugar protecting group.
The sublibraries consist of a fully deprotected compound (13,
19, 25, or 31) and the corresponding acylated compounds,
including acetyl (14, 20, 26 or 32), propionyl (15, 21, 27, or
33), butanoyl (16, 22, 28, or 34), pentanoyl (17, 23, 29, or
35), or 3-methylbutanoyl (18, 24, 30, or 36) acyl groups. The
acylated compounds (14−18, 20−24, 26−30, and 32−36)
were synthesized by the reaction of glycopyranosyl azides 1−10
with either 4-ethynyl benzene sulfonamide (11) or 3-ethynyl
benzene sulfonamide (12) using CuAAC, Scheme 1. Lengthy
reaction times were required for the CuAAC reaction with the
more lipophilic glycopyranosyl azides owing to lower solubility
in the reaction solvent. The synthesis of compounds 1−11 has
been reported previously by ourselves,5h,13 while compound 12
has been reported by others.18 Compounds 13, 19, 25, and 31

Scheme 1. Synthesis of Variably Acylated Glycoconjugate Primary Sulfonamide Compounds 13−36a

aReagents and conditions: (i) CuAAC: β-D-glycopyranosyl azide 1−10 (1 equiv), alkyne 11 or 12 (1.1 equiv), CuSO4·5H2O (0.2 equiv), sodium
ascorbate (0.4 equiv), H2O:EtOH (1:1 to 1:5), 60 °C; (ii) 14, 20, 26, or 32, NaOMe in MeOH (25% w/v), MeOH, rt.

Journal of Medicinal Chemistry Article
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are the fully deacylated glycoconjugates that result from the
complete hydrolysis of acyl groups of the corresponding parent
compounds 14−18, 20−24, 26−30 , and 32−36, respectively.
These compounds were however synthesized from the
acetylated analogues 14, 20 , 26, and 32 using Zempleń19

conditions, Scheme 1. Esterase hydrolysis of compounds 14−
18, 20−24, 26−30 , and 32−36 to yield the fully deprotected
compound (13, 19, 25 , or 31, respectively) may take place
sequentially, forming multiple triacylated, diacylated, and
monoacylated glycoconjugates as intermediates; this is shown
for the glucoconjugates, Scheme 2.
CA Inhibition. The enzyme inhibition data for ethynyl

benzene sulfonamides 11 and 12, and glycoconjugate
sulfonamides 13−36 were measured for the off-target cytosolic
hCA I and II, for the off-target membrane anchored hCA XIV

and for the target tumor-associated hCA IX and XII, by analysis
of the hydration activity of carbonic anhydrase,20 Table 1.
Similarly to acetazolamide (AZA), the glycoconjugate sulfona-
mides 13−36 and ethynyl benzene sulfonamides 11 and 12
generally displayed poorest inhibition toward the off-target
hCA I. For most glycoconjugates, hCA I inhibition constants
(Ki) were in the micromolar range and compounds were
typically one order of magnitude weaker inhibitors of this
isozyme than of hCA II, IX, XII, and XIV. The parent
nonglycoconjugate compounds (11 and 12) displayed
submicromolar inhibition of hCA II, IX, XII, and XIV, while
the glycoconjugate sulfonamides (13−36) Ki values spanned
low nanomolar to low micromolar at hCA II, IX, XII, and XIV.
There were no consistent SAR trends for the differing acyl
groups so that any of the acylated glycoconjugates could serve

Scheme 2. Sequential Hydrolysis of Ester Groups of Glucoconjugates 14−18 and 20−24 to Form the Fully Deacylated
Compounds 13 and 19, Respectively

Table 1. Inhibition Data of hCA Isozymes I, II, IX, and XII with Compounds 11−36 and the Established Drug and CA Inhibitor,
Acetazolamide (AZA)

Ki (nM)b

compd substituentsa hCA I hCA II hCA IX hCA XII hCA XIV

AZA 250 12 25 5.7 41
11 1080 71.6 54.0 44.5 63.9
12 843 66.1 65.7 29.7 118
13 Glc, OH, para 9.4 380 78.9 40.1 50.3
14 Glc, acetyl, para 4400 9.1 120 67.1 104
15 Glc, propionyl, para 2020 71.1 475 7.4 256
16 Glc, butanoyl, para 1795 76.3 633 50.2 119
17 Glc, pentanoyl, para 9226 573 951 52.7 176
18 Glc, methylbutanoyl, para 9441 440 426 52.0 40.1
19 Glc, OH, meta 9450 621 78.1 85.4 23.7
20 Glc, acetyl, meta 2245 261 480 55.1 45.3
21 Glc, propionyl, meta 2216 79.4 874 73.2 78.4
22 Glc, butanoyl, meta 2936 181 583 71.9 67.0
23 Glc, pentanoyl, meta 9165 174 402 44.1 137
24 Glc, methylbutanoyl, meta 9833 661 724 61.4 452
25 Gal, OH, para 7950 6.7 126 36.3 20.1
26 Gal, acetyl, para 4300 8.7 110 9.7 15.8
27 Gal, propionyl, para 78.8 8.1 5.1 5.4 10.9
28 Gal, butanoyl, para 257 6.9 51.8 9.5 35.6
29 Gal, pentanoyl, para 2130 73.6 335 31.0 67.3
30 Gal, methylbutanoyl, para 3205 37.9 374 23.3 15.9
31 Gal, OH, meta 6452 69.1 590 35.0 44.5
32 Gal, acetyl, meta 3823 421 943 61.9 50.1
33 Gal, propionyl, meta 2351 253 126 53.3 58.9
34 Gal, butanoyl, meta 83.1 6.3 69.2 61.1 76.0
35 Gal, pentanoyl, meta 73.8 8.0 800 43.2 148
36 Gal, methylbutanoyl, meta 1876 4781 254 31.4 24.9

aGlc = glucose, Gal = galactose. bErrors in the range of ±5% of the reported value, from three determinations.
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as a prodrug for the corresponding fully deprotected
glycoconjugates. For the glucose series of sulfonamides (13−
24), the deprotected glucose analogues 13 and 19 displayed
selectivity for the target hCA IX over the off-target hCA II, with
notably improved inhibition of hCA IX than for all of the
corresponding parent acylated analogues (15−18, 20−24) and
similar inhibition of hCA XII compared to acylated analogues
15−18, 20−24. This SAR supports the potential viability of an
acyl ester glucoconjugate prodrug approach to selectively target
the inhibition of cancer-related CAs over cytosolic off-target
CAs. The initial acylated glucoconjugate prodrug (15−18, 20−
24) should provide for good oral absorption and low CA
inhibition, while the unmasked prodrug generates a hydrophilic
glucoconjugate (13 or 19) that should be selective toward
overexpressed hCA IX and XII due to a combination of limited
membrane permeability and improved Ki. In contrast, the
deprotected galactose compounds 25 and 31 did not exhibit
this optimal balance of SAR between ester prodrug (26−30,
32−36) and unmasked compound (25 or 31) to achieve a
useful profile in the context of a prodrug approach. The
unmasked compounds 25 and 31 inhibited off-target hCA II
19- and 9-fold better than hCA IX, respectively, while the
acylated compounds inhibited hCA IX and XII an order of
magnitude better (27), 2−4-fold better (28), or similarly (29,
30, 32−36) to the deprotected compounds 25 and 31. This
differing SAR between the glucose and galactose series of
glycoconjugate sulfonamides demonstrates that the structure of
the carbohydrate moiety of compounds, although not directly
impacting on the sulfonamide anion−zinc cation interaction,
can have a profound impact on CA inhibition profile. The
stereochemical difference between these epimers must lead to
an altered interaction(s) of the ligand with the outer residues of
the CA active site. We have previously observed in an unrelated
set of glycoconjugate benzene sulfonamides that glucose and
galactose tail moieties also gave this powerful discrimination
between CA isozyme inhibition and selectivity.5d

In Vitro ADME. As the glucose series of compounds proved
of interest with respect to SAR a representative sublibrary of
these compounds, 13−18 was used for in vitro biopharma-
ceutical property determination. We first determined the in
vitro stability of the sublibrary 13−18 in human plasma at 37
°C, Table 2. The characteristic molecular weight for the
potential hydrolysis intermediates and compound 13 (as a
reference compound for complete hydrolysis) allowed plasma
stability to be monitored using mass spectrometry, Figure 1.
Compound 13 remained stable in human plasma over the
course of the incubation (4 h), indicating stability of the
underlying glycoconjugate benzene sulfonamide scaffold. The
acetyl, propionyl, and butanoyl analogues (14, 15, and 16) were
rapidly degraded, with estimated half-lives of 7, 3, and 25 min,
respectively, while the pentanoyl (17) and the 3-methylbuta-
noyl (18) compounds remained stable in human plasma over
the course of the incubation. The serial hydrolysis of the ester
moieties to variable tri-, di-, and monoacylated ester products,
respectively, formed en route to the fully hydrolyzed compound
13, was confirmed by mass spectrometry, Figure 1. We recently
reported in vitro ADME properties for analogues of 13−18 that
have a phenyl substituent in place of the phenyl sulfonamide
substituent.13 These compounds exhibited the same acyl group
plasma stability profile with estimated half-lives of 55, 26, and
555 min for the acetyl, propionyl, and butanoyl analogues,
respectively. The half-lives are, however, 8−25-fold longer than

for the corresponding sulfonamides, meaning that the
sulfonamides were more labile toward plasma esterases.
Protein binding values of the test compounds 14−18 were

estimated by comparison of their chromatographic retention
properties on an immobilized human serum albumin (HSA)
column to those for a series of standard compounds, Table 2.21

As expected, the increased protein binding paralleled increased
lipophilicity of the acyl groups of the underlying sugar template.
In addition, the compounds with higher HSA binding (17 and
18, >99% HSA bound) were also the more stable in human
plasma (half-life >250 min). This inverse relationship indicates
that the extent of plasma protein binding may influence the
plasma stability profile observed for this subset of variable acyl
group protected carbohydrate-based sulfonamides. This may be
a desirable characteristic for these molecules, minimizing the
potential for binding to off-target red blood cell hCA I and II
while increasing the circulation half-life. The fully deacylated
compound 13 had low HSA binding (13%).
We then determined the in vitro metabolic stability of

compounds 13−18 in human liver microsomes (HLMs) in
both the presence and absence of NADPH, the cofactor
required for oxidative metabolism by CYP450s, Table 2. No
degradation was detected for the fully deacylated (13) or for
the more lipophilic pentanoyl (17) and 3-methylbutanoyl (18)
compounds; this indicates that 13, 17 and 18 are likely to have
low CYP-mediated metabolic clearance in vivo. In comparison
the acetyl, propionyl, and butanoyl compounds (14, 15, and
16) were degraded in HLMs in both the presence and absence
of cofactor, indicative of non-CYP450 metabolism. The fully
hydrolyzed compound 13 as well as various mono-, di-, and
triacylated intermediates were detected, a finding indicating
that HLM degradation is a result of compound susceptibility to
hydrolytic enzymes such as microsomal esterases.
The cLog P results imply that compounds 13 and 14 (cLog

P = −1.75 and +0.01, respectively) should exhibit poor passive
permeation across gastrointestinal epithelial cells while
compound 15 should exhibit good permeability (cLog P =
+2.81). Caco-2 cell monolayers were used in an attempt to

Table 2. cLog P, in Vitro Human Plasma Stability,
Chromatographic HSA Binding (cHSA), and in Vitro HLM
Stability Data for Test Glucoconjugate Compounds 13−18a

plasma
stability

HLM stability in
vitro CLint

(μL/min/mg pro-
tein)c

compd Mwt cLog Pb

degradation
half-life
(min)c

cHSAd
(%

bound)
(+)

NADPH
(−)

NADPH

13 386.4 −1.75 >250 13 <7 <7
14 554.5 +0.01 7 30 cnde cnd
15 610.6 +2.81 3 77 cnd cnd
16 666.7 +4.59 25 94 cnd cnd
17 722.9 +6.37 >250 >99f <7 <7
18 722.9 +5.74 >250 >99f <7 <7

aNonstandard abbreviations: cHSA, chromatographic human serum
albumin binding; HLM, human liver microsome; CLint, in vitro
intrinsic clearance. bCalculated using Instant JChem 5.12.0. cValues
are the average of duplicate incubations. dValues measured using the
chromatographic retention times on an immobilized HSA column.
ecnd = could not be determined owing to rapid degradation in the
absence of cofactor. fValues are estimates only as the chromatographic
peaks were broad and retention times could not be accurately
determined.
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measure the in vitro permeability of compounds 13 −15 .
Compounds 16 −18 were not tested owing to poor solubility in
the Caco-2 buffer. For compounds 13 and 14 , mass balance in
the diffusion chamber was good (100% and 81%, respectively),
however, no test compound was detected in the receptor
chamber. These results are in agreement with expectations of
poor membrane permeability and indicate minimal retention of
compound within the cell monolayer and minimal nonspecific
adsorption. For compound 15 , the compound was not detected
in the receptor chamber, however, mass balance was poor

(47%), precluding an accurate assessment of the permeability of
15 and indicating that it is possible that the compound was
retained within the membrane monolayer. This result suggests
that for this class of compound clog P values approaching 3
may be too high for a good passive permeability. In addition to
this, low concentrations of the deacylated compound (13 ) were
detected in the donor chamber, suggesting that ester hydrolysis
had occurred during the experiment. Overall, these results
indicate that further optimization of the prodrug permeability
properties will be required, however, the unmasked prodrug

Figure 1. In vitro stability of compounds 14 −16 in human plasma at 37 °C, monitored by UPLC-MS. (a) Compound 14 : (A) parent compound
(m/z 555) at the start of the incubation, (B) monodeacylation products (m/z 513) after 15 min, (C) bis-deacylated products (m/z 471) after 30
min, (D) tris-deacylated products (m/z 429) after 120 min, and (E) complete deacylated product, (equivalent to compound 13 ) (m/z 387) after 240
min. (b) Compound 15 : (A) parent compound (m/z 611) at the start of the incubation, (B) monodeacylation products (m/z 555) after 5 min, (C)
bis-deacylated products (m/z 499) after 30 min, (D) tris-deacylated products (m/z 443) after 120 min, and (E) complete deacylated product
(equivalent to compound 13 ) (m/z 387) after 240 min. (c) Compound 16 : (A) parent compound (m/z 667) at the start of the incubation, (B) tris-
deacylated products (m/z 457) after 120 min, and (C) complete deacylated product, (equivalent to compound 13 ) (m/z 387) after 240 min. Mono
and bis-deacylated products were not detected.
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permeability is as needed to minimize off target binding to
intracellular CAs.

■ CONCLUSION
The ideal profile for an oral prodrug targeting cancer-related
hCA IX and XII is good membrane permeability and poor CA
inhibition, with the compound unmasked once in circulation.
The unmasked compound should then exhibit the opposing
characteristics of poor membrane permeability and good CA
inhibition. Compounds in the glucose series of sulfonamides
(13−18) displayed the needed SAR profile to fulfill these
criteria as evidenced by hCA Ki values. The acetyl, propionyl,
and butanoyl analogues 14−16 were degraded in human
plasma and HLMs, consistent with esterase processing, to form
the fully deacylated compound 13 that remained stable in these
environments. The propionyl analogue 15 has a cLog P value of
+2.81, consistent with expected good membrane permeability,
while compound 13 has a cLog P value of −1.75, consistent
with poor membrane permeability. The measured membrane
permeability for 13 in a Caco-2 cell model confirmed negligible
membrane permeability, while compound 15 may be retained
in the membrane, and future efforts will focus on optimizing
this compound. These findings provide a beneficial guide to the
impact of these acyl groups on glycoconjugate prodrug stability
and performance. In conclusion, the SAR and biopharmaceut-
ical characteristics measured for the panel of 24 glycoconjugate
sulfonamides in this study highlights the potential viability of an
ester-based prodrug approach to selectively target the inhibition
of hCA IX and XII over off-target cytosolic CAs.

■ EXPERIMENTAL SECTION
General Chemistry. All starting materials and reagents, including

per-O-acetylated sugars, were purchased from commercial suppliers.
All solvents were available commercially dried or dried prior to use.
Reaction progress was monitored by TLC using silica gel-60 F254
plates with detection by short wave UV fluorescence (λ = 254 nm) and
staining with sulfuric acid stain (5% H2SO4 in ethanol) and/or orcinol
stain (1 g of orcinol monohydrate in a mixture of EtOH/H2O/H2SO4
72.5:22.5:5). Silica gel flash chromatography was performed using
silica gel 60 Å (230−400 mesh). NMR (1H, 13C {1H}, gCOSY, and
HSQC) spectra were recorded on a 500 MHz spectrometer at 30 °C.
Chemical shifts for 1H and 13C NMR spectra obtained in DMSO-d6
are reported in ppm relative to residual solvent proton (δ = 2.50 ppm)
and carbon (δ = 39.5 ppm) signals, respectively. Chemical shifts for 1H
NMR spectra obtained in CDCl3 are reported in ppm relative to
residual solvent proton (δ = 7.26 ppm). Multiplicity is indicated as
follows: s (singlet); d (doublet); t (triplet); m (multiplet); dd (doublet
of doublet); ddd (doublet of doublet of doublet); b (broad). Coupling
constants are reported in hertz (Hz). Melting points are uncorrected.
Mass spectra (low and high resolution) were recorded using
electrospray as the ionization technique in positive ion and/or
negative ion modes as stated. All MS analysis samples were prepared as
solutions in methanol. Optical rotations were measured at 25 °C and
reported as an average of 10 measurements. Purity of all compounds
was ≥95% as determined by HPLC with both UV and ELSD
detection. 1H and 13C NMR spectra of compounds 15−24 and 27−36
are provided in Supporting Information. Glycoconjugates are named in
accordance with the recommendations of the IUPAC−IUBMB Joint
Commission on Biochemical Nomenclature: “Nomenclature of
Carbohydrates (Recommendations 1996)” (http://www.chem.qmul.
ac.uk/iupac/2carb/). The synthesis of the β-D-glycopyranosyl azides
has been reported by us previously.13

General Procedure 1: CuAAC Reaction Conditions. A mixture
of the β-D-glycopyranosyl azide (1.0 equiv) and the alkyne (1.1 equiv)
was suspended in a H2O/EtOH mixture (1:1 to 1:5, 10 mL). A
solution of sodium ascorbate (0.4 equiv) in water (0.5 mL), followed

by a solution of CuSO4·5H2O (0.2 equiv) in water (0.5 mL), was
successively added. The bright-yellow suspension was stirred
vigorously at 60 °C, as needed for full consumption of the azide or
no further change as indicated by TLC. The crude product was
filtered, washed with H2O, and redissolved in EtOAc. The organic
solution was dried over MgSO4, filtered, and concentrated under
reduced pressure. Compounds were purified by column chromatog-
raphy as described below.

General Procedure 2: Deacetylation of Carbohydrate
Moieties. Fully deprotected sugar derivatives were prepared by
treating the corresponding acylated precursor in dry MeOH (final
concentration of ∼0.1−0.2 M) with methanolic sodium methoxide
(25% w/v, 100−140 μL; pH 12). The reaction was left to stir until full
deacylation was evident by TLC (CH3CN/H2O 9:1; 30 min to
overnight). Neutralization of the solution by Amberlite IR-120-H+ ion-
exchange resin, followed by filtration (the resin is washed several times
with methanol) and evaporation of the filtrate to dryness, generally
afforded analytically pure compounds.

4-[4″-(Aminosulfonyl)phenyl]-1-(β-D-glucopyranosyl)-1H-
1,2,3-triazole (13). The title compound 13 was prepared from
compound 14 (185 mg, 0.334 mmol) according to general procedure
2 and isolated as a white solid (111 mg, 93%). Rf = 0.61 (CH3CN/
H2O 9:1). 1H NMR was in agreement with the data reported in the
literature.5h

4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-acetyl-β-
D-glucopyranosyl)-1H-1,2,3-triazole (14). The title compound 14
was prepared from glucopyranosyl azide 1 (338 mg, 1.87 mmol) and
alkyne 11 (696 mg, 1.87 mmol) according to general procedure 1.
Purification of the crude product by flash chromatography (EtOAc/
hexane 7:3 to 4:1) afforded 14 (864 mg, 83% yield) as a white solid.
1H NMR was in agreement with the data reported in the literature.5h

4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-propion-
yl-β-D-glucopyranosyl)-1H-1,2,3-triazole (15). The title com-
pound 15 was prepared from glucopyranosyl azide 2 (154 mg, 0.36
mmol) and alkyne 11 according to general procedure 1 in 3.5 h.
Purification of the crude product by flash chromatography (EtOAc/
hexane 3:2) afforded 15 (168 mg, 76%) as an off-white solid; Rf = 0.49
(EtOAc/hexane 3:2); mp 223−225 °C; [α]25D −40 (c = 0.061,
CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.11 (s, 1H, CHtriazole),
8.02 (bd, 3J = 8.2 Hz, 2H, CHarom), 7.92 (bd,

3J = 8.2 Hz, 2H, CHarom),
7.38 (s, 2H, SO2NH2), 6.44 (d, 3J1′,2′ = 8.8 Hz, 1H, H1′), 5.69 (dd,
3J2′,3′ = 9.3 Hz, 3J2′,1′ = 8.8 Hz, 1H, H2′), 5.64 (dd,

3J3′,4′ = 9.6 Hz, 3J3′,2′
= 9.3 Hz, 1H, H3′), 5.22 (dd, 3J4′,5′ = 9.7 Hz, 3J4′,3′ = 9.6 Hz, 1H, H4′),
4.48−4.44 (m, 1H, H5′), 4.22 (dd, 2J6a′,6b′ = 12.7 Hz, 3J6a′,5′ = 5.2 Hz,
1H, H6a′), 4.12 (dd, 2J6a′,6b′ = 12.7 Hz, 3J6b′,5′ = 2.0 Hz, 1H, H6b′),
2.39−2.20 (m, 6H, COCH2CH3), 2.12−2.01 (m, 2H, COCH2CH3),
1.03−0.96 (m, 9H, COCH2CH3), 0.78 (t, J = 7.5 Hz, 3H,
COCH2CH3). Assignments were confirmed by 1H−1H gCOSY. 13C
NMR (500 MHz, DMSO-d6): δ = 173.3, 172.8, 172.6, 171.9 (4 ×
COCH2CH3), 145.7 (C1″/4″), 143.6 (C1″/4″), 133.1 (Ctriazole), 126.5 (2
× CHarom), 125.5 (2 × CHarom), 121.6 (CHtriazole), 84.0 (C1′), 73.4
(C5′), 72.0 (C3′), 70.3 (C2′), 67.3 (C4′), 61.5 (C6′), 26.7, 26.69, 26.6,
26.4 (4 × COCH2CH3), 8.9, 8.84 (2C), 8.78 (4 × COCH2CH3).
Assignments were confirmed by 1H−13C gHSQC. LRMS (ESI+): m/z
= 633 [M + Na]+. HRMS (ESI) calcd for C26H34N4O11SNa 633.1837,
found 633.1853.

4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-butyryl-
β-D-glucopyranosyl)-1H-1,2,3-triazole (16). The title compound
16 was prepared from glucopyranosyl azide 3 (125 mg, 0.26 mmol)
and alkyne 11 (51 mg, 0.28 mmol) according to general procedure 1
in 4 days. Purification of the crude product by flash chromatography
(EtOAc/hexane 2:3 to 1:1) afforded 16 (85 mg, 49%) as a pale-yellow
solid; Rf = 0.23 (EtOAc/hexane 2:3); mp 155−190 °C (dec.); [α]25D
−42 (c = 0.083, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.10 (s,
1H, CHtriazole), 8.00 (bd, 3J = 8.4 Hz, 2H, CHarom), 7.91 (bd, 3J = 8.4
Hz, 2H, CHarom), 7.34 (s, 2H, SO2NH2), 6.44 (d, 3J1′,2′ = 8.8 Hz, 1H,
H1′), 5.70 (dd,

3J2′,3′ = 9.2 Hz, 3J2′,1′ = 8.8 Hz, 1H, H2′), 5.65 (dd,
3J3′,4′

= 9.6 Hz, 3J3′,2′ = 9.3 Hz, 1H, H3′), 5.23 (dd,
3J4′,5′ = 9.6 Hz, 3J4′,3′ = 9.6

Hz, 1H, H4′), 4.45 (ddd, 3J5′,4′ = 9.6 Hz, 3J5′,6a′ = 5.0 Hz, 3J5′,6b′ = 2.1
Hz, 1H, H5′), 4.18 (dd, 2J6a′,6b′ = 12.6 Hz, 3J6a′,5′ = 5.0 Hz, 1H, H6a′),
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4.13 (dd, 2J6a′,6b′ = 12.6 Hz, 3J6b′,5′ = 2.1 Hz, 1H, H6b′), 2.35−2.23 (m,
4H, COCH2CH2CH3), 2.19 (t, J = 7.2 Hz, 2H, COCH2CH2CH3),
2.06−2.01 (m, 2H, COCH2CH2CH3), 1.56−1.44 (m, 6H,
COCH2CH2CH3), 1.29−1.23 (m, 2H, COCH2CH2CH3), 0.90−0.80
(m, 9H, COCH2CH2CH3), 0.56 (t, J = 7.4 Hz, 3H, COCH2CH2CH3).
Assignments were confirmed by 1H−1H gCOSY. 13C NMR (500
MHz, DMSO-d6): δ = 172.4, 171.8, 171.6, 170.6 (4 ×
COCH2CH2CH3), 145.7 (C1″/4″), 143.7 (C1″/4″), 133.1 (Ctriazole),
126.5 (2 × CHarom), 125.5 (2 × CHarom), 121.6 (2 × CHtriazole), 84.1
(C1′), 73.4 (C5′), 71.8 (C3′), 70.2 (C2′), 67.3 (C4′), 61.4 (C6′), 35.14,
35.08, 35.06, 34.8 (4 × COCH2CH2CH3), 17.71, 17.67 (3C) (4 ×
COCH2CH2CH3), 13.28, 13.26, 13.2, 12.7 (COCH2CH2CH3).
Assignments were confirmed by 1H−13C gHSQC. LRMS (ESI+): m/
z = 689 [M + Na]+. HRMS (ESI) calcd for C30H42N4O11SNa
689.2463, found 689.2482.
4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-pentyryl-

β-D-glucopyranosyl)-1H-1,2,3-triazole (17). The title compound
17 was prepared from glucopyranosyl azide 4 (155 mg, 0.290 mmol)
and alkyne 11 (91 mg, 0.50 mmol) according to general procedure 1
in 6 days. Purification of the crude product by flash chromatography
(EtOAc/hexane 3:7 to 2:3) afforded 17 (118 mg, 57%) as a white
solid; Rf = 0.08 (EtOAc/hexane 3:7); mp 215−217 °C; [α]25D −29 (c
= 0.056, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.09 (s, 1H,
CHtriazole), 8.01 (bd, 3J = 8.4 Hz, 2H, CHarom), 7.92 (bd, 3J = 8.4 Hz,
2H, CHarom), 7.39 (s, 2H, SO2NH2), 6.44 (d,

3J1′,2′ = 8.9 Hz, 1H, H1′),
5.70 (dd, 3J2′,3′ = 9.2 Hz, 3J2′,1′ = 8.9 Hz, 1H, H2′), 5.65 (dd,

3J3′,4′ = 9.4
Hz, 3J3′,2′ = 9.2 Hz, 1H, H3′), 5.23 (dd, 3J4′,5′ = 9.6 Hz, 3J4′,3′ = 9.4 Hz,
1H, H4′), 4.44 (ddd, 3J5′,4′ = 9.6 Hz, 3J5′,6a′ = 5.1 Hz, 3J5′,6b′ = 1.9 Hz,
1H, H5′), 4.17 (dd, 2J6a′,6b′ = 12.7 Hz, 3J6a′,5′ = 5.1 Hz, 1H, H6a′), 4.12
(dd, 2J6a′,6b′ = 12.7 Hz, 3J6b′,5′ = 1.9 Hz, 1H, H6b′), 2.39−2.22 (m, 4H,
COCH 2CH2CH 2CH 3 ) , 2 . 2 1 ( t , J = 7 . 3 H z , 2H ,
COCH2CH2CH2CH3), 2.10−1.99 (m, 2H, COCH2CH2CH2CH3),
1.53−1.39 (m, 6H, COCH2CH2CH2CH3), 1.33−1.14 (m, 8H,
COCH2CH2CH2CH3), 0.98−0.88 (m, 2H, COCH2CH2CH2CH3)
0.88−0.80 (m, 9H, COCH2CH2CH2CH3), 0.63 (t, J = 7.3 Hz, 3H,
COCH2CH2CH2CH3). Assignments were confirmed by 1H−1H
gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.5, 171.9, 171.8,
171.1 (4 × COCH2CH2CH2CH3), 145.7 (C1″/4″), 143.6 (C1″/4″),
133.1 (Ctriazole), 126.4 (2 × CHarom), 125.4 (2 × CHarom), 121.6
(CHtriazole), 84.0 (C1′), 73.4 (C5′), 71.9 (C3′), 70.2 (C2′), 67.4 (C4′),
61.4 (C6′), 33.0, 32.9 (2C), 32.7 (4 × COCH2CH2CH2CH3), 26.32,
26.27 (3C) (4 × COCH2CH2CH2CH3), 21.47, 21.45 (2C), 21.1 (4 ×
COCH2CH2CH2CH3), 13.48, 13.46, 13.41, 13.3 (4 ×
COCH2CH2CH2CH3). Assignments were confirmed by 1H−13C
gHSQC. LRMS (ESI+): m/z = 723 [M + H]+. HRMS (ESI) calcd
for C34H50N4O11SNa 745.3089, found 745.3061.
4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-(3-meth-

ylbutyryl)-β-D-glucopyranosyl)-1H-1,2,3-triazole (18). The title
compound 18 was prepared from glucopyranosyl azide 5 (260 mg,
0.48 mmol) and alkyne 11 (96 mg, 0.53) according to general
procedure 1 in 3 days. Purification of the crude product by flash
chromatography (EtOAc/hexane 3:7 to 1:1) afforded 18 (65 mg,
23%) as a white solid; Rf = 0.08 (EtOAc/hexane 3:7); mp >240 °C;
[α]25D −49 (c = 0.072, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ =
9.08 (s, 1H, CHtriazole), 8.00 (bd,

3J = 8.4 Hz, 2H, CHarom), 7.91 (bd,
3J

= 8.4 Hz, 2H, CHarom), 7.39 (s, 2H, SO2NH2), 6.44 (d,
3J1′,2′ = 8.8 Hz,

1H, H1′), 5.71 (dd, 3J2′,3′ = 9.2 Hz, 3J2′,1′ = 8.8 Hz, 1H, H2′), 5.66 (dd,
3J3′,4′ = 9.3 Hz, 3J3′,2′ = 9.2 Hz, 1H, H3′), 5.23 (dd,

3J4′,5′, = 9.6 Hz, 3J4′,3′
= 9.3 Hz, 1H, H4′), 4.44 (ddd,

3J5′,4′ = 9.6 Hz, 3J5′,6a′ = 4.8 Hz, 3J5′,6b′ =
2.6 Hz, 1H, H5′), 4.18−4.09 (m, 2H, H6a′/6b′) 2.27−2.22 (m, 1H,
COCH2CH(CH3)2), 2.20−2.14 (m, 3H, COCH2CH(CH3)2), 2.10 (d,
J = 6.9 Hz, 2H, COCH2CH(CH3)2), 1.99−1.84 (m, 5H,
COCH2CH(CH3)2), 1.68−1.58 (m, 1H, COCH2CH(CH3)2), 0.91−
0.88 (m, 6H, COCH2CH(CH3)2), 0.85 (d, J = 6.6 Hz, 12H,
COCH2CH(CH3)2), 0.57 (d, J = 6.6 Hz, 6H, COCH2CH(CH3)2).
Assignments were confirmed by 1H−1H gCOSY. 13C NMR (500
MHz, DMSO-d6): δ = 171.8, 171.1, 171.0, 170.3 (4 × COCH2CH-
(CH3)2), 145.8 (C1″/4″), 143.6 (C1″/4″), 133.2 (Ctriazole), 126.5 (2 ×
CHarom), 125.5 (2 × Carom), 121.7 (CHtriazole), 84.1 (C1′), 73.4 (C5′),
71.8 (C3′), 70.2 (C2′), 67.4 (C4′), 61.4 (C6′), 42.29, 42.25, 42.18, 42.0

(4 × COCH2CH(CH3)2), 25.1, 25.0, 24.88, 24.85 (4 × COCH2CH-
(CH3)2), 22.01 (4C), 21.98, 21.95, 21.53, 21.45 (8 × COCH2CH-
(CH3)2). Assignments were confirmed by 1H−13C gHSQC. LRMS
(ESI+): m/z = 745 [M + Na]+. HRMS (ESI) calcd for
C34H20N4O11SNa 745.3089, found 745.3082.

4-[3″-(Aminosulfonyl)phenyl]-1-(β-D-glucopyranosyl)-1H-
1,2,3-triazole (19). The title compound 19 was prepared from
triazole 20 (60 mg, 0.11 mmol) according to general procedure 2 and
isolated as a white solid (41 mg, 98%); Rf = 0.62 (CH3CN/H2O 9:1);
mp 210−213 °C; [α]21D −63 (c = 0.12, CH3OH).

1H NMR (500
MHz, DMSO-d6): δ = 8.97 (s, 1H, CHtriazole), 8.40 (bs, 1H, H2″), 8.06
(bd, 3J4″/6″,5″ = 7.7 Hz, 1H, H4″ or 6″), 7.87 (bd, 3J4″/6″,5″ = 7.9 Hz, 1H,
H4″ or 6″), 7.66 (t,

3J5″,4″/6″ = 7.8 Hz, 1H, H5″), 7.42 (bs, 2H, SO2NH2),
5.60 (d, 3J1′,2′ = 9.3 Hz, 1H, H1′), 5.43 (d, J = 5.9 Hz, 1H, OH), 5.31
(d, J = 4.7 Hz, 1H, OH), 5.16 (d, J = 5.4 Hz, 1H, OH), 4.61 (t, J = 5.6
Hz, 1H, OH), 3.84−3.78 (m, 1H, H2′), 3.75−3.69 (m, 1H, H6′), 3.52−
3.40 (m, 3H, H3′, H5′, H6′), 3.31−3.24 (m, 1H, H4′). Assignments were
confirmed by 1H−1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ =
145.2 (C1″ or 3″), 144.9 (C1″ or 3″), 131.3 (Ctriazole), 129.7 (C5″), 128.2
(C4″ or 6″), 124.9 (C4″ or 6″), 122.1 (C2″), 121.2 (CHtriazole), 87.7 (C1′),
79.9 (C3′ or 5′), 76.8 (C3′ or 5′), 72.2 (C2′), 69.6 (C4′), 60.7 (C6′).
Assignments were confirmed by 1H−13C gHSQC. LRMS (ESI+): m/z
= 409 [M + Na]+. HRMS (ESI) calcd for C14H18N4O7SNa 409.0788,
found 409.0790.

4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-acetyl-β-
D-glucopyranosyl)-1H-1,2,3-triazole (20). The title compound 20
was prepared from glucopyranosyl azide 1 (168 mg, 0.45 mmol) and
alkyne 12 (90 mg, 0.50 mmol) according to general procedure 1 in 5
h. Purification of the crude product by flash chromatography (EtOAc/
hexane 1:1) afforded 20 (199 mg, 80%) as a white solid; Rf = 0.18
(EtOAc/hexane 1:1); mp 103−105 °C; [α]26D −57 (c = 0.089,
CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.11 (s, 1H, CHtriazole),
8.33 (bs, 1H, H2″), 8.04 (bd, 3J4″/6″,5″ = 7.8, Hz, 1H, H4″ or 6″), 7.82
(bd, 3J4″/6″,5″ = 7.8, Hz, 1H, H4″ or 6″), 7.68 (t, 3J5″,4″/6″ = 7.8 Hz, 1H,
H5″), 7.43 (bs, 2H, SO2NH2), 6.42 (d, 3J1′,2′ = 9.0 Hz, 1H, H1′), 5.68
(dd ≈ t, 3J3′,2′ = 9.3 Hz, 3J2′,3′ = 9.0 Hz, 1H, H2′), 5.61 (t, 3J3′,2′ = 9.3
Hz, 3J3′,4′ = 9.3 Hz, 1H, H3′), 5.19 (dd ≈ t, 3J4′,5′ = 9.7 Hz, 3J4′,3′ = 9.3
Hz, 1H, H4′), 4.43 (ddd, 3J5′,4′ = 9.7 Hz, 3J5′,6a′ = 5.4 Hz, 3J5′,6b′ = 1.7
Hz, 1H, H5′), 4.18 (dd, 2J6a′,6b′ = 12.6 Hz, 3J6a′,5′ = 5.4 Hz, 1H, H6a′),
4.11 (dd, 2J6b′,6a′ = 12.6 Hz, 3J6b′,5′ = 1.7 Hz, 1H, H6b′), 2.04 (s, 3H,
COCH3), 2.01 (s, 3H, COCH3), 1.98 (s, 3H, COCH3), 1.81 (s, 3H,
COCH3). Assignments were confirmed by 1H−1H gCOSY. 13C NMR
(500 MHz, DMSO-d6): δ = 170.0, 169.5, 169.4, 168.6 (4 × COCH3),
145.8 (C1″ or 3″), 145.0 (C1″ or 3″), 130.7 (Ctriazole), 129.9 (C5″), 128.3
(C4″ or 6″), 125.3 (C4″ or 6″), 122.2 (C2″), 121.2 (CHtriazole), 84.1 (C1′),
73.3 (C5′), 72.0 (C3′), 70.4 (C2′), 67.6 (C4′), 61.8 (C6′), 20.5
(COCH3), 20.4 (COCH3), 20.2 (COCH3), 19.9 (COCH3). Assign-
ments were confirmed by 1H−13C gHSQC. LRMS (ESI+): m/z = 555
[M + H]+, 577 [M + Na]+. HRMS (ESI) calcd for C22H26N4O11SNa
577.1211, found 57.1235.

4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-propion-
yl-β-D-glucopyranosyl)-1H-1,2,3-triazole (21). The title com-
pound 21 was prepared from glucopyranosyl azide 2 (123 mg, 0.29
mmol) and alkyne 12 (57 mg, 0.31 mmol) according to general
procedure 1 in 5.5 h. Purification of the crude product by flash
chromatography (EtOAc/hexane 2:3) afforded 21 (118 mg, 67%) as a
white solid; Rf = 0.13 (EtOAc/hexane 2:3); mp 78−85 °C (dec.);
[α]26D −42 (c = 0.067, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ =
9.13 (s, 1H, CHtriazole), 8.33 (bs, 1H, H2″), 8.03 (bd,

3J4″/6″,5″ = 7.8 Hz,
1H, H4″ or 6″), 7.82 (bd, 3J4″/6″,5″ = 7.8 Hz, 1H, H4″ or 6″), 7.68 (t,
3J5″,4″/6″ = 7.8 Hz, 1H, H5″), 7.43 (bs, 2H, SO2NH2), 6.44 (d, 3J1′,2′ =
9.1 Hz, 1H, H1′), 5.72 (dd ≈ t, 3J2′,3′ = 9.3 Hz, 3J2′,3′ = 9.1 Hz, 1H, H2′),
5.64 (dd ≈ t, 3J3′,2′ = 9.3 Hz, 3J3′,4′ = 9.5 Hz, 1H, H3′), 5.23 (dd ≈ t,
3J4′,5′ = 9.7 Hz, 3J4′,3′ = 9.5 Hz, 1H, H4′), 4.45 (ddd, 3J5′,4′ = 9.7 Hz,
3J5′,6a′ = 5.3 Hz, 3J5′,6b′ = 1.7 Hz, 1H, H5′), 4.22 (dd, 2J6a′,6b′ = 12.6 Hz,
3J6a′,5′ = 5.3 Hz, 1H, H6a′), 4.12 (dd,

2J6b′,6a′ = 12.6 Hz, 3J6b′,5′ = 1.7 Hz,
1H, H6b′), 2.40−2.27 (m, 4H, COCH2CH3), 2.26−2.20 (m, 2H,
COCH2CH3), 2.13−2.01 (m, 2H, COCH2CH3), 1.04−0.95 (m, 9H,
COCH2CH3), 0.78 (t, J = 7.5 Hz, 3H, COCH2CH3). Assignments
were confirmed by 1H−1H gCOSY. 13C NMR (500 MHz, DMSO-d6):
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δ = 173.3, 172.8, 172.6, 172.0 (4 × COCH2CH3), 145.8 (C1″ or 3″),
145.0 (C1″ or 3″), 130.7 (Ctriazole), 129.9 (C5″), 128.3 (C4″ or 6″), 125.3
(C4″ or 6″), 122.1 (C2″), 121.2 (CHtriazole), 84.1 (C1′), 73.4 (C5′), 72.0
(C3′), 70.3 (C2′), 67.3 (C4′), 61.5 (C6′), 26.8, 26.7, 26.6, 26.4 (4 ×
COCH2CH3), 8.91, 8.88, 8.86, 8.8 (4 × COCH2CH3). Assignments
were confirmed by 1H−13C gHSQC. LRMS (ESI+): m/z = 611 [M +
H]+. HRMS (ESI) calcd for C26H34N4O11SNa 633.1837, found
633.1826.
4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-butyryl-

β-D-glucopyranosyl)-1H-1,2,3-triazole (22). The title compound
22 was prepared from glucopyranosyl azide 3 (74 mg, 0.15 mmol) and
alkyne 12 (30 mg, 0.17 mmol) according to general procedure 1 in 1
day. Purification of the crude product by flash chromatography
(EtOAc/hexane 2:3) afforded 22 (80 mg, 80%) as a white solid; Rf =
0.24 (EtOAc/hexane 2:3); mp 57−75 °C (dec.); [α]25D −59 (c =
0.056, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.12 (s, 1H,
CHtriazole), 8.32 (bs, 1H, H2″), 8.02 (bd, 3J4″/6″,5″ = 7.8, Hz, 1H,
H4″ or 6″), 7.82 (bd, 3J4″/6″,5″ = 7.8 Hz, 1H, H4″ or 6″), 7.68 (t, 3J5″,4″/6″ =
7.8 Hz, 1H, H5″), 7.44 (bs, 2H, SO2NH2), 6.43 (d,

3J1′,2′ = 9.1 Hz, 1H,
H1′), 5.73 (dd ≈ t, 3J2′,3′ = 9.3 Hz, 3J2′,3′ = 9.1 Hz, 1H, H2′), 5.66 (dd ≈
t, 3J3′,2′ = 9.3 Hz, 3J3′,4′ = 9.5 Hz, 1H, H3′), 5.24 (dd ≈ t, 3J4′,5′ = 9.7 Hz,
3J4′,3′ = 9.5 Hz, 1H, H4′), 4.45 (ddd, 3J5′,4′ = 9.7 Hz, 3J5′,6a′ = 5.2 Hz,
3J5′,6b′ = 2.0 Hz, 1H, H5′), 4.18 (dd, 2J6a′,6b′ = 12.6 Hz, 3J6a′,5′ = 5.2 Hz,
1H, H6a′), 4.13 (dd, 2J6b′,6a′ = 12.6 Hz, 3J6b′,5′ = 2.0 Hz, 1H, H6b′),
2.36−2.21 (m, 4H, COCH2CH2CH3), 2.19 (t, J = 7.2 Hz, 2H,
COCH2CH2CH3), 2.06−2.01 (m, 2H, COCH2CH2CH3), 1.57−1.43
(m, 6H, COCH2CH2CH3), 1.32−1.20 (m, 2H, COCH2CH2CH3),
0.90−0.80 (m, 9H, COCH2CH2CH3), 0.57 (t, J = 7.4 Hz, 3H,
COCH2CH2CH3). Assignments were confirmed by 1H−1H gCOSY.
13C NMR (500 MHz, DMSO-d6): δ = 172.4, 171.8, 171.6, 170.9 (4 ×
COCH2CH2CH3), 145.8 (C1″ or 3″), 145.0 (C1″ or 3″), 130.7 (Ctriazole),
129.8 (C5″), 128.2 (C4″ or 6″), 125.3 (C4″ or 6″), 122.1 (C2″), 121.2
(CHtriazole), 84.1 (C1′), 73.4 (C5′), 71.8 (C3′), 70.2 (C2′), 67.3 (C4′),
61.4 (C6′), 35.14, 35.08, 35.06, 34.8 (4 × COCH2CH2CH3), 17.70
(2C), 17.67 (2C) (4 × COCH2CH2CH3), 13.27, 13.26, 13.2, 12.8 (4
× COCH2CH2CH3). Assignments were confirmed by 1H−13C
gHSQC. LRMS (ESI+): m/z = 689 [M + Na]+. HRMS (ESI) calcd
for C30H42N4O11SNa 689.2463, found 689.2482.
4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-pentyryl-

β-D-glucopyranosyl)-1H-1,2,3-triazole (23). The title compound
23 was prepared from glucopyranosyl azide 4 (142 mg, 0.260 mmol)
and alkyne 12 (81 mg, 0.45 mmol) according to general procedure 1
in 4 h. Purification of the crude product by flash chromatography
(CH2Cl2 to CH2Cl2/MeOH 99:1) afforded 23 (104 mg, 55%) as a
white solid; Rf = 0.26 (CH2Cl2/MeOH 99:1); mp 107−111 °C; [α]25D
−34 (c = 0.056, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.11 (s,
1H, CHtriazole), 8.32 (bs, 1H, H2″), 8.02 (bd, 3J4″/6″,5″ = 7.8 Hz, 1H,
H4″ or 6″), 7.81 (bd,

3J4″/6″,5″ = 7.8, Hz, 1H, H4″ or 6″), 7.68 (t,
3J5″,4″/6″ =

7.8 Hz, 1H, H5″), 7.43 (bs, 2H, SO2NH2), 6.43 (d,
3J1′,2′ = 9.1 Hz, 1H,

H1′), 5.72 (dd ≈ t, 3J2′,3′ = 9.3 Hz, 3J2′,3′ = 9.1 Hz, 1H, H2′), 5.65 (dd ≈
t, 3J3′,2′ = 9.3 Hz, 3J3′,4′ = 9.5 Hz, 1H, H3′), 5.23 (dd ≈ t, 3J4′,5′ = 9.7 Hz,
3J4′,3′ = 9.5 Hz, 1H, H4′), 4.44 (ddd, 3J5′,4′ = 9.7 Hz, 3J5′,6a′ = 5.1 Hz,
3J5′,6b′ = 2.1 Hz, 1H, H5′), 4.17 (dd, 2J6a′,6b′ = 12.6 Hz, 3J6a′,5′ = 5.1 Hz,
1H, H6a′), 4.12 (dd, 2J6b′,6a′ = 12.6 Hz, 3J6b′,5′ = 2.1 Hz, 1H, H6b′),
2.38−2.23 (m, 4H, COCH2CH2CH2CH3), 2.21 (t, J = 7.4 Hz, 2H,
COCH2CH2CH2CH3), 2.08−2.01 (m, 2H, COCH2CH2CH2CH3),
1.52−1.40 (m, 6H, COCH2CH2CH2CH3), 1.30−1.17 (m, 8H,
COCH2CH2CH2CH3), 0.99−0.89 (m, 2H, COCH2CH2CH2CH3)
0.88−0.79 (m, 9H, COCH2CH2CH2CH3), 0.64 (t, J = 7.3 Hz, 3H,
COCH2CH2CH2CH3). Assignments were confirmed by 1H−1H
gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.5, 171.9, 171.7,
171.1 (4 × COCH2CH2CH2CH3), 145.8 (C1″ or 3″), 145.0 (C1″ or 3″),
130.7 (Ctriazole), 129.8 (C5″), 128.2 (C4″ or 6″), 125.3 (C4″ or 6″), 122.1
(C2″), 121.1 (CHtriazole), 84.1 (C1′), 73.4 (C5′), 71.9 (C3′), 70.2 (C2′),
67.4 (C4 ′), 61.5 (C6 ′), 33.0, 32.93, 32.91, 32.7 (4 ×
COCH2CH2CH2CH3), 26.32, 26.29 (2C), 26.28 (4 ×
COCH2CH2CH2CH3) , 21 .48 , 21 .45 (2C), 21 .1 (4 ×
COCH2CH2CH2CH3) , 13 .49 , 13 .47 , 13 .4 , 13.3 (4 ×
COCH2CH2CH2CH3). Assignments were confirmed by 1H−13C

gHSQC. LRMS (ESI+): m/z = 723 [M + H]+. HRMS (ESI) calcd
for C34H50N4O11SNa 745.3089, found 745.3106.

4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-(3-meth-
ylbutyryl)-β-D-glucopyranosyl)-1H-1,2,3-triazole (24). The title
compound 24 was prepared from glucopyranosyl azide 5 (260 mg,
0.48 mmol) and alkyne 12 (96 mg, 0.53 mmol) according to general
procedure 1 in 7.5 h . Purification of the crude product by flash
chromatography (EtoAc/hexane 3:7) afforded 24 (258 mg, 74%) as a
white solid; Rf = 0.28 (EtoAc/hexane 2:3); mp 152−153 °C; [α]25D
−46 (c = 0.072, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.11 (s,
1H, CHtriazole), 8.31 (bs, 1H, H2″), 8.00 (bd, 3J4″/6″,5″ = 7.8, Hz, 1H,
H4″ or 6″), 7.82 (bd, 3J4″/6″,5″ = 7.8 Hz, 1H, H4″ or 6″), 7.68 (t, 3J5″,4″/6″ =
7.8 Hz, 1H, H5″), 7.44 (bs, 2H, SO2NH2), 6.43 (d,

3J1′,2′ = 9.1 Hz, 1H,
H1′), 5.74 (dd ≈ t, 3J2′,3′ = 9.3 Hz, 3J2′,3′ = 9.1 Hz, 1H, H2′), 5.67 (dd ≈
t, 3J3′,2′ = 9.3 Hz, 3J3′,4′ = 9.4 Hz, 1H, H3′), 5.24 (dd ≈ t, 3J4′,5′ = 9.7 Hz,
3J4′,3′ = 9.4 Hz, 1H, H4′), 4.44 (ddd, 3J5′,4′ = 9.7 Hz, 3J5′,6a′ = 4.7 Hz,
3J5′,6b′ = 2.9 Hz, 1H, H5′), 4.18−4.10 (m, 2H, H6a′/6b′), 2.28−2.21 (m,
1H, COCH2CH(CH3)2), 2.20−2.13 (m, 3H, COCH2CH(CH3)2),
2.10 (d, J = 6.9 Hz, 2H, COCH2CH(CH3)2), 2.00−1.85 (m, 5H,
COCH2CH(CH3)2), 1.68−1.60 (m, 1H, COCH2CH(CH3)2), 0.92−
0.88 (m, 6H, COCH2CH(CH3)2), 0.85 (d, J = 6.6 Hz, 12H,
COCH2CH(CH3)2), 0.58 (d, J = 6.6 Hz, 6H, COCH2CH(CH3)2).
Assignments were confirmed by 1H−1H gCOSY. 13C NMR (500
MHz, DMSO-d6): δ = 171.8, 171.1, 171.0, 170.3 (4 × COCH2CH-
(CH3)2), 145.8 (C1″ or 3″), 145.0 (C1″ or 3″), 130.7 (Ctriazole), 129.8
(C5″), 128.2 (C4″ or 6″), 125.3 (C4″ or 6″), 122.1 (C2″), 121.2 (CHtriazole),
84.1 (C1′), 73.4 (C5′), 71.7 (C3′), 70.2 (C2′), 67.4 (C4′), 61.4 (C6′),
42.3, 42.23, 42.15, 42.2 (4 × COCH2CH(CH3)2), 25.02, 24.97, 24.84,
24.81 (4 × COCH2CH(CH3)2), 21.98 (2C), 21.97 (2C), 21.95, 21.9,
21.53, 21.47 (8 × COCH2CH(CH3)2). Assignments were confirmed
by 1H−13C gHSQC. LRMS (ESI+): m/z = 723 [M + H]+, 745 [M +
Na]+. HRMS (ESI) calcd for C34H50N4O11SNa 745.3089, found
745.3065.

4-[4″-(Aminosulfonyl)phenyl]-1-(β-D-galactopyranosyl)-1H-
1,2,3-triazole (25). The title compound 25 was prepared from
compound 26 (86 mg, 0.16 mmol) according to general procedure 2
and isolated as a white solid (60 mg, 98%); Rf = 0.58 (CH3CN/H2O
9:1). 1H NMR was in agreement with the data reported in the
literature.5h

4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-acetyl-β-
D-galactopyranosyl)-1H-1,2,3-triazole (26). The title compound
26 was prepared from galactopyranosyl azide 6 (168 mg, 0.45 mmol)
and alkyne 11 (90 mg, 0.50 mmol) according to general procedure 1.
Purification of the crude product by flash chromatography (EtOAc/
hexane 3:2) afforded 26 (189 mg, 76% yield) as a white solid. 1H
NMR was in agreement with the data reported in the literature.22

4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-propion-
yl-β-D-galactopyranosyl)-1H-1,2,3-triazole (27). The title com-
pound 27 was prepared from galactopyranosyl azide 7 (178 mg, 0.42
mmol) and alkyne 11 (81 mg, 0.45 mmol) according to general
procedure 1 in 5 h. Purification of the crude product by flash
chromatography (EtOAc/hexane 1:1) afforded 27 (181 mg, 71%
yield) as a white foam; Rf = 0.10 (EtOAc/hexane 2:3); [α]25D −45 (c =
0.089, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.03 (s, 1H,
CHtriazole), 8.11 (bd, 3J = 8.6 Hz, 2H, CHarom), 7.91 (bd, 3J = 8.6 Hz,
2H, CHarom), 7.38 (s, 2H, SO2NH2), 6.37 (d,

3J1′,2′ = 9.2 Hz, 1H, H1′),
5.68 (dd ≈ bt, 3J2′,3′ = 10.1 Hz, 3J2′,1′ = 9.2 Hz, 1H, H2′), 5.56 (dd,

3J3′,2′
= 10.1 Hz, 3J3′,4′ = 3.5 Hz, 1H, H3′), 5.48 (bd,

3J4′,3′ = 3.4 Hz, 1H, H4′),
4.68 (dd ≈ bt, 3J5′,6a′ = 7.2 Hz, 3J5′,6b′ = 5.6 Hz, 1H, H5′), 4.18 (dd,
2J6a′,6b′ = 11.5 Hz, 3J6a′,5′ = 5.6 Hz, 1H, H6b′), 4.07 (dd, 2J6a′,6b′ = 11.5
Hz, 3J6a′,5′ = 7.2 Hz, 1H, H6a′), 2.56−2.51 (m, 2H, COCH2CH3),
2.33−2.26 (m, 2H, COCH2CH3), 2.24−2.51 (m, 2H, COCH2CH3),
2.18−2.02 (m, 2H, COCH2CH3), 1.15 (t, J = 7.5 Hz, 3H,
COCH2CH3), 1.01−0.95 (m, 6H, 2 × COCH2CH3), 0.78 (t, J = 7.5
Hz, 3H, COCH2CH3). Assignments were confirmed by 1H−1H
gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 173.22, 173.16, 172.4,
172.0 (4 × COCH2CH3), 145.7 (C1″/4″), 143.6 (C1″/4″), 133.1
(Ctriazole), 126.4 (2 × CHarom), 125.6 (2 × Carom), 121.8 (CHtriazole),
84.5 (C1′), 73.0 (C5′), 70.4 (C3′), 67.8 (C2′), 67.1 (C4′), 61.2 (C6′),
26.8, 26.7, 26.54, 26.47 (4 × COCH2CH3), 9.2, 8.9, 8.8, 8.7 (4 ×
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COCH2CH3). Assignments were confirmed by 1H−13C gHSQC.
LRMS (ESI+): m/z = 633 [M + Na]+. HRMS (ESI) calcd for
C26H34N4O11SNa 633.1837, found 633.1811.
4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-butyryl-

β-D-galactopyranosyl)-1H-1,2,3-triazole (28). The title compound
28 was prepared from galactopyranosyl azide 8 (181 mg, 0.37 mmol)
and alkyne 11 (74 mg, 0.41 mmol) according to general procedure 1
in 5 h. Purification of the crude product by flash chromatography
(EtOAc/hexane 2:3) afforded 28 (181 mg, 71% yield) as a white solid;
Rf = 0.10 (EtOAc/hexane 2:3); mp 78−88 °C (dec.); [α]25D −42 (c =
0.072, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.01 (s, 1H,
CHtriazole), 8.10 (bd, 3J = 8.4 Hz, 2H, CHarom), 7.90 (bd, 3J = 8.4 Hz,
2H, CHarom), 7.38 (s, 2H, SO2NH2), 6.36 (d,

3J1′,2′ = 9.2 Hz, 1H, H1′),
5.69 (dd ≈ bt, 3J2′,3′ = 10.2 Hz, 3J2′,1′ = 9.2 Hz, 1H, H2′), 5.56 (dd,

3J3′,2′
= 10.2 Hz, 3J3′,4′ = 3.4 Hz, 1H, H3′), 5.48 (bd,

3J4′,3′ = 3.4 Hz, 1H, H4′),
4.67 (dd ≈ bt, 3J5′,6a′ = 7.2 Hz, 3J5′,6b′ = 5.5 Hz, 1H, H5′), 4.18 (dd,
2J6a′,6b′ = 11.5 Hz, 3J6a′,5′ = 5.5 Hz, 1H, H6b′), 4.07 (dd, 2J6a′,6b′ = 11.5
Hz, 3J6a′,5′ = 7.2 Hz, 1H, H6a′), 2.49−2.45 (m, 2H, COCH2CH2CH3),
2.25 (t, J = 7.4 Hz, 2H, COCH2CH2CH3), 2.22−2.13 (m, 2H,
COCH2CH2CH3), 2.13−1.99 (m, 2H, COCH2CH2CH3), 1.70−1.61
(m, 2H, COCH2CH2CH3), 1.53−1.43 (m, 4H, 2 × COCH2CH2CH3),
1.34−1.20 (m, 2H, COCH2CH2CH3), 0.97 (t, J = 7.4 Hz, 3H,
COCH2CH2CH3), 0.87−0.82 (m, 6H, 2 × COCH2CH2CH3), 0.57 (t,
J = 7.4 Hz, 3H, COCH2CH2CH3). Assignments were confirmed by
1H−1H gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.33, 172.29,
171.6, 171.0 (4 × COCH2CH2CH3), 145.7 (C1″/4″), 143.6 (C1″/4″),
133.2 (Ctriazole), 126.4 (2 × CHarom), 125.7 (2 × CHarom), 121.8
(CHtriazole), 84.6 (C1′), 73.1 (C5′), 70.3 (C3′), 67.7 (C2′), 67.1 (C4′),
61.2 (C6′), 35.3, 35.2, 35.1, 34.8 (4 × COCH2CH2CH3), 18.1, 17.79,
17.78, 17.6 (4 × COCH2CH2CH3), 13.3, 13.2 (2C), 12.8 (4 ×
COCH2CH2CH3). Assignments were confirmed by 1H−13C gHSQC.
LRMS (ESI+): m/z = 689 [M + Na]+. HRMS (ESI) calcd for
C30H42N4O11SNa 689.2463, found 689.2435.
4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-pentyryl-

β-D-galactopyranosyl)-1H-1,2,3-triazole (29). The title compound
29 was prepared from galactopyranosyl azide 9 (158 mg, 0.29 mmol)
and alkyne 11 (91 mg, 0.50 mmol) according to general procedure 1
in 5 h. Purification of the crude product by flash chromatography
(EtOAc/hexane 3:7) afforded 29 (144 mg, 68% yield) as a white solid;
Rf = 0.07 (EtOAc/hexane 3:7); mp 76−79 °C; [α]27D −47 (c = 0.089,
CHCl3).

1H NMR (600 MHz, DMSO-d6): δ = 9.01 (s, 1H, CHtriazole),
8.10 (d, 3J = 8.6 Hz, 2H, CHarom), 7.91 (d, 3J = 8.6 Hz, 2H, CHarom),
7.39 (s, 2H, SO2NH2), 6.36 (d, 3J1′,2′ = 9.3 Hz, 1H, H1′), 5.70 (dd ≈
bt, 3J2′,3′ = 10.2 Hz, 3J2′,1′ = 9.3 Hz, 1H, H2′), 5.56 (dd,

3J3′,2′ = 10.2 Hz,
3J3′,4′ = 3.5 Hz, 1H, H3′), 5.48 (bd,

3J4′,3′ = 3.5 Hz, 1H, H4′), 4.66 (dd ≈
bt, 3J5′,6a′ = 7.3 Hz, 3J5′,6b′ = 5.6 Hz, 1H, H5′), 4.13 (dd, 2J6a′,6b′ = 11.6
Hz, 3J6a′,5′ = 5.6 Hz, 1H, H6b′), 4.07 (dd,

2J6a′,6b′ = 11.6 Hz, 3J6a′,5′ = 7.3
Hz, 1H, H6a′), 2.53−2.50 (m, 2H, COCH2CH2CH2CH3), 2.29−2.25
(m , 2H , COCH2CH2CH2CH3) , 2 . 22−2 . 17 (m , 2H ,
COCH2CH2CH2CH3), 2.12−2.02 (m, 2H, COCH2CH2CH2CH3),
1.65−1.59 (m, 2H, COCH2CH2CH2CH3), 1.49−1.41 (m, 4H, 2 ×
COCH2CH2CH2CH3), 1.41−1.36 (m, 2H, COCH2CH2CH2CH3),
1.27−1.20 (m, 6H, 2 × COCH2CH2CH2CH3, COCH2CH2CH2CH3),
0.95−0.90 (m, 5H, COCH2CH2CH2CH3, COCH2CH2CH2CH3), 0.83
(t, J = 7.4 Hz, 3H, COCH2CH2CH2CH3), 0.80 (t, J = 7.4 Hz, 3H,
COCH2CH 2CH 2CH 3 ) , 0 . 6 3 ( t , J = 7 . 4 H z , 3H ,
COCH2CH2CH2CH3). Assignments were confirmed by 1H−1H
gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.40, 172.37,
171.7, 171.0 (COCH2CH2CH2CH3), 145.7 (C1″/4″), 143.5 (C1″/4″),
133.2 (Ctriazole), 126.3 (2 × CHarom), 125.6 (2 × Carom), 121.8
(CHtriazole), 84.5 (C1′), 73.0 (C5′), 70.3 (C3′), 67.7 (C2′), 67.1 (C4′),
61.1 (C6′), 33.04, 32.99, 32.9, 32.7 (4 × COCH2CH2CH2CH3), 26.6,
26.38, 26.35, 26.2 (4 × COCH2CH2CH2CH3), 21.5, 21.44, 21.41, 21.0
(4 × COCH2CH2CH2CH3), 13.52, 13.45, 13.40, 13.3 (4 ×
COCH2CH2CH2CH3). Assignments were confirmed by 1H−13C
gHSQC. LRMS (ESI+): m/z = 723 [M + H]+, 745 [M + Na]+.
HRMS (ESI) calcd for C34H50N4O11SNa 745.3089, found 745.3089.
4-[4″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-(3-meth-

ylbutyryl)-β-D-galactopyranosyl)-1H-1,2,3-triazole (30). The
title compound 30 was prepared from galactopyranosyl azide 10

(219 mg, 0.40 mmol) and alkyne 11 (96 mg, 0.53 mmol) according to
general procedure 1 in 7.5 h. Purification of the crude product by flash
chromatography (EtOAc/hexane 3:7) afforded 30 (93 mg, 32% yield)
as an off-white solid; Rf = 0.09 (EtOAc/hexane 3:7); mp 152−154 °C;
[α]26D −53 (c = 0.072, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ =
9.00 (s, 1H, CHtriazole), 8.09 (d,

3J = 8.2 Hz, 2H, CHarom), 7.91 (d,
3J =

8.2 Hz, 2H, CHarom), 7.39 (s, 2H, SO2NH2), 6.37 (d, 3J1′,2′ = 9.2 Hz,
1H, H1′), 5.72 (dd ≈ bt, 3J2′,3′ = 10.1 Hz, 3J2′,1′ = 9.3 Hz, 1H, H2′), 5.57
(dd, 3J3′,2′ = 10.1 Hz, 3J3′,4′ = 3.1 Hz, 1H, H3′), 5.49 (bd,

3J4′,3′ = 3.1 Hz,
1H, H4′), 4.66 (dd ≈ bt, 3J5′,6a′ = 6.1 Hz, 3J5′,6b′ = 6.1 Hz, 1H, H5′), 4.11
(d, 3J6a′,5′ = 6.1 Hz, 2H, H6a′/6b′), 2.40 (m, 2H, COCH2CH(CH3)2),
2.15 (d, J = 7.9 Hz, COCH2CH(CH3)2), 2.13−2.04 (m, 3H,
COCH2CH(CH3)2, COCH2CH(CH3)2), 1.98−1.86 (m, 4H, 2 ×
COCH2CH(CH3)2, COCH2CH(CH3)2), 1.70−1.59 (m, 1H,
COCH2CH(CH3)2), 1.02−0.98 (m, 6H, COCH2CH(CH3)2), 0.88−
0.81 (m, 12H, 2 × COCH2CH(CH3)2), 0.63−0.55 (m, 6H,
COCH2CH(CH3)2). Assignments were confirmed by 1H−1H
gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 171.7, 171.6, 171.0,
170.2 (4 × COCH2CH(CH3)2), 145.7 (C1″/4″), 143.5 (C1″/4″), 133.2
(Ctriazole), 126.4 (2 × CHarom), 125.6 (2 × CHarom), 121.8 (CHtriazole),
84.6 (C1′), 73.1 (C5′), 70.3 (C3′), 67.6 (C2′), 67.1 (C4′), 61.2 (C6′),
42.32, 42.29, 42.2, 42.0 (4 × COCH2CH(CH3)2), 25.2, 25.11, 25.07,
24.8 (4 × COCH2CH(CH3)2), 21.98 (2C), 21.92 (4C), 21.5, 21.4 (8
× COCH2CH(CH3)2). Assignments were confirmed by 1H−13C
gHSQC. LRMS (ESI+): m/z = 723 [M + H]+. HRMS (ESI) calcd for
C34H50N4O11SNa 745.3089, found 745.3087.

4-[3″-(Aminosulfonyl)phenyl]-1-(β-D-galactopyranosyl)-1H-
1,2,3-triazole (31). The title compound 31 was prepared from
triazole 32 (58 mg, 0.11 mmol) according to general procedure 2 and
isolated as a white solid (38 mg, 93%); Rf = 0.65 (CH3CN/H2O 9:1);
mp 124−126 °C; [α]22D +7 (c = 0.013, CH3OH).

1H NMR (500
MHz, DMSO-d6): δ = 8.90 (s, 1H, CHtriazole), 8.40 (bs, 1H, H2″), 8.10
(bd, 3J4″/6″,5″ = 7.5 Hz, 1H, H4″ or 6″), 7.79 (bd, 3J4″/6″,5″ = 7.8 Hz, 1H,
H4″ or 6″), 7.65 (t,

3J5″,4″/6″ = 7.5 Hz, 1H, H5″), 7.41 (bs, 2H, SO2NH2),
5.55 (d, 3J1′,2′ = 9.2 Hz, 1H, H1′), 5.30−5.26 (m, 1H, OH), 5.08−5.03
(m, 1H, OH), 4.71−4.64 (m, 2H, 2 × OH), 4.13−4.07 (m, 1H, H2′),
3.82−3.78 (m, 1H, H5′), 3.78−3.75 (m, 1H, H4′), 3.62−3.49 (m, 3H,
H3′, 6a′, 6b′). Assignments were confirmed by 1H−1H gCOSY. 13C
NMR (500 MHz, DMSO-d6): δ = 145.2 (C1″ or 3″), 144.9 (C1″ or 3″),
131.3 (Ctriazole), 129.6 (C5″), 128.3 (C4″ or 6″), 124.8 (C4″ or 6″), 122.1
(C2″), 121.0 (CHtriazole), 88.4 (C1′), 78.5 (C4′), 73.6 (C3′), 69.4 (C2′),
68.4 (C5′), 60.4 (C6′). Assignments were confirmed by 1H−13C
gHSQC. LRMS (ESI+): m/z = 409 [M + Na]+. HRMS (ESI) calcd for
C14H18N4O7SNa 409.0788, found 409.0786.

4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-acetyl-β-
D-galactopyranosyl)-1H-1,2,3-triazole (32). The title compound
32 was prepared from galactopyranosyl azide 6 (122 mg, 0.33 mmol)
and alkyne 12 (65 mg, 0.36 mmol) according to general procedure 1
in 4 h. Purification of the crude product by flash chromatography
(EtOAc/hexane 3:2) afforded 32 (151 mg, 83%) as a white solid; Rf =
0.21 (EtOAc/hexane 3:2); mp 120−145 °C (dec.); [α]26D −25 (c =
0.1, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.05 (s, 1H,
CHtriazole), 8.42 (bs, 1H, H2″), 8.13 (bd, 3J4″/6″,5″ = 7.8, Hz, 1H,
H4″ or 6″), 7.81 (bd, 3J4″/6″,5″ = 7.8 Hz, 1H, H4″ or 6″), 7.67 (t, 3J5″,4″/6″ =
7.8 Hz, 1H, H5″), 7.43 (bs, 2H, SO2NH2), 6.35 (d,

3J1′,2′ = 9.2 Hz, 1H,
H1′), 5.64 (dd ≈ t, 3J2′,3′ = 10.1 Hz, 3J2′,3′ = 9.2 Hz, 1H, H2′), 5.52 (dd,
3J3′,2′ = 10.1 Hz, 3J3′,4′ = 3.2 Hz, 1H, H3′), 5.46 (bd,

3J4′,3′ = 3.2 Hz, 1H,
H4′), 4.65 (dd ≈ bt, 3J5′,6a′ = 7.3 Hz, 3J5′,6b′ = 5.0 Hz, 1H, H5′), 4.17
(dd, 2J6a′,6b′ = 11.6 Hz, 3J6a′,5′ = 5.0 Hz, 1H, H6b′), 4.07 (dd, 2J6a′,6b′ =
11.6 Hz, 3J6a′,5′ = 7.3 Hz, 1H, H6a′), 2.23, 2.00, 1.96, 1.83 (4 × s, 4 ×
3H, 4 × COCH3). Assignments were confirmed by 1H−1H gCOSY.
13C NMR (500 MHz, DMSO-d6): δ = 170.0, 169.88, 169.4, 168.6 (4 ×
COCH3), 145.7 (C1″ or 3″), 144.9 (C1″ or 3″), 130.7 (Ctriazole), 129.7
(C5), 128.5 (C4″ or 6″), 125.2 (C4″ or 6″), 122.3 (C2″), 121.3 (CHtriazole),
84.6 (C1′), 73.0 (C5′), 70.0 (C3′), 68.0 (C2′), 67.3 (C4′), 61.5 (C6′),
20.44, 20.40, 20.3, 20.0 (4 × COCH3). Assignments were confirmed
by 1H−13C gHSQC. LRMS (ESI+): m/z = 555 [M + H]+, 577 [M +
Na]+. HRMS (ESI) calcd for C22H26N4O11SNa 577.1211, found
577.1221.
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4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-propion-
yl-β-D-galactopyranosyl)-1H-1,2,3-triazole (33). The title com-
pound 33 was prepared from galactopyranosyl azide 7 (177 mg, 0.41
mmol) and alkyne 12 (82 mg, 0.45 mmol) according to general
procedure 1 in 4 h. Purification of the crude product by flash
chromatography (EtOAc/hexane 1:1) afforded 33 (178 mg, 71%) as a
white solid; Rf = 0.27 (EtOAc/hexane 1:1); mp 78−89 °C (dec.);
[α]26D −22 (c = 0.067, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ =
9.03 (s, 1H, CHtriazole), 8.41 (bs, 1H, H2″), 8.12 (bd,

3J4″/6″,5″ = 7.8, Hz,
1H, H4″ or 6″), 7.81 (bd, 3J4″/6″,5″ = 7.8, Hz, 1H, H4″ or 6″), 7.67 (t,
3J5″,4″/6″ = 7.8 Hz, 1H, H5″), 7.42 (bs, 2H, SO2NH2), 6.36 (d, 3J1′,2′ =
9.2 Hz, 1H, H1′), 5.68 (dd ≈ t, 3J2′,3′ = 10.1 Hz, 3J2′,3′ = 9.2 Hz, 1H,
H2′), 5.56 (dd, 3J3′,2′ = 10.1 Hz, 3J3′,4′ = 3.3 Hz, 1H, H3′), 5.48 (bd,
3J4′,3′ = 3.3 Hz, 1H, H4′), 4.68 (dd ≈ bt, 3J5′,6a′ = 7.1 Hz, 3J5′,6b′ = 5.6
Hz, 1H, H5′), 4.18 (dd, 2J6a′,6b′ = 11.5 Hz, 3J6a′,5′ = 5.6 Hz, 1H, H6b′),
4.07 (dd, 2J6a′,6b′ = 11.5 Hz, 3J6a′,5′ = 7.1 Hz, 1H, H6a′), 2.56−2.51 (m,
2H, COCH2CH3), 2.32−2.27 (m, 2H, COCH2CH3), 2.26−2.17 (m,
2H, COCH2CH3), 2.17−2.02 (m, 2H, COCH2CH3), 1.15 (t, J = 7.5
Hz, 3H, COCH2CH3), 1.03−0.94 (m, 6H, COCH2CH3), 0.79 (t, J =
7.5 Hz, 3H, COCH2CH3). Assignments were confirmed by 1H−1H
gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 173.23, 173.16, 172.4,
172.0 (4 × COCH2CH3), 145.7 (C1″ or 3″), 144.9 (C1″ or 3″), 130.7
(Ctriazole), 129.7 (C5″), 128.6 (C4″ or 6″), 125.2 (C4″ or 6″), 122.2 (C2″),
121.3 (CHtriazole), 84.5 (C1′), 73.0 (C5′), 70.3 (C3′), 67.9 (C2′), 67.1
(C4′), 61.2 (C6′), 26.8, 26.7, 26.6, 26.5 (4 × COCH2CH3), 9.2, 8.9, 8.8,
8.7 (4 × COCH2CH3). Assignments were confirmed by 1H−13C
gHSQC. LRMS (ESI+): m/z = 633 [M + Na]+. HRMS (ESI) calcd for
C26H34N4O11SNa 633.1837, found 633.1851.
4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-butyryl-

β-D-galactopyranosyl)-1H-1,2,3-triazole (34). The title compound
34 was prepared from galactopyranosyl azide 8 (181 mg, 0.37 mmol)
and alkyne 12 (76 mg, 0.42 mmol) according to general procedure 1
in 4 h. Purification of the crude product by flash chromatography
(EtOAc/hexane 2:3) afforded 34 (195 mg, 79%) as a white solid; Rf =
0.22 (EtOAc/hexane 2:3); mp 58−70 °C (dec.); [α]26D −35 (c =
0.072, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.02 (s, 1H,
CHtriazole), 8.40 (bs, 1H, H2″), 8.11 (bd, 3J4″/6″,5″ = 7.8, Hz, 1H,
H4″ or 6″), 7.81 (bd,

3J4″/6″,5″ = 7.8, Hz, 1H, H4″ or 6″), 7.67 (t,
3J5″,4″/6″ =

7.8 Hz, 1H, H5″), 7.43 (bs, 2H, SO2NH2), 6.36 (d,
3J1′,2′ = 9.2 Hz, 1H,

H1′), 5.69 (dd ≈ t, 3J2′,3′ = 10.1 Hz, 3J2′,3′ = 9.2 Hz, 1H, H2′), 5.57 (dd,
3J3′,2′ = 10.1 Hz, 3J3′,4′ = 3.2 Hz, 1H, H3′), 5.49 (bd,

3J4′,3′ = 3.2 Hz, 1H,
H4′), 4.67 (dd ≈ bt, 3J5′,6a′ = 7.2 Hz, 3J5′,6b′ = 5.5 Hz, 1H, H5′), 4.14
(dd, 2J6a′,6b′ = 11.4 Hz, 3J6a′,5′ = 5.5 Hz, 1H, H6b′), 4.09 (dd, 2J6a′,6b′ =
11.4 Hz, 3J6a′,5′ = 7.2 Hz, 1H, H6a′), 2.50−2.45 (m, 2H,
COCH2CH2CH3), 2.29−2.22 (m, 2H, COCH2CH2CH3) 2.20−2.16
(m, 2H, COCH2CH2CH3), 2.11−2.01 (m, 2H, COCH2CH2CH3),
1.70−1.61 (m, 2H, COCH2CH2CH3), 1.54−1.44 (m, 4H,
COCH2CH2CH3), 1.35−1.21 (m, 2H, COCH2CH2CH3), 0.87−0.80
(m, 9H, COCH2CH2CH3), 0.59 (t, J = 7.4 Hz, 3H, COCH2CH2CH3).
Assignments were confirmed by 1H−1H gCOSY. 13C NMR (500
MHz, DMSO-d6): δ = 172.3, 171.6, 171.0, 170.3 (4 ×
COCH2CH2CH3), 145.7 (C1″ or 3″), 144.9 (C1″ or 3″), 130.7 (Ctriazole),
129.7 (C5″), 128.6 (C4″ or 6″), 125.2 (C4″ or 6″), 122.2 (C2″), 121.3
(CHtriazole), 84.6 (C1′), 73.0 (C5′), 70.3 (C3′), 67.7 (C2′), 67.1 (C4′),
61.1 (C6′), 35.2, 35.1, 35.0, 34.8 (4 × COCH2CH2CH3), 18.1, 17.8
(2C), 17.6 (4 × COCH2CH2CH3), 13.3, 13.2 (2C), 12.8 (4 ×
COCH2CH2CH3). Assignments were confirmed by 1H−13C gHSQC.
LRMS (ESI+): m/z = 667 [M + Na]+, 689 [M + Na]+. HRMS (ESI)
calcd for C30H42N4O11SNa 689.2463, found 689.2494.
4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-pentyryl-

β-D-galactopyranosyl)-1H-1,2,3-triazole (35). The title compound
35 was prepared from galactopyranosyl azide 9 (148 mg, 0.27 mmol)
and alkyne 12 (85 mg, 0.47 mmol) according to general procedure 1
in 4 h. Purification of the crude product by flash chromatography
(EtOAc/hexane 3:7) afforded 35 (104 mg, 53%) as a transparent gum;
Rf = 0.15 (EtOAc/hexane 3:7); mp 41−51 °C (dec.); [α]27D −26 (c =
0.089, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.01 (s, 1H,
CHtriazole), 8.40 (bs, 1H, H2″), 8.11 (bd, 3J4″/6″,5″ = 7.8, Hz, 1H,
H4″ or 6″), 7.81 (bd,

3J4″/6″,5″ = 7.8, Hz, 1H, H4″ or 6″), 7.67 (t,
3J5″,4″/6″ =

7.8 Hz, 1H, H5″), 7.42 (bs, 2H, SO2NH2), 6.36 (d,
3J1′,2′ = 9.2 Hz, 1H,

H1′), 5.70 (dd ≈ t, 3J2′,3′ = 10.2 Hz, 3J2′,3′ = 9.2 Hz, 1H, H2′), 5.56 (dd,
3J3′,2′ = 10.2 Hz, 3J3′,4′ = 3.2 Hz, 1H, H3′), 5.48 (bd,

3J4′,3′ = 3.1 Hz, 1H,
H4′), 4.66 (dd ≈ bt, 3J5′,6a′ = 6.3 Hz, 3J5′,6b′ = 6.3 Hz, 1H, H5′), 4.16−
4.05 (m, 2H, H6a′, H6b′), 2.53−2.50 (m, 2H, COCH2CH2CH2CH3),
2.27 (t, J = 7.2 Hz, 2H, COCH2CH2CH2CH3), 2.23−2.16 (m, 2H,
COCH2CH2CH2CH3), 2.13−2.02 (m, 2H, COCH2CH2CH2CH3),
1.66−1.57 (m, 2H, COCH2CH2CH2CH3), 1.50−1.42 (m, 4H, 2 ×
COCH2CH2CH2CH3), 1.42−1.34 (m, 2H, COCH2CH2CH2CH3),
1.29−1.17 (m, 6H, 2 × COCH2CH2CH2CH3, COCH2CH2CH2CH3),
1.00−0.93 (m, 2H, COCH2CH2CH2CH3), 0.92 (t, J = 7.3 Hz, 3H,
COCH 2 CH 2 CH 2CH 3 ) , 0 . 8 6− 0 . 7 6 ( m , 6 H , 2 ×
COCH2CH 2CH 2CH 3 ) , 0 . 6 4 ( t , J = 7 . 3 H z , 3H ,
COCH2CH2CH2CH3). Assignments were confirmed by 1H−1H
gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 172.42, 172.40,
171.7, 171.1 (4 × COCH2CH2CH2CH3), 145.7 (C1″ or 3″), 144.9
(C1″ or 3″), 130.7 (Ctriazole), 129.7 (C5″), 128.6 (C4″ or 6″), 125.2
(C4″ or 6″), 122.2 (C2″), 121.3 (CHtriazole), 84.5 (C1′), 73.0 (C5′), 70.3
(C3′), 67.7 (C2′), 67.1 (C4′), 61.1 (C6′), 33.02, 32.99, 32.90, 32.7 (4 ×
COCH2CH2CH2CH3) , 26 .6 , 26 .38 , 26 .36 , 26 .2 (4 ×
COCH2CH2CH2CH3) , 21 .5 , 21 .44 , 21 .41 , 21 .1 (4 ×
COCH2CH2CH2CH3), 13.54, 13.46, 13.41, 13.3 (4 ×
COCH2CH2CH2CH3). Assignments were confirmed by 1H−13C
gHSQC. LRMS (ESI+): m/z = 723 [M + H]+. HRMS (ESI) calcd
for C34H50N4O11SNa 745.3089, found 745.3104.

4-[3″-(Aminosulfonyl)phenyl]-1-(2′,3′,4′,6′-tetra-O-(3-meth-
ylbutyryl)-β-D-galactopyranosyl)-1H-1,2,3-triazole (36). The
title compound 36 was prepared from galactopyranosyl azide 10
(255 mg, 0.47 mmol) and alkyne 12 (96 mg, 0.53 mmol) according to
general procedure 1 in 4 h. Purification of the crude product by flash
chromatography (EtOAc/hexane 3:7) afforded 36 278 mg, 82%) as an
off-white solid; Rf = 0.30 (EtOAc/hexane 2:3); mp 76−80 °C; [α]27D
−34 (c = 0.089, CHCl3).

1H NMR (500 MHz, DMSO-d6): δ = 9.01 (s,
1H, CHtriazole), 8.39 (bs, 1H, H2″), 8.10 (bd, 3J4″/6″,5″ = 7.8, Hz, 1H,
H4″ or 6″), 7.81 (bd,

3J4″/6″,5″ = 7.8, Hz, 1H, H4″ or 6″), 7.67 (t,
3J5″,4″/6″ =

7.8 Hz, 1H, H5″), 7.43 (bs, 2H, SO2NH2), 6.36 (d,
3J1′,2′ = 9.2 Hz, 1H,

H1′), 5.72 (dd ≈ t, 3J2′,3′ = 10.2 Hz, 3J2′,1′ = 9.2 Hz, 1H, H2′), 5.57 (dd,
3J3′,2′ = 10.2 Hz, 3J3′,4′ = 3.1 Hz, 1H, H3′), 5.49 (bd,

3J4′,3′ = 3.1 Hz, 1H,
H4′), 4.66 (dd ≈ bt, 3J5′,6a′ = 6.3 Hz, 3J5′,6b′ = 6.3 Hz, 1H, H5′), 4.11 (d,
3J6a′/6b′,5′ = 6.3 Hz, 2H, H6a′/6b′), 2.42−2.38 (m, 2H, COCH2CH-
(CH3)2) , 2 .18−2.06 (m, 5H, 2 × COCH2CH(CH3)2 ,
COCH2CH(CH3)2), 1.98−1.87 (m, 4H, 2 × COCH2CH(CH3)2,
COCH2CH(CH3)2), 1.70−162 (m, 1H, COCH2CH(CH3)2), 1.00
(dd, J = 6.6 Hz, J = 2.7 Hz, 6H, COCH2CH(CH3)2), 0.87−0.82 (d, J =
6.6 Hz, 12H, 2 × COCH2CH(CH3)2), 0.60 (d, J = 6.6 Hz, J = 2.7 Hz,
6H, COCH2CH(CH3)2). Assignments were confirmed by 1H−1H
gCOSY. 13C NMR (500 MHz, DMSO-d6): δ = 171.7, 171.6, 171.0,
170.2 (4 × COCH2CH(CH3)2), 145.8 (C1″ or 3″), 144.9 (C1″ or 3″),
130.8 (Ctriazole), 129.7 (C5″), 128.6 (C4″ or 6″), 125.2 (C4″ or 6″), 122.2
(C2″), 121.3 (CHtriazole), 84.6 (C1′), 73.1 (C5′), 70.3 (C3′), 67.6 (C2′),
67.1 (C4′), 61.2 (C6′), 42.30, 42.28, 42.2, 42.0 (COCH2CH(CH3)2),
25.2, 25.11, 25.08, 24.8 (4 × COCH2CH(CH3)2), 22.4 (2C), 21.9
(4C), 21.53, 21.47 (8 × COCH2CH(CH3)2). Assignments were
confirmed by 1H−13C gHSQC. LRMS (ESI+): m/z = 745 [M + Na]+.
HRMS (ESI) calcd for C34H50N4O11SNa 745.3089, found 745.3079.

CA Inhibition Assay. An Applied Photophysics stopped-flow
instrument was used for assaying the CA-catalyzed CO2 hydration
activity as previously reported.5c,20 IC50 values were obtained from
dose response curves working at seven different concentrations of test
compound, by fitting the curves using PRISM (www.graphpad.com)
and nonlinear least-squares methods, values represent the mean of at
least three different determinations. The inhibition constants (Ki) were
then derived by using the Cheng−Prusoff equation,23 as follows: Ki =
IC50/(1 + [s]/Km), where [S] represents the CO2 concentration at
which the measurement was carried out and Km the concentration of
substrate at which the enzyme activity is at half-maximal.

In Vitro Metabolic Stability. Human liver microsomes
(Xenotech, Tokyo, Japan) were suspended in 0.1 M phosphate buffer
(pH 7.4) at a final protein concentration of 0.4 mg/mL and incubated
with compounds (1 μM) at 37 °C. An NADPH-regenerating system
(1 mg/mL NADP, 1 mg/mL glucose-6-phosphate, 1 U/mL glucose-6-
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phosphate dehydrogenase) and MgCl2 (0.67 mg/mL) was added to
initiate the metabolic reactions, which were subsequently quenched
with ice-cold acetonitrile at time points ranging from 2−60 min.
Samples were also incubated in the absence of cofactor to monitor for
noncytochrome P450-mediated metabolism in the microsomal matrix.
Samples were then centrifuged and the concentration of parent
compound remaining in the supernatant monitored by LCMS. The
first-order rate constant for substrate depletion was determined by
fitting the data to an exponential decay function and these values were
used to calculate the in vitro intrinsic clearance (CLint).
In Vitro Plasma Stability. Human plasma was separated from

whole blood procured from the Australian Red Cross Blood Service
and was stored frozen at −80 °C. On the day of the experiment, frozen
plasma was thawed in a water bath maintained at 37 °C and plasma
from three different donors was pooled prior to confirmation of
plasma esterase activity by monitoring the conversion of p-nitrophenyl
acetate to p-nitrophenol. Each test compound was spiked into a
separate aliquot of human plasma to a nominal concentration of 5000
ng/mL (final DMSO and acetonitrile concentrations were 0.2 and
0.4% (v/v), respectively). Spiked plasma was incubated at 37 °C for 4
h, and at various time points, duplicate plasma samples were taken and
immediately snap-frozen in dry ice. All plasma samples were stored
frozen (−20 °C) until analysis by UPLC-MS (using a Waters/
Micromass Xevo triple quadrupole mass spectrometer) relative to
calibration standards prepared in blank human plasma. At each sample
time, the average concentration of test compound (based on duplicate
samples) was expressed as a % compound remaining, and these data
were used to calculate the apparent degradation half-life by fitting to an
exponential decay function.
Chromatographic Human Serum Albumin Binding. Protein

binding characteristics were estimated by correlation of their
chromatographic retention properties on an immobilized human
serum albumin (HSA) column against the characteristics of a series of
standard compounds with known protein binding properties. The
method employed is a gradient HPLC method based on the approach
developed by Valko.21 Chromatographic retention was assessed using
a ChromTech Chiral HSA column (3.0 mm × 50 mm, 5 μm), with
mobile phase comprising a mixture of aqueous ammonium acetate
(pH 7.4) and 2-propanol. The assay uses 13 standard compounds of
known plasma protein binding (PPB) values ranging from 5.4 to
99.5% bound.
Permeability Measurements. Caco-2 cells (passage 31) were

seeded onto 0.3 cm2 polycarbonate filter transwells at a density of
60000 cells/well. Confluent cell monolayers were obtained 21 days
postseeding. The integrity of the cell monolayers was determined by
measuring the transepithelial electrical resistance (TEER), and only
monolayers with TEER values of >300 Ω.cm2 were utilized. The
permeability of nadolol and propranolol (low and high permeability
markers, respectively) was also assessed using a subset of wells from
the same batch as those used to assess the test compounds.
Permeability experiments were performed using Hank’s Balanced
Salt Solution containing 20 mM HEPES (pH 7.4) in both the apical
and basolateral chambers, and permeability was assessed in the apical
to basolateral direction in the absence and presence of 4% BSA in the
basolateral chamber using an initial donor solution concentration of 20
μM for 13, 15 μM for 14, and 8 μM for 15. Test compound solubility
in the transport buffer was confirmed prior to the experiment.
Compound flux was determined over 90 min, with samples taken from
the acceptor chamber at 5, 15, 30, 45, 60, and 90 min. At each sample
time, the volume of acceptor solution removed was replaced with
blank transport buffer, and acceptor concentrations were corrected for
this dilution. Donor samples were taken at the start and completion of
the experiment. The amount of compound transported was
quantitated by LC-MS.
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2.6 Recent progress in the development of carbohydrate-conjugated 
CA inhibitors targeting cancer-related CA IX and XII  isozymes 

This Section aims to update the literature review about CA inhibitors targeting cancer-related 

CAIX and XII isozymes, and using carbohydrates as tails or rings since our studies were 

published.  

2.6.1 Carbohydrate used as a “ring” 

Following the “sugar approach”, so called “glycosidic [CA] inhibitors” had previously been 

investigated with either a sulfonamide or sulfamide at the anomeric position, or a sulfamate at 

the C-6 position.63 These inhibitors used the carbohydrate moiety as a “ring” directly attached 

to a ZBG (sulfonamides and isosteres) as in Topiramate® and derivatives. Since the publication 

of our studies, other types of glycosidic CA inhibitors have been investigated. 

N-Hydroxysulfamide glycosides (compounds of general structure 2.22) have been synthesised 

and obtained as a mixture of α- and β-anomers with α as the major anomer.64 Some inhibitors 

displayed an inhibition for hCA I and hCA II > 10 µM whereas the inhibition for CA IX and XII 

was < 100 nM. Thus, these inhibitors were not the best inhibitors known for CA IX and CA XII 

but were highly selective with a ratio (Ki off/on-targets) > 100. From this study, it seemed that 

the nature of the glycal was important for CA I and CA II inhibition but not really essential for 

CA IX and CA XII inhibition. Based on these encouraging selectivity results, Winum and 

co-workers have subsequently synthesised 1-aminoxysulfonamide glycosides (compounds of 

general structure 2.23) as CA inhibitors, compounds that were also obtained as a mixture of 

anomers.65 These glycosidic inhibitors were strong CA inhibitors with mainly low nM inhibition 

but displayed a poor isozyme selectivity.65 

 

2.6.2 Carbohydrate used as a “tai l” 

2.6.2.1  CA inhibitors with sulfonamide or isosteres as ZBG 

Based on a 4-aminoethyl-benzene sulfonamide scaffold, Winum and co-workers synthesised 

by thiol-ene-click chemistry glycosyl sulfonamides where the benzenesulfonamide (ZBG-ring) 

had a long tail terminated by a carbohydrate moiety.66 Biological testing revealed that these 

compounds (general structure 2.24) are moderate CA I inhibitors (nM to sub-nM), effective CA 

II (nM) and low to sub-nM CA IX/XII inhibitors. No simple SAR trends could be observed in the 

hCA IX and XII inhibition values, but for the off-target hCA I/II the nature of the carbohydrate 

seemed to be important.  
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Poulsen and co-workers have studied the influence of different linkers (linear, cyclic or 

substituted linkers, 1-5 carbons) between a sulfamate ZBG and an glycosyl sulfonamide moiety 

(tail) (compounds of general structure 2.25).67 Whereas these compounds were µM hCA I 

inhibitors, they displayed a hCA II inhibition from 5 nM to > 20 µM. Considering the on-target 

enzymes, seven compounds gave a CA IX inhibition between 1.9 and 2.4 nM and a CA XII 

inhibition between 1-100 nM. Some Ki selectivity ratios off/on-targets reached 100-3200. 

Crystal structures of some of these inhibitors revealed that they have two different binding 

modes.68 The tail of these compounds either interacts with the “hydrophobic” residues that 

are conserved between CA II and IX (explaining the low selectivity) or, interacts with the region 

of the binding cavity where the residues differ between CA II and CA IX, referred to by Poulsen 

and co-workers as the “selective pocket”.68 

 

Usually, primary sulfonamides are good CA inhibitors and secondary sulfonamides display poor 

inhibition with one exception: saccharin.69 Saccharin (2.26), a cyclic secondary sulfonamide, 

displays high nM CA IX/XII inhibition and only µM CA I/II inhibition which means that while it is 

not the best inhibitor it is an interesting lead compound for targeting CA IX since it has a Ki 

specificity ratio CA II/IX > 50.70 Interested by this, Moeker et al. have developed click-tailed 

inhibitors based on saccharin.69 They discovered that when a β-glucoside tail is used 

(compound 2.27), the selectivity improves to Ki ratios CA I/IX and II/IX greater than 1000, 

which is the best selectivity for CA IX obtained so far.70 The inhibition by 2.27 of CA I and II 

was > 50 µM and the inhibition of CA IX and CA XII were 49.5 nM and 572 nM respectively.69 To 

investigate the mode of action of such inhibitors, the crystal structures of CA IX in complex 

with saccharin 2.26 and with the glucose-tailed saccharin derivative 2.27 developed by 

Moecker et al. have been obtained.70 It was found that the beneficial interactions with CA IX 

are due to the difference of amino acids between CA II and CA IX in the hydrophobic pocket of 

the catalytic site.70 
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2.6.2.2  CA inhibitors with a non sulfonamide-type pharmacophore 

Other types of conjugated carbohydrate-based inhibitors have also been reported. Based on 

the phenol pharmacophore, C-cinnamoyl glycoside-based CA inhibitors (general structure 

2.28) have been designed and synthesised.71 Phenol-based CA inhibitors bind to the catalytic 

site without directly interacting with the zinc ion.3 It was hypothesised that a 

carbohydrate-based tail could improve the inhibition since glycosidic CA inhibitors had been 

associated with effective (high to low nM) although not selective CA inhibition.72 C-Glycosides 

were chosen as mimetics of O-glycosides to prevent the hydrolysis of the glycosidic bond. 

Unfortunately, these inhibitors were only µM CA inhibitors and non-selective when 

peracetylated.71 Using a modified pharmacophore with a methoxy substituted aromatic ring, a 

second library of C-glycosides (general structure 2.29 and 2.30) was synthesised.72 Attaching 

a methoxyaryl moiety to glycosides resulted in improved potency and selectivity (with respect 

to when a phenol moiety was attached to glycosides): these C-glycosides displayed µM to high 

nM CA I and CA II inhibition as well as high nM to nM CA IX and CA XII inhibition.72 

 

Coumarin and thicoumarin-based CA inhibitors have a different binding mode to the 

phenol-based and sulfonamide-based inhibitors.6 Their irreversible binding at the entrance of 

the binding cavity actually make them suicide-type inhibitors since by blocking the access to 

the active site, they block the catalytic activity of the enzyme.6,73 In fact, coumarins act as 

prodrug since the real inhibitors are hydroxycinnamic acid derivatives, metabolites of the 
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CA-mediated hydrolysis of the lactone.74 7-Hydroxy coumarin, also known as 

methylumbelliferone, is a selective but not very potent inhibitor (high µM inhibitor of CA I and 

CA II, high nM inhibitor of CA IX and XII).73 As carbohydrate moieties added to sulfonamide-

based CA inhibitors had been associated with effective inhibition (although not selective) CA 

inhibition, the authors hypothesised that the addition of a carbohydrate moiety to coumarins 

could provide the desired potent CA inhibition.73 Conjugating 7-hydroxy coumarin to glycosides 

mainly produced high nM to high µM inhibitors of CA I and µM inhibitors of CA II. These 

glycoside coumarin derivatives (general structure 2.31) displayed µM to low nM inhibition of 

CA IX but interestingly high nm to low nM inhibition of CA XII.73 The best inhibitor, a mannose 

coumarin derivative was studied in a mouse model and showed significant inhibition of tumour 

growth.73  
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3.   CHAPTER 3  

Exploring influenza virus neuraminidase (NA) inhibition with 

4,5-unsaturated N-acetyl-β-D-glucosaminuronyl 1H-[1,2,3]-triazole 

derivatives 

Influenza virus neuraminidase (NA) is a viral surface glycoprotein involved in facilitating virus 

access to the target host cell and in releasing new influenza virus particles from the infected 

cell, leading to further propagation of the virus. Inhibitor design against influenza virus NA over 

the past 30 years has led to the approval of several NA inhibitors for the treatment of 

influenza. Two of these, zanamivir and laninamivir, are derivatives of Neu5Ac2en, a natural 

carbohydrate-based inhibitor related to the enzyme substrate. With the development of some 

resistance to NA inhibitors, mainly to oseltamivir, a cyclohexene-based inhibitor, there is 

interest in new inhibitors that explore alternative interactions within the binding cavity of 

influenza virus NA. The aim of the research described in this chapter was to explore 

nitrogen-linked substituents as replacement for the hydrophilic glycerol side-chain of 

Neu5Ac2en. This was approached using azide-alkyne cycloadditions to introduce 1,4- and 

1,5-disubstituted [1,2,3]-triazole groups as anomeric substituent on a glucosaminuronic acid 

template.  

3.1 Introduction 

3.1.1 Influenza viruses  

Influenza viruses are members of the Orthomyxoviridae family.1 They can be divided into three 

genera – influenza A, B and C viruses – based on differences in their nucleocapsid and matrix 

proteins.1,2 Recently, a new genus – closely related to influenza C virus and cautiously called 

influenza D virus – has been identified in swine and cattle.3 Influenza A and B viruses are 

responsible for seasonal epidemics, with type A being responsible for global pandemics.1 In 

contrast, influenza C viruses seem to cause illness predominantly in children.4 At the time of 

writing, influenza D seems to be restricted to mammalian hosts,5 and although it could 

potentially bind human trachea epithelia,6 it does not appear to affect humans (yet). The 

following discussion focuses on influenza A and B viruses, in particular on influenza A viruses.  

3.1.1.1  Epidemiology of influenza 

Influenza A and B viruses (commonly called “flu” viruses) cause seasonal epidemics with 

substantial morbidity and mortality (250 000 to 500 000 deaths worldwide per year).7 

Moreover, serious major influenza pandemics (caused by influenza A viruses) have also 

occurred.8,9 The most infamous, the Spanish Influenza (1918 H1N1), at the end of World War I 
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(1918-1919), has been estimated to have caused the death of at least 40 million people.8 

Subsequently, several less serious pandemics occurred in 1957, 1968, 1977, and 2009 (Asian 

Influenza H2N2, Hong Kong Influenza H3N2, Russian Influenza H1N1, and Swine flu H1N1 

pdm09 respectively).8-10 Recently, the avian H5N1 and H7N9 viruses have caused infections in 

humans and are considered to have pandemic potential.10,11 

3.1.1.2  Current vaccination strategies  

For the prevention of influenza, inactivated (trivalent or quadrivalent), live-attenuated, and 

more recently recombinant,12,13 influenza A and B virus vaccines are developed each year, 

containing the strains predicted most likely to appear in the next seasonal epidemic.14-16 These 

vaccines confer moderate protection to infection as long as the circulating strains match the 

vaccine strains.17,18 

Development of a broadly protective universal (strain-independent) influenza vaccine is the 

ultimate goal in influenza vaccine development19 and various approaches are currently being 

investigated to achieve this goal.14,17,19,20 Although it is not a reality yet, and there are still 

questions to be answered and stumbling blocks that are expected (e.g. association of the 

vaccine’s induced immune responses with auto-immunes diseases, production of vaccines with 

broad and effective protection),17 this is not a dream anymore since at least two vaccines are 

in development.21,22  

The limited efficiency of vaccines due to the rapid emergence of new strains of influenza 

virus23 as well as the long delay of vaccine production against new strains (at least six to eight 

months),24 emphasises the need for complementary, strain-independent, antiviral agents. To 

address this, a number of influenza-specific as well as general antiviral agents have been used 

for the treatment of influenza (discussed in more detail in Section 3.1.2). 

3.1.1.3  Structural  organisation of influenza A and B viruses 

Influenza A and B viruses are enveloped RNA viruses carrying eight negative-sense 

single-stranded RNA gene segments, which encode 12 to 16 proteins depending on the virus 

(Figure 3.1).25 Embedded in the viral membrane are three proteins: the M2 ion channel 

protein, and the glycoproteins haemagglutinin (HA, H) and neuraminidase (NA, N, also known 

as sialidase).9 The glycoproteins HA and NA project from the viral surface (as depicted in Figure 

3.1.A).  
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Figure 3.1  A.  Influenza A virion. Reproduced from Horimoto et al., 2005,9 with permission.  B.  The 

eight gene segments and the proteins they encode (some proteins are virus-dependant).25 

3.1.1.4  Variation in the surface proteins HA and NA 

Minor structural alterations (antigenic drift) in the antigenic proteins NA and HA, which are 

caused by point mutations in the viral genome (due to faulty RNA polymerase), are related to 

seasonal epidemics of influenza A and B viruses.2,9,26 In contrast, genetic reassortment 

between two or more strains of influenza A virus (antigenic shift), leading to the replacement 

of the whole gene for HA and/or NA – especially HA – can lead to a pandemic strain of 

influenza A virus.9,27 Pandemics are often the result of the appearance of an HA protein to 

which the population does not have immunity, and as a result is vulnerable to infection by the 

new virus.2,9 Viruses that have an animal reservoir are liable to undergo antigenic shift, and 

those developing especially in birds and swine, can potentially be transmitted to humans (with 

or without swine being an intermediate host).10  

Among influenza A viruses, 18 subtypes of HA and 11 subtypes of NA have been identified so 

far, mostly in aquatic birds (H1-H16, N1-N9), the most common reservoir, and more recently in 

bats (H17-H18, N10-N11).2,25 Nevertheless, humans and various other animals, including swine, 

horses, seals, whales, and chickens, are hosts for the viruses.28 The most common circulating 

strains in humans contain the H1-H3 HA subtypes and the N1-N2 NA subtypes.10  

Although influenza B viruses have been detected in seals,29 they appear to have no other 

primary reservoir than humans10 so only antigenic drift slowly makes influenza B viruses 

change.30 Consequently, influenza B viruses play an important role in seasonal epidemics but 

do not have a (recognised) pandemic potential.31  

3.1.2 Influenza antiviral  targets and current drugs 

Both influenza-virus specific and general antiviral agents have been used in the treatment of 

influenza. The general antiviral agent ribavirin 3.1 has been used in the past to treat 

influenza.32 More recently, the general immunomodulator (interferon inducer) cycloferon 

© 2005 Nature Publishing Group 
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glycoprotein, which facilitates 
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sialyloligosaccharides on the 
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REVERSE GENETICS
A method that allows the 
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PANDEMIC
Global influenza infection 
caused by the emergence of a 
virus with an HA subtype to 
which most of the human 
population lacks immunity.

REASSORTANT
A virus with gene segments 
derived from more than one 
virus, achieved by co-infection 
of a single cell by these viruses.

NA (N2) and a viral RNA polymerase gene segment, 
PB1 (polymerase basic 1), from an avian virus, with 
the other gene segments derived from a previously 
circulating human virus15,16. The 1968 virus had avian 
HA (H3) and PB1 segments in a background of human 
viral genes15,16. The acquisition of avian surface anti-
gens allowed these viruses to circumvent the human 
immune response. Why both of these pandemic strains 
also carried the gene that encodes PB1 from an avian 
virus remains unclear. In view of a recently identified 
North American swine virus, a triple REASSORTANT that 
combined swine, human and avian viral genes and 
possessed the genes that encode PB1 and HA from the 
same human virus17, one could argue that the genes 
that encode HA and PB1 interact functionally, either 
at a protein or nucleic acid level, in ways that enhance 
the replicative ability of hybrid viruses.

The Russian influenza H1N1 strain was essentially 
identical to those H1N1 strains that had circulated in 
humans in the 1950s (FIG. 2) REF. 18, and it is thought 
likely that the virus was maintained in a freezer until 
it was somehow reintroduced into the general popula-
tion. The magnitude of this outbreak was limited, as most 
individuals over 27 years of age had some immunological 
memory to the virus.

Properties of avian influenza viruses
Influenza pandemics are caused by viruses that possess 
an HA molecule to which most of the population lacks 
immunity. Recently, purely avian influenza viruses, 
including the H5N1, H9N2 and H7N7 subtypes, have 
been directly transmitted to humans, raising concern 
over the possibility of a new influenza pandemic among 
the world’s immunologically naive populations. As the 

viruses responsible for pandemics in the past century 
were all characterized by the acquisition of HAs from 
avian viruses, with the exception of the Russian influ-
enza virus, clues to the molecular changes that give rise 
to human pandemic strains can be found in the avian 
reservoir.

Avian influenza viruses can be sorted on the basis 
of virulence: highly pathogenic avian influenza (HPAI) 
viruses cause systemic lethal infection, killing birds as 
soon as 24 hours post-infection, and usually within 
one week, whereas low-pathogenic avian influenza 
(LPAI) viruses rarely generate outbreaks of severe 
disease in the field, and their associated morbidity and 
mortality rates are lower than those of HPAI viruses4. 
Phylogenetic studies of avian influenza viruses have 
revealed two geographically separate sublineages 
(Eurasian and American), which probably reflects the 
separation of viruses owing to the distinct migratory 
patterns of the host birds in these two regions. Both 
HPAI and LPAI viruses are found within these two 
sublineages, indicating that viral pathogenicity is not 
determined by geographical distribution. Without 
exception, all of the HPAI viruses belong to the H5 or 
H7 subtype, for reasons that are still unclear. There do 
not seem to be any associations of specific NA subtypes 
with HPAI viruses.

Susceptibility and pathology. Many domestic and wild 
avian species are susceptible to influenza virus infection, 
although viruses that are highly pathogenic in one avian 
species might not be pathogenic in another19. For exam-
ple, ducks tend not to succumb to viruses that are lethal 
in chickens, even though virus can be detected in vari-
ous internal organs and in the blood of infected ducks. 
Among domestic avian species, chickens and turkeys 
are the most frequently involved in outbreaks of HPAI-
virus-related disease. The host factors that determine 
differences in susceptibility to avian influenza viruses 
in different avian species are unknown.

LPAI viruses replicate mainly in intestinal and res-
piratory organs, and are shed in the faeces of infected 
birds. Therefore, transmission of viruses through the 
faecal-contaminated-water–oral route is an impor-
tant mechanism of LPAI-virus dissemination among 
aquatic birds. High concentrations of HPAI viruses, 
which replicate systemically in poultry, are also shed 
in faeces. However, these viruses are more readily 
transmitted among birds in densely populated flocks 
by the nasal and oral routes through contact with 
virus-contaminated materials. LPAI viruses cause 
localized infections in the respiratory and/or intesti-
nal tract, resulting in mild or asymptomatic infection. 
In chickens infected with HPAI viruses, common 
symptoms include swelling of the microvascular endo-
thelium, multifocal haemorrhages and thrombosis19,20. 
HPAI viruses can replicate efficiently in vascular 
endothelial and perivascular parenchymatous cells, 
which aids viral dissemination and systemic infec-
tion. Additionally, involvement of the cardiovascular 
system is indicated, as HPAI antigens have been found 
in necrotic cardiac myocytes21.

Figure 1 | Schematic diagram of an influenza A virus 
virion. Two surface glycoproteins, haemagglutinin (HA) and 
neuraminidase (NA), and the M2 ion-channel protein are 
embedded in the viral envelope, which is derived from the host 
plasma membrane. The ribonucleoprotein complex comprises 
a viral RNA segment associated with the nucleoprotein (NP) 
and three polymerase proteins (PA, PB1 and PB2). The matrix 
(M1) protein is associated with both ribonucleoprotein and the 
viral envelope. A small amount of non-structural protein 2 is 
also present, but its location within the virion is unknown.
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3.233-35 has been clinically studied for the treatment and prevention of influenza, and danirixin 

3.3,36-38 an antagonist of the chemokine receptor CXCR2, is currently being clinically evaluated 

in adults with influenza.39 However, viral proteins involved in the replication cycle are the 

primary targets for therapeutic intervention.40-42  

  

3.1.2.1  Influenza virus replication cycle  

Four key steps of the influenza viral replication cycle have been investigated for drug 

discovery: adsorption of the virus (HA), endocytosis and uncoating (M2 ion channel), 

replication (RNA polymerase) and virus release (NA). The replication cycle for influenza A virus 

is depicted in Figure 3.2.  

 
Figure 3.2  Influenza virus replication cycle and associated antiviral targets. Reproduced from De 

Clercq et al., 2006,43 with permission. 

Particularly important extracellular steps in viral replication are the attachment of the virus to, 

and release of new virus progeny from, the host cell, mediated by the membrane 

glycoproteins HA and NA respectively. HA and NA have different but complementary roles in 

viral replication.44 HA has both lectin (receptor-binding) and fusion functions, whereas NA has 

a sialoglycohydrolase (receptor-destroying) function.1,45  

HA allows the attachment of the virus to the host cell and the fusion with the cell membrane 

when the virus is endocytosed.45 More precisely, HA mediates the attachment of the virion to 
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served as the lead compounds for the development 
of the neuraminidase inhibitors that are marketed at 
present for the treatment (and prophylaxis) of influenza 
A and B virus infections: zanamivir (Relenza, 4-gua-
nidino-Neu5Ac2en, GG167)30 and oseltamivir (Tamiflu, 
GS4071 ethyl ester, GS4104, Ro64-0796)31 (FIG. 5a). Both 
compounds have been found to be highly potent inhibi-
tors (IC50 ≤ 1 ng ml–1) of the influenza neuraminidase, to 
inhibit influenza A and B virus replication in vitro and 
in vivo (mice, ferrets), to be well tolerated, and to be both 
prophylactically (significant reduction in number of ill 
subjects) and therapeutically (significant reduction in 
duration of illness) effective against influenza A and B 
virus infection in humans. A crucial difference between 
zanamivir and oseltamivir, however, is that zanamivir 
has to be administered by inhalation (10 mg twice daily), 
whereas oseltamivir can be administered orally (75 or 
150 mg twice daily).

Neuraminidase inhibitors are anticipated to reduce 
illness duration by 1–3 days, to reduce the risk of virus 
transmission to household or healthcare contacts, to 
reduce the number and severity of complications (sinusi-
tis, bronchitis), to reduce the use of antibiotics and to 
prevent seasonal influenza-virus infection. As shown in 
particular for oseltamivir, the earlier the administration, 
the shorter the duration of fever, the greater the allevia-
tion of symptoms and the faster the return to baseline 

activity and health scores32. Oseltamivir treatment of 
influenza illness reduces lower respiratory tract com-
plications, particularly bronchitis and pneumonia, con-
comitantly with a reduction in antibiotic use and need for 
hospitalization33. Also, post-exposure prophylaxis with 
oseltamivir, 75 mg once daily for seven days, was found 
to protect close contacts of influenza-infected persons 
against influenza illness and to prevent spread within 
households34. Post-exposure prophylaxis with oseltami-
vir can be considered an effective option to prevent the 
transmission of influenza within households35. It should 
be recognized, however, that oseltamivir is less effective 
against influenza B than against influenza A with regard 
to duration of fever and virus persistence36.

The neuraminidase inhibitor GS4071 has been found 
to be positioned in the active centre of the neuramini-
dase31,37 (FIG. 5b). Two structures of the influenza A virus 
neuraminidase have now been solved: the first contain-
ing the N1 neuraminidase of H5N1, and the second con-
taining the N2 neuraminidase as in H3N238 (FIG. 5c). The 
neuraminidase inhibitors make contact with arginine in 
position 292 through their carboxylic acid group, and 
with glutamic acid in position 119 through their basic 
amine (in the case of oseltamivir) or guanidinium (in 
the case of zanamivir) group. So, it is not surprising that 
at these positions mutations (R292K, E119G) can arise 
that engender resistance to both zanamivir and oseltami-
vir39. The R292K mutation causes high-level resistance 
to oseltamivir but only low-level (5–30-fold) resistance 
to zanamivir. In a comprehensive study of more than 
1,000 clinical influenza isolates recovered from 1996 
to 1999, there was no evidence of naturally occurring 
resistance to either oseltamivir or zanamivir in any of 
the isolates40. However, in children treated for influenza 
with oseltamivir, Kiso et al.41 found neuraminidase 
mutations in viruses from nine patients (18%), six of 
whom had mutations at position 292 (R292K) and two 
at position 119 (E119V). Zanamivir-resistant influenza 
H3N2 viruses might not readily arise in vivo owing to 
their poor viability (reduced fitness)42.

Recombinant viruses containing either the wild-
type neuraminidase or a single amino-acid change at 
residue 119 (E119V) or 292 (R292K) were generated in 
the influenza A (H3N2) virus by reverse genetics: both 
mutants showed decreased sensitivity to oseltamivir, and 
the R292K virus showed cross-resistance to zanamivir. 
The R292K mutation was associated with compromised 
viral growth and transmissibility (in accordance with 
earlier studies43,44), whereas the growth and transmis-
sibility of the E119V virus were comparable to those of 
wild-type virus45.

Of note, influenza A (H3N2) virus carrying the 
R292K mutation in the neuraminidase gene did not 
transmit to ferrets under conditions in which the wild-
type virus was readily transmitted43. However, other 
mutant viruses of influenza A (H3N2) — that is, E119V 
and H274Y, both engendering resistance to oseltamivir 
— were found to be readily transmissible in ferrets, 
although the H274Y mutant required a 100-fold higher 
dose for infection and was transmitted more slowly than 
the wild type44.

Figure 2 | Inhibition of the influenza-virus replication cycle by antiviral agents. 
After binding to sialic-acid receptors, influenza virions are internalized by receptor-
mediated endocytosis. The low pH in the endosome triggers the fusion of viral and 
endosomal membranes, and the influx of H+ ions through the M2 channel releases the 
viral RNA genes in the cytoplasm. Adamantan(amin)e derivatives block this uncoating 
step. RNA replication and transcription occur in the nucleus. This process can be blocked 
by inhibitors of inosine 5′-monophosphate (IMP) dehydrogenase (a cellular enzyme) or 
viral RNA polymerase. The stability of the viral mRNA and its translation to viral protein 
might be prevented by small interfering RNAs (siRNAs). Packaging and budding of virions 
occur at the cytoplasmic membrane. Neuraminidase (N) inhibitors block the release of 
the newly formed virions from the infected cells. Figure adapted with permission from 
REF. 8 ©  (2004) Macmillan Magazines Ltd. H, haemagglutinin.
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the host cell, by recognising and binding the terminal sialic acid unit of sialylated glycans on 

the surface of the cell (Figure 3.2).45 

NA has at least two major roles in viral replication. During the early stages of infection, and so 

before viral replication, NA is believed to have a role in facilitating access of the virus to the 

cell surface by cleaving sialic acids (decoy HA receptors) from the glycocalix.46,47 In the final 

stage of viral replication, NA cleaves the HA receptors, sialic acids, from the infected cell 

surface glycans and from new virus particles. Consequently, the activity of this enzyme permits 

the release of the virus for propagation in further healthy cells.45 

3.1.2.2  Drugs targeting stages of the replication cycle 

Historically, the M2 ion channel protein was the main influenza antiviral target. Two 

adamantan(amin)e drugs, amantadine 3.4 and rimantadine 3.5, were approved for the 

prophylaxis and treatment of influenza A virus infection,42 but these agents were not effective 

against the influenza B virus M2 protein.43 Unfortunately, these drugs have serious side-effects 

on the central nervous system.43 In addition, resistance development to these M2 inhibitors is 

quite rapid, and is now widespread, leading to the inefficiency of these drugs against most of 

the circulating strains of influenza A virus.42,48 At the time of writing, there are no efficient 

inhibitors against the M2 proteins in circulating strains, and the use of amantadine and 

rimantadine for treatment and prevention of influenza A is not recommended by the US 

Centres for Disease Control and Prevention (CDC)49 and the World Health Organisation 

(WHO).7 Nevertheless, there is still ongoing research into new M2 ion channel blockers for use 

against amantadine-resistant viruses48 with notably an inhibitor – AVI-7100 – which recently 

completed a phase I clinical trial.50 

 

Four types of inhibitors are currently under investigation to target influenza virus RNA 

replication, in particular to target the viral RNA polymerase complex (constituted of the three 

viral proteins PB1, PB2 and PA, Figure 3.1).51 First, RNA synthesis inhibitors such as favipiravir52 

3.6 or ribavirin 3.1 have been studied. Cellular phosphoribosylation of favipiravir leads to 

favipiravir-ribofuranosyl-5’-triphosphate (favipiravir-RTP), which is thought to inhibit the viral 

RNA-dependent RNA polymerase.52 On the other hand, it has been shown that the general 

antiviral ribavirin – in its monophosphate form – actually inhibits inosine 5’-monosphosphate 

(IMP) dehydrogenase leading to the inhibition of RNA synthesis in cells.43 At the time of 

writing, favipiravir has been approved in Japan for stockpiling in case of influenza pandemics,53 

NH2
NH2
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and it has completed phase III clinical trials in the USA.54-56 In addition, clinical studies of 

combination therapies57-59 have been completed. Secondly, cap-binding inhibitors (PB2 

inhibitors) are now being investigated, and have led to the development of VX-787 3.7,60-64 a 

PB2 inhibitor which has completed phase II clinical trials.65,66 Thirdly, cap-snatching inhibitors67-

69 (PA inhibitors) are also being examined. Fourthly, inhibitors of protein-protein 

interactions,70,71 – especially PA-PB172,73 – are now being studied. Additional to the four types 

of antiviral agents directed at the RNA polymerase complex, also under investigation are: 
short interfering RNAs (siRNAs)74,75 targeting RNA translation, with recent studies focusing on 

drug delivery;76-79 inhibitors of the nucleoprotein80-85 (NP); as well as inhibitors of the 

non-structural protein 181,86 (NS1, not depicted in Figure 3.2).  

 

Considering the crucial roles of the surface glycoproteins HA and NA, a lot of effort has been 

put into targeting HA and NA activities. Significant research effort has focused on targeting HA 

activity by inhibition of the HA-receptor interactions,48 HA maturation,87 or by inhibition of the 

HA-mediated fusion at low pH.48 Arbidol® 3.8 is the first drug approved (in China and Russia) 

for the prophylaxis and treatment of influenza which targets the HA-mediated fusion at low 

pH.48 Nitazoxanide 3.9, an approved anti-parasitic, has been shown to interfere with the 

maturation of HA (and to induce interferons).87,88 Following encouraging results from a phase 

IIb/3 clinical trial investigating the treatment of acute uncomplicated influenza with 

nitazoxanide,88 a phase III clinical trial investigating the treatment of acute uncomplicated 

influenza with nitazoxanide,89 as well as a trial investigating nitazoxanide in combination with 

oseltamivir,90 have recently been completed but no results have been made public yet.   

 

Four different types of agents have been shown to interfere with HA-receptor interactions. 

First, a novel receptor-destroying agent, DAS 181, a “sialidase fusion protein”,91 has completed 

a phase II clinical trial.92-94 Although, no phase III clinical trial is at the time of writing underway 

for the treatment of influenza virus, a case of an immunocompromised patient suffering from 
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NA-inhibitor resistant influenza, who was treated with DAS 181, has been reported.95 Second, 

HA-binding agents (‘decoys’) such as sialoside-bearing macromolecules, and sialomimetics 

(multivalent inhibitors) have been studied.48,96 Third and fourth, lectins which bind to the HA 

head glycans,48,97 and virus neutralising antibodies22,48,98-100 (anti-HA antibodies) have been 

examined for their ability to block influenza infection. However, none of these agents have yet 

reached approval for the treatment of influenza. 

Inhibition of NA has become a major focus for the development of anti-influenza virus agents 

since by hampering the release of new virus particles from the infected cell, through inhibition 

of the NA function, the propagation of the virus is limited (Figure 3.3).101 In addition, inhibition 

of NA has been shown to hamper initiation of infection in cell culture.46 

 

Figure 3.3  A.  The role of NA in virus release;  B.  Mechanism of action of NA inhibitors. Reproduced 
from Moscona, 2005,102 with permission.  

Four influenza virus NA inhibitors – zanamivir 3.10 (Relenza®),101,103 oseltamivir 3.11 

(Tamiflu®),104 peramivir 3.12 (Rapivab®/Rapiacta®/PeramiFlu®)105 and laninamivir octanoate 

3.13 (Inavir®)106,107 – have been approved for the treatment of influenza A and B virus 

infections. The features of influenza virus NA and the development of NA inhibitors are 

discussed in the following sections. 
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and, therefore, against all strains of influenza, a
key point in epidemic and pandemic preparedness
and an important advantage over the adamantanes,
which are effective only against sensitive strains of
influenza A. These new drugs, if used properly, have
great potential for diminishing the effects of influ-
enza infection.

All influenza viruses bear two surface glycoproteins,
a hemagglutinin and a neuraminidase, which are
the antigens that define the particular strain of in-
fluenza. The variation of these molecules over time
permits the virus to evade human immune respons-
es and therefore necessitates the formulation of a
new vaccine each year. The hemagglutinin is a sialic
acid receptor–binding molecule and mediates entry
of the virus into the target cell. The neuraminidase
— the target molecule of the neuraminidase inhibi-
tor compounds — cleaves the cellular-receptor sialic
acid residues to which the newly formed particles are
attached (Fig. 1). This cleavage releases the viruses,

which can now invade new cells. Without neur-
aminidase, infection would be limited to one round
of replication, rarely enough to cause disease. Neur-
aminidase may also facilitate viral invasion of the
upper airways, possibly by cleaving the sialic acid
moieties on the mucin that bathes the airway epi-
thelial cells.

 

2

 

The ability of transition-state analogues of
sialic acid to inhibit the influenza neuraminidase
was first recognized in the 1970s,

 

3-5

 

 but the de-
sign of highly effective inhibitors became feasible
when analysis of the three-dimensional structure
of influenza neuraminidase

 

6

 

 disclosed the loca-
tion and structure of the catalytic site. Potent in-
hibitors such as zanamivir closely mimic the nat-
ural substrate, fitting into the active site pocket
and engaging the protein in the most energetical-
ly favorable interaction.

 

7-9

 

 Zanamivir is adminis-
tered by oral inhalation, which delivers the drug
directly to the respiratory tract. Oseltamivir was
developed through modifications to the sialic acid
analogue framework (including the addition of a
lipophilic side chain) that allow the drug to be
used orally.

 

10

development of neuraminidase 
inhibitor molecules

 

Figure 1. Mechanism of Action of Neuraminidase Inhibitors.

 

Panel A shows the action of neuraminidase in the continued replication of virions in influenza infection. The replication is 
blocked by neuraminidase inhibitors (Panel B), which prevent virions from being released from the surface of infected cells.
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3.1.3 Influenza virus neuraminidase 

3.1.3.1  Structure of the influenza virus neuraminidase active site 

Influenza virus neuraminidase (NA) binds and cleaves terminal α-glycosidically linked 

N-acetylneuraminic acid 3.14 (α-Neu5Ac, NANA) residues of sialoglycoconjugates. α-Neu5Ac 

is consequently considered the natural ‘ligand’ for the enzyme’s active site.108  

 

Protein X-ray crystal structures of influenza A and B virus NAs have helped to elucidate the 

interactions of substrate (α-Neu5Ac, 3.14) and inhibitors with the protein (Figure 3.4).26,45,109-

115 The enzyme active site is a large pocket surrounded and lined by 18 predominantly charged 

amino acid residues that are firmly conserved among the different Influenza A and B virus 

strains, pointing to their essential role in interactions with the substrate.26,110 However, this 

well-preserved active site is surrounded by residues that are extremely strain-dependent.26  

 

Figure 3.4  X-Ray crystal structure of influenza A virus N2 sialidase monomer with α-Neu5Ac 3.14 
bound (pdb 2BAT).  A. The monomeric subunit of the tetramer contains six four-stranded β-sheets 
arranged as in the blades of a propeller.  B.  The active site, located close to the centre of the monomer, 
contains and is rimmed by a large number of charged amino acids (the protein surface is coloured by 
electrostatic potential: blue, positive; red, negative). Reproduced with modification from Pascolutti et 
al. 2016,116 with permission.  

The amino acids present in the active site can be simplistically divided into three groups; this is 

illustrated in Figure 3.5 for binding of the natural-occurring NA inhibitor, unsaturated Neu5Ac 

derivative 2,3-dehydro-2-deoxy-N-acetylneuraminic acid 3.15 (Neu5Ac2en, DANA) to 

influenza virus A virus N9 NA (pdb 1F8B).117 The first (primary) group of amino acids directly 

comes into contact with the bound sialic-acid based ligand: the α-Neu5Ac residue of the 
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substrate sialoglycoconjugate,110 or the inhibitor Neu5Ac2en117 (as depicted in Figure 3.5). The 

tri-arginyl cluster (Arg292, Arg371, and Arg118) interacts with the carboxylate group, Glu276 

interacts with the C-8 and C-9 hydroxyl groups of the glycerol side-chain, and Arg152 forms a 

hydrogen bond to the C-5 acetamido group carbonyl oxygen. The amino acids of the second 

group (Tyr406, Asp151, and Glu277) are essential for the enzymatic activity, and are proposed 

to participate in the enzyme mechanism.118,119 The remaining ten highly conserved amino acids 

are structural amino acids, and appear to be important for the stability of the active site.112 

Among these, Trp178, Arg224, and Ile222 form a hydrophobic pocket around the C-5 

acetamido methyl group.110  

 

Figure 3.5  Depiction of influenza A virus NA active site (N2 numbering110) showing some key 
interactions of the natural NA inhibitor Neu5Ac2en 3.15 with conserved amino acids: primary amino 
acids (red), structural amino acids (black), mechanistically-involved amino acids (orange). This depiction 
does not (aim to) accurately reflect the distances between the amino acids and the ligand in the 3D 
crystal structure. Reproduced with modification from von Itzstein and Thomson, 2009,120 with 
permission.  

3.1.3.2  Enzyme mechanism 

A mechanism has been proposed for influenza virus NA action based on biochemical and 

structural studies.118,119,121,122 Mechanistic studies of influenza A virus NA have revealed that 

the anomeric configuration is conserved between the substrate and the initial product of the 

enzyme action, which means NA is a retaining glycohydrolase.  

The proposed catalytic mechanism is composed of several steps (Scheme 3.1).118,119,122 First, 

upon binding of the terminal α-linked Neu5Ac residue of the sialoglycoconjugate to the NA, 
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the active-site environment induces a distortion of the substrate’s pyranose ring from a 2C5 

chair conformation to a pseudo-boat conformation in order to maximise interaction of the 

Neu5Ac carboxylate group with the tri-arginyl cluster (see Figure 3.5).101 Second, the catalytic 

acidic residue (for influenza A virus N2 NA, Asp151) acts to protonate the glycosidic oxygen, 

facilitating cleavage of the glycosidic bond with the formation of a predicted endocyclic sialosyl 

cation transition-state intermediate 3.16.101 The positive polarisation of this intermediate is 

balance by negatively polarised residues of the active site (for example, A/N2 Glu277).122 

Recent studies suggest a covalent enzyme intermediate 3.17 is formed with a conserved 

tyrosine residue (A/N2, Tyr406).118,119 Whether or not the covalent enzyme intermediate is 

actually formed, the reaction should proceed through the sialosyl cation transition-state, 

where finally the attack of an activated water molecule leads to the formation of α-Neu5Ac 

3.14.122 α-Neu5Ac is released from the catalytic site after which mutarotation can occur to 

give predominantly the β-anomer.  

 

Scheme 3.1  Proposed enzymatic mechanism of influenza A virus NA. Reproduced from Pascolutti et 
al., 2015,116 with permission. 

3.1.4 Structure-based design of influenza virus neuraminidase 

inhibitors 

3.1.4.1  Inhibitors developed on carbohydrate-based scaffolds 

The initial developments of general NA inhibitors against bacterial and viral NAs were based on 

α-Neu5Ac and Neu5Ac2en derivatives, the inhibitory activities of which helped in proposing an 

enzyme mechanism of action.121,123 The Structure-Activity Relationships (SAR) drawn from 
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these derivatives, and the anticipated mechanism, were then used to develop further 

inhibitors. Subsequent design of specific influenza virus NA inhibitors was then based on 

knowledge of the 3D protein structure obtained from X-ray crystal structures, in particular 

with either α-Neu5Ac 3.14 or Neu5Ac2en 3.15 bound.110 

3.1.4.1.1  Neu5Ac2en as a template for the development of NA inhibitors 

Neu5Ac2en 3.15 is a general NA inhibitor, inhibiting bacterial, viral and mammalian enzymes, 

including influenza A and B virus NAs in the µM range.124 In a crystallographic study, 

Neu5Ac2en was found to be a product of the hydrolysis of a sialoside substrate by influenza B 

virus NA.113 This study, and the high binding affinity of Neu5Ac2en for a range of NAs as 

indicated by the µM level of inhibition, was seen to support the theory of an endocyclic 

sialosyl cation transition-state in the enzyme mechanism.122 Neu5Ac2en is considered to be a 

transition state analogue because the double bond in the dihydropyran ring leads to a 

half-chair conformation which mimics the more flattened structure of the putative sialosyl 

cation transition-state.122 This means that no conformational change is required for binding to 

NA and consequently this has made Neu5Ac2en an ideal choice as carbohydrate template for 

the development of NA inhibitors.125  

3.1.4.1.2  Zanamivir:  design, inhibitory activity and pharmacology  

Analysis of the complexes of influenza A virus (A/Tokyo/3/67) N2 NA with α-Neu5Ac and 

Neu5Ac2en,110 as well as use of the software GRID126 to identify functional group hotspots,127 

suggested that appropriate functional group substitution at C-4 of Neu5Ac2en could improve 

overall binding. This led to the synthesis of Neu5Ac2en derivatives with the C-4 hydroxyl group 

replaced with an amino group or with a guanidino group.128 Introduction of an amino group at 

the C-4 position of Neu5Ac2en (4-amino-4-deoxy-Neu5Ac2en, 3.18) led to a 10–100 fold 

increase in inhibitory activity compared to Neu5Ac2en.129 Subsequent introduction of a 

guanidino group at C-4 (4-deoxy-4-guanidino-Neu5Ac2en 3.10) provided a potent, low to sub-

nM inhibitor, specific for influenza A and B virus NA activity.129 The 4-guanidino derivative 

3.10 was subsequently developed under the name GG167 until being approved as the first 

NA-inhibitor anti-influenza drug zanamivir (Relenza®) in 1999.101 
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The binding mode of zanamivir with influenza virus NAs was anticipated by molecular 

modelling studies,129 then confirmed by X-ray crystallography.114,129,130 To be precise, the 

additional interactions of zanamivir (in comparison to Neu5Ac2en) through the guanidinyl 

side-chain at C-4 are an ionic, non-hydrogen bonding interaction to Glu119, and hydrogen 

bonds to Glu227, Asp151, and a peptide backbone carbonyl.114,130 These amino acids are highly 

conserved, as previously shown in Figure 3.5. 

Zanamivir is active against all subtypes of influenza A virus NA, as well as against influenza B 

virus NA.131,132 It also shows specific inhibition of the influenza virus NAs over endogenous 

human NAs,133,134 believed to be related to the strength of binding of the 4-guanidino group in 

the different proteins.134 

Because of their hydrophilicity, N-acetylneuraminic acid-based NA inhibitors like Neu5Ac2en 

and zanamivir generally have poor pharmacokinetic profiles such as low oral bioavailability, 

small volume of distribution and rapid clearance.135 Zanamivir was therefore formulated for 

oral inhalation to overcome such issues, with the advantage that this mode of administration 

delivers a high percentage of drug directly to the site of infection in the respiratory tract.135 

This method of delivery is however not optimal, especially for children, the elderly and the 

very ill. Zanamivir has consequently also been formulated for intravenous delivery for use in 

cases of severe influenza.135 

3.1.4.1.3  Analogues of Neu5Ac2en, 4-amino-4-deoxy-NeuAc2en and 

zanamivir  

Substitution at C-4 on Neu5Ac2en with an amine or a guanidino group brings significant 

increase in potency, however the inhibitors 4-amino-4-deoxy-NeuAc2en 3.17 and zanamivir 

3.10 are highly hydrophilic and charged (zwitterionic). A number of research groups have tried 

extensive modifications to overcome these limitations, attempting to obtain similar or more 

potent activity and a better pharmacokinetic profile. Neu5Ac2en, 4-amino-4-deoxy-

Neu5Ac2en and zanamivir derivatives with modifications at C-1,136-140 C-3,141-144 C-4,136,145-147 

C-5,136,148 the ring oxygen,149 and at the glycerol side-chain (see the following paragraphs) have 

been synthesised and biologically evaluated (Figure 3.6). Additionally, multivalent NA 

inhibitors using some of these derivatives as the monovalent unit have been investigated.150 

Several recent reviews and book chapters have comprehensively reviewed, and discussed in 

detail the SAR results.116,125,150,151  
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Figure 3.6  Overview of functional group changes investigated on the Neu5Ac2en (R = OH), 4-amino-

4-deoxy- (R = NH2) and 4-deoxy-4-guanidino- [R = NHC(NH)NH2] Neu5Ac2en templates. 

Overall, zanamivir 3.10 appears to be virtually optimised, with each of its four substituents on 

the dihydropyran ring having a crucial role in binding, since no significant further increase in 

inhibitory activity in the SAR studies was attained compared to zanamivir. Moreover, most 

attempts to significantly modify or remove any of its substituents causes a significant loss of 

inhibition.152  

The only recent exception was when a phosphonate group was used as a bioisostere of the 

carboxylate group on 4-amino-4-deoxy-NeuAc2en and zanamivir to respectively yield 

4-amino-4-deoxy-1-phosphono-NeuAc2en 3.19 (also referred to as 4-amino-

1-phosphono-DANA and 4-amino-danaphosphor) and phosphono-zanamivir 3.20 (also 

referred to as zanaphosphor).153,154 This replacement resulted in a slight increase in inhibitory 

activity compared to zanamivir, and interestingly both 4-amino-1-phosphono-DANA 3.19 and 

phosphono-zanamivir 3.20 displayed comparable activities, in the low nM range (in 

comparison to 4-amino-4-deoxy-Neu5Ac2en 3.18 and zanamivir 3.10 that differ in activity by 

up to 100-fold). The increase in inhibition was predicted to be due to more extensive hydrogen 

bonding of the phosphonate group in comparison to the carboxylate group and so increased 

bonding with the tri-arginyl cluster.154  
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From a pharmacological point of view, zanamivir analogues with ester substituents as prodrugs 

of the carboxylate group, have been investigated to counterbalance the charge of the 

guanidino group.137-139 Likewise, zanamivir analogues with amidoxime and N-hydroxy 

guanidine substituents at C-4 have also been studied as prodrugs of the guanidino group.155  

3.1.4.1.4  Modification of the glycerol side-chain 

The poor pharmacologic profile of NA inhibitors based on the Neu5Ac2en template can be 

attributed to their high hydrophilicity. A significant amount of hydrophilicity resides in the 

glycerol side-chain because of the presence of the three hydroxyl groups. Consequently, there 

has been an interest in modifying the glycerol side-chain. 

Crystal structures of influenza A virus NA complexed with zanamivir revealed that the C-8 and 

C-9 hydroxyl groups interact with the protein through hydrogen bonding (as seen for 

Neu5Ac2en, Figure 3.5).114,156-164 The importance of the interactions of the C-8 and C-9 

hydroxyl groups was confirmed by the investigation of 4-amino-4-deoxy-NeuAc2en and 

zanamivir analogues with a truncated glycerol side-chain, which exhibited high to low µM 

inhibitory activity (compared to the sub-nM activity of zanamivir).165 

The crystal structures of influenza virus NA in complex with zanamivir also revealed that 

contrary to the C-8 and the C-9 hydroxyl groups, there is no direct interaction (hydrogen-bond) 

between the C-7 hydroxyl group and the protein (as seen for Neu5Ac2en, Figure 3.5).114 

Consequently, there was an interest in investigating modification at the C-7 position while 

maintaining the C-8 and C-9 hydroxyl groups. Modification of the glycerol side-chain of 

zanamivir to introduce more hydrophobic cyclic ether moieties, which still presented a diol,166 

led to some particular derivatives, such as derivatives 3.21, that retained antiviral activity in 

cell culture. These results confirmed the hypothesis that the C-7 hydroxyl group is not crucial 

for strong interaction with the enzyme, and also demonstrated that the ultimate goal in 

introducing less hydrophilic side-chains, while conserving potent antiviral activity, can be 

achieved.  

 

Additionally, functionalisation of the C-7 hydroxyl group with relatively small hydrophobic 

groups,167 or carbamate-linked substitutents,168 was possible with little or no loss of inhibitory 

activity. In particular, installing a methoxy group at the C-7 position led to a long acting 
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inhibitor 3.22, which showed increased residence time in the lungs. This compound has been 

approved in Japan as the drug laninamivir administered as its C-9 ester prodrug laninamivir 

octanoate 3.13 (Inavir®).106,107 Interestingly, the laninamivir C-9 ester prodrug is itself a high 

nM inhibitor of influenza virus NA (e.g. IC50 29 – 947 nM),160 with X-ray crystallography 

revealing binding of the intact prodrug ester.160 

 

Taking advantage of the absence of critical interaction between the C-7 hydroxyl group and 

NA, and using the C-7 oxygen as anchor point, multivalent NA inhibitors have also been 

developed,169-178 as well as chemical probes in which zanamivir is conjugated with a sensing 

moiety (e.g. biotin).179  

3.1.4.1.5  Replacement of the glycerol side-chain 

The somewhat unexpected possibility of engaging hydrophobic interactions in the glycerol 

side-chain binding pocket was realised at the same time by research groups at Glaxo Wellcome 

(now GlaxoSmithKline), and at Gilead Sciences (which led to the development of oseltamivir 

3.11, see Section 3.1.4.2). It was identified that hydrophobic side-chains could be introduced, 

engaging alternative (hydrophobic) interactions with the protein, instead of the hydrogen 

bonds of the glycerol side-chain hydroxyl groups.  

Researchers at Glaxo Wellcome took advantage of the ready oxidative cleavage of the glycerol 

side-chain to give a C-7 carboxylic acid intermediate (3.23), which could be further 

functionalised, in particular via amide formation. Optimisation of N,N-disubstituted-

carboxamide substituents (general structure 3.24)152,180,181 led to potent (nM) inhibitors of 

influenza A virus NA, although these compounds were much weaker (100- to 1000-fold) 

influenza B virus NA inhibitors.130,152 Inhibitory activity was optimised for the 4-amino 

N-phenethyl-N-propyl-carboxamide derivative 3.25.  
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Molecular modelling, molecular dynamics and X-ray crystallographic studies (with influenza 

virus A/N9 and B NAs), revealed that in the presence of the carboxamide’s hydrophobic 

side-chains, the side-chain of Glu276 (which normally forms hydrogen bonds with the C-8 and 

C-9 hydroxyl groups of the glycerol side-chain of e.g. Neu5Ac2en), adopts a different 

conformation, reorientating to interact with Arg224 via a salt bridge (Figure 3.7).130,182 This 

conformational change creates a hydrophobic pocket to accommodate one of the 

carboxamide substituents (the cis-substituent, e.g. n-propyl, in 3.25, Figure 3.7).130,183 The 

other substituent of the carboxamide (the trans-substituent, e.g. phenethyl in 3.25) fits in an 

existing channel created by the lipophilic side-chains of Ile222 and Ala246 of the A/N9 NA 

(Figures 3.7 and 3.8).130,182,183  

 

Figure 3.7  Depiction of influenza A virus NA catalytic site (N2 numbering110) showing some key 
interactions of the N-phenethyl-N-propyl carboxamide derivative 3.25 with conserved amino acids. This 
depiction does not (aim to) accurately reflect the distances between the amino acids and the ligand in 
the 3D crystal structure, notably the distance between Glu276 and the n-propyl group. 
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Figure 3.8  Influenza virus A/N9 NA in complex with carboxamide 3.25 (pdb 1BJI). The protein surface 
is coloured by electrostatic potential (blue, positive; red, negative). YASARA184 was used to produce this 
Figure.  

Modifications of the optimised N,N-disubstituted-carboxamide 3.25 at C-4 (with the C-5 

substituent maintained as an acetamido group) and at C-5 (with the C-4 substituent 

maintained as an amino group) were investigated.181 Interestingly, the SAR drawn from the C-4 

modifications revealed that having a hydroxyl group or a hydrogen atom instead of the basic 

amino group, did not significantly change the inhibition. This suggests that substitution at C-4 

with a basic group is not a requirement for strong binding within an 

N,N-disubstituted-carboxamide with optimised hydrophobic side-chains such as in 3.25.181 

3.1.4.2  Inhibitors developed on non-carbohydrate scaffolds 

Since the development of zanamivir on the natural neuraminic acid template, different 

non-carbohydrate scaffolds have been used in the design of influenza virus NA inhibitors 

(reviewed by Streicher and Stanley185). Maintaining the half-chair structure and double bond 

position of the proposed sialosyl cation transition state (3.16, Scheme 3.1) is the cyclohexene 

scaffold 3.26,104,185 and with a flat 6-membered ring is the benzoic acid scaffold 3.27.185-187 

With the central ring only as a scaffold to correctly position the interacting substituents are a 

number of 5-membered ring scaffolds such as cyclopentane scaffold 3.28.185  

  

Two potent NA inhibitors developed on non-carbohydrate scaffolds have been approved as 

anti-influenza drugs. In each case, a key component of the inhibitors is a hydrophobic 

side-chain that interacts with the region of the active site naturally occupied by the glycerol 

side-chain of α-Neu5Ac. 

Cyclohexene derivatives, which keep the carboxylic acid and acetamido group from α-Neu5Ac, 

and which incorporate hydrophobic moieties to replace the Neu5Ac glycerol side-chain, were 
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investigated (reviewed by Lew et al.104). The optimal activity was obtained with the branched 

3-pentyl ether side-chain.104 Interestingly it was found, as for the carboxamides, that with 

derivatives bearing an optimal side-chain (i.e. 3-pentyl ether), the introduction of a guanidino 

group at the ‘C-4’ position (Neu5Ac numbering) did not produce a significant increase in 

potency compared to the derivative bearing an amino group at the same position.104,188,189 

Inhibitor development on the cyclohexene scaffold led to the second approved NA-inhibitor 

anti-influenza drug, oseltamivir 3.11 (Tamiflu®), which is the ethyl ester prodrug form of the 

active inhibitor, the carboxylate derivative 3.29 (oseltamivir carboxylate, OC).104,188,189 

Interestingly, despite the hydrophobic side-chain (compared to carboxamide 3.25), inhibition 

of influenza B virus NA was only marginally weaker than for influenza A virus NA for OC 3.29 

(3 nM vs 1 nM respectively).104  

  

Crystallographic studies of influenza A virus N9 NA complexed with OC 3.29 revealed that OC 

shares a similar binding mode to 4-amino-4-deoxy-Neu5Ac2en 3.18 in terms of the 

interactions of the protein with carboxylate, acetamido and amino groups.104,188,189 The main 

difference is the 3-pentyl side-chain which binds through hydrophobic interactions, similarly to 

the side-chain of carboxamide 3.25. One arm of the 3-pentyl side-chain is accommodated 

through a shift of Glu276 to interact with Arg224 via a salt bridge whereas the other arm 

interacts through hydrophobic interactions with the lipophilic side-chains of Ala246, Arg224 

and Ile222 residues (Figure 3.9).104,188,189  
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Figure 3.9  Depiction of influenza A virus NA catalytic site (N2 numbering)110 showing some key 
interactions of oseltamivir carboxylate 3.29 with conserved amino acids. This depiction does not (aim 
to) accurately reflect the distances between the amino acids and the ligand in the 3D crystal structure, 
notably the distance between Glu276 and one arm of the 3-pentyl ether side-chain. Reproduced with 
modification from von Itzstein and Thomson, 2009,120 with permission.  

Inhibitor development on a cyclopentane scaffold190,191 led to the recently approved peramivir 

3.12 (Rapivab®, Rapiacta®, Peramiflu®),105 which also incorporates the functional groups of 

the natural substrate α-Neu5Ac (carboxylic acid and acetamido group), as well as a guanidino 

group (from zanamivir) and a 3-pentyl side-chain (from oseltamivir carboxylate).105 In contrast, 

inhibitor development on a pyrrolidine scaffold192,193 led to the discovery of pyrrolidine 

derivative A-315675 3.30 that is an effective inhibitor with a hydrophobic substituent 

occupying the relatively charged ‘C-4’ (Neu5Ac numbering) binding pocket. A-315675 3.30 

demonstrated sub-nM inhibitory activity against influenza virus NA in vitro.194,195 Its isopropyl 

ester prodrug A-322278 3.31 showed in vivo activity in mice similar to that of oseltamivir 

3.11.196,197 However, the clinical investigation of these pyrrolidine-based inhibitors has not yet 

been reported. 
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Alternatively, natural products (e.g. chalcones, flavanoids, phenylpropanoids and their 

analogues) are also currently being investigated as sources of influenza virus NA inhibitors.198  

3.1.4.3  Further exploration and comparison of the hydrophobic side-chains 

on the different templates 

After the discovery of potent influenza virus NA inhibitors bearing hydrophobic side-chains in 

the carboxamide series (influenza A virus NA inhibitors, e.g. carboxamide 3.25) and on a 

cyclohexene scaffold (influenza A and B virus NA inhibitors, e.g. OC 3.29), further exploration 

of hydrophobic side-chains, was made on the dihydropyran template. In particular, derivatives 

with hydrophobic substituents mimicking the 3-pentyl group of OC 3.29 were synthesised 

from side-chain truncated Neu5Ac2en.199 The N,N-diethyl carboxamide 3.32,152 the C-7 ketone 

derivative substituted with a 3-pentyl group 3.33,199 and the corresponding alcohol derivative 

3.34,199 were nM inhibitors of influenza A virus NA, but still demonstrated approximately 

100-fold selectivity for the inhibition of influenza A virus NA over influenza B virus NA, similar 

to the members of the carboxamide series.199  

 

Interestingly, Gilead Sciences also explored analogues of OC 3.29 in which one arm of the 

hydrophobic side-chain contains an aromatic group (compounds 3.35), similar to the 

phenethyl substituent of carboxamide 3.25. The cyclohexene-based inhibitor 3.35 with the 

S-configuration at C-3 of the side-chain was found to be a sub-nM inhibitor of influenza A virus 

NA (IC50 0.3 nM, 3 times more potent than OC 3.29) and a nM inhibitor of influenza B virus NA 

(IC50 70 nM, 23 times less potent than OC 3.29).104,189 This is similar to the activity of 

carboxamide 3.25, which, as previously discussed, is also a potent inhibitor of influenza A virus 

NA but is not as potent against influenza B virus NA. An X-ray crystallography study104,189 of 

cyclohexene derivative 3.35 with the S-configuration at C-3 of the side-chain showed that its 

binding mode is similar to that of carboxamide 3.25, with the phenethyl substituent being 

accomodated in the pocket between Ile222 and Ala246, while the other arm is accommodated 

through the shift of Glu276 to interact with Arg224 (as for OC 3.29). Molecular modelling 

studies suggested that the hydrophobic glycerol side-chain binding pocket (with Glu276 shifted 

to interact with Arg224) is smaller than the Ile222–Ala246 pocket and cannot accommodate 

large binding groups like the phenyl ring of 3.35 (and 3.25).104 
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3.1.4.4  Juggling pharmacological  eff iciency with resistance development  

Because of antigenic drift and antigenic shift, influenza virus NA is considered a shifting 

target.10 Resistance to current drugs can develop through random point mutation(s) or appear 

under drug pressure. Although much of the resistance to NA inhibitors reported is resistance 

associated with mutations generated in vitro by growing the virus in the presence of drugs,200 

isolation of NA mutants from patients (clinical samples) provides a better view of the typical 

mutations associated with clinical resistance  and the clinical implications.201  

Because oseltamivir and zanamivir have different functional groups on their core structure, 

they display different resistance profiles.202 Resistance to zanamivir arising in seasonal, 

pandemic, and avian influenza strains is rare (although this may be due to limited drug use). 

Resistance to oseltamivir has been clinically observed and is mutation- as well as 

strain-dependant.201 For example, the mutations Arg292Lys and Glu119Val have both 

appeared in a limited number (<3%) of patients infected by influenza virus A/H3N2 and treated 

with oseltamivir.201 The Arg292Lys mutation caused resistance to oseltamivir (IC50 > 10 000 fold 

higher),203 and also a decreased susceptibility to zanamivir and peramivir.203 On the other 

hand, the Glu119Val mutation caused resistance to oseltamivir (IC50 approximately 20- to         

2 000-fold higher),203 while zanamivir and peramivir were still effective.203  

Another critical mutation for oseltamivir is the His274Tyr mutation (N2 numbering), also 

referred to as His275Tyr mutation (N1 numbering).203 Whereas the incidence of this mutation 

in seasonal influenza A/H1N1 in 2007-08 viruses was over 99%, it was <3% during the 2009 

A/H1N1 pandemic.201 It has only been rarely detected in avian A/H5N1201 (although this might 

be linked to a limited number of patients infected with the avian strain). This mutation appears 

to hinder the reorientation of Glu276 to interact with Arg224 (see Figure 3.9), impeding the 

accommodation of the 3-pentyl side-chain of oseltamivir.158 Consequently, the NA strains 

bearing this mutation are resistant to oseltamivir, while efficacies of zanamivir and laninamivir 

are not drastically affected, and strains are reported as resistant or susceptible to 

peramivir.201,203  

Some clinical solutions to resistance to NA inhibitors are, for example, a change in drug, or the 

use of a combination of these drugs in patients presenting resistance to one of them 
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(especially oseltamivir).57,58 To help clinicians with the issue of resistance to NA inhibitors, 

scientists are developing diagnostic methods to screen for resistant strains.179,203-205 Scientists 

are also identifying the structural basis of resistance using computational methods (molecular 

docking and molecular dynamics)206-208 and/or X-ray crystallography.158,209-211 Another focus of 

medicinal chemists in influenza research is to design inhibitors that explore new ways to bind 

or interact with the binding cavity of influenza virus NA (as previously reviewed42,150). This 

includes new exploration of the 430-cavity,140 or more recently, exploration of the 

150-cavity,141-144,212-216 or an alternate pocket adjacent to the glycerol side-chain binding cavity 

(delimited by Ala246, Arg224 and Ile222).217,218 

In this research project, we decided to design and synthesise new influenza A virus NA 

inhibitors with the glycerol side-chain of Neu5Ac2en replaced by nitrogen-linked substituents 

to explore this alternate pocket adjacent to the binding site. More particularly, we chose to 

replace the glycerol side-chain of Neu5Ac2en with a substituted triazole, which could be 

introduced through azide-alkyne cycloadditions. 

3.2 Towards novel glucuronic acid-based NA inhibitors incorporating 

a triazole side-chain 

A carbohydrate-based template that maintains the unsaturated dihydropyran ring of 

Neu5Ac2en, but where the glycerol side-chain can be replaced by a range of different 

substituents, is the 4,5-unsaturated (Δ4-) N-acetylglucosaminuronic acid template 3.36. On 

this template, an anomeric substituent attached in the β-configuration has the same 

stereochemistry as seen for the glycerol side-chain attached at C-6 of Neu5Ac2en. 

 

3.2.1 Earl ier works on unsaturated glucuronic acid-based 

neuraminidase inhibitors 

When the oseltamivir carboxylate 3-pentyl ether side-chain was introduced on template 3.36 

(giving compound 3.37),219 or on the corresponding 4-amino substituted template, giving 

derivative 3.38,199 sub-µM inhibition of influenza A virus NA was obtained. The antiviral 

activity of 3-pentyl ether derivative 3.38 was weaker than anticipated for such a derivative 

(compared to OC 3.29), which was in part attributed to a wrong half-chair conformation of 

the dihydropyran ring (in comparison to Neu5Ac2en) based on the 1H NMR coupling 
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constants.199 A crystallographic study219 of 3-pentyl β-glycoside derivative 3.37, which 

exhibited 33-fold more potent activity than Neu5Ac2en, revealed that the dihydropyran ring of 

this inhibitor is bound in the same conformation as seen for Neu5Ac2en 3.15, despite the 

limitation of the ‘wrong’ solution half-chair conformation. Other N-acetylglucosaminuronic 

acid-based NA inhibitors have also been reported, with oxygen,220,221 sulfur,222 and 

phosphorus223 at the anomeric centre (equivalent to ‘C-6’ position of Neu5Ac2en).  

  

3.2.2 Towards the introduction of nitrogen-l inked substituents at 

‘C-6’ of the dihydropyran template 

As part of our group’s ongoing investigation of NA inhibitors, in the current work we chose to 

look in further detail at the uronic acid-based scaffold 3.36 and in particular at the 

introduction of nitrogen as a linking atom between the dihydropyran ring and the side-chain 

which replaces the hydrophilic glycerol side-chain of Neu5Ac2en. As the C-6 substituent on the 

Neu5Ac2en scaffold is mimicked by the anomeric position on the uronic acid template 3.36, 

we were interested in the opportunities provided by a glycosyl azide. An azide group brings 

potential for introduction of a range of functionalities,224-232 including, for example, substituted 

amines, amides, and nitrogen-based heterocycles such as disubstituted 1H-[1,2,3]-triazoles 

(Figure 3.10).  
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Figure 3.10  Potential functionalities that could be derived from a glycosyl azide (R-N3). The most 
common reactions and products are indicated in bold and the functional groups investigated in this 
chapter are boxed in red.  

The current work has focused on the generation of glycosyl triazoles using azide-alkyne 

cycloadditions to introduce 1,4- and 1,5-disubstituted [1,2,3]-triazole groups as the anomeric 

substituent on the N-acetylglucosaminuronic acid template 3.36. When considering what 

substituent to have at the (important) ‘C-4’ position (Neu5Ac2en numbering), we chose to 

investigate in the first instance the new template with a hydroxyl group at this position. 

3.2.3 Glucosaminuronyl [1,2,3]-triazole derivatives as potential  

influenza virus neuraminidase inhibitors 

3.2.3.1  C-Linked heterocycles and carboxamides with hydrophobic 

substituents as replacements for the glycerol side-chain of 

Neu5Ac2en-based NA inhibitors 

As described above, influenza virus NA inhibitors have been developed in which the glycerol 

side-chain of Neu5Ac2en has been ‘replaced’ by hydrophobic substituents. The carboxamide 

series (3.24) on the dihydropyran template provided potent (nM) inhibitors of influenza A 

virus NA, including N-phenethyl-N-propyl carboxamide derivative 3.25. A subsequent study to 

the carboxamide series by Glaxo Wellcome revealed that 4-amino-4-deoxy-Neu5Ac2en 

derivatives (3.39) where the glycerol side-chain was ‘replaced’ by various heterocyclic groups 
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(derived from the C-7 carboxylate 3.23)— 3,5-disubstituted [1,2,4]-oxadiazoles, as well as 

1,3,5- and 2,3,5-trisubstituted [1,2,4]-triazoles — possessing alkyl or aralkyl substituents, 

produced µM to sub-µM inhibitors of influenza A virus NA.233 This study pointed out the 

potential of heterocycles with hydrophobic substituents as alternatives of the hydrophilic 

glycerol side-chain on the dihydropyran template.  

 

The substitution patterns of the most potent heterocyclic derivatives [1,2,4]-triazoles 3.40 

and 3.41 (actually a mixture with its 2-N-propyl isomer), both sub-µM inhibitors] reflected 

those of the most potent carboxamide derivatives, especially the C-phenylmethyl-N-propyl 

substituted [1,2,4]-triazole 3.41, which mimics the N-phenethyl-N-propyl carboxamide 

derivative 3.25 (Figure 3.11). [Note: structures are now shown in the reversed orientation for 

ease of comparison to X-ray crystal structures.] 

 
Figure 3.11  Comparison between the substituents of [1,2,4]-triazoles 3.40 and 3.41 with 

carboxamide 3.25. 

3.2.3.2  N-Linked 1H-[1,2,3]-triazoles: heterocycl ic mimetics of 

carboxamides in the design of influenza virus NA inhibitors? 

Considering the potential of substituted heterocyclic moieties as replacement for the glycerol 

side-chain, as well as the possibility of a triazole group to mimic an amide bond/linkage (see 

Chapter 1, Section 1.4.3), we were intrigued by the possibility of replacing the amide of the 

carboxamide series of inhibitors, general structure 3.24 by an N-linked 1H-[1,2,3]-triazole 

(3.42, Figure 3.12).a The carbonyl and nitrogen atoms of the carboxamide could be envisaged  

as being replaced by two sides of an N1-connected [1,2,3]-triazole ring.  

                                                       
a  The amide and triazole comparison was first simply based on the structural characteristic similarities 
between the amide and the triazole groups. If comparing both structural and electronic features, then 
with N-N and N-C bonds replacing, respectively, the carbonyl and C-N bonds of the amide group, a 
1,5-triazole N-linked-[1,2,3]-triazole would be a mimic of an E-amide (i.e. when R = H, see Figure 1.17 in 
Section 1.4.3).  
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Figure 3.12 N,N-Disubstituted carboxamide derivatives 3.24, and more particularly 
N-phenethyl-N-propyl carboxamide derivative 3.25, compared with 4,5-unsaturated 
N-acetyl-β-D-glucosaminuronyl [1,2,3]-triazole derivatives 3.42.  

Substitution at the triazole C-4 or C-5 (3.42, R and R’ respectively) would project substituents 

into different areas of the NA binding pocket. Based on the similarity in the 2D overlap of the 

carboxamide group and a triazole group, it was decided to investigate this overlap in 3D to 

compare the potential replacement of the carboxamide group with the triazole, and the spatial 

orientation of their substituents.  

The 4-phenyl-[1,2,3]-triazole derivative 3.43 (Figure 3.13), was chosen as a comparative 

model to carboxamide 3.25. After building184 and optimising234 the 3D representation of 

triazole 3.43, it was compared to the 3D structure of carboxamide 3.25 extracted from pdb 

1BJI (3.25 in complex with influenza A virus N9 NA130) (Figure 3.13). This simple comparison 

highlighted that the phenyl substituent on the triazole ring could point in the same direction as 

the phenethyl group of carboxamide 3.25. Consequently, it was hypothesised that 

hydrophobic substituents at the 4-position on the triazole could potentially orient forwards 

the same hydrophobic pocket that was occupied by the phenethyl group of carboxamide 3.25 

(as seen in Section 3.1.4.1.5). 

                                      

 
Figure 3.13  Structure comparison of carboxamide 3.25 (left, extracted from pdb 1BJI130) and 

4-phenyl substituted triazole 3.43 (right, built using YASARA software184).  
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3.2.3.3  Basic docking study of unsaturated glucosaminuronic acid 

4-substituted [1,2,3]-triazoles 

To evaluate the hypothesis outlined above, a basic docking study was conducted using 

carboxamide 3.25 and triazole 3.43 as ligands. In this qualitative docking study, we 

specifically looked at if the triazole 4-substituent (i.e. the phenyl ring of 3.43) could adopt a 

similar orientation to the phenethyl substituent of carboxamide 3.25 in the NA binding cavity. 

For this study, two forms of the N1 NA from an influenza A virus H1N1 pdm09 strain (Cal/09) 

were chosen; with the Glu276 oriented to bind the glycerol side-chain (from the zanamivir 

complex with Cal/09 N1 NA, pdb 3TI5), and with the Glu276 reoriented as seen for inhibitors 

with hydrophobic side-chains such as carboxamide 3.25 and OC 3.29 (from the OC complex 

with Cal/09 N1 NA, pdb 3TI6). [Note: For all the docking experiments, the protein was static 

and the ligand to be docked was kept free (flexible, not fixed).] 

Validation study 

Before investigating the docking of carboxamide 3.25 [previously reported only in complex 

with influenza A virus N9 NA (pdb 1BJI) and influenza B virus NA (pdb 1A4Q)],152 and the new 

4-phenyl-[1,2,3]-triazole ligand 3.43, the docking procedure was validated using inhibitors 

(ligands) with a well-known binding mode (i.e. Neu5Ac2en, zanamivir and OC), as reference 

compounds to show that we are able to reproduce crystallographic binding modes. The ligands 

chosen represented binding of a ligand with a glycerol side-chain (Neu5Ac2en 3.15 and 

zanamivir 3.10) which normally forms a bidentate interaction with residue Glu276, and OC 

3.29 where one arm the 3-pentyl ether side-chain of OC binds in a hydrophobic area formed 

as a result of the reorientation of Glu276 (Figure 3.7). Results are summarised in Table 3.1 

(entries 1-5).  

We first investigated the docking of OC 3.29 and Neu5Ac2en 3.15 into the protein of pdb 

3TI6 (from Cal/09 N1 NA in complex with OC; dockings 1 & 2). OC was successfully docked into 

this protein, reproducing its known crystallographic binding mode, whereas the docking of 

Neu5Ac2en failed to reproduce the known binding mode of Neu5Ac2en (e.g. from the 

N9:Neu5Ac2en complex of pdb 1F8B). This result was expected since in the NA complex with 

OC (pdb 3TI6), Glu276 is flipped to interact with Arg224 so this residue is not available for 

binding with the C-8 and C-9 hydroxyl groups of a glycerol side-chain-containing ligand (e.g. 

see Figure 3.5). As the protein is static for docking, no reorientation of Glu276 is possible in 

silico. Concurrently, we docked zanamivir 3.10 and Neu5Ac2en 3.15 into the protein of pdb 

3TI5 (from Cal/09 NA in complex with zanamivir; dockings 3 & 4). Both ligands were 

successfully docked, reproducing their known crystallographic binding modes. On the other 

hand, attempted docking of OC 3.29 into this protein (docking 5), as expected, failed to 

reproduce the known binding of OC. This highlights the necessity for the Glu276 reorientation 
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(not possible during the static protein docking) to allow accommodation of one arm of the 

3-pentyl ether side-chain of OC and, therefore to achieve optimal binding of OC. 

In conclusion, we found that our docking protocol reproduced the binding mode of a known 

ligand when this ligand was docked into the protein of its original/own complex. Similarly, it 

was found that Neu5Ac2en 3.15 could be docked into the protein of a complex of zanamivir 

3.10, where Glu276 was available to interact with the glycerol side-chain. As expected, the 

orientation of Glu276 in the protein used for docking was found to affect the ligand binding (as 

the protein is static during the docking). 

Docking of carboxamide 3.25 

Carboxamide 3.25 has been crystallised in complex with influenza A virus N9 NA (pdb 1BJI130) 

and influenza B NA (pdb 1A4Q130), but not with influenza A virus H1N1 Cal/09 NA, the strain 

used in these docking studies, and for subsequent biological evaluation. Docking of 

carboxamide 3.25 was validated by successfully docking 3.25 back in its original crystal 

structure protein, A/N9 NA (docking 6, cluster 1, Table 3.1), reproducing its known binding 

mode. With validation of the docking protocol, docking of carboxamide 3.25 into protein 

structures 3TI6 and 3TI5 was then undertaken (dockings 7 & 8, Table 3.1). This carboxamide is 

known by crystallography130 to interact in the glycerol side-chain binding pocket similarly to OC 

3.29, with Glu276 being reorientated and accommodating the carboxamide’s propyl chain. 

Figure 3.14 shows the superposition of zanamivir 3.10, OC 3.29 and carboxamide 3.25 into 

influenza A virus NAs, highlighting respectively the accommodation of the glycerol side-chain, 

the 3-pentyl ether side-chain and the carboxamide substituent into the binding cavity of each 

protein by presenting the orientation of Glu276 and Arg224.  
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Table 3.1  Basic docking studies of known or potential influenza virus NA inhibitors into influenza virus H1N1 Cal/09 NA. 

Docking Protein
a
 pdb ID ( l igand of complex) Docked l igand Outcome

b
 

1 3TI6 (OC 3.29) OC (from pdb 3TI6) Reproduced known binding mode  

(1
st

 of 5 clusters; RMSD
c
 0.603 Å) 

2 3TI6 (OC 3.29) Neu5Ac2en (from pdb 1F8B
c
) Failed to reproduce known binding mode as for pdb 1F8B 

(3 clusters) 

3 3TI5 (zanamivir 3.10) zanamivir (from pdb 3TI5) Reproduced known binding mode 

(1
st

 of 6 clusters; RMSD
c
 1.122 Å) 

4 3TI5 (zanamivir 3.10) Neu5Ac2en (from pdb 1F8B
c
) Reproduced known binding mode (1

st
 of 5 clusters) 

5 3TI5 (zanamivir 3.10) OC (from pdb 3TI6) Failed to reproduce known binding mode as for pdb 3TI6 

 (4 clusters) 

6 1BJI (carboxamide 3.25) carboxamide 3.25 (from pdb 1BJI
d
) Reproduced known binding mode of 3.25 in pdb 1BJI 

(1
st

 of 5 clusters) 

7 3TI6 (OC 3.29) carboxamide 3.25 (from pdb 1BJI
d
) Reproduced known binding mode of 3.25 in pdb 1BJI 

(1
st

 of 6 clusters) 

8 3TI5 (zanamivir 3.10) carboxamide 3.25 (from pdb 1BJI
d
) Reproduced known binding mode of 3.25 in pdb 1BJI  

(2
nd

 of 6 clusters) 

9 

 

3TI5 (zanamivir 3.10) triazole 3.43 (built
e
) Reproduced binding mode of dihydropyran ring, carbonyl and NHAc binding of 

zanamivir (as for pdb 3TI5) 

(2
nd

 of 6 clusters) 

10 

 

3TI6 (OC 3.29) triazole 3.43 (built
e
) Reproduced binding mode of dihydropyran ring, carbonyl and NHAc binding of 

zanamivir (as for pdb 3TI5)  

(4
th

 of 6 clusters) 

11 3TI5 (zanamivir 3.10) triazole 3.44 (built
e
) Reproduced binding mode of dihydropyran ring, carbonyl and NHAc binding of 

zanamivir (as for pdb 3TI5)  

(4
th

 of 6 clusters) 

a
  The protein (receptor) used was prepared as described in the Methods (Section 3.7.1). 

b
  The result of the docking is given as the binding mode, the number of output clusters, RMSD and the cluster number (position) of the correct binding mode if applicable.  

c
  Root Mean Square Deviation. 

d
  N9:carboxamide 3.25 complex. 

e
  The ligand was built in YASARA as described in the Methods (Section 3.7.1.2).  
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Figure 3.14  Superposition of the ligands from the crystal structures of pdb 3TI5 (H1N1 Cal/09 
NA:zanamivir complex, yellow), 3TI6 (H1N1 Cal/09 NA:OC complex, orange) and 1BJI (H1N9 
NA:carboxamide 3.25 complex, green). The tri-arginyl cluster from only pdb 3TI5 is shown, but for each 
protein the Glu276/Arg224 orientation is presented. Only the side-chain of each amino acid is 
represented. 

Carboxamide 3.25 could be successfully docked into the protein of pdb 3TI6 (OC crystal 

structure), reproducing the known binding mode of 3.25 seen in its complex with N9 NA209 

(Table 3.1, docking 7, Figure 3.15A). Interestingly, it was also successfully docked into the 

protein of pdb 3TI5 (zanamivir crystal structure), where, although it could be seen that the 

dihydropyran ring of 3.25 was tilted away from that of zanamivir, and the N-propyl 

substituent pointed slightly out of the glycerol side-chain binding pocket when Glu276 was not 

reoriented towards Arg224 (Table 3.1, docking 8, Figure 3.15B).  

 

Figure 3.15  A. Docking of carboxamide 3.25 (green) into influenza A virus Cal/09 N1 NA of pdb 3TI6, 
superposed with OC 3.29 (the original ligand of 3TI6, orange);  B. Docking of carboxamide 3.25 (green, 
cluster 2) into influenza A virus Cal/09 N1 NA of pdb 3TI5, superposed with zanamivir 3.10 (the original 
ligand of 3TI5, yellow).  

In both Cal/09 N1 protein structures, the phenethyl group of the carboxamide sits in a 

side-pocket adjacent to the active site, between Ile222 and Ser246 residues.130 In the NA 

crystal structures we looked at, we observed that this side-pocket is apparent in at least one 

crystal structure of each of the avian influenza A virus NAs crystallised to date (N1 to N9), and 

in at least one crystal structure of influenza B virus NA. Interestingly, some differences in the 

A B 

Glu276 

Arg224 
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amino acid at position ‘246’ have been noted between the N2 and N1 subtypes, as discussed 

below.  

Original crystallographic structures of carboxamide 3.25 in complex with influenza viruses 

A/Tern/Australie/G70C/75 (H1N9) NA and B/Beijing/1/87 NA showed that the phenyl group of 

the phenethyl side-chain orients towards this side-pocket and sits in a narrow channel 

between the two lipophilic residues Ile222 and Ala246130 with Arg224 at the base of the pocket 

(e.g. see Figures 3.5,3.7-3.9). Ile222 is a framework residue and Arg224 a functional residue, 

with both being conserved across all strains of types A and B known influenza NAs.112 While 

this side-pocket is also present in influenza virus A(H1N1) Cal/09 NA (pdb 3TI5/6), Ala at 

position 246 is replaced by Ser, slightly altering the electrostatics of this channel. 

Docking of triazole 3.43 

To investigate if N-acetyl-Δ4-glucosaminuronyl 4-substituted [1,2,3]-triazole derivatives 3.42 

(R’ = H) could bind the N1 NA in the same manner as carboxamide 3.25, with a hydrophobic 

substituent on the triazole accommodated in the side-pocket, 4-phenyl triazole 3.43 was 

docked into the two Cal/09 N1 NA crystal structures (3TI5 & 3TI6). Docking of this triazole into 

the protein of pdb 3TI5 (zanamivir crystal structure, docking 9, Table 3.1) was successful, 

where in cluster 2 the dihydropyran ring was binding as for that of zanamivir (pdb 3TI5), with 

the ring in the expected conformation, and the carboxylate and acetamido groups forming the 

expected interactions (Figure 3.16A). In this cluster, the phenyl substituent of the triazole sits, 

as for the phenyl ring of carboxamide 3.25, between Ile222 and Ser246 (Figure 3.16A). When 

docking triazole 3.43 into the protein of pdb 3TI6 (OC crystal structure, docking 10, Table 3.1, 

Figure 3.16B), cluster 4 produced likewise a successful docking (similar to docking 9 into 3TI5) 

with the phenyl ring at the same position as the phenyl ring of carboxamide 3.25 (docking 7, 

Table 3.1, Figure 3.15A). In both dockings of triazole 3.43, none of the other clusters produced 

a binding pose in which the central scaffold (carboxylate and NHAc, or the dihydropyran ring) 

was in a Neu5Ac2en-like binding mode. While docking of triazole 3.43 was successful in both 

3TI5 and 3TI6 proteins, the docking was better (‘higher energy’b) in the zanamivir crystal 

structure than in the OC crystal structure (cluster 2/6 vs cluster 4/6 respectively).  

                                                       
b  The clusters were classified by YASARA according to the best binding energy (kcal/mol) in each cluster. 
The binding energies output by YASARA are positive and range from the highest to the lowest numerical 
value (i.e. more positive energies indicate stronger binding, while negative energies mean no binding). 
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Figure 3.16  A.  Docking of triazole 3.43 (cyan, cluster 2) into influenza A virus Cal/09 N1 NA of pdb 
3TI5, superposed with zanamivir 3.10 (the original ligand of 3TI5, yellow);  B. Docking of triazole 3.43 
(cyan, cluster 4) (green) into influenza A virus Cal/09 N1 NA of pdb 3TI6, superposed with OC 3.29 (the 
original ligand of 3TI6, orange). 

The superposition of the dockings of carboxamide 3.25 and triazole 3.43 revealed that 

indeed the aromatic rings of both ligands appear to have the same orientation towards the 

side-pocket (Figure 3.17). 

 

Figure 3.17  A.  Docking of triazole 3.43 (cyan, cluster 2) into influenza A virus Cal/09 N1 NA of pdb 
3TI5, superposed with carboxamide 3.25 (green, cluster 2);  B. Docking of triazole 3.43 (cyan, cluster 4) 
into influenza A virus Cal/09 N1 NA of pdb 3TI6, superposed with carboxamide 3.25 (green, cluster 1). 

The phenyl substituent of triazole 3.43 was observed to sit outside the glycerol side-chain 

binding pocket so it should not be influenced by the orientation of Glu276, as suggested by 

similar docking poses accessed in both 3TI5 and 3TI6. As a result, subsequent dockings (see 

paragraph below and Section 3.6.2) were conducted using the protein of the zanamivir crystal 

structure (pdb 3TI5) where — as in the apo protein235 — Glu276 is not reorientated to interact 

with Arg224. 

A B 

A B 
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To investigate if adding a linker between the triazole and the aromatic ring could allow the 

triazole aromatic substituent to ‘better’ sit in the hydrophobic side-pocket, docking of 4-benzyl 

triazole 3.44 into the protein of pdb 3TI5 (zanamivir crystal structure, docking 11, Table 3.1, 

Figure 3.18) was carried-out. The docking was successful, where in cluster 4, triazole 3.44 

bound similarly to triazole 3.43 (docking 9, Table 3.1). This docking suggested that indeed, the 

aromatic ring of the benzyl substituent might be able to sit deeper in the side-pocket (Figure 

3.18).  

             
Figure 3.18  Docking of triazole 3.44 (magenta, cluster 4) into influenza A virus Cal/09 N1 NA of pdb 
3TI5, superposed with docking of triazole 3.43 (cyan, cluster 2) into influenza A virus Cal/09 N1 NA of 
pdb 3TI5.  

Based on the results of the docking studies of triazoles 3.43 and 3.44, we chose to 

synthesise a family of N-acetyl-Δ4-glucosaminuronyl 4-substituted [1,2,3]-triazole derivatives 

3.45 (3.42 with R’ = H), carrying hydrophobic groups (linear alkyl, cycloalkyl and aromatic 

groups) of different sizes. In particular, the results of the dockings of triazole 3.43 (dockings 9 

and 10) suggested that hydrogen bond acceptors in the ortho and/or meta positions on the 

phenyl ring may engage additional interactions with Arg224 (Figure 3.19).  
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Figure 3.19  Docking of triazole 3.43 (cyan, cluster 2) into influenza A virus Cal/09 N1 NA of pdb 3TI5. 
The tri-arginyl cluster as well as the Glu276/Arg224 orientation and the amino acids surrounding the 
hydrophobic pocket adjacent to the binding cavity (Ser246, Ile222 and His274) are presented. Only the 
side-chain of each amino acid is represented. 

3.2.4 Synthetic approaches to N-acetyl-Δ4-β-glucosaminuronyl 

4-substituted [1,2,3]-triazole derivatives as potential NA 

inhibitors 

The synthetic routes considered for synthesis of the target N-acetyl-Δ4-β-glucosaminuronyl 

4-substituted [1,2,3]-triazole derivatives 3.45 are shown retrosynthetically in Scheme 3.2. 

Each of the synthetic routes involves the use of the N-acetylglucosaminuronate glycosyl azide 

3.46 as key intermediate. From this intermediate, the introduction of the double bond 

through a β-elimination step (Scheme 3.2, Path A), or the introduction of the substituted 

triazole (Scheme 3.2, Path B) can be carried-out as the first step (for more details see Sections 

3.2.5 and 3.4). There are two synthetic approaches to access N-acetylglucosaminuronate 

glycosyl azide 3.46 from N-acetyl-D-glucosamine (GlcNAc) 3.47: either via introduction of the 

anomeric azide on the preformed glucosaminuronate 3.48 (Scheme 3.2, Path C), or via 

formation of the N-acetylglucosamine glycosyl azide 3.49 and subsequent elaboration to the 

glucosaminuronate derivative (Scheme 3.2, Path D). 
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Arg224 
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 Scheme 3.2  Considered retrosynthetic routes to access target compounds 3.45 [R1 = (substituted) 
alkyl, aryl, aralkyl; R2, R3 = protecting group or H; R4 = acyl group or leaving group;]. 

Synthesis of N-acetylglucosaminuronate glycosyl azide 3.46 by pathway D has been reported 

both with236 and without237 protecting groups R2 and R3. Alternatively, undergoing the 

oxidation step before installation of the azide substituent at the anomeric position (Scheme 

3.2, Path C), allows the potentiality of introducing other substituents at the anomeric position 

using intermediate 3.48 with an acyl group or a leaving group at the anomeric group. This 

strategy was previously explored to synthesise O- and S- glycosides via TMSOTf-catalysed 

glycosydation219,221,222,238 (anomeric acyl groups), and nucleoside derivatives239,240 (from a 

glycosyl bromide).  

With the aim of introducing the azide by nucleophilic displacement, previous work241 in the 

von Itzstein group investigated the introduction of various leaving groups (LG) at the anomeric 

position (3.48, LG = Br, Cl and trichloroacetimidate with R2 = Piv & R3 = Me), but obtained 

mixed success. Subsequent work242 using the glycosyl bromide, the most promising leaving 

group (3.48, LG = Br with R2 = Bz & R3 = Me), examined the subsequent azidation reaction. It 

was found however, that the relative instability of the glycosyl bromide led to difficulties in the 

synthesis of the bromide itself, and a consistently low yielding azidation.242 

The approach of path C was considered unpractical for the desired large-scale synthesis of the 

key glucosaminuronate glycosyl azide 3.46. The second approach via path D (Scheme 3.2) was 

then considered, in which reversing the order of the reactions (azidation before oxidation) 

should avoid the difficulties encountered in handling the glucosaminuronate halide derivative. 

The following discussion describes the examination of a large-scale (10s of grams) synthetic 

route to the glucosaminuronate glycosyl azide building block 3.46 (Scheme 3.3). In particular, 

efficient synthesis of the key intermediate GlcNAc glycosyl azide 3.50 with a β-selectivity 

(Scheme 3.3) was reviewed and re-examined in this work. 
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3.2.4.1  Accessing the key glucosaminuronate glycosyl  azide intermediate 

Synthetic approaches to the glucosaminuronate glycosyl azide building block 3.46 via the 

GlcNAc glycosyl azide 3.50 are outlined in Scheme 3.3. Strategy 1 is a no protecting group 

strategy. Strategy 2 goes to the precursor tri-O-acetyl-GlcNAc β-glycosyl azide 3.51 (3.49, R2 

= Ac) via 1,3,4,6-tetra-O-acetyl-GlcNAc 3.52, whereas Strategy 3 goes via the 

tri-O-acetyl-GlcNAc α-glycosyl chloride 3.53. 

 

Scheme 3.3  Potential pathways to glucosaminuronate glycosyl azide building block 3.46 (R1, R2 = PG 
or H). Reactions: (a) acetylation; (b) azidation; (c) chlorination; (d) azidation; (e) deprotection; (f) 
oxidation. 

Strategy 1 – No protecting group strategy 

An attractive strategy would be to perform the azidation directly on unprotected GlcNAc 3.47, 

without the need for protecting groups (Scheme 3.3, Strategy 1). A number of methods fitting 

this strategy were considered. One methodology243 that allows the one-step conversion of 

GlcNAc 3.47 into the desired GlcNAc glycosyl azide 3.50 (R1 = H), in 82% yield uses a 

2-chloroimidazolinium salt. Although this methodology seems very tempting, the reaction was 

reported on only a 0.20 mmol scale and required the use of 3 mole equivalents of the 

expensive 2-chloroimidazolinium reagent, and sodium azide in large (12.5 equiv.) excess. This 

methodology was therefore not considered a viable option because of the need for large-scale 

(~10 g or ~28 mmol scale if for example R1 = Ac and R2 = Me) synthesis of 3.46. Another 

method, developed by Gouin and Kovensky, uses PPh3/CBr4/NaN3 to directly and 

regiospecifically introduce an anomeric azide on unprotected carbohydrates.244 However, no 
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example of amino carbohydrates was provided and the anomeric selectivity seemed to be 

substrate-dependent.  

A third example of azidation of unprotected carbohydrates is the azidation of GlcNAc 3.47 

through the use of an N′-glycopyranosylsulfonohydrazide as glycosyl donor.245 Azidation of the 

GlcNAc donor, hypothesised to proceed through the intermediary glycosyl chloride, is reported 

to provide the desired GlcNAc glycosyl azide 3.50 (R1 = H), in 73% yield on a 0.26 mmol 

scale.245 The additional step to synthesise the glycosyl donor and the small reported scale of 

the azidation led us to consider alternative strategies.  

Strategy 2 – Azidation of peracetylated GlcNAc catalysed by Lewis acids 

A widely reported approach to introduce an azide at the anomeric position is by azidation of a 

glycosyl acetate derivative catalysed by a Lewis acid (Scheme 3.3, Strategy 2).224 In the case of 

peracetylated GlcNAc, a β-anomeric acetate is required for the azidation reaction, using 

trimethylsilyl azide (TMSN3) and catalysed by tin(IV) tetrachloride (SnCl4)246 or iron(III) chloride 

(FeCl3)247 in CH2Cl2, to go to completion, with the α-anomer reported to be unreactive.246 

1,3,4,6-Tetra-O-acetyl-GlcNAc (peracetylated GlcNAc) 3.52 (Scheme 3.4) can be readily 

synthesised by reaction of GlcNAc 3.47 with for example, acetic anhydride under basic 

conditions (such as in pyridine),248 under acidic conditions using perchloric acid as a catalyst,249 

and also using iodine,250 or a Lewis acid such as zinc(II) chloride (ZnCl2)251
 or indium(III) triflate 

[In(OTf)3].252 However, all of these reaction conditions provide either an α/β anomeric mixture 

with α major,250 or only the α-anomer252
  Therefore, we decided to examine alternative 

approaches using the readily available α-anomeric acetate 3.52, or approaches to selectively 

obtain the β-anomeric acetate 3.52. To do so, we first looked at the reactivity of 

peracetylated GlcNAc 3.52 in the presence of Lewis acids, including the azidation reaction. 

Peracetylated GlcNAc and Lewis acids: reactivity and known intermediate 

The oxazolinium ion 3.54 is a known intermediate in the reaction of peracetylated GlcNAc 

3.52 with a Lewis acid such as trimethylsilyl trifluoromethanesulfonate (TMSOTf) (Scheme 

3.4).222 When not reacting further with a nucleophile (e.g. azide reagent such as NaN3 or 

TMSN3), the oxazolinium ion 3.54 can react with water to give the 1-hydroxy product 3.55, or 

can give the stable 1,2-oxazoline 3.56 in the presence of base (e.g. on reaction work-up) 

(Scheme 3.4). It has been reported that the α-anomer of peracetylated GlcNAc 3.52 can be 

converted into the 1,2-oxazoline 3.56 (although at a slower rate than the β-anomer) using 

SnCl4,253 or TMSOTf.254  
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Scheme 3.4  Reagents: (a) Lewis acid; (b) azide reagent; (c) H2O; (d) base; (e) acid, azide reagent. 

Azidation by the oxazoline method  

The oxazoline method255 consists of the use of the 1,2-oxazoline 3.56 as glycosyl donor under 

acidic conditions (e.g. with a Lewis acid) to produce 1,2-trans glycosides.248 For example, the 

desired azide 3.51 can be obtained from the isolated 1,2-oxazoline 3.56 using a Lewis acid 

such as SnCl4 and a nucleophile such as TMSN3 in 80% yield,224,246 a hypervalent silicate 

intermediate (generated in situ with TMSN3 and tetra-n-butylammonium fluoride) in 73% 

yield,256 or mild activators such as cupric bromide with TMSN3 in 69% yield.257 Consequently, it 

is possible to circumvent the problem of the β-anomeric acetate requirement by using the 

oxazoline method. An additional step to synthesise and isolate the stable 1,2-oxazoline is 

however required using, as previously discussed, peracylated carbohydrates and Lewis 

acids,253,254 or glycosyl halides and heavy metal salts248 (the use of the latter no longer being 

recommended from a health and safety point of view). 

Balancing 1,2-oxazoline formation and neighbouring group participation 

A strategy to avoid the formation of the more stable 1,2-oxazoline 3.56 as a by-product is to 

protect the C-2 amine with a bivalent protecting group, which still allows neighbouring group 

participation and that shields the α-face and creates β-selectivity. Standard bis-protecting 

groups require a free amine and often require harsh deprotection conditions.248,258 Given that 

the C-2 amine should be di-protected, deprotected and ultimately re-N-acetylated to conserve 

the important interaction of the acetamido group with NA, an interesting strategy would be to 

simply protect the C-2 NHAc itself with a second protecting group for the azidation step only.  
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The tert-butoxycarbonyl (Boc) protecting group could be used to give the bis-protected amine 

as NAcBoc.148 However, although Boc is stable under basic conditions, it is usually removed 

under acidic conditions (e.g. trifluoroacetic acid in CH2Cl2 at room temperature225). As a 

consequence, Boc might not survive the acidic conditions of the Lewis acid-catalysed azidation.  

An alternative is to introduce a second acetate group onto the acetamido group to give 

N,N-di-acetylglucosamine derivative 3.57 (Scheme 3.5) as glycosyl donor.259 This additional 

acetate group can subsequently be removed under mild basic conditions (NaOMe in MeOH, 

step c, Scheme 3.5) to provide the desired unprotected glycosyl azide 3.59.259 Peracetylated 

GlcNAc 3.52 and GlcNAc 3.47 itself can both be di-N-acetylated in one step using 

para-toluenesulfonic acid (pTsOH) in isopropenyl acetate.260 Thus, GlcNAc2 3.57 may not be 

too acid sensitive. Accordingly, peracetylated GlcNAc 3.52, previously synthesised in the 

laboratory by reported procedures (Ac2O, pyridine),248 was di-N-acetylated using pTsOH in 

isopropenyl acetate at 65 °C overnight to afford the di-N-acetylated product 3.57260,261 in 65% 

yield (Scheme 3.5, step a). 

 
Scheme 3.5  Reagents and conditions: (a) pTsOH, isopropenyl acetate, 65 °C, o/n (65%); (b) SnCl4, 

TMSN3, conditions as given in Table 3.2; (c) NaOMe, MeOH. 

As previously mentioned, the glycosyl azide of GlcNAc (3.51) can be synthesised from 

peracetylated GlcNAc by reaction with TMSN3 catalysed by SnCl4.246 Consequently, an initial 

attempt at the azidation of di-N-acetylated GlcN derivative 3.57 was carried-out using a 1M 

solution of SnCl4, a form of the reagent easier to handle than the neat reagent. Reaction of the 

glycosyl acetate 3.57 in CH2Cl2 with SnCl4 at room temperature over 24 hours led to a mixture 

of peracetylated GlcNAc 3.52 and 1,2-oxazoline 3.56 (Scheme 3.5, step b; Table 3.2, entry 1). 

Oxazoline 3.56 was identified by comparison to literature 1H NMR data253 including the upfield 
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signal of H-1 at 5.97 ppm with a restricted conformation indicated by the intermediate size 3J1,2 

coupling constant of 7.4 Hz, and the presence of the methyl signal at 2.11 ppm.253 It is 

apparent that using the di-N-acetylated starting material 3.57 with a 1 M solution of SnCl4 at 

room temperature did not prevent the formation of 1,2-oxazoline, and led to the loss of the 

second acetate, questioning the stability of the second acetate to acidic conditions. Therefore, 

for the second attempt, 1 M SnCl4 solution was added at 0 °C and the reaction was run at 4 °C 

(Table 3.2, entry 2). After a total reaction time of 22 h, the desired di-N-acetylated azide 3.58 

was obtained in 32% yield, the di-N-acetylated starting material 3.57 was recovered in 9% 

yield, and the de-N-acetylated starting material tetra-O-acetyl-α-GlcNAc 3.52 was obtained in 

23% yield (Scheme 3.5, step b). Interestingly, analysis of the 1H NMR spectrum revealed that 

H-1 of 3.58 is very downfield compared to H-1 of tri-O-acetyl-GlcNAc β-glycosyl azide 3.51, 

which suggests that the second N-acetate has a deshielding effect on α-H-1. In conclusion, the 

reaction conditions (SnCl4 and TMSN3) were too acidic to not remove the second acetate, but 

not enough to get the reaction going to completion. However, the milder reaction conditions 

(Table 3.2, entry 2) showed that the formation of the 1,2-oxazoline could be avoided. 

Fine-tuning would be required to optimise this reaction, to form 3.58 in preference over the 

de-N-acetylation of the glycosyl acetate substrate 3.57. This was not investigated further.  

Table 3.2  Attempted synthesis of β-glycosyl azide 3.58 from peracetylated GlcNAc2 3.57.a 

a  Reactions were carried-out in anhydrous CH2Cl2. 
b Yields given are calculated based on the molar ratio determined by analysis of the 1H NMR 

spectrum of the isolated mixture.  

Potential of the required β-anomer of peracetylated GlcNAc 

The β-anomer of peracetylated GlcNAc 3.52 required for optimal azidation under Lewis acid 

catalysis,246 can be prepared in (at least) two ways (Scheme 3.6). Based on the yields reported 

in the literature,262-264 the β-anomer of peracetylated GlcNAc 3.52 can be accessed efficiently 

on a large-scale in a four-step sequence via the anisaldehyde derivative 3.60 from 

glucosamine 3.61. Followed by the conversion to azide 3.51 in 74% yield,246 the target azide 

could be obtained in 5 steps (Scheme 3.6, steps a-d). Alternatively, the β-anomer of 

peracetylated GlcNAc 3.52 can be obtained from the α-chloride 3.53265 (Scheme 3.6), itself 

synthesised either directly from glucosamine 3.61 (GlcN),266 or from GlcNAc 3.47.267-269 

Entry Reagents Conditions Outcomes 

1 Me3SiN3 (1.6 equiv),   

SnCl4 1 M (1.1 equiv) 

rt, 24 h Mixture 3.52 & 3.56 1:1  

(3.52 33%, 3.56 33%)b  

2 Me3SiN3 (1.5 to 3.0 equiv),  

SnCl4 1 M (0.4 equiv) 

0 °C (3.5 h), then 4 °C 

(18.5 h)  

3.58 (32%) 

3.52 (23%) 

3.57 (9%) 



 163 

However, conversion of the α-chloride to the β-acetate uses a heavy metal reagent 

[mercury(II) acetate],265 which is not preferred (in current times) from a safety and 

environmental point of view. Additionally, this path is circuitous given that the GlcNAc glycosyl 

azide 3.51 can also be prepared directly from the glycosyl chloride 3.53 (Scheme 3.3, strategy 

3).268,270 Consequently, the two-step strategy using tri-O-acetyl-GlcNAc chloride 3.53268 as an 

intermediate for subsequent azidation by nucleophilic displacement using azide anion268,271 

was next investigated (Strategy 3, Scheme 3.3).  

 

Scheme 3.6  Reagents: (a) i. p-anisaldehyde, aq. NaOH; ii. Ac2O, pyridine, DMAP (e.g. 55-83%, 60-84 
g263,264); (b) aq. HCl, acetone (e.g. 78%-quant., 37-42 g262,263); (c) Ac2O, NEt3 [e.g. 94% over 2 steps (b+c), 
3.1 g264]; (d) SnCl4, TMSN3, CH2Cl2 (e.g. 74%224); (e) AcCl, MeOH;266 (f) Hg(OAc)2 (e.g. 86%, 3.2 g265); (g) i. 
NaOMe, MeOH; ii. Ac2O (e.g. quant.267); (h) AcCl; [e.g. 72-73% on 25-73 g268,272 or 76% over 2 steps (g+h), 
13 g269]; (i) NaN3, Bu4NSO4, Na2CO3, CH2Cl2 (e.g. 58%, 6 g268 or 98%270). Yields and scale as reported in the 
literature.   

Strategy 3 – Azidation of 3,4,6-tri-O-acetyl-GlcNAc glycosyl  chloride 

Chlorination 

The α-glycosyl chloride of a 2-amino10 or 2-acetamido268 carbohydrate can be formed by 

reaction of the free carbohydrate with neat acetyl chloride. Following a literature 

procedure,268 reaction of GlcNAc 3.47 in acetyl chloride at room temperature for 3 days 

provided the 3,4,6-tri-O-acetyl-GlcNAc glycosyl chloride 3.53268 in 65% yield (Scheme 3.7; 

Table 3.3, entry 1). On examination of the 1H NMR spectrum, an 8% impurity of the α-anomer 

of peracetylated GlcNAc 3.52 was noticed. While not mentioned in the early report of this 

reaction,272 Hong et al.268 also noted contamination with the unreacted α-O-acetate 3.52. 

  

Scheme 3.7  Reagents and conditions: (a) AcCl. Conditions as given in Table 3.3. 
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Table 3.3  Attempted synthesis of tri-O-acetyl-GlcNAc chloride 3.53 from GlcNAc 3.47 by reaction 
with AcCl.a 

Entry Reaction Temp. Reaction Time Outcomes 

1 rt  3 days 3.53 (65%, 8% impurity 3.52)b 

2 48 °C 1 day Mixture 3.53 & 3.52 1.4:1 to 3.2:1b 

3 rt 6 days 3.53 (89%) 
a  Reactions were carried-out under the stated reaction conditions in a well-sealed reaction flask.  
b Yields given are calculated based on the molar ratio determined by analysis of the 1H NMR 

spectrum of the isolated mixture.  

Attempted purification by silica gel chromatography of the α-chloride/α-acetate reaction 

mixture led to the decomposition of the chloride. Consequently, an optimisation of the 

reactions conditions to improve the reaction conversion to just glycosyl chloride 3.53 was 

required. Heating GlcNAc in AcCl at 48 °C until the white suspension became pink268 failed to 

increase the selectivity in favour of the glycosyl chloride (Table 3.3, entry 2) and conversion 

was still incomplete. This suggested that the concentration of dissolved or gaseous HCl 

required for chlorination may not have been maintained at the higher temperature. Finally, a 

longer reaction time (6 days) at room temperature,266 continuing until the initial white 

suspension turned into a red solution, resulted in the formation and isolation by crystallisation 

of the glycosyl chloride 3.53 in 89% yield (Table 3.3, entry 3).  

Azidation 

The tri-O-acetyl-GlcNAc β-glycosyl azide 3.51 can subsequently be obtained by stereoselective 

nucleophilic displacement of the anomeric chloride of 3.53. Azidation of tri-O-acetyl-GlcNAc 

glycosyl chloride 3.53 (Scheme 3.8, step a) was carried-out using sodium azide and 

tetrabutylammonium hydrogen sulfate in a biphasic solution (aq. Na2CO3/CH2Cl2)268 to access 

β-glycosyl azide 3.51, on 25 g scale, in 87% yield. Interestingly, this yield was significantly 

higher than that previously reported (58% yield) for the same method.268 1H NMR revealed a 

change of chemical shift of H-1 from 6.19 ppm (3.53) to 4.75 ppm (3.51) upon introduction of 

the azide.  

 
Scheme 3.8  Reagents and conditions: (a) NaN3, aq. Bu4NSO4, aq. Na2CO3, CH2Cl2, rt, 2.5 h (87%); (b) 

NaOMe, MeOH, rt, 24 h (90%). 

Deprotection 

Tri-O-acetyl-GlcNAc β-glycosyl azide 3.51 was then successfully deprotected using Zemplen 

conditions (NaOMe in MeOH) to give unprotected glycosyl azide 3.59 in 90% yield (Scheme 
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3.8, step b). The overall yield of 3.59 from the starting GlcNAc 3.47 was 70 % over 3 steps, 

leading to the production of 17 g of 3.59. 

Once we were able to reliably synthesise the unprotected glycosyl azide building block 3.59 

on a multigram scale, our focus was on reliably producing the corresponding C-6 oxidised 

glucosaminuronate key intermediate 3.46, also on a gram scale.  

3.2.4.2  Formation of the glucosaminuronate glycosyl  azide 

The following section discusses the regioselective oxidation of the primary hydroxyl group at 

C-6, either directly on the unprotected glycosyl azide 3.59 (Scheme 3.9, steps a & b) or via a 

selectively protected derivative (3.50, Scheme 3.9, steps c-e). 

  

Scheme 3.9  Reactions: (a) oxidation; (b) i. esterification; ii. acylation; (c) i. C-6 protection; ii. acylation; 
iii. C-6 deprotection; (d) oxidation; (e) esterification. 

3.2.4.2.1  Oxidation methods for the synthesis of hexuronic acids 

Numerous reagents have been used to produce hexuronic acids from aldose precursors 

through oxidation of the C-6 primary hydroxyl group.273 The methods can be roughly divided 

into two groups, based on the chemoselectivity of the oxidant for the primary hydroxyl group. 

The first method involves the use of a primary hydroxyl group-selective catalytic oxidant such 

as Adam’s catalyst (PtO2)274,275 on (unprotected) glycosides.273 The second method involves the 

use of nonselective (between primary and secondary alcohols) oxidants on suitably protected 

carbohydrates (protected secondary alcohols, free primary alcohol).273 Examples of such 

oxidants include KMnO4,273 RuO4/NaIO4,273 Dess-Martin periodinane [1,1,1-triacetoxy-1,1-

dihydro-1,2-benziodoxol-3(1H)-one, an hypervalent iodine reagent]276 or chromium oxidants 

such as K2CrO7,273 pyridinium dichromate [PDC, used in a two-step procedure after 

dicyclohexylcarbodiimide (DCC)],277 Jones’s reagent (CrO3/H2SO4),278 and pyridinium 

chlorochromate (PCC, obtained from CrO3/HCl/pyridine).273 Hexosaminuronic acids have been 
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synthesised by similar methods with reagents such as O2 with Pt/C,273 Adam’s catalyst,220 

Jones’s reagent273 or RuCl3/NaIO4.
279 

However, all of the reagents above are either not chemoselective (reagents from the second 

method), not environmentally friendly (e.g. chromium-based reagents), and/or quite 

expensive (e.g. ruthenium complexes, Dess-Martin periodinane, Adam’s catalyst). Therefore, 

all of them were considered less than optimal with the large-scale reactions that were required 

to produce the glucosaminuronate glycosyl azide building block 3.46 [on a desired 10 g (~28 

mmol) scale].  

Currently, oxidation mediated by 2,2,6,6-tetramethylpiperidine-1-oxyl (commonly referred to 

as TEMPO) is the method of choice for the synthesis of uronic acids, in particular for hexuronic 

acids.280-282 In the case of hexosaminuronic acids, TEMPO-mediated oxidation has been 

successfully carried-out on O-glycosides,283-293 S-glycosides,289,294 glycosyl phosphonates295 and 

glycosyl azides.236,237,287  

3.2.4.2.2  TEMPO-mediated oxidation – generalit ies 

TEMPO is a stable radical that enables the oxidation of alcohols (reviewed in [296-301]). This 

stable nitroxyl radical is a weak oxidant,296 so when used catalytically, it is required to be 

oxidised (activated) into an oxoammonium cation,c a stronger oxidant,296 either 

electrochemically302-304 or in situ by a co-oxidant (for example, see Schemes 3.11 and 3.12 on 

later pages).299 The most common co-oxidantsd used for the synthesis of uronic acids are 

hypochlorite, and bis(acetoxy)iodobenzene [PhI(OAc)2, BAIB].280-282 

The oxidation of GlcNAc glycosyl azide triol 3.59 being already published using 

TEMPO/hypochlorite conditions, we decided to focus on this methodology for the generation 

of the glucosaminuronate 3.46. 

3.2.4.2.3  TEMPO/hypochlorite-mediated oxidation to form 

glucosaminuronic acids 

Oxidation of GlcNAc glycosyl azide triol 3.59 reported in the literature 

Györgydeák and Thiem236 have reported the oxidation of unprotected GlcNAc glycosyl azide 

triol 3.59 on a 5 mmol (1.23 g) scale to the desired uronic acid 3.62 under TEMPO-mediated 

conditions. Specifically, a catalytic amount of TEMPO and KBr were used in the presence of 

3.59, with the addition of hypochlorite as stoichiometric co-oxidant and buffering with 

                                                       
c  Also referred to as the oxoammonium salt or nitrosonium ion in the literature. 
d The oxoammonium cation and the co-oxidant are both referred to in the literature as primary and 
secondary oxidants so to avoid any confusion, we will not employ these terms in this thesis. 
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aqueous NaHCO3 (Scheme 3.10). After conversion to the methyl ester and O-acetylation of the 

hydroxyl groups of 3.62 for purification purposes, Györgydeák et al. reported obtaining the 

desired glucuronate glycosyl azide 3.63 in 82% yield when using NaOCl as co-oxidant (Scheme 

3.14, steps a and d), and in 80% yield using Ca(OCl)2 as co-oxidant (Scheme 3.10, steps b & 

d).236 Similarly, Ying and Gervay-Hague237 reported the oxidation of unprotected GlcNAc 

glycosyl azide triol 3.59 on a 1-mmol (~ 250 mg) scale into the desired uronic acid 3.62 in 

80% yield under comparable TEMPO-mediated conditions (Scheme 3.10, step c). All of these 

procedures were undertaken in a monophasic aqueous mixture. The difference between these 

existing methods was the temperature and type of co-oxidant used [15-20 °C, Ca(OCl)2; below 

23-24 °C, NaOCl;236 versus 4 °C, NaOCl].237 

 

Scheme 3.10  Reagents and conditions: (a) NaOCl, TEMPO, KBr, aq. NaHCO3, below 23-24 °C, no time 
given; (b) TEMPO, Ca(OCl)2, KBr, aq. NaHCO3, 15-20 °C, no time given; (c) NaOCl, TEMPO, KBr, aq. 
NaHCO3, 4 °C, 2 days (e.g. 80%, 1 mmol237); (d) i. MeI, DMF, rt, 20 h; ii. DMAP, Ac2O, rt, 16 h [e.g. 82% 
over 3 steps (a+d), 5 mmol/1.23 g,236 or 80% over 3 steps (b+d), 5 mmol/1.23 g236]. Yields and scale as 
mentioned in the literature. 

Towards glucosaminuronate 3.64 using NaOCl as the co-oxidant 

To start our synthetic approach to 3.64, we subjected GlcNAc glycosyl azide triol 3.59, in 

parallel to both the published reaction conditions of Györgydeák and Thiem236 (Scheme 3.10, 

steps a & d), and of Ying and Gervay-Hague237 (Scheme 3.10, step c). In our hands, however, 

the reported high yields of the TEMPO/NaOCl-mediated oxidation of 3.59 could not be 

reproduced. In both of these trials it was found that the TEMPO-mediated oxidation did not go 

to completion, leading to a failure of the subsequent reactions. These failures may have been 

due to the use of bleach (sodium hypochlorite solution) with a lower concentration than 

expected.  

Towards glucosaminuronate 3.64 using Ca(OCl)2 as the co-oxidant 

An interesting alternative to NaOCl as co-oxidant is calcium hypochlorite [Ca(OCl)2].288 Being a 

solid, calcium hypochlorite was easier to handle and consequently the added amount could be 

measured (weighed) more accurately (in contrast to using a commercial chlorine bleach 

containing approximately 3-13% of NaOCl). 

Although Györgydeák et al. succeeded in obtaining 3.63 in 80% yield with a three-step 

procedure using Ca(OCl)2 as co-oxidant,236 these were again not obtained in our hands. We 

found that the oxidation reaction could not go to completion, even after a longer reaction 
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time, increase in the TEMPO amount, use of excess Ca(OCl)2 (to 5.0 equiv.e), or decrease of the 

reaction temperature to 4 °C (because of the superior stability of the oxoammonium cation 

observed at lower temperature 299).  

Drawbacks of TEMPO/hypochlorite-mediated oxidation of GlcNAc glycosyl azide triol 3.59 

Our failed trials highlighted the difficulty of monitoring the pH of the reaction, particularly 

when using pH paperf because of the bleach decolouration of the pH paper. It was 

consequently a challenge to buffer the reaction mixture to the ideal range pH (8.5-10). Indeed, 

too high and too low pH are not good for the overall reaction, some intermediate reacting 

species probably being quite sensitive to the change of pH.  

Hypochlorite (ClO–, pKa 7.53), inherently unstable, naturally disproportionates into Cl– and 

ClO3
–, with a faster disproportionation occurring between pH 5 and 9 (reviewed in [305]). Thus, 

a too low pH of the reaction mixture results in the degradation of hypochlorite, so removing 

the stoichiometric co-oxidant in the TEMPO/hypochlorite-mediated oxidation.g  

To stabilise NaOCl and avoid its disproportionation, commercial chlorine bleach contains 

3-13% of NaOCl and has a very basic pH (11-13) due to an excess of NaOH used.299 However, 

the pH of commercial chlorine bleach is too basic for TEMPO-mediated oxidation which results 

in a sluggish reaction at such a high pH.299 The observation of slow reactivity at high pH can be 

explained by the ratio HOBr/BrO–, formed from the added KBr, at high pH. Hypobromite (BrO–) 

is formed from reaction between hypochlorite and a bromide salt (KBr or NaBr) (Scheme 3.11, 

step a).299 A substantial acceleration of the oxidation reaction has been observed with the use 

of bromide as a co-catalyst.296,299 Therefore, it was suggested that HOBr is a more effective 

oxidant than HOCl to initially activate the nitroxyl radical to the oxoammonium cation, and 

then to regenerate the oxoammonium cation after oxidation (Scheme 3.11, step b).296,299 At 

high pH, the concentration of HOBr (pKa 8.63)h is very low compared to BrO–.299 Accordingly, a 

too high pH impedes the regeneration of the catalytic active oxidant.    306 

  

                                                       
e 5 equiv. was the maximum excess that could be added before the quantity of salts in the reaction 
mixture severely impeded pH and TLC monitoring. 
f   No pH meter was available at that time. 
g  Although calcium hypochlorite disproportionates more slowly as a solid than when in solution, once it 
is in solution, its disproportionation is analogous to aqueous (sodium) hypochlorite.305 
h Although hypobromite also naturally disproportionates, we hypothesised this effect might be 
negligible considering it should be present in a catalytic amount in the reaction mixture (because of the 
use of a catalytic amount of bromide salt) and since its disproportionation rate significantly decreases 
above pH 8.306 
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Scheme 3.11  Mechanism of TEMPO-mediated oxidation using hypochlorite as a co-oxidant and 
bromide as a co-catalyst for in situ generation of the oxoammonium cation. (a) Generation of 
hypobromite (regenerating oxidant) from bromide (co-catalyst) and hypochlorite (stoichiometric 
oxidant); (b) In situ activation of the nitroxyl radical into the oxoammonium cation (active oxidant); (c) 
Oxidation step involving a five-membered compact transition state; (d) Base-catalysed 
syn-proportionation between the oxoammonium ion and the hydroxylamine, regenerating the TEMPO 
radical; (e) Oxidation to the carboxylic acid by the same mechanism as in the oxidation of the alcohol to 
the aldehyde. This Scheme is based on information from Refs. [299,307,308]. 

In addition to the need for a good pH control, chlorination has been found to be a 

side-reaction of the TEMPO/hypochlorite-mediated oxidation, due to the chlorinating ability of 

hypiochlorite.299 This can be minimised by using an excess amount (stoichiometric) of TEMPO, 

which was presumed to scavenge any chlorine produced during the oxidation reaction.309,310 

Thus, it is possible that some part of the issues we encountered could be due to high chlorine 

concentration of the bleach, which would react with (neutralise) the catalytic amount of 

TEMPO we used. 

In summary, in our hands, buffering of the reaction mixture, impeded by the difficulty to 

monitor the pH of the reaction arising from the presence of a large amount of salts, was the 

main drawback for the TEMPO/hypochlorite-mediated oxidation method.  

With poor results from the TEMPO/hypochlorite-mediated oxidation, we focused on finding 

alternative conditions to oxidise 3.59 on a gram scale in a reasonable yield. Other successful 

TEMPO-mediated oxidation methodologies such as oxidations using hypochlorite-NaClO2 as 

co-oxidants,311 polymer-supported TEMPO reagents,312,313 or TEMPO-mediated electrochemical 

oxidations286,302-304,314 have been reported. However, TEMPO oxidation in the presence of 
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bis(acetoxy)iodobenzene [PhI(OAc)2, BAIB] has been successfully implemented in our group for 

the synthesis of other uronic acids.315 Consequently, we decided to investigate this 

methodology on the GlcNAc glycosyl azide triol 3.59. To the best of our knowledge, the 

TEMPO/BAIB-mediated oxidation method had not previously been explored on this substrate.  

3.2.4.2.4  TEMPO/BAIB-mediated oxidation to form glucosaminuronic acids 

TEMPO/BAIB-mediated oxidation is a mild oxidation method which can be used in the absence 

of inorganic salts.299 The absence of inorganic salts such as aqueous NaHCO3 to buffer the 

reaction mixture is a key difference to, and advantage over, the 

TEMPO/hypochlorite-mediated oxidation method.   

The catalytic reaction cycle (Scheme 3.12) begins with the dismutation of TEMPO (nitroxyl 

radical), catalysed by acetic acid, which produces a molecule of the oxoammonium cation and 

one of the hydroxylamine (Scheme 3.12, step a).299 The acetic acid molecule necessary for 

starting the catalytic cycle may be produced by an exchange of ligand between BAIB and the 

alcohol to be oxidised. As in the hypochlorite-mediated oxidation, the oxoammonium cation is 

the active oxidant that catalyses the oxidation reaction (Scheme 3.12, step b), and produces a 

molecule of the hydroxylamine. The nitroxyl radical is regenerated by oxidation of this 

hydroxylamine molecule with BAIB, regenerating as well acetic acid and producing 

iodobenzene (Scheme 3.12, step c).299 This last step closes the catalytic cycle. Consequently, 

only iodobenzene and acetic acid are generated as by-products during the 

TEMPO/BAIB-mediated oxidation.299 The desired carboxylic acid can be obtained by the same 

mechanism as in the oxidation of the alcohol to the aldehyde from the hydrated aldehyde 

(Scheme 3.12, step d).299 

TEMPO/BAIB-mediated oxidations are classically carried-out at room temperature, although 

reaction at 0 °C would technically provide better stability for the oxoammonium cation in 

aqueous solution (especially at alkaline pH).300 The possibility to run reactions at room 

temperature can be explained by the “almost neutral conditions”300 of the reaction, limiting 

the instability of the oxoammonium cation.  
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Scheme 3.12  Proposed mechanism of TEMPO-mediated oxidation using BAIB as a co-oxidant for in 
situ generation of the oxoammonium cation. (a) Activation by dismutation of the nitroxyl radical into the 
oxoammonium cation; (b) Oxidation of the alcohol by the oxoammonium cation; (c) Regeneration of the 
nitroxyl radical by oxidation with BAIB, generating at the same time acetic acid and producing 
iodobenzene as side-product; (d) Mechanism as in the oxidation of the alcohol to the aldehyde. This 
Scheme is based on information from Refs [299,316].  

In carbohydrate chemistry, oxidations mediated by TEMPO/BAIB have predominantly been 

employed for the oxidation of thioglycosides because of their chemoselectivity317 and 

regioselectivity (selectivity of primary vs secondary alcohols).294 Indeed, this reaction is 

chemoselective and suitable for use in the presence of a wide range of functional groups,316,317 

including azide,281,294,318-320 and leaves common carbohydrate protecting groups (i.e. benzyl, 

acetate, and benzoyl groups) untouched.281,294,318,321 In the case of hexosaminuronic acids, 

TEMPO/BAIB-mediated oxidations have notably been carried-out on nitrogen functionalised 

sugars such as 2-acylamino sugars,292,293 protected 2-phtalimido sugars294, and 2-azido 

sugars.281,294,320  

Towards glucosaminuronate 3.63 using BAIB as the co-oxidant 

The TEMPO/BAIB oxidation method, with conveniently-removed by-products and no need for 

reaction buffering, appeared to be the ideal choice for generation of the glucosaminuronate 

3.63. Reaction on the fully deprotected glycosyl azide 3.59 was an attractive option. 

However, TEMPO/BAIB-mediated oxidation is also known as an efficient method to access 

lactones from 1,4- and 1,5-diols.299 Fortunately, methods have been developed to open 

effectively these stable lactones if they are obtained as a side-product.322 Nevertheless, in 

order to avoid the possible formation of the 3,6-lactone as by-product, and since most of the 

procedures in the literature involve (partially) protected carbohydrates, it was decided to also 

explore the oxidation on a 3,4-O-protected derivative of 3.59.  
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Selective tritylation of the primary hydroxyl group of 3.59 using trityl chloride in pyridine at 

60 °C,222 following by benzoylation using benzoyl chloride afforded the fully protected 

derivative 3.64 in 34% over 2 steps (Scheme 3.13). Subsequent de-O-tritylation in 80% aq. 

AcOH323 at 70 °C provided glycosyl azide 3.65 with the free primary hydroxyl group in 86% 

yield. In a preliminary reaction, oxidation of 3.66 using 0.2 equiv. of TEMPO and 5 equiv. of 

BAIB in a mixture CH2Cl2/H2O 1:1 produced the carboxylic acid 3.66 in 2 h, as judged by a drop 

in Rf of the main reaction component. An extractive work-up of this unoptimised test reaction 

gave the crude oxidised product 3.67 in approximately 30% yield.  

 
Scheme 3.13  Reagents and conditions: (a) i. TrCl, pyridine, 60 °C, rt, 24h; ii. BzCl, rt, o/n (34% over 2 
steps); (b) 80% AcOH, 70 °C, 5 h (86%); (c) TEMPO, BAIB, CH2Cl2, rt, 2 h (good conversion observed by 

TLC monitoring).  

In the meantime, the TEMPO/BAIB oxidation was also tried on the unprotected triol 3.59 

using a total of 0.4 equiv. of TEMPO and 7 equiv. of BAIB, added over 2 days in a 1:1 mixture of 

CH2Cl2/H2O (Scheme 3.14, step a).i Reaction was carried-out for a total of 5 days. The longer 

reaction time (compared to 2 hours for the 3,4-di-O-benzoylated substrate 3.66) was required 

until full conversion of 3.59 was observed by TLC monitoring., The crude product was treated 

with methyl iodide and KHCO3 in anhydrous DMF for esterification,236 and subsequently 

acetylated by addition of Ac2O and DMAP (Scheme 3.14, step c). This sequence provided the 

fully protected methyl glucuronate 3.63 in 45% yield over 3 steps on a 140 mg scale. The 

work-up of the oxidation step was easier when the co-oxidant was a hypochlorite since BAIB, is 

an organic soluble co-oxidant and the by-product is also organic soluble, and both the 

substrate and product (unprotected carbohydrates) were water-soluble. This strategy avoided 

the selective protection and deprotection of C-6 with a trityl group (as in synthesis of 3.66), 

and so appeared to be the most efficient route to access the target glucosaminuronate 

glycosyl azide. 

 
 

                                                       
i  The initial reaction mixture contained 0.2 equiv. of TEMPO and 2.6 equiv. of BAIB.294 Conversion to 
3.62 was found to be slow and so additional TEMPO (additional 0.2 equiv.) and BAIB (additional 4.5 
equiv.) were added over 2 days to the reaction mixture. However, this did not improve the overall 
conversion. Consequently, the reaction was carried-out for an additional 3 days, this time with success, 
as full conversion was then observed by TLC monitoring. 
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Scheme 3.14  Reagents and conditions: (a) TEMPO (0.38 mmol, 0.4 equiv.), BAIB (6.21 mmol, 7.6 
equiv.), CH2Cl2/H2O, rt, 5 days; (b) TEMPO (20.3 mmol, 0.4 equiv.), BAIB (101 mmol, 4.0 equiv.), 
CH2Cl2/H2O, rt, 1 day; (c) i. MeI, KHCO3, DMF, RT, 21 h; ii. DMAP, Ac2O, rt, 6 days (a+c, 45% over 3 steps); 
(d) i. Amberlite IR-120 (H+), MeOH, rt, 1 day; ii. Ac2O, pyridine, rt, o/n (b+d, 54% over 3 steps).  

The oxidation procedure was then optimised, and alternative esterification and acetylation 

procedures were investigated. This ultimately allowed the preparation of 3.63 on a 9.6 g 

scale, in 54% yield over three steps from 3.59 (Scheme 3.14, steps b + d).  

It was notably found during the optimisation of the oxidation procedure, that the use of an 

excess of BAIB (4-5 equivalents) with the addition in portions of TEMPO (0.4 equiv in total) 

resulted in a more rapid reaction, with complete conversion to the acid in one day. The 

reaction was also tried at 4 °C, since a reduction of the temperature can increase further the 

yield.324 However, the oxidation of our substrate, 3.59, was too slow at 4 °C. It was found that 

oxidation carried-out at room temperature more efficiently converted 3.59 to the desired 

carboxylic acid 3.62. A reaction carried-out with added phase transfer 

tetra-n-butylammonium bromide (TBAB), which has been reported to dramatically increase 

the reaction rate of the oxidation,296,299 suggested that the use of a phase transfer catalyst for 

the oxidation of our substrate was non-essential since it did not increase the reaction rate and 

its removal during work-up was tedious. 

An alternative esterification procedure more suitable for large-scale synthesis [acidic 

esterification using Amberlite acidic resin in methanol325] was undertaken, instead of using MeI 

and KHCO3 in anhydrous DMF. 236 This esterification procedure is not only a cheaper option (as 

the resin can be recycled), it is a method more suitable for large-scale. It streamlined the 

oxidation work-up to simple concentration of the reaction mixture (using co-evaporation with 

toluenej), then esterification with subsequent filtration of the resin, followed by acetylation in 

an almost ‘one-pot’ manner. In addition, the acetylation procedure could be carried-out in 

pyridine248 instead of using acetic anhydride and DMAP. 

In summary, we were able to reliably synthesise key N-acetylglucosaminuronate glycosyl azide 

intermediate 3.46 on an almost 10 gram scale employing a TEMPO/BAIB-mediated oxidation 

procedure followed by acidic esterification and acetylation.  

                                                       
j Co-evaporation with toluene was required to obtain a foam instead of an oily liquid, the latter 
hypothesised to be due to the presence of the generated iodobenzene side-product (bp 188 ˚C). 
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3.2.5 Preface to manuscript:  Glucuronyl triazoles as inhibitors of 

influenza virus neuraminidase  

Based on the design concept described in Section 3.2.3.3 and with the glucosaminuronate 

glycosyl azide 3.46 in hand, we began an exploration of glycosyl triazole derivatives as 

potential influenza NA inhibitors.  

3.2.5.1  Synthetic strategy considerations: β-el imination versus  tr iazole 

formation as the f irst step 

The desired triazole derivatives could be obtained in two ways: by formation of the C-4–C-5 

double bond by β-elimination followed by formation of the anomeric triazole by Cu-catalysed 

azide-alkyne cycloadditions (CuAAC) (Scheme 3.2, Path A, see Section 3.2.5.3, page 175), or 

vice-versa (Scheme 3.2, Path B).  

Trial reactions had previously been carried-out in our laboratory242 to test the efficiency of 

both pathways with the synthesis of the 4-hydroxymethyl-[1,2,3]-triazole, as outlined in the 

manuscript. The overall yields of Path A and Path B were found to be similar. However, Path A 

was considered more efficient because of the fewer steps to be carried-out on the separate 

triazole derivatives and consequently, it was decided to do the β-elimination before the 

formation of the triazole.  

3.2.5.2  Formation of the unsaturated derivative by β-el imination 

Methyl glucuronates are known to undergo β-elimination under mild basic conditions where a 

mesylate275, benzyl ether326 or acetate is present as leaving group at C-4. Treatment of 

unprotected methyl glucuronates with sodium acetate in acetic anhydride leads to 

2,3-di-O-acetyl-4,5-unsaturated glucoronates.327 These derivatives can also be obtained by 

reaction of the acetate-protected glucuronates or glucosaminuronates221 with 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in a chlorinated solvent. Unsaturated 

glucosaminuronate glycosyl azide 3.67 was consequently prepared from the acetate-

protected methyl glucuronate 3.64 by reaction with DBU in CH2Cl2, in high 90% yield (Scheme 

3.15).  

    
Scheme 3.15  Reagents and conditions: (a) DBU, CH2Cl2, rt, 2 h (90%). 
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3.2.5.3  Azide-alkyne cycloadditions as a tool to create a versati le l ibrary of 

glucosaminuronyl 1H-[1,2,3]-triazole derivatives as potential  

influenza virus NA inhibitors 

The glucosaminuronate glycosyl azide 3.67 provides the opportunity to introduce a range of 

N-linked substituents at the anomeric position to probe, and potentially inhibit influenza virus 

NAs. The current work focused on using the building block 3.67 for the generation of 

4-substituted glycosyl triazoles by azide-alkyne cycloaddition, to introduce hydrophilic and 

most importantly hydrophobic substituents on the anomeric triazole moiety. The synthesis of 

glucosaminuronyl 4- and 5-substituted [1,2,3]-triazole derivatives by CuAAC (see Section 3.4) 

and Ru-catalysed azide-alkyne cycloadditions (RuAAC, see Section 3.6) respectively, were 

investigated. 

3.2.5.3.1  Triazole groups in the synthesis of carbohydrate-based influenza 

virus NA inhibitors 

As discussed in Chapter 1, azide-alkyne cycloadditions have wide applications in the 

glycoworld, which is reflected by the applications of azide-alkyne cycloadditions in the 

synthesis of NA inhibitors. Indeed, CuAAC has been used in the synthesis of 

carbohydrate-based NA inhibitors where the triazole is an anomeric substituent of 

Neu5Ac,328,329 a C-3 substituent,144 or a substituent144 or part of the substituent330 at C-4 on the 

Neu5Ac2en scaffold in the exploration of inhibitory SAR. CuAAC has also been used in the 

synthesis of carbohydrate-based NA inhibitors where the triazole ring was used as a tool such 

as in glycoengineering for labelling (e.g. by conjugation to “azido-biotin” through C-5),331 and 

for linking inhibitors in the synthesis of multivalent inhibitors through C-7 or at the anomeric 

position.178,328  

CuAAC has also been used on the cyclohexene template at the positions equivalent to C-3215 

and C-4212 on the Neu5Ac2en template. Interestingly, a patent application that claims 

cyclohexene-based NA inhibitors with a 4-substituted N-linked-[1,2,3]-triazole side-chain in 

place of the 3-pentyl side-chain of OC – similar to our work on the dihydropyran scaffold – was 

filed in the same time the current work was taken place and has recently been published.332 

3.2.5.3.2  Synthesis of N-acetyl-Δ4-β-glucosaminuronyl 4-substituted 

[1,2,3]-triazole derivatives using CuAAC 

Trial CuAAC reactions242 carried-out for synthetic efficiency on the unprotected 

glucosaminuronate glycosyl azide, showed that despite excellent yields, difficulties removing 

all of the copper arose and HPLC purification was required to remove any excess of copper. 

Consequently, it was decided to do the triazole formation by CuAAC first, before final 

deprotection, to facilitate copper removal using an extractive work-up. 
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Unsaturated glucosaminuronate glycosyl azide 3.67 was reacted with a series of aliphatic, 

aralkyl and aromatic alkynes using CuAAC and a library of glucosaminuronyl 4-substituted 

[1,2,3]-triazole derivatives (3.68) were synthesised (Scheme 3.16). Yields ranged from 

moderate to high, 48% to 90%.  

 

Scheme 3.16  Reagents and conditions: (a) Alkyne, CuSO4, sodium ascorbate, DMF/water, 40 ˚C. 

The 4-substituted [1,2,3]-triazole derivatives 3.68 successfully synthesised by CuAAC were 

subsequently deprotected for biological evaluation. Deprotection was undertaken using 

aqueous NaOH in methanol, providing the unprotected derivatives 3.45 (Scheme 3.17). 

 

Scheme 3.17  Reagents and conditions: (a) aq. NaOH 1M, MeOH, rt. NaOMe, MeOH, rt (when               
R = NH2-Ph, the ammonium salt was formed).  

The solution conformation of the dihydropyran ring of the synthesised unsaturated 

glucosaminuronyl triazole derivatives – a factor in efficient NA binding – was assessed using 1H 

NMR spectroscopy (examination of coupling constants). The compounds were observed to 

have a half-chair ring conformation equivalent to that of Neu5Ac2en (a half-chair 

conformation with all substituents equatorial or pseudo-equatorial), suggesting that these 

derivatives are already in the right conformation to bind in the NA active site.  

3.2.5.4  Biological  evaluation of influenza virus NA inhibitory activity  

A range of in vitro assays has been developed to evaluate the biological activity of influenza 

virus NA inhibitors.333,334 Most of these in vitro assays are fluorometric, colorimetric or 

chemiluminescent enzyme assays with either NA protein, whole-virus,335 or the enzyme 

transiently expressed at a cell surface. 333,334 Non-enzymatic in vitro assays include viral release 

assays such as the haemagglutinin-pseudotyped viral release assay.336 

A fluorometric assay commonly used to measure influenza virus NA inhibition values (IC50 and 

Ki) is based on the methodology of Potier et al.,337 with 4’-methylumbelliferyl 

N-acetyl-α-neuraminide 3.69 (MUN or MUNANA) used as a substrate. Upon reaction with NA, 

α-linked N-acetylneuraminic acid 3.14 (α-Neu5Ac) is equimolarly released with the 
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fluorophore 4-methylumbelliferone 3.70 (MU) (Scheme 3.18). Measurement of the 

fluorescence of MU is used to determine the amount of MUN cleaved by the enzyme. In the 

presence of an inhibitor, less MUN is cleaved so less fluorescence is produced, with the 

amount of fluorescence proportional to the inhibitor activity (after background fluorescence is 

taken into account). 

 
Scheme 3.18  Fluorescent NA inhibition assay using MUN.  

Evaluation of the NA inhibitory activity of the synthesised glucosaminuronyl triazole 

derivatives 3.45 against influenza A virus enzymes was carried-out using the enzyme-based 

fluorometric MUN assay described above. MUN was prepared according to the method of 

Myers.338 Compounds were evaluated against commercial recombinant NAs from H1N1 

(A/California/04/2009, pdm 2009) and H3N2 (A/Babol/36/2005) as representative of 

circulating (human) strains, and from avian H5N1 (A/Anhui/1/2005), and the corresponding 

OC-resistant H274Y variant (H5N1 H274Y A/Anhui/1/2005). 

All of the synthesised 4-substituted triazole derivatives showed slightly greater (approximately 

2- to 28-fold) inhibition of the N2 NA than the H1N1 NA. The most active compounds showed 

low micromolar IC50 values similar to the benchmark Neu5Ac2en. Interestingly, inhibition was 

slightly greater against the H274Y variant of the H5N1 NA. The 4-phenyl triazole derivative 

3.43, was, at the time of writing, under going crystallisation trials using an N2 NA to elucidate 

its binding mode. 
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Glucuronyl(tr iazoles(as( inhibitors(of( influenza(virus(
neuraminidase((

Cindy(J.(Carroux,a(Jamie(R.(Rich,a,b(Sarah(McAtamney,a(Stephanie(J.(Holt,a(Jeffrey(C.(Dyason,a(ChihC
Wei(Chang,a(Robin(J.(Thomsona(and(Mark(von(Itzstein*a(

Unsaturated(NCacetylCDCglucosaminuronyl( [1,2,3]Ctriazole(derivatives(have(been(synthesised( to(explore(a(nitrogenClinked(

triazole( as( a( replacement( for( the( glycerol( sideCchain(of( the(natural( influenza( virus( neuraminidase( inhibitor(Neu5Ac2en.(

Glucuronyl( triazole( derivatives( with( an( aryl( substituent( show( micromolar( inhibitory( activity( against( human( and( avian(

influenza( A( virus( N1( neuraminidases( (NA),( as( well( as( low( micromolar( activity( against( N2( NA,( equivalent( to( that( of(

Neu5Ac2en.( By( accessing( a( sideCpocket( of( the(NA( active( side,( these( derivatives( exhibit( conserved( or( slightly( improved(

activity(against(avian(H5N1(NA(with(the(His274Tyr(mutation,(compared(to(wild(type(H5N1(NA.((This(is( in(contrast(to(the(

clinical( drug( oseltamivir( that( loses( its( strong( inhibition( efficiency( in( the( presence( of( this( mutation.

Introduction(

Influenza virus is a significant pathogen that causes worldwide 
seasonal epidemics and sporadic pandemics, with substantial 
morbidity and mortality, especially amongst the elderly, infants, 
and the immunocompromised.1 In addition to infection by 
human influenza viruses, concerns have arisen over zoonotic 
influenza A viruses, with documented cases of human infection 
by avian H5N1, H7N9, and H9N2 viruses.2,3 
Annual vaccines are available against influenza infection, but 
they are neither universally applied nor fully effective.2,4 The 
"Holy Grail" of influenza vaccine development, a broadly 
protective universal (strain-independent) influenza vaccine, is 
not yet a reality although at least two are currently in 
development.5-8 Crucially, there is a delay time of around six 
months before a vaccine can be developed for a new strain.2,9 
During that time, and for treatment of severe influenza, there is 
reliance on a limited number of influenza-specific antiviral 
agents. 
Four anti-influenza drugs (Figure 1), zanamivir 1 (Relenza®), 
oseltamivir 2 (Tamiflu®; the ethyl ester prodrug form of the 
enzyme inhibitor oseltamivir carboxylate 3), and more recently 
peramivir 4 (Rapiacta®) and laninamivir octanoate 5 (Inavir®, 
the ester prodrug form of the enzyme inhibitor laninamivir 6), 
are currently the first line of defence against a potential 
pandemic.10 These drugs target the viral enzyme neuraminidase 
(NA). NA is involved in the spread of influenza virus by 
cleaving N-acetylneuraminic (sialic) acid-based viral receptors 
present on the surface of the infected cell and of newly formed 

virions, leading to the release of the viruses from the infected 
host cell.11 
Resistance to the current sialidase-inhibitor drugs, in particular 
to the more widely used oseltamivir carboxylate 3 (OC, 
Tamiflu®), can develop rapidly in some patients and in some 
instances.1,12 This has led to a continued interest in 
development of new and structurally diverse influenza virus 
neuraminidase inhibitors. Inhibitors developed against 
influenza virus neuraminidase retain, with few exceptions,13,14 
the carboxylic acid and acetamido groups of the N-
acetylneuraminic acid (Neu5Ac)-based enzyme substrate, and 
of the related 2,3-unsaturated derivative, inhibitor Neu5Ac2en 
7 (Figure 2), to provide strong binding interactions with the 
protein. All of the current clinical drugs conserve these 
elements, and contain as well as a positively charged 
substituent (amino or guanidino group), to occupy the binding 
pocket of the Neu5Ac C-4 hydroxyl group. 

(

F igure( 1. ( ( Current( neuraminidaseCinhibiting( antiCinfluenza( drugs.( zanamivir( 1,(
oseltamivir( 2( [the( ethyl( ester( prodrug( form( of( the( enzyme( inhibitor( oseltamivir(
carboxylate((OC)(3],(peramivir(4,(and(laninamivir(octanoate(5((the(ester(prodrug(form(
of(laninamivir(6).(

A major difference between zanamivir 1 and the inhibitors 
oseltamivir carboxylate (OC) 3 and peramivir 4, however, is the 
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substituent that fills the binding pocket of the NA occupied by 
the hydrophilic glycerol side-chain of Neu5Ac2en 7. In contrast 
to Neu5Ac2en and zanamivir 1, where the terminal hydroxyl 
groups of the glycerol side-chain interact with the carboxylate 
of Glu276, OC 3, for example, binds to NA by inducing a 
reorientation of the side-chain of Glu276 creating a 
hydrophobic pocket, which accommodates one arm of the 3-
pentyl side-chain.15 One of the major causes of resistance of N1 
neuraminidases to OC 3 is the mutation of His274 to the bulkier 
Tyr274 which hinders the reorientation of Glu276.16 Given this 
observation, an aim in NA inhibitor development, particularly 
where the glycerol side-chain of the natural substrate is 
replaced, is to avoid a requirement for structural rearrangement 
of the protein to bind an inhibitor. 
For inhibitors based on the dihydropyran template of the natural 
inhibitor Neu5Ac2en 7, two effective ways to incorporate 
alternative, more lipophilic, side-chains in place of the glycerol 
side-chain of 7 have been used. Truncation of the glycerol side-
chain itself provides carbon-linked side-chains, such as in the 
potent inhibitor 4-amino-N-phenethyl-N-propyl-carboxamide 
8,17,18 and heterocyclic derivatives such as 919 (Figure 2). An 
alternative dihydropyran template 10 is based on 4,5-
unsaturated (Δ4) N-acetyl-D-glucosaminuronic acid, in which a 
β-configured aglycon replaces the glycerol side-chain of 
Neu5Ac2en. This template offers the potential to introduce of a 
wide range of alternative side-chains, through various 
heteroatom linkages.20-22 The 3-pentyl N-acetyl-Δ4-β-D-
glucosaminuronide 11, as an example, binds with the central 
dihydropyran ring and substituents as seen for Neu5Ac2en, 
while the 3-pentyl side-chain induces a similar reorientation of 
the side-chain of Glu276,23 to that seen with OC 3. 

(

F igure( 2. ( ( Influenza( virus( NA( inhibitors( based( on( the( dihydropyran( template:( the(
natural( inhibitor( Neu5Ac2en( 7,( and( sideCchain( variants( including( the( targets( of( the(
current(work,(glycosyl(triazole(derivatives(12(on(the(NCacetylCΔ4CβCDCglucosaminuronic(

acid(template.(

In continuing our work on the Δ4-D-glucosaminuronic acid 
template, we were interested to explore the installation and 
effectiveness of nitrogen-linked moieties as replacement for the 
glycerol side-chain of Neu5Ac2en. In the current study, based 
on molecular modelling, a nitrogen-linked [1,2,3]-triazole was 
chosen as the anomeric moiety, giving compounds of type 12. 
Derived from a versatile glycosyl azide, an anomeric 4-

substitutued-[1,2,3]-triazole could be introduced by a copper-
catalysed azide-alkyne cycloaddition (CuAAC) reaction.24,25 
Triazole groups have the advantage of being biocompatible 
and, in comparison to an amide linkage, resistant to metabolism 
(hydrolysis).26,27 We were particularly interested to see if a 
hydrophobic substituent could be introduced on the triazole ring 
that would enable effective inhibitor binding to influenza virus 
NA, but would be unaffected by the His274Tyr mutation that 
can hinder binding of OC 3. 

Results and discussion(

Design.(

The starting point for this study was a comparison between the 
carboxamide series of NA inhibitors, represented by 4-amino-
N-phenethyl-N-propyl-carboxamide derivative 8, and an N-
acetyl-Δ4-β-D-glucosaminuronic acid derivative bearing an 
anomeric triazole moiety represented by the 4-phenyl-[1,2,3]-
triazole derivative 13 (12 where R = Ph; Figure 3). This 
comparison was based on the use of a 1,4-disubstituted-[1,2,3]-
triazole as a (non-classical) amide bioisostere.26,27 The carbonyl 
and nitrogen atoms of the carboxamide moiety could be 
envisaged as being replaced by two sides of an N1-connected 
[1,2,3]-triazole ring. 

(

(

Figure( 3. ( ( Potential( binding( mode( of( NCacetylCΔ4CβCDCglucosaminuronyl( 4CphenylC

[1,2,3]Ctriazole(derivative(13(in(influenza(A(virus(Cal/09(N1(NA.((A)(Docking(pose(of(13(
(cyan)( in(Cal/09(N1(NA(of(pdb(3TI5,(superposed(with(zanamivir(1((yellow,(the(original(
ligand( of( 3TI5).( (B)( Docking( poses( of( 13( (cyan)( and( 4CaminoCNCphenethylCNCpropylC
carboxamide(8( (green)( in(Cal/09(N1(NA(of(pdb(3TI6( (in(3TI6(Glu276( is(oriented(away(
from(the(glycerol(sideCchain(binding(pocket).(

4-Amino-N-phenethyl-N-propyl-carboxamide 8 binds to the 
NA active with a Neu5Ac2en-like binding mode (dihydropyran 
ring conformation, carboxylate and acetamido group 
interactions), with the exception of the carboxamide group.17,28 
Whereas the propyl substituent of the carboxamide fits into a 
hydrophobic pocket created by the reorientation of the side-
chain of Glu276, the phenyl group of the phenethyl substituent 
fits in a side-pocket adjacent to the active site.17,28 A molecular 
docking study to assess the potential binding mode of 
glucuronyl 4-phenyl-triazole derivative 13 in influenza A virus 
NA of the N1 subtype, suggested that the dihydropyran ring 
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could bind as seen for Neu5Ac2en or zanamivir (Figure 3A). 
When comparing the potential binding mode of 4-phenyl-
triazole derivative 13 with that of carboxamide 8, it appeared 
that the phenyl group on the triazole ring could orient similarly 
to the phenyl group of 8 (Figure 3B), towards the side-pocket 
adjacent to the active site in a channel formed between the side-
chains of Ile222 and Ser246. This should make such inhibitors 
less vulnerable to the H274Y mutation seen in OC-resistant 
influenza A virus N1 NA subtypes.1,16 We therefore chose to 
synthesise a series of N-acetyl-Δ4-β-D-glucosaminuronyl 4-
substituted-[1,2,3]-triazoles with a range of hydrophobic groups 
(linear alkyl, cycloalkyl, aralkyl and aryl) on the triazole ring 
for evaluation as inhibitors of influenza virus neuraminidase 
activity. 

Synthesis(

Two synthetic approaches to access the target N-acetyl-Δ4-β-D-
glucosaminuronyl triazole derivatives 12 from N-acetyl-D-
glucosamine (GlcNAc) were considered: via the preformed 
glucosaminuronate 14 for introduction of the anomeric azide 
giving 15 (Scheme 1, Path A), or via optionally 3,4-di-O-
protected GlcNAc β-glycosyl azide 16 with further elaboration 
to glucosaminuronate derivative 15 (Scheme 1, Path B). 
Pathway A, where oxidation of the C-6 hydroxyl group 
precedes installation of the azide at the anomeric position, was 
first examined as it presents a scaffold, 14, with potential for 
introduction a range of anomeric substituents21,29 (Scheme 1, 
Path A). 

(

Scheme( 1.( ( Approaches( to( 4,5Cunsaturated( (Δ4
)(NCacetylCβCDCglucuronyl( triazole( 12.(

Key(intermediate(NCacetylCβCDCglucuronyl(azide(15(is(accessible(through(stereoselective(
introduction( of( the( βCglycosyl( azide( on( protected( (PG),( anomerically( activated(

glucosaminuronate( derivative( 14( (Path( A),( or( via( selective( primary( hydroxyl( group(

oxidation(of(optionallyCprotected(GlcNAc(βCglycosyl(azide(16((Path(B).(

Generation of glucosaminuronate derivative 14 (Path A) 
requires selective protection of the anomeric and secondary 
hydroxyl groups of GlcNAc, which can be readily achieved 
through a three-step sequence of 6-O-tritylation, acylation and 
de-tritylation (Scheme 2).30-32 In our previous syntheses of N-
acetyl-β-D-glucosaminuronide derivatives such as 11 via 
intermediate 14 (Path A),21,31 we had found that although 
acetate protecting groups could be readily installed, they proved 
to be labile during the subsequent TEMPO–NaOCl catalysed 
oxidation step to give the uronic acid derivative 14, while 
introduction of the more stable pivaloate groups was slow (6 
days). In this work benzoyl protecting groups were chosen 
because of their increased stability (relative to acetates), and 

relatively shorter installation time (relative to pivaloates). 
Accordingly, regioselective 6-O-tritylation of GlcNAc 17,21,31 
followed by per-O-benzoylation (over 4 hours) and subsequent 
detritylation gave 6-hydroxy derivative 1830,32 (Scheme 2). 

(

Scheme( 2.( (Reagents!and!conditions:( (a)( i.(TrCl,(pyr,(100(°C(&(rt,(3(h;( ii.(pyr,(CH2Cl2,(

BzCl,(4(°C(to(rt,(4(h;(iii.(80%(AcOH,(70(°C,(7(h((55%(over(3(steps);((b)(i.(TEMPO,(CH2Cl2,(

aq.(NaHCO3,(KBr,(Bu4NBr,(aq.(NaOCl,(aq.(NaCl,(rt,(40(min;(ii.((MeO)3CH,(SOCl2,(MeOH,(rt,(

30( min( (88%( over( 2( steps);( (f)( HBr/HOAc,( CH2Cl2;( (g)( NaN3,( Bu4NHSO4,( CH2Cl2,( aq.(

NaHCO3((21(<(40%(over(2(steps).(

Oxidation catalysed by the 2,2,6,6-tetramethylpiperidine-1-oxyl 
radical (commonly referred to as TEMPO) in the presence of 
sodium21,33-36 or calcium34,37 hypochlorite is a mild approach to 
access uronic acids, and has been applied to the synthesis of N-
acetylglucosaminuronic acid and derivatives.21,23,31,34,36,37 
TEMPO–NaOCl–KBr mediated oxidation of 18, followed by 
esterification using thionyl chloride and 
trimethylorthoformate21 provided the key methyl N-
acetylglucosaminuronate intermediate 19 in high yield (Scheme 
2). The benzoate protecting groups showed good stability 
during the TEMPO–NaOCl mediated oxidation reaction. 
Conversion of tri-O-benzoyl N-acetylglucosaminuronate 19 to 
the corresponding glucuronyl azide 21 was expected to proceed 
via displacement of the α-glucuronyl bromide 20 by azide 
anion under either anhydrous conditions in a polar aprotic 
solvent, or via a phase-transfer catalysed reaction using in situ 
generated tetrabutylammonium azide.38 Bromination of 19 
using HBr in acetic acid provided the unstable N-
acetylglucosaminuronyl bromide 20 (Scheme 2). Attention was 
given to purification of the bromide by various methods 
without success. The instability of 20 posed a problem not only 
during the synthesis of the bromide itself, but also during the 
displacement reaction. Despite considerable efforts to 
accomplish displacement of the anomeric bromide by azide 
anion, yields of the N-acetylglucosaminuronyl azide 21 were 
consistently low (15-40%) owing to the instability of the 
bromide. Formation of the oxazoline21 derivative 22 
accompanied synthesis of N-acetylglucosaminuronyl azide 21 
via bromide 20. 
The approach via glucuronyl bromide 20 being deemed 
impractical for the desired large-scale synthesis of the 
glucuronyl azide 21, the second approach (Scheme 1, Path B) 
was adopted, where reversing the order of the reactions 
(azidation before oxidation) avoided the reaction of an 
anomerically-activated glucuronate derivative. This pathway 
required preparation of GlcNAc β-glycosyl azide 24, which can 
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be obtained via azide displacement of the α-glycosyl chloride 
23 (Scheme 2). According to previous reports,39-41 formation of 
peracetylated GlcNAc α-glycosyl chloride 23 can be achieved 
by reaction of GlcNAc 17 with neat acetyl chloride. When 
reaction of GlcNAc with AcCl was carried out at room 
temperature rather than under reflux,39 to avoid potential 
thermal decomposition of the glycosyl chloride, conversion to 
chloride 23 was found to be incomplete after 3 days, with an 
8:1 mixture (73% yield) of 23 and inseparable peracetylated 
GlcNAc40 isolated. Reaction over 6 days, however, produced 
exclusively α-glycosyl chloride 23 in high (89%) yield 
(Scheme 3). Stereoselective azidation of 23 carried-out under 
phase transfer conditions38 gave the peracetylated β-glycosyl 
azide38 (89% yield), which was subsequently de-O-acetylated 
furnishing GlcNAc β-glycosyl azide 24.41 

(

Scheme(3.((Reagents!and!conditions:!(a)(AcCl,(rt,(6(d((89%);((b)(NaN3,(Bu4N(HSO4),(aq.(

Na2CO3,(CH2Cl2,(rt,(2.5(h((89%);((c)(MeONa,(MeOH,(rt,(24(h((quant.);((d)( i.(TEMPO,(aq.(

NaOCl,(aq.(NaHCO3,(KBr,(aq.(NaCl,(4(°C,(48(h;(ii.((MeO)3CH,(SOCl2,(MeOH,(4(°C,(1(h;(iii.(

BzCl,(pyr,(CH2Cl2,(rt,(1(h((65%(over(3(steps)((e)((i)(TEMPO,(BAIB,(H2O,(CH2Cl2,(rt,(24(h;((ii)(

MeOH,(Amberlite(IRC120((H+),(rt,(24(h;((iii)(Ac2O,(pyr,(rt,(24(h((54%(yield(over(3(steps);(

(f)(DBU,(CH2Cl2,(rt,(2(h((26,(98%;(27,(90%);((g)(i.(MeONa,(MeOH,(rt,(1(h;(ii.(H2O,(35(°C,(

16(h((95%).(

TEMPO catalyzed oxidations have been found to be selective 
for primary alcohols in the presence of secondary 
alcohols,35,42,43 so that pre-installation of protecting groups on 
the secondary hydroxyl groups of a carbohydrate scaffold is not 
essential. Accordingly, direct TEMPO–NaOCl mediated 
oxidation34 on unprotected glycosyl azide 24, followed by 
esterification under acidic conditions using 
trimethylorthoformate and thionyl chloride,21 and subsequent 
benzoylation, provided the key intermediate 2144 in 65% over 
three steps (Scheme 3). 
Although methyl N-acetylglucosaminuronate 21 was obtained 
in reasonable yield, issues were encountered with the TEMPO–
NaOCl mediated oxidation and the subsequent esterification 
procedure used. In particular we found that the large amount of 

salts present during the TEMPO oxidation impeded efficient 
buffering of the reaction, as well as isolation of the carboxylic 
acid and its conversion to the esterified product (using either 
the thionyl chloride esterification method,21 or the methyl 
iodide procedure previously reported by Györgydeák and 
Thiem34). In addition, an alternative to the use of thionyl 
chloride,21 or methyl iodide,34 for esterification was sought that 
would be more suitable for large-scale reaction. 
With the TEMPO–hypochlorite mediated oxidation causing 
some issues because of the large quantity of salts involved, we 
turned our attention to TEMPO-mediated oxidation using 
bis(acetoxy)iodobenzene (BAIB) as co-oxidant. This procedure 
offers the advantage that BAIB itself, and its by-product 
iodobenzene, are organic-soluble, and no additional inorganic 
salts are required. The TEMPO–BAIB oxidation system35,43\ 
has been found to be compatible with a range of functional 
groups, including azide,44-46 When TEMPO/BAIB-mediated 
oxidation was applied to GlcNAc β-glycosyl azide 24, efficient 
formation of the desired carboxylic acid was observed. As 
inorganic salts were absent from the reaction mixture the 
reaction work-up was streamlined to simple concentration of 
the reaction mixture (co-evaporating with toluene). The 
esterification procedure was also simplified by employing 
acidic ion exchange resin in anhydrous methanol. Subsequent 
filtration of the resin and evaporation, followed by 3,4-di-O-
acetylation, provided the fully protected glucosaminuronate 
glycosyl azide 2534 in 54% yield over three steps on an ~10 g 
scale (Scheme 3). While the overall yield of the methyl N-
acetylglucosaminuronate glycosyl azide derivative was not 
improved (compared to the TEMPO–NaOCl oxidation), the 
procedures were significantly more straightforward and readily 
scalable. 
To identify the most efficient point in the reaction sequence to 
introduce the glycosyl triazole, trial azide-alkyne cycloaddition 
reactions were carried out on the saturated glucuronyl azide 
derivatives (21 and 25), and the 4,5-unsaturated protected and 
fully deprotected glucuronyl azides. To obtain the 4,5-
unsaturated glucuronates, methyl glucuronate derivatives 21 
and 25 were treated with 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU),21 yielding the Δ4-glucuronates 26 and 27 respectively in 
excellent yields (26, 98%; 27, 90%; Scheme 3). Unsaturated 
glucuronyl azide 26 was then treated under basic conditions to 
furnish the deprotected Δ4-glucuronyl azide 28 also in high 
yield (Scheme 3). 
Copper-catalysed Huisgen azide-alkyne cycloaddition 
(CuAAC) reactions26,27 using CuSO4 in the presence of ascorbic 
acid were first carried-out on the glucuronyl azides 21, 26, and 
28 using propargyl alcohol as a model alkyne (Scheme 4; Table 
1, entries 1, 8, and 10). In each case the glucuronyl 4-
hydroxymethyl-[1,2,3]-triazole derivative (29a, 30a, and 12a, 
respectively) was obtained in high (≥90%) yield. Trial reactions 
carried-out with more lipophilic alkynes, to give phenyl, benzyl 
and propyl substituted triazole derivatives (Scheme 4; Table 1), 
however, were more variable in yield, with reaction on the 
saturated azide 25 being significantly higher yielding (4-
phenyl-triazole 29b, 86%), than reaction on the fully 
deprotected azide 28 (4-propyl-triazole 12d, 51%). 
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Table(1. ((CuAAC(reactions((method(development)(on(glucuronyl(azides((saturated:(21(and(25;(protected(Δ4
Cunsaturated:(26(and(27;(and(deprotected(Δ4

Cunsaturated(28).(

Entry( Azide( Alkyne( Solvent( Temp( Time( Yield
a
( Product(

1( 21( propargyl(alcohol( tCBuOH/MeOH/H2O
(b(

rt( 3.5(h( 90%( 29a(((R(=(Bz;(R'(=(CH2OH)(

2( 25( phenylacetylene( tCBuOH/MeOH/H2O(
c!

rt( 6(h( 86%( 29b(((R(=(Ac,(R'(=(Ph)(

3( 25( phenylacetylene( tCBuOH/MeOH/H2O
!c
( 40(°C( 2(h( 68%( 29b(((R(=(Ac,(R'(=(Ph)(

4( 25( phenylacetylene( MeOH/H2O(((1:1)( 40(°C( 2(h( 55%( 29b(((R(=(Ac,(R'(=(Ph)(

5( 25( phenylacetylene( EtOH/H2O(((4:1)( 40(°C( 2(h( 52%( 29b(((R(=(Ac,(R'(=(Ph)(

6( 25( phenylacetylene( DMF/H2O(((3:1)(( 40(°C( 2(h( 89%( 29b(((R(=(Ac,(R'(=(Ph)(

7( 25( 3CphenylC1Cpropyne( DMF/H2O(((3:1)(( 40(°C( 2(h( 91%( 29c(((R(=(Ac,(R'(=(CH2Ph)(

8( 26( propargyl(alcohol( tCBuOH/MeOH/H2O
(c(

rt( 3(h( 92%( 30a(((R(=(Bz;(R'(=(CH2OH)(

9( 27( phenylacetylene( tCBuOH/MeOH/H2O(
c!

rt( 24(h( 65%( 30b(((R(=(Ac,(R'(=(Ph)(

10( 28( propargyl(alcohol( nCBuOH/H2O(((1:1)( rt( 60(h( 91%( 12a(((R(=(CH2OH)(

11( 28( pentC1Cyne( nCBuOH/MeOH/H2O
(d(

rt( 36(h( 51%( 12d(((R(=(Pr)(

a
(Unoptimised,(isolated(yields.((

b
(tCBuOH/MeOH/H2O((2:1:2).((

c
(tCBuOH/MeOH/H2O((1:2:2).(

d(nCBuOH/MeOH/H2O((0.7:1:1.3).(

 

(

Scheme( 4.( (Reagents!and!conditions:( (a)(glucuronyl(azide((21(or(25),(alkyne,(CuSO4,(

sodium( ascorbate,( solvent,( rt( or( 40( °C( (see( Table( 1,( entries( 1C7);( (b)( protected( Δ4
C

glucuronyl(azide((26(or(27),(alkyne,(CuSO4,(sodium(ascorbate,(solvent,(rt((see(Table(1,(

entries( 8( &( 9);( (c)( deprotected( Δ4
Cglucuronyl( azide( 28,( alkyne,( CuSO4,( sodium(

ascorbate,(solvent,(rt((see(Table(1,(entries(10(&(11);((d)(DBU,(CH2Cl2:(29a((R'(=(CH2OH),(

4(°C,(6(h((30a,(71%);( 29c((R'(=(CH2Ph),(rt,(2(h,((30c,(69%);((e)(30a,(i.(MeONa,(MeOH,(

rt,(3(h;(ii.(H2O,(40(°C,(16(h;(iii.(ion(exchange(resin((H
+
);(30b,c,(i.(aq.(NaOH,(MeOH,(rt,(24(

h;(ii.(ion(exchange(resin((H
+
).(Compounds(12aCc(were(converted(to(the(corresponding(

sodium(salt.(

While significant synthetic efficiency could be envisaged in 
using the fully deprotected glucuronyl azide 28 to prepare a 
library of triazole derivatives, this was offset by the need for 
HPLC purification to remove the last traces of copper salts 
when reactions were carried-out on 28, longer reaction times 
[Table 1, reactions with propargyl alcohol: entry 10 (28, 60 h) 
vs entries 1 (21, 3.5 h) and 8 (26, 3 h)], and a lower yield when 
using a hydrophobic alkyne (Table 1, entry 11). Consequently 

the protected Δ4-glucuronyl azide 27 (accessed via the 
TEMPO/BAIB oxidation method), with the 4,5-double bond 
already in place, was chosen as the substrate for library 
generation, based on the efficient removal of copper salts by 
extractive work-up on the protected derivative, and the need for 
only a single deprotection step after triazole formation. 
CuAAC reaction conditions evaluated on glucuronyl azide 25 
using phenylacetylene as alkyne  (Table 1, entries 3 to 6), had 
shown that an increase in reaction temperature to 40 °C 
shortened the reaction time to under 2 hours, with reaction in 
DMF/water (3:1) providing 4-phenyl-triazole derivative 29b in 
89% yield as the best outcome. This high yield was 
reproducible with 3-phenyl-1-propyne as alkyne, giving 4-
benzyl-triazole derivative 29c (91% yield). Accordingly, Δ4-
glucuronyl azide 27 was reacted with a range of alkynes in the 
presence of copper sulfate and sodium ascorbate in DMF/water 
(3:1) at 40 °C to generate a library of glycosyl triazoles (30e-n, 
Scheme 5, Table 2). In each case the reaction provided 
regioselectively the 1,4-triazole, as expected under CuAAC 
conditions,47 with the majority of yields being in the range from 
80 to 90%. 

(

Scheme( 5.( ( Reagents! and! conditions:( (a)( alkyne( (5( eq.),( CuSO4( (0.2( eq.),( sodium(

ascorbate((0.2(eq.),(DMF/H2O((3:1),(40(°C((yields(are(given(in(Table(2);((b)(i.(aq.(NaOH,(

MeOH,( rt,(24(h;( ii.( ion(exchange(resin( (H
+
).(Compounds(12eCl (were(converted( to( the(

corresponding(sodium(salt.(
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Table(2. ((CuAAC(reactions((library(synthesis)(on(Δ4Cunsaturated(glucuronyl(azide(27.a((

 
R( Time( Yield(b( Product(c(

ethyl( 2(h( 63%( 30e(

cyclopentyl( 2(h( 83%( 30f(

cyclopentylmethyl( 2(h( 83%( 30g(

cyclohexyl( 2(h( 89%( 30h(

cyclohexylmethyl( 2(h( 90%( 30i(

2Cmethoxyphenyl( 24(h( 58%( 30j(

3Cmethoxyphenyl( 24(h( 89%( 30k(

3Chydroxyphenyl( 24(h( 84%( 30l(

2Caminophenyl( 24(h( 49%( 30m(

3Caminophenyl( 24(h( 80%( 30n(

a( Reactions( were( carriedCout( on( 27( (250( mg,( 0.84( mmol)( with( 5( mole( eq.( of(
alkyne.( ( b( Unoptimised,( isolated( yields.( ( c( Compounds( designated( 30a( (R( =(
hydroxymethyl),( 30b( (R( =( phenyl),( and( 30c( (R( =( benzyl)( were( synthesised( via(
alternative(pathways( (see( Scheme(4).( ( The( compound(designation( ‘d’( has(been(
assigned( to( the( derivative( where( R( =( ‘propyl’,( which( was( only( produced( by(
reaction(on(the(fully(deprotected(Δ4Cglucuronyl(azide(28((see(Scheme(4,(Table(1).(

Base-catalysed deprotection of triazole derivatives 30a-c and 
30e-n gave the corresponding target N-acetyl-Δ4-β-D-
glucosaminuronyl 4-substituted-[1,2,3]-triazoles (12a-c and 
12e-n). For biological evaluation, compounds 12a-c and 12e-i 
were converted to the sodium salt form. Due to the poor water 
solubility of aromatic derivatives 12j-l, they were purified by 
precipitation from acetonitrile, and then converted to the 
sodium salts through ion-exchange chromatography. The 
presence of the free amine in derivatives 12m and 12n enabled 
their combined purification and salt formation by ion exchange 
chromatography. 
Important in the development of NA inhibitors is the 
conformation of the unsaturated dihydropyran scaffold. The 
central dihydropyran ring of inhibitors Neu5Ac2en 7 and 
zanamivir 1 adopts a half-chair conformation in solution in 
which all the substituents are in a equatorial or quasi-equatorial 
orientation. This half-chair conformation orients the C-4, C-5 
and C-6 substituents (for Neu5Ac2en, the hydroxyl and 
acetamide groups, and the glycerol side-chain) to interact 
optimally with highly conserved NA active site residues,48 with 
little of no change from the solution conformation, producing 
efficient binding. It has been found that, depending upon the 
anomeric substituent, N-acetyl-Δ4-β-D-glucosaminuronic acids 
can adopt either an equivalent or inverse half-chair ring 
conformation to that of Neu5Ac2en. For example, where a fully 
protected Δ4-β-D-glucosaminuronate glycosyl phosphonate 
adopts a Neu5Ac2en-like conformation,22 O- and S- glycosides 
on the same scaffold,20,21,23 both in protected form, and as the 
free acid, adopt a half-chair solution conformation with the 
substituents in axial or quasi-axial orientations. Nevertheless, a 
crystal structure of influenza virus NA in complex with 3-
pentyl N-acetyl-Δ4-β-D-glucosaminuronide 11, with the 'wrong' 

solution conformation,23 showed that a change of conformation 
is possible allowing binding of the inhibitor to the active site of 
the enzyme in a Neu5Ac2en-like conformation. Although 
conformational change is possible as the inhibitor binds into the 
active site, it can come at an energetic cost that may affect the 
overall inhibitory potency. 
Comparison of the NMR data for the 4,5-unsaturated 
glucuronyl azides (26, 27 and 28) with substituted uronic acids 
from the literature,20,21,49,50 indicated that each of the Δ4-β-D-
glucuronyl azides adopts a solution conformation with the 
substituents in a quasi-axial or axial orientation, as indicated by 
moderate to small 3J  coupling constants for H-1, H-2, and H-3 
(e.g. 27: J1,2 3.7 Hz, J2,3 3.1 Hz, J3,4 4.4 Hz and J1,3 0.9 Hz). In 
contrast, both the protected Δ4-β-D-glucuronyl triazole 
derivatives and final deprotected acids or sodium salts, appear 
to adopt a Neu5Ac2en-like solution conformation as indicated 
by the relatively large coupling constants of J1,2 ≈ 10 Hz, J2,3 ≈ 
8.7 Hz, and a small J3,4 ≈ 2.8 Hz, which suggests that H-1, H-2 
and H-3 adopt a quasi-equatorial positions. Accordingly, these 
results suggest that the synthesized triazole derivatives 12a-n 
are already in the appropriate conformation to bind into the 
neuraminidase active site. 

Biological (evaluation(

The N-acetyl-Δ4-β-D-glucosaminuronyl 4-substituted-[1,2,3]-
triazole derivatives 12a-n were evaluated for their ability to 
inhibit the activity of influenza A virus N1 and N2 NA 
subtypes using an in vitro fluorometric assay.51,52 The N2 
subtype chosen was representative of the currently circulating 
human H3N2 virus. The N1 subtypes chosen were from the 
2009 pandemic human H1N1 virus (A/Cal/09 H1N1), as well 
as from an avian H5N1 virus and the corresponding His274Tyr 
(N2 numbering) variant. The NA inhibitory activities of 12a-n 
are presented in Table 3, together with the activity of the 
benchmark inhibitor Neu5Ac2en 7 which differs only in the 
nature of the major side-chain (glycerol vs triazole). 
The triazole derivatives displayed consistently stronger 
inhibition of the N2 NA compared to the N1 NAs. Where 
inhibition against the N2 NA produced IC50 values in the range 
or 1 to 100 µM, against the (H1)N1 NA, for example, the IC50 
values ranged from 20 to 750 µM. The stronger inhibition of 
the N2 NA compared to the N1 NAs, is in distinct contrast to 
Neu5Ac2en 7 which gave IC50 values against all NAs in the 
range of 1 to 6 µM. 
Triazole derivative 12a, bearing the hydrophilic hydroxymethyl 
substituent, proved to be a relatively weak inhibitor of the 
influenza virus NAs (IC50 values of 103 and >500 µM against 
N2 and N1 NAs respectively), suggesting that the triazole C-4 
substituent did not adopt a position to benefit from hydrogen 
bond interactions such as those seen in inhibitors with a 
Neu5Ac2en-like glycerol side-chain or derivatives thereof. The 
relatively weak inhibition of 12a is in line with results for 
similarly substituted N-hydroxyalkyl carboxamide 
derivatives.18 In comparison, triazoles 12b, and 12d to 12h, 
with purely hydrophobic 4-substituents held close to the 
triazole ring, exhibited stronger NA inhibitory activity than 

OMeO2C N

OAc
NHAc

NN
ROMeO2C N3

OAc
NHAc

27 30 (Ac)
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DMF / H2O (3:1)
40 °C
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12a, with most of the compounds having IC50 values in the 
range below 25 µM against the N2 NA. 

Table( 3. ( ( In! vitro( inhibition( (IC50(µM)(of( influenza(A( virus( neuraminidase( activity( by(

NCacetylCΔ4
CβCDCglucosaminuronyl(triazolyl(derivatives(12aCn(and(glucuronyl(azide(28.(

(

IC50((µM)
a
(

Cmpd( ((((((R((
N2

b! N1(

pdm09
c
(

N1(

H5N1
d
(

N1(

H274Y
e
(

28( –( 39( 313( 550( 241(

12a( hydroxymethyl( 103( 749( 1000( 266(

12b(

(13)(
phenyl( 1.1( 22( 50( 15(

12c( benzyl( 62(( 457( 460( –(
f
(

12d( propyl( 9.0( 49( 70( 17(

12e( ethyl( 16( 92( 646
g
( 91(

12f( cyclopentyl( 20( 143( –(
f
( 86(

12g( cyclopentylmethyl( 22( 132( 790( 544(

12h( cyclohexyl( 22( 309( 170( 109(

12i( cyclohexylmethyl( 100( 348( –(
f! –(

f
(

12j
(g!

2Cmethoxyphenyl( 8.3( 99( 675( 153(

12k
(g
( 3Cmethoxyphenyl( 2.2( 50( 154( 65(

12l
(g
( 3Chydroxyphenyl( 1.9( 51( 180( 70(

12m
(g
( 2Caminophenyl( 5.4( 98( 190( 49(

12n
(g
( 3Caminophenyl( 1.1( 30( 118( 48(

7( –( 5.0( 1.3( 5.9( 3.9(

7
(g
( –( 4.6( 2.0( 3.1( 2.8(

a( IC50(values(were(derived(from(a(fluorometric(enzyme(assay,(with(the(inhibitors(

preCincubated(with(enzyme(for(40(min.(Results(are(the(mean(of(triplicate(assays.((

Zanamivir(1:(N2,(IC50(0.8(nM;(N1((pdm09),(IC50(0.17(nM;(N1((H5N1),(IC50(0.2(nM;(

N1( (H5N1CH274Y),( IC50( 0.43(nM.( ! b(N2( [A/Babol/36/2005( (H3N2)].( ( c!N1(pdm09((

[A/California/04/2009( (pdm09( H1N1)].( ( d! N1( [A/Anhui/1/2005( (H5N1)].( ( e! N1C

H274Y([A/Anhui/1/2005((H5N1CHis274Tyr(variant)].(f(IC50(>1000(µM.(g(Compound(

was(dissolved(in(aq.(DMSO;(final(DMSO(concentration(<0.5%(per(well.(

The influence of the nature of the triazole 4-substituent, 
aliphatic vs aromatic, and the distance of the cycloalkyl or 
phenyl group from the triazole ring, were investigated with 
compounds 12b-i. Derivatives with a simple ethyl 12e or propyl 
12d chain, or cyclopentyl group 12f, were the more active of 
the alkyl derivatives, while direct attachment of the phenyl 
group to the triazole ring (as in 12b) was more effective than 
with a methylene bridge (12c). The best inhibitory activity 
against both the N2 and N1 NAs was obtained for glucuronyl 4-
phenyl-triazole derivative 12b (equivalent to 13 in Figure 3), 
with its activity (IC50) equivalent to that of Neu5Ac2en against 
the N2 NA. 
4-Phenyl-triazole derivative 12b was as a result chosen as a 
template for the design and synthesis of further aromatic 
derivatives 12j-n where hydrogen bond donor and acceptor 
substituents were incorporated at the ortho or meta position of 
the aromatic ring. None of these compounds, however, showed 

better inhibition than 12b, suggesting that the substitutions on 
the aromatic ring did not create additional, or alternative, 
favourable binding interactions, at least with respect to 
increasing the strength of inhibition. 
The distinct feature observed of greater inhibitory activity of 
the triazole derivatives against the N2 over the N1 NA subtypes 
could relate to the difference in the amino acid profile seen for 
the two NA subtypes in the side-pocket towards which the 
triazole C-4 substituent is potentially oriented. In both the 
H1N1 and H5N1 NAs, the side-pocket is flanked by Ile222 and 
Ser246. In contrast, in the N2 NA Ile222 sits opposite the more 
hydrophobic Ala246. This difference in the polarity of the side-
pocket may produce a more favourable binding by hydrophobic 
triazole substituents with the N2 NA. 
Examining inhibitory activity against the avian H5N1 NA 
versus the His274Tyr variant, most of the triazole derivatives 
displayed slightly stronger (2-17 fold lower IC50 value) 
inhibition of the His274Tyr variant. While this is not a 
substantial improvement in activity, it was also not the drastic 
decrease in inhibition that has been reported for oseltamivir 
carboxylate 3 against N1 strains with this mutation (for 
example, 3 Ki values against: H5N1, 0.32 nM; H5N1-H274Y, 
85 nM16,53). These results suggest that the triazole 4-
substitutuent, for at least the hydrophobic derivatives, binds as 
indicated in the preliminary docking study and as suggested by 
the N2 vs N1 inhibition profile, interacting with the Ile222–
Ala/Ser246 side-pocket adjacent to the active site, rather than in 
the glycerol side-chain binding pocket. 

Conclusions(

In summary, we have optimised a multigram-scale synthetic 
route to methyl N-acetyl-D-glucosaminuronate  β-glycosyl 
azide, the key starting material for synthesis of N-acetyl-β-D-
glucosaminuronic acids with anomeric nitrogen functionality. 
Using CuAAC, novel N-acetyl-Δ4- β-D-glucosaminuronyl 4-
substituted-[1,2,3]-triazole derivatives were synthesised with 
varied functionality at C-4 on the triazole ring to probe binding 
interactions within the NA active site area. In vitro biological 
evaluation revealed that triazoles with a hydrophobic 
4-substituent produced NA inhibitory activity (IC50) in the 
micromolar range, and were more selective for the N2 NA 
subtype. The most active inhibitor, with an IC50 equalling that 
of the benchmark inhibitor Neu5Ac2en 7, was obtained with a 
phenyl group directly substituting the triazole ring. Studies of 
inhibition against H5N1 and the H5N1–His274Tyr variant, 
indicated that the inhibitory activity of the triazole derivatives 
was not adversely affected by the inability of the His274Tyr 
strain to re-orient Glu276. This is in line with the modelling 
study, which suggested that the triazole substituent would 
orient towards the side-pocket lined by Ile222 and 
Ala246/Ser246 (N2/N1 subtypes), rather than bind the glycerol 
side-chain binding pocket. A crystallisation study is currently 
underway to explore the binding mode of the most active 4-
phenyl-triazole derivative 12b. Building on the results of the 
current study, and drawing on SAR from the development of 
potent NA-inhibitor anti-influenza drugs and related 
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compounds,10,11 incorporating variation at the hydroxyl group 
on the dihydropyran ring, and/or a tighter binding acidic group 
such as phosphonate13 or sulfonate14 in place of the carboxylate 
group, may provide opportunities to increase the potency of 
neuraminidase inhibition using this new inhibitor template. 

Experimental 
Molecular modelling 

Molecular modelling was conducted, and Figures 3A and 3B 
were prepared, using YASARA software (version 14.8.17).54  
Details of the methods employed are provided in the Electronic 
Supplementary Information. 

Synthetic chemistry  

General methods and materials.  All reagents for synthesis 
were from commercial sources and were used without further 
purification unless indicated otherwise. All solvents were 
distilled prior to use or were of analytical grade. Anhydrous 
reactions were carried out under an atmosphere of nitrogen or 
argon, using oven‐dried glassware. All reactions were 
monitored by TLC using aluminium plates coated with silica 
gel 60 F254 with visualization of product bands by UV 
fluorescence (λ = 254 nm), I2 or charring with orcinol stain (1 g 
of orcinol monohydrate in a mixture of EtOH/water/H2SO4 
72.5:22.5:5) or H2SO4 stain (5% H2SO4 in EtOH). Flash column 
chromatography was performed using silica gel 60 (0.040-
0.063 mm) using distilled solvents. Reverse phase column 
chromatography was performed using C18 cartridges (Waters 
Sep-Pak® 35cc cartridge; 10 g sorbent). IR spectra were 
recorded in solid form using an FT-IR spectrometer. 1H and 13C 
NMR spectra were recorded at 300 and 75.5 MHz, respectively, 
on a 300 MHz spectrometer, or at 400 and 100 MHz, 
respectively, on a 400 MHz spectrometer. The 1H and 13C NMR 
chemical shifts (δ) are reported in parts per million, relative to 
the residual solvent peak as internal reference [CDCl3: 7.26 (s) 
for 1H, 77.16 (t) for 13C; CD3OD: 3.30 (pent) for 1H, 49.00 
(sept) for 13C; D2O: 4.67 (s) for 1H, DMSO-d6: 2.50 (pent) for 
1H, 39.52 (sept) for 13C]. The following abbreviations (or a 
combination of those) are used to explain the observed 
multiplicities: s (singlet), d (doublet), dd (doublet of doublets), t 
(triplet), q (quartet), m (multiplet), br (broad), app (apparent). 
1H and 13C NMR assignments were confirmed by 1H-1H COSY 
and HSQC, respectively. Low Resolution Mass Spectra 
(LRMS) were recorded in either positive or negative ionisation 
mode (as indicated), using ElectroSpray Ionisation (ESI) on an 
ion trap LC mass spectrometer. High Resolution Mass Spectra 
(HRMS) were recorded using either an HPLC-coupled QTOF 
spectrometer fitted with a Jet Stream ESI source, or an FT mass 
spectrometer fitted with an Apollo ESI source.  Reversed phase 
(RP) HPLC was carried out on a Phenomenex Aqua 5 µm C18 
125 Å column (250 x 10.0 mm), with a column temperature of 
35 °C, at a flow-rate of 4 mL/min, with isocratic elution using 
0.05% or 1% aqueous trifluoroacetic acid (TFA). Purity 
determinations were carried out using LCMS on a UHPLC-
coupled single quadrupole mass spectrometer with ESI source. 

Compounds were eluted on a Shim-pak XR-ODSIII 1.6 µm (75 
x 2 mm) column, with a column temperature of 40 °C, at a 
flow-rate of 0.28 mL/min, with gradient elution using 0.1% 
formic acid and MeOH containing 0.1% formic acid. The 
purities of all synthetic intermediates after chromatographic 
purification were judged to be >90%, while the purities of the 
final products [with the exception of 12d (88%) and 12g (92%)] 
were ≥95% as determined by LCMS analysis. 
Note: All spectra from CC are fully assigned. 13C NMR spectra 
from JR are not (yet) assigned. 
5-Acetamido-2,6-anhydro-3,5-dideoxy-D-glycero-D-galacto-
non-2-enonic acid (Neu5Ac2en 7)55 was prepared through base-
catalysed deprotection of the corresponding peracetylated 
methyl ester.56 5-Acetamido-2,6-anhydro-4-guanidino-3,4,5-
trideoxy-D-glycero-D-galacto-non-2-enonic acid (4-deoxy-4-
guanidino-Neu5Ac2en, zanamivir, 1),57 was synthesized 
according to literature procedures. 

2-Acetamido-1,3,4-tri-O-benzoyl-2-deoxy-α/β-D-
glucopyranose (18).  N-Acetyl-D-glucosamine 17 (2.10 g, 9.49 
mmol) was dried under vacuum over P2O5 overnight and then 
suspended in dry pyridine (12 mL) under nitrogen. 
Triphenylmethyl chloride (3.18 g, 11.4 mmol) was added and 
the stirring mixture was heated to 100 °C. After the solution 
became clear, it was allowed to cool to room temperature and 
stirring was continued for a further 3 h, at which point TLC 
analysis (CHCl3/MeOH 9:1) indicated complete consumption 
of starting material. Pyridine (13 mL) and CH2Cl2 (50 mL) 
were then added, and the flask was cooled to 4 °C before 
addition of benzoyl chloride (4.5 mL, 39 mmol) over a period 
of approximately 1 min. The reaction mixture was allowed to 
warm to room temperature and after 4 h was concentrated.  The 
residue was suspended in CH2Cl2 (40 mL) and pyridinium 
hydrochloride was removed by filtration. This process was 
repeated using EtOAc (40 mL) and the two filtrates were 
combined and evaporated to dryness. The residue was 
combined with aqueous acetic acid (80% v/v; 50 mL) and the 
mixture was heated at 70 °C for 7 h. The reaction was then 
concentrated and the residue evaporated from toluene (2 x 15 
mL). Purification of the crude product by column 
chromatography (CH2Cl2 to CH2Cl2/acetone 92:8) afforded 
1830,32 (α/β 5:1) (2.80 g, 55%). Rf 0.20 (hexanes/EtOAc 1:1); 
1H NMR (300 MHz, CDCl3; α-anomer): δ 8.20–8.14 (m, 2 H, 
HAr), 8.00–7.93 (m, 4 H, HAr), 7.74–7.66 (m, 1 H, HAr), 7.61–
7.49 (m, 4 H, HAr), 7.43–7.34 (m, 4 H, HAr), 6.59 (d, J1,2 3.5 
Hz, 1 H, H-1), 5.89 (d, JNH,2 8.8 Hz, 1 H, NH), 5.88 (dd, J3,2 
11.0, J3,4 9.8 Hz, 1 H, H-3), 5.67 (dd, J4,3 9.8, J4,5 10.0 Hz, 1 H, 
H-4), 4.82 (ddd, 1 H, H-2), 4.17–4.10 (m, 1 H, H-5), 3.79 (dd, 
J6a,6b 12.9, J6a,5 2.0 Hz, 1 H, H-6a), 3.69 (dd, J6b,6a 12.9, J6b,5 4.0 
Hz, 1 H, H-6b), 1.84 (s, 3 H, NHCOCH3); 13C NMR (75.5 
MHz, CDCl3; α-anomer): δ 170.3, 167.6, 165.8, 164.4, 134.1, 
133.82, 133.77, 130.0, 129.92, 129.90, 128.9, 128.8, 128.6, 
128.5, 128.4 (2C), 91.5, 72.8, 71.2, 68.6, 60.9, 51.8, 22.9; 
LRMS (ESI): m/z 556.1 [M+Na]+; HRMS (ESI): m/z calcd for 
[C29H27NO9Na]+ 566.1579, found 556.1577. 

Methyl (2-acetamido-1,3,4-tri-O-benzoyl-2-deoxy-α/β-D-
glucopyranose)uronate (19).  Compound 18 (4.30 g, 8.06 
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mmol) was dissolved in CH2Cl2 (25 mL). To this solution was 
added saturated aqueous NaHCO3 (16.0 mL), KBr (100 mg, 
0.84 mmol; 0.1 eq.), tetrabutylammonium bromide (130 mg, 
0.40 mmol; 0.05 eq.), and TEMPO (20 mg, 0.13 mmol; 0.01 
eq.). The biphasic mixture was stirred vigorously while a 
mixture of sodium hypochlorite (23.0 mL of a 12.5% solution, 
38.6 mmol; 4.8 eq.), saturated aqueous NaCl (16 mL), and 
saturated aqueous NaHCO3 (8 mL) was added in portions (of ~ 
2.5 mL) at room temperature. After approximately 40 min no 
starting material was evident by TLC (EtOAc/MeOH 9:1; a 
small aliquot was acidified prior to TLC), and the solution was 
adjusted to pH 2 by addition of 4 M HCl. Brine (50 mL) was 
added, and the mixture was extracted with CH2Cl2. The organic 
extracts were washed with brine (50 mL), dried (Na2SO4), 
filtered, and concentrated. The residue was evaporated twice 
from toluene and combined with dry MeOH (35.0 mL) under 
nitrogen.  To this suspension was added trimethyl orthoformate 
(1.32 mL, 12.1 mmol; 1.5 eq.), followed by thionyl chloride 
(0.44 mL; 6.0 mmol; 0.75 eq.) at such a rate as to avoid 
excessive build-up of heat or pressure. After stirring for 30 min 
the clear solution was concentrated and the residue dissolved in 
CH2Cl2, washed successively with saturated aqueous NaHCO3 
and water, dried (Na2SO4), filtered and concentrated. 
Purification of the crude product by column chromatography 
(hexanes/EtOAc 1:1) afforded 19 (4.0 g, 88%). Rf 0.65 
(hexanes/EtOAc 1:2); 1H NMR (300 MHz, CDCl3; α-anomer): 
δ 8.19–8.13 (m, 2 H, HAr), 7.97–7.89 (m, 4 H, HAr), 7.70–7.63 
(m, 1 H, HAr), 7.58–7.46 (m, 4 H, HAr), 7.43–7.31 (m, 4 H, 
HAr), 6.92 (d, JNH,2 8.7 Hz, 1 H, NH), 6.66 (d, J1,2 3.5 Hz, 1 H, 
H-1), 5.91 (dd, J3,2 10.7, J3,4 9.6 Hz, 1 H, H-3), 5.73 (dd, J4,5 
9.8, J3,4 9.6 Hz, 1 H, H-4), 4.86 (ddd, 1 H, H-2), 4.65 (d, J5,4 9.8 
Hz, 1 H, H-5), 3.41 (s, 3 H, CO2CH3), 1.87 (s, 3 H, 
NHCOCH3); 13C NMR (75.5 MHz, CDCl3; α-anomer): δ 170.1, 
167.3, 167.2, 165.1, 164.0, 134.3, 134.0, 133.6, 130.1, 130.0, 
129.8, 129.0, 128.7 (2C), 128.6, 128.5, 128.3, 91.0, 71.1, 70.5, 
69.4, 53.1, 51.4, 23.1; LRMS (ESI): m/z 584.1 [M+Na]+; 
HRMS (ESI): m/z calcd for [C30H27NO10Na]+ 584.1527, found 
584.1550. 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranosyl 
chloride (23).  Anhydrous N-acetyl-D-glucosamine 17 (10.1 g, 
45.6 mmol) was suspended in acetyl chloride (52 mL, 729 
mmol) under argon in a round bottom flask sealed with a 
greased stopper and the mixture was stirred vigorously at room 
temperature for 6 d. After transformation of the white 
suspension into a red viscous solution, the reaction mixture was 
concentrated. The crude reaction product was diluted in CH2Cl2 

(150 mL) and the organic layer was washed with ice cold 
saturated aqueous NaHCO3 (3 × 150 mL) until no further gas 
evolved, dried (Na2SO4), filtered and concentrated. The crude 
product was purified by crystallization from CH2Cl2/Et2O to 
afford 23 (14.9 g, 89%) as a beige solid. Rf 0.62 
(EtOAc/CH2Cl2 1:3); 1H NMR (300 MHz, CDCl3): δ 6.19 (d, 
J1,2  3.8 Hz, 1 H, H-1), 5.80 (d, JNH,2  8.7 Hz, 1 H, NH), 5.30 
(app t, J3,2  10.5, J3,4  9.4 Hz, 1 H, H-3), 5.20 (app t, J4,5  9.7, J4,3  
9.6 Hz, 1 H, H-4), 4.53 (ddd, J2,3  10.5, J2,NH  8.7, J2,1  3.7 Hz, 1 
H, H-2), 4.33–4.22 (m, 2 H, H-5, H-6a), 4.17–4.08 (m, 1 H, H-

6b), 2.10 (s, 3 H, OCOCH3), 2.052 (s, 3 H, OCOCH3), 2.050 (s, 
3 H, OCOCH3), 1.98 (s, 3 H, NHCOCH3); LRMS (ESI): m/z 
388.1 [M+Na]+. The 1H NMR data was in agreement with that 
reported in the literature.41 

2-Acetamido-2-deoxy-β-D-glucopyranosyl azide (24).  
According to the reported method,41 to a solution of glycosyl 
chloride 23 (27.6 g, 75.5 mmol), and tetrabutylammonium 
hydrogen sulfate (25.8 g, 76.0 mmol) in CH2Cl2 (120 mL), at 
room temperature, was added a solution of NaN3 (10.4 g, 159 
mmol) in 1 M aqueous Na2CO3 (100 mL). The biphasic 
reaction mixture was stirred vigorously at room temperature for 
2.5 h. Conversion of the starting material into a single product 
was indicated by TLC (EtOAc/CH2Cl2 3:1). The organic layer 
was extracted and washed with brine (2 × 100 mL), dried 
(Na2SO4), filtered and concentrated. The crude product was 
purified by column chromatography (CH2Cl2 to EtOAc/CH2Cl2 
2:1) to afford 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-
glucopyranosyl azide 2441 (24.8 g, 89%) as an off-white solid. 
Rf 0.45 (EtOAc/CH2Cl2 3:1); IR: νmax 2118 cm–1 (N3); 1H NMR 
(300 MHz, CDCl3): δ 5.65 (d, JNH,2 8.8 Hz, 1 H, NH), 5.24 (dd, 
J3,2 10.5, J3,4 9.3 Hz, 1 H, H-3), 5.10 (dd, J4,5 9.9, J4,3 9.3 Hz, 1 
H, H-4), 4.75 (d, J1,2 9.3 Hz, 1 H, H-1), 4.27 (dd, J6a,6b  12.4, 
J6a,5 4.8 Hz, 1H, H-6a), 4.16 (dd, J6b,6a 12.4, J6b,5 2.4 Hz, 1H, H-
6b), 3.91 (ddd, J2,3 10.5, J2,1 ≈ J2,NH 9.1 Hz, 1 H, H-2), 3.79 
(ddd, J5,4  10.0, J5,6a 4.8, J5,6b  2.4 Hz, 1 H, H-5), 2.10 (s, 3 H, 
OCOCH3), 2.04 (s, 3 H, OCOCH3), 2.03 (s, 3 H, OCOCH3), 
1.98 (s, 3 H, NHCOCH3); LRMS (ESI): m/z 395.0 [M+Na]+. 
The 1H NMR data was in agreement with that reported in the 
literature.41  
According to the reported method,41 to a solution of 2-
acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl azide 
(24.8 g, 66.5 mmol) in anhydrous MeOH (250 mL) was added a 
solution of NaOMe (1 M solution in anhydrous MeOH, 40 mL, 
40.0 mmol). The reaction mixture was stirred at room 
temperature for 24 h. Conversion of the starting material into a 
single product was indicated by TLC (EtOAc/MeOH 4:1). The 
solution was neutralised by adding Amberlite IR-120 (H+) ion 
exchange resin, filtered and concentrated. The crude product 
was purified by column chromatography (EtOAc/MeOH 4:1) to 
afford 24 (16.4 g, quant.) as a pale yellow solid. Rf 0.34 
(EtOAc/MeOH 4:1); IR: νmax 2118 cm–1 (N3); 1H NMR (300 
MHz, CD3OD): δ 4.53 (d, J1,2  9.3 Hz, 1 H, H-1), 3.92 (dd, J6a,6b  
11.6, J6a,5  2.1 Hz, 1 H, H-6a), 3.77–3.71 (m, 1 H, H-6b), 3.71–
3.62 (m, 1 H, H-2), 3.53–3.44 (m, 1 H, H-3), 3.43–3.33 (m, 1 
H, H-5), 3.33–3.30 (m, 1 H, H-4), 2.01 (s, 3 H, NHCOCH3); 
LRMS (ESI): m/z 268.9 [M+Na]+. The 1H NMR data was in 
agreement with the resonances reported in the literature.41 
Assignments are different from the literature,41 but were 
confirmed by 1H-1H COSY. 

Methyl (2-acetamido-3,4-di-O-benzoyl-2-deoxy-β-D-
glucopyranosyl)uronate azide (21)  
By TEMPO–NaOCl mediated oxidation of GlcNAc β-glycosyl 
azide 24:  2-Acetamido-2-deoxy-β-D-glucopyranosyl azide 24 
(5.84 g, 23.7 mmol) was dissolved in saturated aqueous 
NaHCO3 (25.0 mL). After addition of potassium bromide 
(0.282 g, 2.37 mmol; 0.1 eq.) and TEMPO (0.260 g, 1.66 
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mmol; 0.07 eq.), the solution was cooled to 4 °C before portion-
wise addition of sodium hypochlorite (56 mL of a 1.7 M 
solution; 95 mmol; 4.0 eq). The reaction mixture was stirred 
vigorously at 4 °C for 48 h, at which time no starting material 
was evident by TLC analysis of aliquots made acidic by 
addition of 1 M HCl (EtOAc/MeOH/water/AcOH 6:3:1:0.1).  
The reaction mixture was acidified to pH 2-3 by addition of 4M 
HCl and then concentrated to afford a white solid that was 
thoroughly extracted with EtOH (3 x 35 mL). Concentration of 
the ethanolic extracts afforded a white solid. After drying in 
vacuo at 50 °C for several hours, the residue was suspended in 
dry MeOH (35 mL) and trimethyl orthoformate (4 mL, 36 
mmol; 1.5 eq.) with stirring at 4 °C. Thionyl chloride (1.2 mL, 
16.6 mmol; 0.7 eq.) was added cautiously to this mixture 
followed by dry MeOH (35 mL). After 1 h the yellow solution 
was concentrated and the residue combined with CH2Cl2 (35 
mL) and pyridine (15 mL), followed by benzoyl chloride (17.0 
g, 121 mmol). The reaction mixture was stirred for 1 h and then 
concentrated. The residue obtained was redissolved in CH2Cl2 
(100 mL), washed successively with water, 1M HCl, saturated 
aqueous NaHCO3, and water, then dried (Na2SO4), filtered, and 
concentrated. Purification of the crude product by column 
chromatography (CH2Cl2/EtOAc 98:2 to 95:5) afforded an off-
white solid that was recrystallised from EtOAc-hexanes to 
afford pure 2144 (7.47 g, 65% over 3 steps). Rf 0.32 
(hexanes/EtOAc 1:1); 1H NMR (300 MHz, CDCl3): δ 7.99–
7.84 (m, 4 H, HAr), 7.58–7.45 (m, 2 H, HAr), 7.43–7.26 (m, 4 H, 
HAr), 6.01 (d, JNH,2 8.7 Hz, 1 H, NH), 5.87 (dd, J3,2 9.5, J3,4 9.5 
Hz, 1 H, H-3), 5.67 (dd, J4,5 9.7 Hz, J4,3 9.5 Hz, 1 H, H-4), 5.15 
(d, J1,2 8.9 Hz, 1 H, H-1), 4.44 (d, 1 H, J5,4 9.7 Hz,  H-5), 4.16–
4.05 (m, 1 H, H-2), 3.68 (s, 1 H, CO2CH3), 1.92 (s, 3 H, 
NHCOCH3); 13C NMR (75.5 MHz, CDCl3): δ 171.0, 167.1, 
166.4, 165.3, 133.7, 133.5, 130.0, 129.7, 128.7 (2C), 128.6, 
128.4, 88.6, 74.3, 71.7, 70.1, 54.3, 53.0, 23.2; LRMS (ESI): m/z  
505.0 [M+Na]+; HRMS (ESI): m/z calcd for [C23H22N4O8Na]+ 
505.1330, found 505.1328. 

Methyl (2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-
glucopyranosyl)uronate azide (25)  
By TEMPO–BAIB mediated oxidation of GlcNAc β-glycosyl 
azide 24:  To a suspension of 24 (12.3 g, 49.9 mmol) and BAIB 
(64.6 g, 201 mmol) in a mixture of CH2Cl2 and water (1:1; 250 
mL),58 was added TEMPO (3.2 g, 20.3 mmol) in portions over 
3 h. The biphasic reaction mixture was stirred vigorously at 
room temperature for 24 h. The reaction mixture was 
concentrated and co-evaporated with toluene until a foam was 
obtained. To a suspension of the crude acid in anhydrous 
MeOH (70 mL), was added dry Amberlite IR-120 (H+) ion 
exchange resin (~ 15 g). The reaction mixture was stirred at 
room temperature for 24 h, until conversion of the acid into a 
single product was observed by TLC (EtOAc/MeOH 3:2). The 
reaction mixture was filtered, the resin was washed with 
MeOH, and the filtrate was concentrated. The unprotected 
methyl ester was dissolved in anhydrous pyridine (120 mL) 
under nitrogen, and Ac2O (60 mL, 635 mmol) was added. The 
solution was stirred at room temperature for 24 h. The reaction 
mixture was concentrated, EtOAc (300mL) was added, and the 

organic layer was washed with water (300 mL), 1M HCl (300 
mL) and brine (300 mL). The two first aqueous extracts were 
back-extracted with CH2Cl2 (500 mL). The organic phases were 
combined, dried (MgSO4), filtered and concentrated. 
Purification of the crude product by column chromatography 
(EtOAc/hexanes 7:3 to EtOAc) afforded 2534 as an off-white 
solid (9.6 g, 54% over 3 steps). Rf 0.23 (EtOAc/hexanes 7:3); 
IR: νmax 2119 cm–1 (N3); 1H NMR (300 MHz, CDCl3): δ 5.72 
(d, JNH,2 8.6 Hz, 1 H, NH), 5.35 (dd, J3,2 10.3, J3,4  9.3 Hz, 1 H, 
H-3), 5.21 (dd, J4,5 9.7, J4,3 9.3 Hz, 1 H, H-4), 4.91 (d, J1,2 9.0 
Hz, 1 H, H-1), 4.13 (d, J5,4 9.7 Hz, 1 H, H-5), 3.86 (ddd, J2,3 
10.3, J2,1 ≈ J2,NH 8.8 Hz, 1 H, H-2), 3.77 (s, 3 H, CO2CH3), 2.06 
(s, 3 H, OCOCH3), 2.03 (s, 3 H, OCOCH3), 1.98 (s, 3 H, 
NHCOCH3); LRMS (ESI): m/z 381.0 [M+Na]+. The 1H NMR 
data was in agreement with that reported in the literature. 34 

Methyl (2-acetamido-3-O-benzoyl-2,4-dideoxy-α-L-threo-
hex-4-enopyranosyl)uronate azide (26).  The crystalline 
dibenzoate 21 (6.50 g, 13.5 mmol) was dissolved in anhydrous 
CH2Cl2 (40.0 mL) with stirring under nitrogen. 1,8-
Diazabicyclo-[5.4.1]-undec-7-ene (DBU; 2.60 mL, 17.5 mmol; 
1.3 eq.) was added dropwise over approximately 1 min.  After 
1.5 h no starting material was evident by TLC analysis 
(EtOAc/hexanes/CH2Cl2 5:4:1) and the reaction mixture was 
concentrated to a volume of approximately 15 mL. This 
solution was applied to a column of silica gel and the product 
was chromatographed (EtOAc/hexanes/CH2Cl2 5:4:1) to afford 
26 (4.79 g, 98%). Rf 0.36 (hexanes/EtOAc 1:1); 0.84 
(EtOAc/acetone 4:1); 1H NMR (300 MHz, CDCl3): δ 8.06–8.00 
(m, 2 H, HAr), 7.61–7.54 (m, 1 H, HAr), 7.47–7.40 (m, 2 H, 
HAr), 6.37 (dd, J4,2 0.8, J4,3 4.6 Hz, 1 H, H-4), 6.24 (d, 1 H, 
NH), 5.70 (d, J1,2 3.5 Hz, 1 H, H-1), 5.44–5.39 (m, 1 H, H-3), 
4.55–4.48 (m, 1 H, H-2), 3.83 (s, 3 H, CO2CH3), 2.01 (s, 3 H, 
NHCOCH3); 13C NMR (75.5 MHz, CDCl3): δ 169.9, 165.6, 
161.7, 143.0, 133.6, 129.9, 129.2, 128.6, 108.0, 86.5, 64.6, 
52.9, 48.7, 23.1; LRMS (ESI): m/z  383.0 [M+Na]+; HRMS 
(ESI): m/z calcd for [C16H16N4O6Na]+ 383.0962, found 
383.0945. 

Methyl (2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-
4-enopyranosyl)uronate azide (27).  Based on the method of 
Mann et al.,21 to a solution of 25 (5.45 g, 15.2 mmol; 
previously dried by co‐evaporation 3 times with anhydrous 
toluene) in anhydrous CH2Cl2 (100 mL), was slowly added 
DBU (2.8 mL, 18.7 mmol) at room temperature under argon. 
After 2 h, conversion of the starting material into a single 
product by TLC (EtOAc/hexanes/CH2Cl2 5:4:1) was observed. 
The reaction mixture was concentrated and co-evaporated with 
toluene several times. Purification of the crude product by 
column chromatography (EtOAc/hexanes/CH2Cl2 5:4:1) 
afforded 27 (4.07 g, 90%) as an off-white solid. Rf 0.20 
(EtOAc/hexanes/CH2Cl2 5:4:1); IR: νmax 2116 cm–1 (N3); 1H 
NMR (400 MHz, CDCl3): δ 6.24 (dd, J4,3 4.6, J4,2 1.1 Hz, 1 H, 
H-4), 5.84 (d, JNH,2 8.7 Hz, 1 H, NH), 5.59 (dd, J1,2 3.7, J1,3 0.9 
Hz, 1 H, H-1), 5.17 (ddd, J3,4 4.3, J3,2 3.0, J3,1 0.9 Hz, 1 H, H-
3), 4.33 (dddd, J2,NH 8.7, J2,1 3.9, J2,3 3.1, J2,4 1.1 Hz, 1 H, H-2), 
3.84 (s, 3 H, CO2CH3), 2.10 (s, 3 H, OCOCH3), 2.00 (s, 3 H, 
NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 170.2 
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(COCH3), 170.0 (COCH3), 161.8 (CO2CH3), 143.0 (C-5), 108.1 
(C-4), 86.5 (C-1), 64.5 (C-3), 53.0 (CO2CH3), 48.9 (C-2), 23.2 
(NHCOCH3), 21.0 (OCOCH3); LRMS (ESI): m/z 320.5 
[M+Na]+; HRMS (ESI): m/z calcd for [C11H14N4O6Na]+ 
321.0811, found 321.0797. 

(2-Acetamido-2,4-dideoxy-α-L-threo-hex-4-
enopyranosyluronic acid) azide (28).  The 3-O-benzoyl 
methyl ester 26 (1.75 g, 4.86 mmol) was dissolved in dry 
MeOH (30.0 mL) under nitrogen, and a small piece of sodium 
metal was added.  The solution took on a yellow colour over a 
period of approximately 30 min.  After 1 h, no starting material 
was evident by TLC analysis (hexanes/EtOAc 1:1) and water 
(200 µL) was added. The reaction mixture was immersed in an 
oil bath equilibrated at 35 °C and reaction progress was 
monitored by TLC (EtOAc/MeOH/water 5:3:1). After stirring 
for 16 h, the reaction mixture was neutralized with Amberlyst 
IR-120 (H+) ion exchange resin, filtered, and concentrated to 
afford 28 (no impurities were evident in a 1H NMR spectrum of 
the crude material; 1.12 g, 95%). A portion of 28 was purified 
by RP-HPLC, eluting with 1% aqueous TFA. Rf 0.07 
(hexanes/EtOAc 1:1), 0.32 (EtOAc/MeOH/water/AcOH 
7:2:1:0.4); IR: νmax 2117 cm–1 (N3); 1H NMR (300 MHz, D2O): 
δ 5.89 (d, J4,3 3.8 Hz, 1 H, H-4), 5.46 (d, J1,2 5.8 Hz, 1 H, H-1), 
4.21 (ddd, J3,2 ~ 3.5 Hz, 1 H, H-3), 4.00 (dd, 1 H, H-2), 1.99 (s, 
3 H, NHCOCH3); 13C NMR (75.5 MHz, D2O): δ 174.3, 170.8, 
145.4, 107.6, 86.4, 64.3, 51.7, 21.8; LRMS (ESI): m/z 240.4 
[M-H]–; HRMS (ESI): m/z calcd for [C8H11N4O5]+ 243.0724, 
found 243.0728. Purity by analytical HPLC (193 nm) = 99%, 
tR= 2.96 min (mobile phase: 0.1-10% aqueous MeOH 
containing 0.1% formic acid). 

4-Hydroxymethyl-1-[methyl (2-acetamido-3,4-di-O-benzoyl-
2-deoxy-β-D-glucopyranosyl)uronate]-1H-[1,2,3]-triazole 
(29a, R = Bz, R' = hydroxymethyl).  Glucuronyl azide 21 
(0.212 g, 0.44 mmol) was suspended in a mixture of water, t-
BuOH, and MeOH (2:2:1; 5.0 mL). CuSO4·5H2O (88 µL of a 
1.0 M solution, 0.09 mmol; 0.2 eq.), sodium ascorbate (0.018 g, 
0.09 mmol; 0.2 eq.), and propargyl alcohol (0.13 mL, 2.20 
mmol; 5.0 eq.) were added in rapid succession, and the mixture 
was stirred vigorously at room temperature. After 3.5 h no 
starting material was evident by TLC analysis (EtOAc/acetone 
4:1). The reaction mixture was partitioned between CH2Cl2 (15 
mL) and water (10 mL), and the organic layer was dried 
(Na2SO4), filtered, and concentrated. The residue was purified 
by column chromatography (EtOAc/acetone 6:1 to 4:1) to 
afford 29a (0.213 g, 90%).  Rf 0.24 (EtOAc/acetone 4:1); 1H 
NMR (300 MHz, CDCl3): δ 8.09 (s, 1 H, Htriazole), 7.99–7.93 
(m, 2 H, HAr), 7.89–7.83 (m, 2 H, HAr), 7.72 (d, JNH,2 9.0 Hz, 1 
H, NH), 7.51–7.18 (m, 6 H, HAr), 6.58 (d, J1,2 9.0 Hz, 1 H, H-
1), 6.28 (dd, J3,2 9.8, J3,4 9.8 Hz, 1 H, H-3), 5.81 (appt, J4,3 ≈ J4,5 
9.8 Hz, 1 H, H-4), 4.98 (ddd, 1 H, H-2), 4.80 (d, J5,4 9.8 Hz, 1 
H, H-5), 4.75 (s, 2 H, CH2OH), 3.61 (bs, 1 H, OH), 3.58 (s, 3 
H, CO2CH3), 1.60 (s, 3 H, NHCOCH3); 13C NMR (75.5 MHz, 
CDCl3): δ 172.3, 168.0, 166.9, 166.1, 148.7 133.8, 133.7, 
130.1, 129.9, 128.74, 128.72, 128.60, 128.59, 121.8, 85.6, 74.8, 
72.0, 70.4, 56.5, 53.7, 53.2, 22.1; LRMS (ESI): m/z  561.1 

[M+Na]+; HRMS (ESI): m/z calcd for [C26H26N4O9Na]+ 
561.1592, found 561.1595. 

1-[Methyl (2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-
glucopyranosyl)uronate]-4-phenyl-1H-[1,2,3]-triazole (29b, 
R = Ac, R' = phenyl).   
By CuAAC reaction in water/t-BuOH/MeOH at room 
temperature:  Glucuronyl azide 25 (0.101 g, 0.28 mmol), was 
suspended in a mixture of water, t-BuOH, and MeOH (2:1:2; 
5.0 mL). CuSO4.5H2O (0.014 g, 0.56 mmol; 0.2 eq.) and 
sodium ascorbate (0.011 g, 0.56 mmol; 0.2 eq.) and 
phenylacetylene (0.160 mL, 1.46 mmol; 5.2 eq.) were added 
and the mixture was stirred vigorously at room temperature for 
6 h. Conversion of the starting material into the product was 
observed by TLC (EtOAc). The reaction mixture was 
concentrated, and the residue was partitioned between CH2Cl2 
(50 mL) and water (50 mL). The organic layer was separated, 
washed with water (50 mL), dried (MgSO4), filtered and 
concentrated. Purification of the crude product by column 
chromatography (EtOAc to EtOAc/MeOH 8:2) afforded 29b 
(0.112 g, 86%) as a white solid. 
By CuAAC reaction in DMF/water at 40 °C:  To glucuronyl 
azide 25 (0.108 g, 0.30 mmol), CuSO4.5H2O (0.016 g, 0.06 
mmol; 0.2 eq.) and sodium ascorbate (0.017 g, 0.09 mmol; 0.3 
eq.) in a mixture of DMF and water (3:1; 2 mL), was added 
phenyl acetylene (0.165 mL, 1.51 mmol; 5 eq.) and the reaction 
mixture was stirred at 40 °C for 2 h. Conversion of the starting 
material into a single product was observed by TLC (EtOAc). 
The reaction was diluted with CH2Cl2 (100 mL), and the 
organic phase was washed with 4M HCl (100 mL), water (100 
mL), dried (MgSO4), filtered and concentrated. Purification of 
the crude product by column chromatography (EtOAc to 
EtOAc/MeOH 8:2) afforded 29b (0.123 g, 89%). 
Rf 0.6 (EtOAc); 1H NMR (400 MHz, DMSO-d6): δ 8.89 (s, 1 H, 
Htriazole), 8.17 (d, JNH,2 9.2 Hz, 1 H, NH), 7.84–7.82 (br app t, J 
7.6 Hz, 2 H, HAr), 7.47 (m, 2 H, HAr), 7.36 (app tt, J 7.6, J 1,2 
Hz, 1 H, HAr), 6.25 (d, J1,2 10.0 Hz, 1 H, H-1), 5.46 (app t, J3,2  
≈ J3,4 10.0 Hz, 1 H, H-3), 5.16 (app t, J  ≈ 10.0 Hz, 1 H, H-4), 
4.78 (d, J5,4 10.4 Hz, 1 H, H-5), 4.70 (app q, J ≈ 9.6 Hz, 1 H, H-
2), 3.64 (s, 3 H, CO2CH3), 2.03 (s, 3 H, OCOCH3), 1.99 (s, 3 H, 
OCOCH3), 1.60 (s, 3 H, NHCOCH3); LRMS (ESI): m/z  483.2 
[M+Na]+. 

4-Benzyl-1-[methyl (2-acetamido-3,4-di-O-acetyl-β-D-
glucopyranosyl)uronate]-1H-[1,2,3]-triazole (29c, R = Ac, R' 
= benzyl).  To glucuronyl azide 25 (0.485 g, 1.35 mmol), 
CuSO4.5H2O (0.081 g, 0.32 mmol; 0.24 eq.) and sodium 
ascorbate (0.063 g, 0.32 mmol; 0.24 eq.) in a mixture of DMF 
and water (1:1; 4 mL), was added 3-phenyl-1-propyne (0.9 mL, 
7.24 mmol; 5.3 eq.) in DMF (4mL), and the reaction mixture 
was stirred at 40 ˚C for 2 h. Conversion of the starting material 
into the product was observed by TLC (acetone/hexanes 1:1). 
The reaction mixture was concentrated, and the residue was 
partitioned between CH2Cl2 (200 mL) and water (100 mL). The 
organic layer was separated, dried (MgSO4), filtered and 
concentrated. Purification of the crude product by column 
chromatography (acetone/hexanes 1:1 to acetone) afforded 29c 
(0.587 g, 91%) as a sticky white solid. Rf 0.86 (acetone); 1H 
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NMR (400 MHz, DMSO-d6): δ 8.10 (d, JNH,2 9.1 Hz, 1 H, NH), 
8.08 (s, 1 H, Htriazole), 7.31–7.26 (m, 2 H, HAr), 7.24–7.17 (m, 3 
H, HAr), 6.16 (d, J1,2 10.0 Hz, 1 H, H-1), 5.40 (dd, J3,2 ≈ J3,4 9.9 
Hz, 1 H, H-3), 5.12 (dd, J4,3 ≈ J4,5 9.8 Hz, 1 H, H-4), 4.69 (d, 
J5,4 10.1 Hz, 1 H, H-5), 4.62 (ddd, J2,1 ≈ J2,3 ≈ J2,NH 9.8 Hz, 1 H, 
H-2), 4.06–3.94 (m, 2 H, CH2), 3.61 (s, 3 H, CO2CH3), 2.00 (s, 
3 H, OCOCH3), 1.97 (s, 3 H, OCOCH3), 1.58 (s, 3 H, 
NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 169.5 
(COCH3), 169.4 (COCH3), 169.3 (COCH3), 166.9 (CO2CH3), 
146.2 (Ctriazole), 139.2 (CAr), 128.5 (2 × CHAr), 128.4 (2 × 
CHAr), 126.2 (CHAr), 121.7 (CHtriazole), 84.4 (C-1), 73.1 (C-5), 
71.6 (C-3), 69.1 (C-4),  52.5 (CO2CH3), 51.8 (C-2), 31.1 
(CH2Ph), 22.3 (NHCOCH3), 20.31 (OCOCH3), 20.27 
(OCOCH3); LRMS (ESI): m/z 497.2 [M+Na]+. 

4-Hydroxymethyl-1-[methyl (2-acetamido-4-O-benzoyl-2,4-
dideoxy-α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-
triazole (30a, R = Bz, R' = hydroxymethyl). 
By β-elimination of glucuronyl 4-hydroxymethyl-triazole 29a:  
Glucuronyl triazole 29a (R = Bz, R' = CH2OH) (0.190 g, 0.35 
mmol) was dissolved in anhydrous CH2Cl2 (3.0 mL) with 
stirring under argon. After cooling the solution to 4 °C, DBU 
(0.066 mL, 0.44 mL) was added. After 6 h no starting material 
was evident by TLC analysis (EtOAc/acetone 6:1) and the 
reaction mixture was applied directly to a column of silica gel.  
Elution (EtOAc/acetone 7:1) afforded 30a (0.105 g, 71%). 
By CuAAC reaction on Δ4-glucuronyl azide 26:  Glucuronyl 
azide 26 (0.479 g, 1.33 mmol) was dissolved in a mixture of 
water, MeOH, and t-BuOH (2:2:1, 5.0 mL). CuSO4·5H2O 
(0.265 mL of a 1.0 M solution, 0.27 mmol; 0.2 eq.), sodium 
ascorbate (0.053 g, 0.27 mmol; 0.2 eq.), and propargyl alcohol 
(0.395 mL, 6.65 mmol; 5.0 eq.) were added in rapid succession, 
and the mixture was stirred vigorously at room temperature.  
After 3 h no starting material was evident by TLC analysis 
(EtOAc/acetone 4:1). The reaction mixture was partitioned 
between CH2Cl2 (20 mL) and water (20 mL), and the organic 
layer was dried (Na2SO4), filtered, and concentrated. The 
residue was purified by column chromatography 
(EtOAc/acetone 1:0 to 4:1) to afford 30a (0.511 g, 92%).  Rf 
0.56 (EtOAc/acetone 4:1); 1H NMR (300 MHz, CDCl3): δ 8.03 
(bs, 1 H, Htriazole), 7.97 (d, J 7.4 Hz, 2 H, HAr), 7.64 (d, JNH,2 9.0 
Hz, 1 H, NH), 7.59–7.50 (m, 1 H, HAr), 7.46–7.37 (m, 2 H, 
HAr), 6.73  (d, J1,2 10.0 Hz, 1 H, H-1), 6.26 (d, J4,3 2.6 Hz, 1 H, 
H-4), 6.19 (dd, J3,2 8.7, J3,4 2.6 Hz, 1 H, H-3), 5.06 (ddd, 1 H, 
H-2), 4.72 (bs, 2 H, CH2OH), 4.01 (bs, 1 H, OH), 3.77 (s, 3 H, 
CO2CH3), 1.67 (s, 3 H, NHCOCH3); 13C NMR (75.5 MHz, 
CDCl3): δ 171.6, 166.2, 161.3, 143.7, 133.7, 129.9, 128.9, 
128.6, 110.1, 85.4, 68.7, 55.7, 52.8, 50.1, 22.6 (the carbons of 
the triazole ring were not observed); LRMS (ESI): m/z 439.0 
[M+Na]+; HRMS (ESI): m/z calcd for [C19H20N4O7Na]+ 
439.1224, found 439.1222. 

1-[Methyl (2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-
hex-4-enopyranosyl)uronate]-4-phenyl-1H-[1,2,3]-triazole 
(30b, R = Ac, R' = phenyl). 
By CuAAC reaction on Δ4-glucuronyl azide 27:  To glucuronyl 
azide 27 (0.091 g, 0.31 mmol), CuSO4.5H2O (0.015 g, 0.061 
mmol; 0.2 eq.) and sodium ascorbate (0.012 g, 0.061 mmol; 0.2 

eq.) in a mixture of water, t-BuOH, and MeOH (2:1:2; 5.0 mL), 
was added phenylacetylene (0.17 mL, 1.55 mmol; 5 eq.) and 
the reaction was stirred vigorously at rt for 24 h. Conversion of 
the starting material into the product was observed by TLC 
(EtOAc). The reaction mixture was concentrated, and the 
residue was partitioned between CH2Cl2 (50 mL) and water (50 
mL). The organic layer was separated, washed with water (50 
mL), dried (MgSO4), filtered and concentrated. Purification of 
the crude product by column chromatography (EtOAc) afforded 
30b (0.079 g, 65%) as a white solid. Rf 0.84 (acetone/hexanes 
1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.88 (s, 1H, Htriazole), 
8.23 (d, JNH,2  8.8 Hz, 1 H, NH), 7.87–7.84 (m, 2 H, HAr), 7.50–
7.46 (m, 2 H, HAr), 7.39–7.35 (m, 1 H, HAr), 6.66 (d, J1,2  9.8 
Hz, 1 H, H-1), 6.08 (d, J4,3  2.8 Hz, 1 H, H-4), 5.76 (dd, J3,2  8.4, 
J3,4  2.8 Hz, 1 H, H-3), 4.77 (ddd, J2,1  9.8, J2,3 ≈ J2,NH 8.6 Hz, 1 
H, H-2), 3.74 (s, 3 H, CO2CH3), 2.01 (s, 3 H, OCOCH3), 1.63 
(s, 3 H, NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 170.1 
(COCH3), 169.8 (COCH3), 160.9 (CO2CH3), 146.7 (Ctriazole), 
143.1 (C-5), 130.1 (CAr), 129.1 (2 × CHAr),  128.4 (CHAr) 125.4 
(2 × CHAr), 120.7 (CHtriazole), 109.6 (C-4), 84.9 (C-1), 67.6 (C-
3), 52.7 (CO2CH3), 49.0 (C-2), 22.4 (NHCOCH3), 20.7 
(OCOCH3); LRMS (ESI): m/z 423.1 [M+Na]+. 

4-Benzyl-1-[methyl (2-acetamido-3-O-acetyl-2,4-dideoxy-α-
L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole 
(30c, R = Ac, R' = benzyl).   
By β-elimination of glucuronyl 4-benzyl-triazole 29c:  Based on 
the reported method,21 to a suspension of 29c (0.561 g, 1.18 
mmol) previously dried by co‐evaporation three times with 
anhydrous toluene, in anhydrous CH2Cl2 (20 mL), was slowly 
added DBU (0.3 mL, 2.01 mmol) at room temperature under 
argon. After 2 h, conversion of the starting material into a 
single product by TLC (acetone/hexanes 1:1) was observed. 
The reaction mixture was then concentrated and co-evaporated 
several times with toluene. Purification of the crude product by 
column chromatography (EtOAc/hexanes/CH2Cl2 5:4:1 to 
EtOAc) afforded 30c (0.337 g, 69%) as a white solid. Rf 0.60 
(acetone/hexanes 1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.17 
(d, JNH,2 8.8 Hz, 1 H, NH), 8.10 (s, 1 H, Htriazole), 7.31–7.25 (m, 
2 H, HAr), 7.23–7.16 (m, 3 H, HAr), 6.55 (d, J1,2 10.0 Hz, 1 H, 
H-1), 6.03 (d, J4,3 2.8 Hz, 1 H, H-4), 5.71 (dd, J3,2 8.8, J3,4 2.8 
Hz, 1 H, H-3), 4.70 (ddd, J2,1 10.0, J2,NH ≈ J2,3 8.8 Hz, 1 H, H-
2), 4.07–3.95 (m, 2H, CH2), 3.71 (s, 3H, CO2CH3), 1.98 (s, 3H, 
OCOCH3), 1.60 (s, 3H, NHCOCH3); 13C NMR (100 MHz, 
DMSO-d6): δ 170.3 (COCH3), 169.9 (COCH3), 161.0 
(CO2CH3), 146.5 (Ctriazole), 143.2 (C-5), 139.4 (CAr), 128.62 (2 
× CHAr), 128.61 (2 × CHAr), 126.4 (CHAr), 122.1 (CHtriazole), 
109.8 (C-4), 84.8 (C-1), 67.9 (C-3), 52.8 (CO2CH3), 48.9 (C-2), 
31.1 (CH2Ph), 22.5 (NHCOCH3), 20.8 (OCOCH3); LRMS 
(ESI): m/z 437.1 [M+Na]+. 

General procedure for CuAAC reactions on Δ4-glucuronyl 
azide (27) – synthesis of Δ4-glucuronyl triazoles (30e-n).  To 
a solution of glucuronyl azide 27 (~ 0.84 mmol), CuSO4.5H2O 
(0.2 mole eq.) and sodium ascorbate (0.2 mole eq.) in a mixture 
of DMF and water (1:1; 2 mL), was added the alkyne (5 mole 
eq.) in DMF (2mL), and the reaction mixture was stirred at 40 
°C. Conversion of the starting material into the product was 
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monitored by TLC (acetone/hexanes 1:1, or acetone). The 
reaction mixture was concentrated, and the residue was 
partitioned between CH2Cl2 (200 mL) and water (100 mL). The 
organic layer was separated [with any emulsion formed broken 
by the addition of 4M aqueous HCl (~ 6 mL)], dried (MgSO4), 
filtered and concentrated. 

4-Ethyl-1-[methyl (2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-
threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole (30e, 
R = Ac, R' = ethyl).  Glucuronyl azide 27 (262 mg, 0.88 mmol) 
was reacted with an excess of 1-butyne (gas) according to the 
general procedure, at 40 °C for 2 h. Purification of the crude 
product by column chromatography (acetone/hexanes 1:1) 
afforded 30e (196 mg, 63%) as an off-white white solid. Rf 0.52 
(acetone/hexanes 1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.15 
(d, JNH,2 8.8 Hz, 1 H, NH), 8.08 (s, 1 H, Htriazole), 6.56 (d, J1,2 
10.0 Hz, 1 H, H-1), 6.04 (d, J4,3 2.8 Hz, 1 H, H-4), 5.75 (dd, J3,2 
8.5, J3,4 2.8 Hz, 1 H, H-3), 4.69 (app q, J2,1  J2,3  ≈ J2,NH  8.9 Hz, 
1 H, H-2), 3.73 (s, 3 H, CO2CH3), 2.65 (q, JCH2,CH3 7.6 Hz, 2 H, 
CH2CH3), 2.01 (s, 3 H, OCOCH3), 1.62 (s, 3 H, NHCOCH3), 
1.18 (t, JCH3,CH2 7.6 Hz, 3 H, CH2CH3); 13C NMR (100 MHz, 
DMSO-d6): δ 170.0 (COCH3), 169.6 (COCH3), 160.9 
(CO2CH3), 148.8 (Ctriazole), 143.0 (C-5), 120.6 (CHtriazole), 109.5 
(C-4), 84.6 (C-1), 67.8 (C-3), 52.6 (CO2CH3), 48.8 (C-2), 22.4 
(NHCOCH3), 20.6 (OCOCH3), 18.4 (CH2CH3), 13.5 
(CH2CH3); LRMS (ESI): m/z 375.1 [M+Na]+. 

4-Cyclopentyl-1-[methyl (2-acetamido-3-O-acetyl-2,4-
dideoxy-α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-
triazole (30f, R = Ac, R' = cyclopentyl).  Glucuronyl azide 27 
(260 mg, 0.87 mmol) was reacted with cyclopentylacetylene 
(0.50 mL, 4.31 mmol) according to the general procedure, at 40 
°C for 2 h. Purification of the crude product by column 
chromatography (acetone/hexanes 1:1) afforded 30f (284 mg, 
83%) as a white solid. Rf 0.68 (acetone/hexanes 1:1); 1H NMR 
(400 MHz, DMSO-d6): δ 8.13 (d, JNH,2 8.9 Hz, 1 H, NH), 8.08 
(s, 1 H, Htriazole), 6.54 (d, J1,2 10.0 Hz, 1 H, H-1), 6.03 (d, J4,3 
2.8 Hz, 1 H, H-4), 5.74 (dd, J3,2 8.5, J3,4 2.8 Hz, 1 H, H-3), 4.71 
(ddd, J2,1 10.0, J2,3 ≈ J2,NH 8.7 Hz, 1 H, H-2), 3.73 (s, 3 H, 
CO2CH3), 3.17–3.07 (m, 1 H, CH(CH2)2), 2.01 (s, 3 H, 
OCOCH3), 2.02–1.93 (m, 2 H, CH2), 1.72–1.56 (m, 6 H, CH2), 
1.61 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 
170.0 (COCH3), 169.5 (COCH3), 160.8 (CO2CH3), 151.6 
(Ctriazole), 143.0 (C-5), 120.1 (CHtriazole), 109.5 (C-4), 84.6 (C-1), 
67.8 (C-3), 52.6 (CO2CH3), 48.8 (C-2), 36.0 (CH), 32.7 (CH2), 
32.6 (CH2), 24.57 (CH2), 24.55 (CH2), 22.4 (NHCOCH3), 20.6 
(OCOCH3); LRMS (ESI): m/z 415.1 [M+Na]+. 

4-Cyclopentylmethyl-1-[methyl (2-acetamido-3-O-acetyl-
2,4-dideoxy-α-L-threo-hex-4-enopyranosyl)uronate]-1H-
[1,2,3]-triazole (30g, R = Ac, R' = cyclopentylmethyl).  
Glucuronyl azide 27 (250 mg, 0.84 mmol) was reacted with 
cyclopentyl-1-propyne (0.60 mL, 4.59 mmol) according to the 
general procedure, at 40 °C for 2 h. Purification of the crude 
product by column chromatography (acetone/hexanes 1:1) 
afforded 30g (283 mg, 83%) as a white solid. Rf 0.80 
(acetone/hexanes 1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.13 
(d, JNH,2 8.9 Hz, 1 H, NH), 8.06 (s, 1 H, Htriazole), 6.55 (d, J1,2 
10.1 Hz, 1 H, H-1), 6.03 (d, J4,3 2.8 Hz, 1 H, H-4), 5.74 (dd, J3,2 

8.5, J3,4 2.8 Hz, 1 H, H-3), 4.72 (ddd, J2,1 10.1, J2,3 ≈ J2,NH 8.7 
Hz, 1 H, H-2), 3.73 (s, 3 H, CO2CH3), 2.62 (d, JCH2,CH 7.2 Hz, 2 
H, CH2Ctriazole), 2.10 (p, JCH,CH2 7.6 Hz, 1 H, CH), 2.02 (s, 3 H, 
OCOCH3), 1.73–1.62 (m, 2 H, CH2), 1.60 (s, 3 H, NHCOCH3), 
1.58–1.51 (m, 2H, CH2), 1.51–1.42 (m, 2H, CH2), 1.23–1.10 
(m, 2H, CH2); 13C NMR (100 MHz, DMSO-d6): δ 170.0 
(COCH3), 169.4 (COCH3), 160.8 (CO2CH3), 146.7 (Ctriazole), 
143.0 (C-5), 121.3 (CHtriazole), 109.6 (C-4), 84.6 (C-1), 67.9 (C-
3), 52.6 (CO2CH3), 48.7 (C-2), 39.4 (CH), 31.70 (CH2), 31.67 
(CH2), 30.8 (CH2Ctriazole), 24.7 (CH2), 24.6 (CH2), 22.3 
(NHCOCH3), 20.6 (OCOCH3); LRMS (ESI): m/z 429.2 
[M+Na]+. 

4-Cyclohexyl-1-[methyl (2-acetamido-3-O-acetyl-2,4-
dideoxy-α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-
triazole (30h, R = Ac, R' = cyclohexyl).  Glucuronyl azide 27 
(250 mg, 0.84 mmol) was reacted with cyclohexylacetylene 
(0.60 mL, 4.59 mmol) according to the general procedure, at 40 
°C for 2 h. Purification of the crude product by column 
chromatography (acetone/hexanes 1:1) afforded 30h (304 mg, 
89%) as a white solid. Rf 0.96 (acetone/hexanes 1:1); 1H NMR 
(400 MHz, DMSO-d6): δ 8.12 (d, JNH,2 8.9 Hz, 1 H, NH), 8.03 
(s, 1 H, Htriazole), 6.54 (d, J1,2 10.0 Hz, 1 H, H-1), 6.03 (d, J4,3 
2.8 Hz, 1 H, H-4), 5.73 (dd, J3,2 8.5, J3,4 2.8 Hz, 1 H, H-3), 4.71 
(ddd, J2,1 10.0, J2,3 ≈ J2,NH 8.6 Hz, 1 H, H-2), 3.73 (s, 3 H, 
CO2CH3), 2.74–2.60 (m, 1 H, CHCtriazole), 2.01 (s, 3 H, 
OCOCH3), 1.98–1.87 (m, 2 H, CH2), 1.79–1.70 (m, 2 H, CH2), 
1.70–1.62 (m, 1 H, CH2),  1.60 (s, 3 H, NHCOCH3), 1.42–1.28 
(m, 4 H, CH2), 1.28–1.15 (m, 1 H, CH2); 13C NMR (100 MHz, 
DMSO-d6): δ 170.0 (COCH3), 169.5 (COCH3), 160.9 
(CO2CH3), 152.4 (Ctriazole), 143.1 (C-5), 119.8 (CHtriazole), 109.5 
(C-4), 84.6 (C-1), 67.8 (C-3), 52.6 (CO2CH3), 48.7 (C-2), 34.4 
(CHCtriazole), 32.4 (CH2), 32.3 (CH2), 25.6 (CH2), 25.4 (2 × 
CH2), 22.4 (NHCOCH3), 20.6 (OCOCH3); LRMS (ESI): m/z 
429.2 [M+Na]+. 

4-Cyclohexylmethyl-1-[methyl (2-acetamido-3-O-acetyl-2,4-
dideoxy-α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-
triazole (30i, R = Ac, R' = cyclohexylmethyl).  Glucuronyl 
azide 27 (254 mg, 0.85 mmol) was reacted with cyclohexyl-1-
propyne (0.56 mL, 3.87 mmol) according to the general 
procedure, at 40 °C for 2 h. Purification of the crude product by 
column chromatography (acetone/hexanes 1:1) afforded 30i 
(323 mg, 90%) as a white solid. Rf 0.32 (acetone/hexanes 3:7); 
1H NMR (400 MHz, DMSO-d6): δ 8.13 (d, JNH,2  9.0 Hz, 1 H, 
NH), 8.03 (s, 1 H, Htriazole), 6.54 (d, J1,2  10.1 Hz, 1 H, H-1), 
6.03 (d, J4,3  2.7 Hz, 1 H, H-4), 5.73 (dd, J3,2  8.6, J3,4  2.8 Hz, 1 
H, H-3), 4.71 (ddd, J2,1 ≈ J2,3 ≈ J2,NH 8.6 Hz, 1 H, H-2), 3.73 (s, 
3 H, CO2CH3), 2.52–2.51 (m, 2 H, CH2Ctriazole), 2.02 (s, 3 H, 
OCOCH3), 1.71–1.55 (m, 5 H, CH2), 1.59 (s, 3 H, NHCOCH3), 
1.55–1.45 (m, 1 H, CH), 1.25–1.07 (m, 3 H, CH2), 0.97–0.83 
(m, 2 H, CH2); 13C NMR (100 MHz, DMSO-d6): δ 170.0 
(COCH3), 169.3 (COCH3), 160.8 (CO2CH3), 145.8 (Ctriazole), 
143.1 (C-5), 121.5 (CHtriazole), 109.6 (C-4), 84.6 (C-1), 67.9 (C-
3), 52.6 (CO2CH3), 48.7 (C-2), 37.6 (CH), 32.5 (CH2Ctriazole), 
32.3 (CH2), 32.2 (CH2), 25.9 (CH2), 25.7 (2 × CH2), 22.3 
(NHCOCH3), 20.6 (OCOCH3); LRMS (ESI): m/z 443.2 
[M+Na]+. 
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4-(2-Methoxyphenyl)-1-[methyl (2-acetamido-3-O-acetyl-
2,4-dideoxy-α-L-threo-hex-4-enopyranosyl)uronate]-1H-
[1,2,3]-triazole (30j, R = Ac, R' = 2-methoxyphenyl).  
Glucuronyl azide 27 (250 mg, 0.84 mmol) was reacted with 2-
ethynylanisole (0.58 mL, 4.49 mmol) according to the general 
procedure, at 40 °C for 24 h. Purification of the crude product 
by column chromatography (acetone/hexanes 1:1) afforded 30j 
(211 mg, 58%) as an off-white solid. Rf 0.91 (acetone/hexanes 
1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.62 (s, 1H, Htriazole), 
8.23 (d, JNH,2  8.7 Hz, 1 H, NH), 8.15 (dd, J 7.7, 1.8 Hz, 1H, 
HAr), 7.39–7.35 (m, 1H, HAr), 7.28–7.11 (m, 2H, HAr), 7.07 (td, 
J  7.5, 1.0 Hz, 1H, HAr), 6.72 (d, J1,2  10.2 Hz, 1 H, H-1), 6.07 
(d, J4,3  2.7 Hz, 1 H, H-4), 5.82 (dd, J3,2  8.5, J3,4  2.7 Hz, 1 H, 
H-3), 4.81 (ddd, J2,1  10.2, J2,3 ≈ J2,NH 8.6 Hz, 1 H, H-2), 3.93 (s, 
3H, OCH3), 3.74 (s, 3H, CO2CH3), 2.04 (s, 3H, OCOCH3), 1.63 
(s, 3H, NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 170.1 
(COCH3), 169.7 (COCH3), 160.9 (CO2CH3), 155.5 (Ctriazole), 
143.1 (C-5), 142.2 (CAr), 129.4 (CHAr),  126.7 (CHAr), 123.0 
(CHtriazole), 120.7 (CHAr), 118.4 (CAr) 111.6 (CHAr), 109.7 (C-
4), 84.7 (C-1), 67.9 (C-3), 55.5 (OCH3), 52.6 (CO2CH3), 48.8 
(C-2), 22.4 (NHCOCH3), 20.7 (OCOCH3); LRMS (ESI): m/z 
453.2 [M+Na]+. 

4-(3-Methoxyphenyl)-1-[methyl (2-acetamido-3-O-acetyl-
2,4-dideoxy-α-L-threo-hex-4-nopyranosyl)uronate]-1H-
[1,2,3]-triazole (30k, R = Ac, R' = 3-methoxyphenyl).  
Glucuronyl azide 27 (250 mg, 0.84 mmol) was reacted with 3-
ethynylanisole (0.53 mL, 4.17 mmol) according to the general 
procedure, at 40 °C for 24 h. Purification of the crude product 
by column chromatography (acetone/hexanes 1:1) afforded 30k 
(321 mg, 89%) as a white solid. Rf 0.56 (acetone/hexanes 1:1); 
1H NMR (400 MHz, DMSO-d6): δ 8.91 (s, 1H, Htriazole), 8.23 
(d, JNH,2  8.7 Hz, 1 H, NH), 7.47–7.41 (m, 2 H, HAr), 7.38 (t, J 
7.8 Hz, 1H, HAr), 6.94 (ddd, J 8.1, 2.6, 1.2 Hz, 1H, HAr), 6.66 
(d, J1,2  9.8 Hz, 1 H, H-1), 6.08 (d, J4,3  2.9 Hz, 1 H, H-4), 5.77 
(dd, J3,2  8.3, J3,4  2.9 Hz, 1 H, H-3), 4.76 (ddd, J2,1  9.9, J2,3 ≈ 
J2,NH 8.5 Hz, 1 H, H-2), 3.82 (s, 3 H, OCH3), 3.74 (s, 3 H, 
CO2CH3), 2.01 (s, 3 H, OCOCH3), 1.63 (s, 3 H, NHCOCH3); 
13C NMR (100 MHz, DMSO-d6): δ 170.0 (COCH3), 169.8 
(COCH3), 160.9 (CO2CH3), 159.8 (CAr), 146.6 (Ctriazole), 143.0 
(C-5), 131.5 (CAr), 130.2 (CHAr), 120.9 (CHtriazole), 117.7 
(CHAr), 114.1 (CHAr), 110.5 (CHAr), 109.6 (C-4), 84.9 (C-1), 
67.6 (C-3), 55.2 (OCH3), 52.7 (CO2CH3), 49.0 (C-2),  22.4 
(NHCOCH3), 20.7 (OCOCH3); LRMS (ESI): m/z 431.0 
[M+H]+. 

4-(3-Hydroxyphenyl)-4-[methyl (2-acetamido-3-O-acetyl-
2,4-dideoxy-α-L-threo-hex-4-nopyranosyl)uronate]-1H-
[1,2,3]-triazole (30l, R = Ac, R' = 3-hydroxyphenyl).  
Glucuronyl azide 27 (229 mg, 0.77 mmol) was reacted with 3-
hydroxyphenylacetylene (0.42 mL, 3.85 mmol) according to the 
general procedure, at 40 °C for 24 h. Purification of the crude 
product by column chromatography (acetone/hexanes 1:1) 
afforded 30l (268 mg, 84%) as a white solid. Rf 0.39 
(acetone/hexanes 1:1); 1H NMR (400 MHz, DMSO-d6): δ 9.62 
(s, 1H, OH), 8.80 (s, 1H, Htriazole), 8.21 (d, JNH,2  8.8 Hz, 1 H, 
NH), 7.29–7.25 (m, 1 H, HAr), 7.27–7.23 (m, 2 H, HAr), 6.80–
6.72 (m, 1 H, HAr), 6.65 (d, J1,2  9.9 Hz, 1 H, H-1), 6.08 (d, J4,3  

2.8 Hz, 1 H, H-4), 5.77 (dd, J3,2  8.4, J3,4  2.9 Hz, 1 H, H-3), 
4.78 (ddd, J2,1  9.9, J2,3 ≈ J2,NH 8.6 Hz, 1 H, H-2), 3.74 (s, 3 H, 
CO2CH3), 2.01 (s, 3 H, OCOCH3), 1.63 (s, 3 H, NHCOCH3); 
13C NMR (100 MHz, DMSO-d6): δ 170.0 (COCH3), 169.7 
(COCH3), 160.9 (CO2CH3), 157.8 (CAr), 146.8 (Ctriazole), 143.0 
(C-5), 131.2 (CAr), 130.1 (CHAr), 120.6 (CHtriazole), 116.2 
(CHAr), 115.3 (CHAr), 112.1 (CHAr), 109.6 (C-4), 84.8 (C-1), 
67.6 (C-3), 52.6 (CO2CH3), 48.9 (C-2), 22.4 (NHCOCH3), 20.6 
(OCOCH3); LRMS (ESI): m/z 439.2 [M+Na]+. 

4-(2-Aminophenyl)-1-[methyl (2-acetamido-3-O-acetyl-2,4-
dideoxy-α-L-threo-hex-4-nopyranosyl)uronate]-1H-[1,2,3]-
triazole (30m, R = Ac, R' = 2-aminophenyl).  Glucuronyl azide 
27 (250 mg, 0.84 mmol) was reacted with 2-ethynylaniline 
(0.30 mL, 2.64 mmol) according to the general procedure, at 40 
°C for 24 h. Purification of the crude product by column 
chromatography (acetone/CH2Cl2 5:95 to 1:4) afforded 30m 
(170 mg, 49%) as a pale yellow solid. Rf 0.56 (acetone/CH2Cl2 
1:4); 1H NMR (400 MHz, DMSO-d6): δ 8.81 (s, 1H, Htriazole), 
8.22 (d, JNH,2  8.8 Hz, 1 H, NH), 7.46 (dd, J 7.7, 1.6 Hz, 1 H, 
HAr), 7.06 (ddd, J 8.5, 7.1, 1.6 Hz, 1 H, HAr), 6.78 (dd, J 8.2, 
1.2 Hz, 1 H, HAr), 6.66 (d, J1,2  9.9 Hz, 1 H, H-1), 6.64–6.60 (m, 
1 H, HAr), 6.08 (d, J4,3  2.9 Hz, 1 H, H-4),  6.03 (s, 2H, NH2), 
5.77 (dd, J3,2  8.4, J3,4  2.9 Hz, 1 H, H-3), 4.82 (ddd, J2,1  9.9, J2,3 
≈ J2,NH 8.6 Hz, 1 H, H-2), 3.74 (s, 3 H, CO2CH3), 2.02 (s, 3 H, 
OCOCH3), 1.64 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, 
DMSO-d6): δ 170.0 (COCH3), 169.7 (COCH3), 160.8 
(CO2CH3), 147.3 (CAr), 145.7 (Ctriazole), 143.0 (C-5), 128.9 
(CHAr), 127.9 (CHAr), 120.6 (CHtriazole), 116.0 (CHAr), 115.9 
(CHAr), 112.3 (CAr), 109.5 (C-4), 84.9 (C-1), 67.6 (C-3), 52.6 
(CO2CH3), 48.9 (C-2), 22.4 (NHCOCH3), 20.6 (OCOCH3); 
LRMS (ESI): m/z 437.6 [M+Na]+. 

4-(3-Aminophenyl)-1-[methyl (2-acetamido-3-O-acetyl-2,4-
dideoxy-α-L-threo-hex-4-nopyranosyl)uronate]-1H-[1,2,3]-
triazole (30n, R = Ac, R' = 3-aminophenyl).  Glucuronyl azide 
27 (254 mg, 0.85 mmol) was reacted with 3-ethynylaniline 
(0.50 mL, 4.78 mmol) according to the general procedure, at 40 
°C for 24 h. Purification of the crude product by column 
chromatography (acetone/CH2Cl2 5:95 to 2:3) afforded 30n 
(283 mg, 80%) as an off-white solid. Rf 0.71 (acetone/CH2Cl2 
2:3); 1H NMR (600 MHz, DMSO-d6): δ 8.68 (s, 1H, Htriazole), 
8.20 (d, JNH,2  8.8 Hz, 1 H, NH), 7.11 (t, 1 H, HAr), 7.08 (t, J 7.7 
Hz, 1 H, HAr), 6.94 (dt, J 7.5 Hz, 1 H, HAr), 6.64 (d, J1,2  9.9 Hz, 
1 H, H-1),  6.55 (ddd, J 8.0, 2.3, 1.0 Hz, 1 H, HAr), 6.07 (d, J4,3  
2.6 Hz, 1 H, H-4), 5.77 (dd, J3,2  8.4, J3,4  2.8 Hz, 1 H, H-3), 
5.21 (bs, 2 H, NH2), 4.78 (q, J2,1 ≈ J2,3 ≈ J2,NH 8.9 Hz, 1 H, H-2), 
3.74 (s, 3 H, CO2CH3), 2.02 (s, 3 H, OCOCH3), 1.63 (s, 3 H, 
NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 170.0 
(COCH3), 169.6 (COCH3), 160.8 (CO2CH3), 149.1 (CAr), 147.2 
(Ctriazole), 143.0 (C-5), 130.6 (CAr), 129.4 (CHAr), 120.1 
(CHtriazole), 113.9 (CHAr), 113.1 (CAr), 110.5 (CHAr), 109.5 (C-
4), 84.8 (C-1), 67.7 (C-3), 52.6 (CO2CH3), 48.8 (C-2), 22.4 
(NHCOCH3), 20.6 (OCOCH3); LRMS (ESI): m/z 437.6 
[M+Na]+. 

4-Hydroxymethyl-1-[sodium (2-acetamido-2,4-dideoxy-α-L-
threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole (12a, 
R = hydroxymethyl). 
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By deprotection of Δ4-glucuronyl triazole 30a:  Glucuronyl 
triazole 30a (53 mg, 0.13 mmol) was concentrated twice from 
toluene (4 mL), then dissolved in dry MeOH (3.0 mL) under 
nitrogen. A small piece of sodium metal was added and stirring 
was continued at room temperature. After 3 h water (0.5 mL) 
was added and the reaction mixture was heated at 40 ºC for 16 
h, cooled to room temperature, neutralized with Amberlite IR-
120 (H+) ion exchange resin, filtered and concentrated. The 
crude residue obtained was purified on Sephadex G-10 (2.5 x 
35 cm; 5% aqueous 1-BuOH; flow rate 1 mL min–1), followed 
by RP-HPLC (0.05% TFA) to yield 12a (acid form; 30 mg, 
79%) 
By CuAAC reaction on Δ4-glucuronyl azide 28:  Glucuronyl 
azide 28 (130 mg, 0.54 mmol), sodium ascorbate (22 mg, 0.11 
mmol; 0.20 eq.), CuSO4·5H2O (0.100 mL of a 1.0 M solution, 
0.10 mmol; 0.18 eq.), and propargyl alcohol (0.158 mL, 2.68 
mmol; 5.0 eq.) were combined in a mixture of 1-BuOH (1.0 
mL) and water (1.0 mL). After 60 h the mixture was 
concentrated and the residue was purified by flash column 
chromatography on silica gel (EtOH) to afford 12a (acid form; 
146 mg, 91%). Compound 12a was subject to RP-HPLC 
purification (0.05% TFA) to remove trace copper salts. 12a 
(acid form): HRMS (ESI): m/z calcd for [C11H15N4O6]+ 
299.0986, found 299.0994. 
The sodium salt was formed by dropwise addition of 0.01M 
aqueous NaOH to an aqueous solution of compound until the 
solution reached pH ≈ 7.5. The solution was concentrated and 
the sodium salt was purified by reverse phase column 
chromatography (water) to afford 12a as an off-white solid. Rf 
0.11 (EtOAc/MeOH/water 7:2:1); 1H NMR (400 MHz, D2O): δ 
8.25 (s, 1 H, Htriazole), 6.36 (d, J1,2 10.0 Hz, 1 H, H-1), 5.94 (d, 
J4,3 2.4 Hz, 1 H, H-4), 4.75 (bs, 2 H, CH2)  4.69 (dd, J3,2 8.7, 
J3,4 2.4 Hz, 1 H, H-3), 4.50 (dd, J2,1 10.0, J2,3 8.7 Hz, 1 H, H-2), 
1.84 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, D2O): δ 174.2 
(NHCOCH3), 167.9 (CO2Na), 147.1 (Ctriazole), 146.1 (C-5), 
122.9 (CHtriazole), 109.1 (C-4), 85.5 (C-1), 66.4 (C-3), 54.5 
(CH2), 53.2 (C-2), 21.6 (NHCOCH3); LRMS (ESI): m/z 342.6 
[MNa+Na]+. Purity by analytical HPLC (192 nm) = 100%, tR= 
5.33 min (mobile phase: 0.1-5% aqueous MeOH containing 
0.1% formic acid). 

General procedure for the base-catalysed de-esterification 
of Δ4-glucuronyl triazoles.  To a solution of compound (~ 0.6 
mmol) in MeOH (5 mL) was added dropwise 1M aqueous 
NaOH until the solution reached pH ≈ 13. The reaction mixture 
was stirred at room temperature for 24 h. After observation of 
the conversion of the starting material into the product by TLC 
(EtOAc/MeOH/water 7:2:1), the solution was acidified by 
addition of Amberlite IR-120 (H+) ion exchange resin to ph ≈ 3, 
filtered, and the filtrate was concentrated. To form the sodium 
salt, an aqueous solution of the acid derivative was treated 
dropwise with 0.01M aqueous NaOH until the solution reached 
pH ≈ 7.5, and the solution was then concentrated. 

4-Phenyl-1-[sodium (2-acetamido-2,4-dideoxy-α-L-threo-
hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole (12b, R = 
phenyl).  Compound 30b (221 mg, 0.55 mmol) was deprotected 
according to the general procedure. Purification of the crude 

product by column chromatography (EtOAc/MeOH/water 7:2:1 
to 5:2:1) afforded 30b as the acid form (159 mg, 84%) as a 
white solid. Rf 0.43 (EtOAc/MeOH/water 7:2:1). The sodium 
salt was then formed as described in the general procedure. 1H 
NMR (400 MHz, D2O): δ 8.59 (s, 1 H, Htriazole), 7.82 (d, 2H, J 
7.5 Hz, 2 H, HAr), 7.54 (app t, J 7.5 Hz, 2 H, HAr), 7.47 (app t, J 
7.3 Hz, 1 H, HAr), 6.38 (d, J1,2  10.0 Hz, 1 H, H-1), 5.97 (d, J4,3 
2.2 Hz, 1 H, H-4), 4.71 (dd, J3,2 8.7, J3,4 2.5 Hz, 1 H, H-3), 4.53 
(t, J2,1 ≈ J2,3 9.4 Hz, 1 H, H-2), 1.81 (s, 3 H, NHCOCH3); 13C 
NMR (100 MHz, D2O): δ 174.2 (NHCOCH3), 167.9 (CO2Na), 
147.7 (Ctriazole), 146.2 (C-5), 129.2 (2 × CHAr), 129.1 (CAr), 
129.0 (CHAr), 125.8 (2 × CHAr), 121.0 (CHtriazole), 109.2 (C-4), 
85.7 (C-1), 66.4 (C-3), 53.4 (C-2), 21.5 (NHCOCH3); LRMS 
(ESI): m/z 342.9 [M-Na]–; HRMS (ESI): m/z! calcd for 
[C16H15N4O5]– 343.1048, found 343.1052. Purity by analytical 
HPLC (237 nm) = 100%, tR= 5.88 min (mobile phase: 40-70% 
aqueous MeOH containing 0.1% formic acid). 

4-Benzyl-1-[sodium (2-acetamido-2,4-dideoxy-α-L-threo-
hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole (12c, R = 
benzyl).  Compound 30c (292 mg, 0.70 mmol) was deprotected 
according to the general procedure. Purification of the crude 
product by column chromatography (EtOAc/MeOH/water 7:2:1 
to 5:2:1) afforded 12c as the acid form (140 mg, 56%) as a 
white solid. Rf 0.33 (EtOAc/MeOH/water 7:2:1). The sodium 
salt was then formed as described in the general procedure. 1H 
NMR (400 MHz, D2O): δ 8.04 (s, 1 H, Htriazole), 7.43–7.37 (m, 2 
H, HAr), 7.34–7.27 (m, 3 H, HAr), 6.28 (d, J1,2 10.1 Hz, 1 H, H-
1), 5.92 (d, J4,3 2.5 Hz, 1 H, H-4), 4.66 (dd, J3,2 8.8, J3,4 2.5 Hz, 
1 H, H-3), 4.45 (dd, J2,1 10.1, J2,3 8.8 Hz, 1 H, H-2), 4.12 (s, 2 
H, CH2Ph), 1.75 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, 
D2O): δ 173.9 (NHCOCH3), 167.9 (CO2Na), 147.9 (Ctriazole), 
146.2 (C-5), 140.0 (CAr), 128.8 (2 × CHAr), 128.5 (2 × CHAr), 
126.7 (CHAr), 122.4 (CHtriazole), 109.2 (C-4), 85.5 (C-1), 66.6 
(C-3), 53.3 (C-2), 30.8 (CH2Ph), 21.5 (NHCOCH3); LRMS 
(ESI): m/z 356.9 [M-Na]–; HRMS (ESI): m/z! calcd for 
[C17H17N4O5]– 357.1204, found 357.1205. Purity by analytical 
HPLC (195 nm) = 99%, tR= 5.35 min (mobile phase: 35-70% 
aqueous MeOH containing 0.1% formic acid). 

1-(2-Acetamido-2,4-dideoxy-α-L-threo-hex-4-
enopyranosyluronic acid)-4-propyl-1H-[1,2,3]-triazole (12d, 
R = propyl). 
By CuAAC reaction on Δ4-glucuronyl azide 28:  Glucuronyl 
azide 28  (99 mg; 0.41 mmol) was dissolved in a mixture of 
water (1.3 mL), 1-BuOH (0.7 mL) and MeOH (1.0 mL) with 
stirring. To this solution was added sodium ascorbate (12 mg, 
0.06 mmol; 0.15 eq.), CuSO4·5H2O (0.060 mL of a 1.0 M 
solution, 0.06 mmol; 0.15 eq.), and 1-pentyne (0.20 mL, 2.04 
mmol; 5.0 eq.). After stirring at room temperature for 36 h the 
reaction mixture was concentrated and the residue purified by 
flash column chromatography on silica gel (EtOH). The 
product was further purified by HPLC to afford 12d (65 mg, 
51%). Rf 0.37 (EtOAc/MeOH/water 6:2:1); 1H NMR (300 
MHz, D2O): δ 8.12 (s, 1 H, H-5triazole), 6.37 (d, J1,2 10.0 Hz, 1 
H, H-1), 6.25 (d, J4,3 2.6 Hz, 1 H, H-4), 4.68 (dd, J3,2 8.8, J3,4 
2.6 Hz, 1 H, H-3), 4.49 (dd, J2,1 10.0, J2,3 8.8 Hz, 1 H, H-2), 
2.70 (t, 2 H, CH2CH2), 1.78 (s, 3 H, NHCOCH3), 1.62 (sextet, 2 



 194 

ARTICLE( Journal(Name(

16 (|(J.!Name.,(20xx,(0 0 ,(1C20( This(journal(is(©(The(Royal(Society(of(Chemistry(20xx(

Please(do(not(adjust(margins(

Please(do(not(adjust(margins(

H, CH2CH3), 0.83 (t, 3 H, CH2CH3); 13C NMR (75.5 MHz, 
D2O): δ 174.1, 164.2, 144.1, 141.9, 122.0, 113.9, 85.5, 66.1, 
52.8, 26.2, 21.8, 21.5, 12.5; LRMS (ESI): m/z 308.5 [M-H]–; 
HRMS (ESI): m/z! calcd for [C13H19N4O5]+ 311.1350, found 
311.1354. Purity by analytical HPLC (193 nm) = 88%, tR= 
7.74 min (mobile phase: 5-50% aqueous MeOH containing 
0.1% formic acid). 

4-Ethyl-1-[sodium (2-acetamido-2,4-dideoxy-α-L-threo-hex-
4-enopyranosyl)uronate]-1H-[1,2,3]-triazole (12e, R = ethyl).  
Compound 30e (200 mg, 0.57 mmol) was deprotected and then 
the sodium salt was formed according to the general procedure. 
The crude product was purified by reverse phase column 
chromatography (water) to afford 12e as a pale yellow solid 
(112 mg, 62%). Rf 0.19 (EtOAc/MeOH/water 7:2:1); 1H NMR 
(400 MHz, D2O): δ 8.03 (s, 1 H, Htriazole), 6.28 (d, J1,2 10.1 Hz, 
1 H, H-1), 5.93 (d, J4,3 2.5 Hz, 1 H, H-4), 4.68 (dd, J3,2 8.7, J3,4 
2.5 Hz, 1 H, H-3), 4.45 (dd, J2,1 10.1, J2,3 8.8 Hz, 1 H, H-2), 
2.74 (q, J 7.6 Hz, 2 H, CH2), 1.82 (s, 3H, NHCOCH3), 1.24 (t, J 
7.6 Hz, 3H, CH3). 13C NMR (100 MHz, D2O): δ 174.1 
(NHCOCH3), 168.0 (CO2Na), 150.6 (Ctriazole), 146.2 (C-5), 
121.4 (CHtriazole), 109.1 (C-4), 85.5 (C-1), 66.5 (C-3), 53.4 (C-
2), 21.5 (NHCOCH3), 18.11 (CH2), 12.9 (CH3); LRMS (ESI): 
m/z 294.8 [M-Na]–; HRMS (ESI): m/z!calcd for [C12H15N4O5]– 
295.1048, found 295.1040. Purity by analytical HPLC (195 nm) 
= 98%, tR= 3.21 min (mobile phase: 10-50% aqueous MeOH 
containing 0.1% formic acid). 

4-Cyclopentyl-1-[sodium (2-acetamido-2,4-dideoxy-α-L-
threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole (12f, 
R = cyclopentyl).  Compound 30f (244 mg, 0.62 mmol) was 
deprotected and then the sodium salt was formed according to 
the general procedure. The crude product was purified by 
reverse phase column chromatography (water to water/MeOH 
9:1) to afford 12f as an off-white solid (144 mg, 65%). Rf 0.30 
(EtOAc/MeOH/water 7;2:1); 1H NMR (400 MHz, DMSO-d6): 
δ 8.00 (d, JNH,2 8.9 Hz, 1 H, NH), 7.83 (s, 1H, Htriazole), 6.00 (d, 
J1,2 10.2 Hz, 1 H, H-1), 5.58 (d, J4,3 2.4 Hz, 1 H, H-4), 5.31 (s, 
1H, OH), 4.41 (app d, J3,2 ≈ J3,1 9.5 Hz, 1 H, H-3), 4.20 (ddd, 
J2,1 10.1, J2,3 ≈ J2,NH 8.6 Hz, 1 H, H-2), 3.11 (app p, J 7.5 Hz, 1 
H, CH), 2.01–1.92 (m, 2 H, CH2), 1.73–1.56 (m, 6 H, CH2), 
1.60 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 
169.2 (NHCOCH3), 163.9 (CO2Na), 151.1 (Ctriazole), 149.0 (C-
5), 119.6 (CHtriazole), 107.3 (C-4), 85.0 (C-1), 66.5 (C-3), 52.8 
(C-2) , 36.1 (CH), 32.8 (CH2), 32.6 (CH2), 24.53 (2 × CH2), 
22.6 (NHCOCH3); LRMS (ESI): m/z 334.9 [M-Na]–; HRMS 
(ESI): m/z!calcd for [C15H19N4O5]– 335,1361, found 335.1359. 
Purity by analytical HPLC (229 nm) = 99%, tR= 5.23 min 
(mobile phase: 25-70% aqueous MeOH containing 0.1% formic 
acid). 

4-Cyclopentylmethyl-1-[sodium (2-acetamido-2,4-dideoxy-
α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole 
(12g, R = cyclopentylmethyl).  Compound 30g (235 mg, 0.58 
mmol) was deprotected and then the sodium salt was formed 
according to the general procedure. The crude product was 
purified by reverse phase column chromatography (water to 
water/MeOH 9:1) to afford 12g as a white solid (186 mg, 85%). 
Rf 0.30 (EtOAc/MeOH/water 7:2:1); 1H NMR (400 MHz, 

DMSO-d6): δ 8.05 (d, JNH,2 9.0 Hz, 1 H, NH), 7.90 (s, 1 H, 
Htriazole), 6.19 (d, J1,2 10.3 Hz, 1 H, H-1), 5.87 (d, J4,3 2.4 Hz, 1 
H, H-4), 4.51 (dd, J3,2 8.5, J3,4 2.5 Hz, 1 H, H-3), 4.29 (app dd, 
J2,1 10.1, J2,3 ≈ J2,NH 8.8 Hz, 1 H, H-2), 2.61 (d, J 7.3 Hz, 2 H, 
CH2Ctriazole), 2.13–2.06 (m, 1 H, CH), 1.71–1.52 (m, 4 H, CH2), 
1.61 (s, 3 H, NHCOCH3), 1.52–1.43 (m, 2 H, CH2), 1.21–1.11 
(m, 2 H, CH2); 13C NMR (100 MHz, DMSO-d6): δ 169.2 
(NHCOCH3), 162.8 (CO2Na), 146.4 (Ctriazole), 143.5 (C-5), 
121.0 (CHtriazole), 112.9 (C-4), 85.0 (C-1), 66.0 (C-3), 52.2 (C-
2), 39.4 (CH), 31.71 (CH2), 31.66 (CH2), 30.9 (CH2Ctriazole, 
24.68 (CH2), 24.66 (CH2), 22.6 (NHCOCH3); LRMS (ESI): m/z 
348.9 [M-Na]–; HRMS (ESI): m/z! calcd for [C16H21N4O5]– 
349.1517, found 349.1527. Purity by analytical HPLC (196 nm) 
= 92%, tR= 6.55 min (mobile phase: 25-80% aqueous MeOH 
containing 0.1% formic acid). 

4-Cyclohexyl-1-[sodium (2-acetamido-2,4-dideoxy-α-L-
threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole (12h, 
R = cyclohexyl).  Compound 30h (263 mg, 0.65 mmol) was 
deprotected and then the sodium salt was formed according to 
the general procedure. The crude product was purified by 
reverse phase column chromatography (water to water/MeOH 
9:1) to afford 12h as a white solid (70 mg, 29%). Rf 0.31 
(EtOAc/MeOH/water 7:2:1); 1H NMR (400 MHz, DMSO-d6): 
δ 8.01 (d, JNH,2 9.0 Hz, 1 H, NH), 7.84 (s, 1 H, Htriazole), 6.09 (d, 
J1,2 10.2 Hz, 1 H, H-1), 5.71 (d, J4,3 2.4 Hz, 1 H, H-4), 4.45 (dd, 
J3,2 8.4, J3,4 2.5 Hz, 1 H, H-3), 4.24 (app dd, J2,1 10.2, J2,3 ≈ 
J2,NH 8.7 Hz, 1 H, H-2), 2.71–2.62 (m, 1 H, CH), 2.00–1.84 (m, 
2 H, CH2), 1.79–1.62 (m, 3 H, CH2), 1.60 (s, 3 H, NHCOCH3), 
1.44–1.28 (m, 4 H, CH2), 1.28–1.14 (m, 1H, CH2); 13C NMR 
(100 MHz, DMSO-d6): δ 169.2 (NHCOCH3), 163.5 (CO2Na), 
152.0 (Ctriazole), 146.4 (C-5), 119.9 (CHtriazole), 109.9 (C-4), 85.0 
(C-1), 66.2 (C-3), 52.5 (C-2), 34.5 (CH), 32.5 (CH2), 32.3 
(CH2), 25.6.(CH2), 25.5 (2 × CH2), 22.6 (NHCOCH3); LRMS 
(ESI): m/z 348.9 [M-Na]–; HRMS (ESI): m/z! calcd for 
[C16H21N4O5]– 349.1517, found 349.1511. Purity by analytical 
HPLC (197 nm) = 100%, tR= 6.30 min (mobile phase: 30-60% 
aqueous MeOH containing 0.1% formic acid). 

4-Cyclohexylmethyl-1-[sodium (2-acetamido-2,4-dideoxy-α-
L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole 
(12i, R = cyclohexylmethyl).  Compound 30i (298 mg, 0.71 
mmol) was deprotected and then the sodium salt was formed 
according to the general procedure. The crude product was 
purified by reverse phase column chromatography (water to 
water/MeOH 4:1) to afford 12i as a white solid (231 mg, 84%). 
Rf 0.56 (EtOAc/MeOH/water 7:2:1); 1H NMR (400 MHz, 
D2O): δ 7.99 (s, 1 H, Htriazole), 6.29 (d, J1,2 10.2 Hz, 1 H, H-1), 
5.93 (d, J4,3 2.4 Hz, 1 H, H-4), 4.67 (dd, J3,2 8.8, J3,4 2.4 Hz, 1 
H, H-3), 4.48 (app t, J2,1 9.9, J2,3 9.2 Hz, 1 H, H-2), 2.63 (d, J 
6.5 Hz, 2 H, CH2Ctriazole), 1.81 (s, 3 H, NHCOCH3), 1.74–1.53 
(m, 6 H, CH2, CH), 1.29–1.07 (m, 3 H, CH2), 1.00–0.85 (m, 2 
H, CH2); 13C NMR (100 MHz, DMSO-d6): δ 173.8 
(NHCOCH3), 168.0 (CO2Na), 147.6 (Ctriazole), 146.3 (C-5), 
122.3 (CHtriazole), 109.2 (C-4), 85.4 (C-1), 66.8 (C-3), 53.2 (C-
2), 37.7 (CH), 32.18 (CH2), 32.16 (CH2), 32.0 (CH2Ctriazole), 
25.9 (CH2), 25.7 (2 × CH2), 21.6 (NHCOCH3); LRMS (ESI): 
m/z 363.0 [M-Na]–; HRMS (ESI): m/z!calcd for [C17H23N4O5]– 
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361.1674, found 363.1674. Purity by analytical HPLC (196 nm) 
= 100%, tR= 5.80 min (mobile phase: 40-80% aqueous MeOH 
containing 0.1% formic acid). 

4-(2-Methoxyphenyl)-1[sodium (2-acetamido-2,4-dideoxy-
α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole 
(12j, R = 2-methoxyphenyl).  Compound 30j (303 mg, 0.70 
mmol) was deprotected according to the general procedure. The 
crude product was purified by precipitation from acetonitrile. 
The sodium salt was formed by passage of a methanolic 
solution of the compound through a column of Dowex 50WX8-
400 ion exchange resin (Na+ form, prepared using a 0.1M 
NaOMe solution in anhydrous MeOH) using MeOH as eluent 
to afford 12j (119 mg, 43%) as a white solid. Rf 0.45 
(EtOAc/MeOH/water 7:2:1); 1H NMR (400 MHz, DMSO-d6): 
δ 8.48 (s, 1 H, Htriazole), 8.15 (dd, J 7.7, 1.8 Hz, 1H, HAr), 8.11 
(d, J 8.9 Hz, 1H, NH), 7.36 (ddd, J 8.3, 7.3, 1.8 Hz, 1H, HAr), 
7.14 (dd, J = 8.5, 1.0 Hz, 1H, HAr), 7.07 (td, J 7.4, 1.1 Hz, 1H, 
HAr), 6.36 (d, J1,2  10.3 Hz, 1 H, H-1), 5.91 (d, J4,3 2.4 Hz, 1 H, 
H-4), 4.55 (dd, J3,2 8.4, J3,4 2.5 Hz, 1 H, H-3), 4.40 (ddd, J2,1 
10.3, J2,3 ≈ J2,NH 8.7 Hz, 1 H, H-2), 3.93 (s, 3H, OCH3), 1.64 (s, 
3 H, NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 169.5 
(NHCOCH3), 162.7 (CO2Na), 155.5 (Ctriazole), 143.4 (C-5), 
141.9 (CAr), 129.3 (CHAr), 126.7 (CHAr), 122.7 (CHtriazole), 
120.7 (CHAr), 118.6 (CAr), 113.1 (C-4), 111.7 (CHAr), 85.1 (C-
1), 65.9 (C-3), 55.5 (OCH3), 52.2 (C-2), 22.6 (NHCOCH3); 
LRMS (ESI): m/z 372.9 [M-H]–; HRMS (ESI): m/z! calcd for 
[C17H19N4O6]+ = [M-Na+2H]+ 375.1299, found 375.1287. 
Purity by analytical HPLC (205 nm) = 99%, tR= 5.35 min 
(mobile phase: 30-70% aqueous MeOH containing 0.1% formic 
acid). 

4-(3-Methoxyphenyl)-1-[sodium (2-acetamido-2,4-dideoxy-
α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole 
(12k, R = 3-methoxyphenyl).  Compound 30k (291 mg, 0.68 
mmol) was deprotected according to the general procedure. The 
crude product was purified by precipitation from acetonitrile. 
The sodium salt was formed by passage of a methanolic 
solution of the compound through a column of Dowex 50WX8-
400 ion exchange resin (Na+ form, prepared using a 0.1M 
NaOMe solution in anhydrous MeOH) using MeOH as eluent 
to afford 12k (104 mg, 39%) as a beige solid. Rf 0.74 
(EtOAc/MeOH/water 7:2:1); 1H NMR (400 MHz, DMSO-d6): 
δ 8.75 (s, 1 H, Htriazole), 8.09 (d, J 8.8 Hz, 1H, NH), 7.48–7.42 
(m, 2H, HAr), 7.37 (t, J 7.8 Hz, 1H, HAr), 6.92 (ddd, J 7.8, 2.2, 
1.1 Hz, 1H, HAr), 6.24 (d, J1,2  10.1 Hz, 1 H, H-1), 5.81 (d, J4,3 
2.3 Hz, 1 H, H-4), 4.54 (dd, J3,2 8.4, J3,4 2.5 Hz, 1 H, H-3), 4.30 
(app dd, J2,1 10.0, J2,3 ≈ J2,NH 8.7 Hz, 1 H, H-2), 3.82 (s, 3H, 
OCH3), 1.62 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, 
DMSO-d6): δ 169.5 (NHCOCH3), 163.1 (CO2Na), 159.7 
(Ctriazole), 146.3 (CAr), 145.3 (C-5), 131.8 (CAr), 130.1 (CHAr), 
120.8 (CHtriazole), 117.7 (CHAr), 114.0 (CHAr), 111.0 (C-4), 
110.50 (CHAr), 85.4 (C-1), 65.9 (C-3), 55.2 (OCH3), 52.9 (C-2), 
22.6 (NHCOCH3); LRMS (ESI): m/z 372.9 [M-H]–; HRMS 
(ESI): m/z! calcd for [C17H19N4O6]+ = [M-Na+2H]+ 375.1299, 
found 375.1289. Purity by analytical HPLC (210 nm) = 100%, 
tR= 4.86 min (mobile phase: 30-70% aqueous MeOH 
containing 0.1% formic acid). 

4-(3-Hydroxyphenyl)-1-[sodium (2-acetamido-2,4-dideoxy-
α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-triazole 
(12l, R = 3-hydroxyphenyl).  Compound 30l (233 mg, 0.56 
mmol) was deprotected according to the general procedure. The 
crude product was purified by precipitation from acetonitrile. 
The sodium salt was formed by passage of a methanolic 
solution of the compound through a column of Dowex 50WX8-
400 ion exchange resin (Na+ form, prepared using a 0.1M 
NaOMe solution in anhydrous MeOH) using MeOH as eluent 
to afford 12l (118 mg, 55%) as a white solid. Rf 0.64 
(EtOAc/MeOH/water 7:2:1); 1H NMR (400 MHz, DMSO-d6): 
δ 8.64 (s, 1 H, Htriazole), 8.10 (d, J 8.8 Hz, 1H, NH), 7.32–7.20 
(m, 3H, HAr), 6.75 (dt, J 7.0, 2.2 Hz, 1H, HAr), 6.28 (d, J1,2  10.2 
Hz, 1 H, H-1), 5.87 (d, J4,3 2.4 Hz, 1 H, H-4), 4.55 (dd, J3,2 8.4, 
J3,4 2.5 Hz, 1 H, H-3), 4.34 (ddd, J2,1 10.2, J2,3 ≈ J2,NH 8.6 Hz, 1 
H, H-2), 1.63 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, 
DMSO-d6): δ 169.5 (NHCOCH3), 163.0 (CO2Na), 157.8 (CAr), 
146.5 (Ctriazole), 144.2 (C-5), 131.5 (CAr), 130.0 (CHAr), 120.4 
(CHtriazole), 116.2 (CHAr), 115.2 (CHAr), 112.16 (C-4), 112.07 
(CHAr), 85.3 (C-1), 65.8 (C-3), 52.6 (C-2), 22.6 (NHCOCH3); 
LRMS (ESI): m/z 358.9 [M-H]–; HRMS (ESI): m/z! calcd for 
[C16H17N4O6]+ = [M-Na+2H]+ 361.1143, found 361.1155. 
Purity by analytical HPLC (206 nm) = 100%, tR= 4.84 min 
(mobile phase: 15-50% aqueous MeOH containing 0.1% formic 
acid). 

4-(2-Aminophenyl)-1-[ammonium (2-acetamido-2,4-
dideoxy-α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-
triazole (12m, R = 2-aminophenyl).  To a solution of 30m (141 
mg, 0.34 mmol) in MeOH (5 mL) was added dropwise 1 M 
aqueous NaOH until the solution reached pH ≈ 13. The reaction 
mixture was stirred at room temperature for 24 h. After 
observation of the conversion of the starting material into the 
product by TLC (EtOAc/MeOH/water 7:2:1), Amberlite IR-120 
(H+) ion exchange resin to ph ≈ 3. The resin was filtered off, 
washed twice with MeOH, and the filtrate was discarded. The 
resin was then washed with 1M aqueous NH4.OH, and the 
filtrate was concentrated to afford 12m (49 mg, 38%) as an off-
white solid. Rf 0.45 (EtOAc/MeOH/water 7:2:1); 1H NMR (400 
MHz, D2O): δ 8.54 (s, 1 H, Htriazole), 7.56 (d, J 7.8 Hz, 1H, HAr), 
7.43–7.30 (m, 1H, HAr), 7.22–7.04 (m, 2H, HAr), 6.40 (d, J1,2  
10.0 Hz, 1 H, H-1), 5.98 (d, J4,3 2.5 Hz, 1 H, H-4), 4.71 (dd, J3,2 
8.7, J3,4 2.5 Hz, 1 H, H-3), 4.55 (dd, J2,1 ≈ J2,3 9.3 Hz, 1 H, H-
2), 1.83 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, D2O): δ 
174.2 (NHCOCH3), 167.8 (COOH), 164.6 (CAr), 146.0 (Ctriazole) 
143.6 (C-5), 139.0 (CAr), 130.1 (CHAr), 129.1 (CHAr), 122.4 
(2C, CHtriazole, CHAr), 119.7 (CHAr), 117.4 (CAr), 109.4 (C-4), 
85.7 (C-1,), 66.3 (C-3), 53.3 (C-2), 21.6 (NHCOCH3); LRMS 
(ESI): m/z 357.4 [M-H]–; HRMS (ESI): m/z! calcd for 
[C16H18N5O5]+ = [M-NH4+2H]+ 360.1302, found 360.1306. 
Purity by analytical HPLC (192 nm) = 97%, tR= 7.20 min 
(mobile phase: 1-50% aqueous MeOH containing 0.1% formic 
acid). 

4-(3-Aminophenyl)-1-[ammonium (2-acetamido-2,4-
dideoxy-α-L-threo-hex-4-enopyranosyl)uronate]-1H-[1,2,3]-
triazole (12n, R = 3-aminophenyl).  To a solution of 30n (247 
mg, 0.59 mmol) in MeOH (5 mL) was added dropwise 1 M 
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aqueous NaOH until the solution reached pH ≈ 13. The reaction 
mixture was stirred at room temperature for 24 h. After 
observation of the conversion of the starting material into the 
product by TLC (EtOAc/MeOH/water 7:2:1), Amberlite IR-120 
(H+) ion exchange resin to ph ≈ 3. The resin was filtered off, 
washed twice with MeOH, and the filtrate was discarded. The 
resin was then washed with 1M aqueous NH4.OH, and the 
filtrate was concentrated to afford 12n (115 mg, 51%) as an off-
white solid. Rf 0.44 (EtOAc/MeOH/H2O 7:2:1); 1H NMR (400 
MHz, D2O): δ 8.50 (s, 1 H, Htriazole), 7.44–7.34 (m, 3 H, HAr), 
7.09–7.03 (m, 1 H, HAr), 6.36 (d, J1,2  10.0 Hz, 1 H, H-1), 5.97 
(d, J4,3 2.4 Hz, 1 H, H-4), 4.70 (dd, J3,2 8.7, J3,4 2.5 Hz, 1 H, H-
3), 4.50 (dd, J2,1 10.0, J2,3 8.7 Hz, 1 H, H-2), 1.79 (s, 3 H, 
NHCOCH3); 13C NMR (100 MHz, D2O): δ 174.2 (NHCOCH3), 
167.9 (CO2Na), 146.9 (Ctriazole), 146.1 (C-5) 140.3 (CAr), 130.4 
(CHAr), 130.3 (CAr), 121.2 (CHtriazole), 120.5 (CHAr), 
119.3(CHAr), 115.7 (CHAr), 109.3 (C-4), 85.7 (C-1), 66.4 (C-3), 
53.3 (C-2), 21.5 (NHCOCH3); LRMS (ESI): m/z 357.5 [M-H]–; 
HRMS (ESI): m/z! calcd for [C16H18N5O5]+ = [M-NH4+2H]+ 
360.1302, found 360.1308. Purity by analytical HPLC (197 nm) 
= 99%, tR= 3.75 min (mobile phase: 1-50% aqueous MeOH 
containing 0.1% formic acid). 

Biological (evaluation((

Neuraminidases. Recombinant influenza A virus 
neuraminidases from H1N1 (A/California/04/2009), H3N2 
(A/Babol/36/2005), H5N1 (A/Anhui/1/2005), and H5N1-
H274Y (A/Anhui/1/2005) influenza viruses were obtained from 
Sino Biological Inc. 

Neuraminidase inhibition assay.  The synthesized compounds 
were assayed for their capacity to inhibit influenza virus 
neuraminidase (NA) in vitro by a modification59 of the 
fluorometric method of Potier et al.51 using the fluorogenic 
substrate 4-methylumbelliferyl N-acetyl-α-D-neuraminide 
(MUN, prepared in-house according to the method of Myers et 
al.60). Assays were carried-out in a standard 96-well plate 
format using the reported procedure,52 modified by the addition 
of pre-incubation of the inhibitor with enzyme, before addition 
of the substrate, to allow for slow binding. Stock solutions of 
the compounds for testing were prepared in either deionised 
water or in 5% or 10% DMSO solution, before serial dilution in 
assay buffer (50 mM NaOAc − 6 mM CaCl2 buffer, pH 5.5). 
NA enzymes were diluted sufficiently in assay buffer so that an 
IC50 of approx. 2 µM was obtained for the standard inhibitor 
Neu5Ac2en 7 and 0.2-2 nM for zanamivir 1. Assaying of 
standard inhibitors was done in both deionised water and the 
highest concentration of DMSO present in compounds (5% and 
10%), to account for any solvent effects. To measure NA 
inhibition, 7 µL of assay buffer was added to each well of a 96-
well solid black plate on ice, followed by 1 µL of inhibitor and 
1 µL of recombinant NA protein. The plate was then briefly 
centrifuged up to 1000 rpm for approximately 10 s to combine 
all components, and the mixture was incubated at 25 °C with 
900 rpm shaking for 40 min. To each well, 1 µL of the substrate 
MUN (final concentration 0.1 mM) was added and then again 
the plate was centrifuged briefly and incubated at 37 °C with 
900 rpm shaking for 20 min. To stop the reaction, 250 µL of 

0.25 M glycine, pH 10, was added to each well, and the 
fluorescence was read at an excitation of 355 nm and emission 
of 460 nm using a Victor3 plate reader (Perkin Elmer) or an 
Infinite M200 Pro plate reader (Tecan). All inhibition assays 
were done in triplicate over six to eight inhibitor concentrations 
ranging from 0.1 µM to 1 mM to give a percentage inhibition of 
NA activity between 5% and 95% for each compound. Data 
analysis and IC50 calculation was carried out using non-linear 
regression competitive binding calculations in the software 
Prism (Prism version 5.0 for Mac, GraphPad Software, La Jolla 
California USA, www.graphpad.com). 
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3.5 Synthesis of additional 4-substituted [1,2,3]-triazole derivatives 

on the glucosaminuronic acid template 

Three additional Δ4-β-glucosaminuronyl 4-substituted [1,2,3]-triazoles — 3.71, 3.72 and 

3.73 — were also synthesised with the library of 1,4-triazole derivatives (described in the 

manuscript, Section 3.4). The 2- and 3-pyridyl derivatives 3.71 and 3.72 were synthesised to 

examine the effect of the presence of a hydrogen bond acceptor in the aromatic ring of the 

side-chain substituent, whereas o-trifluoromethyl derivative 3.73 was included to examine 

the possibility to create fluorine bonding.339 

 

Derivatives 3.71, 3.72 and 3.73 were synthesised in moderate and high yields (55%, 83% and 

91% respectively) using the standard CuAAC protocol described previously (Section 3.4). 

Unfortunately, after deprotection using aqueous NaOH in methanol, solubility issues occurred, 

limiting the isolation and purification of these compounds, consequently, their biological 

evaluation as influenza A virus NA inhibitors. 

These three derivatives were partially soluble in a lot of solvents, notably in methanol, 

acetonitrile, and water. Because they could not be fully solubilised in either methanol, water, 

or acetonitrile, HPLC purification was not an option. Therefore, the solubility/insolubility of the 

compounds in various mixtures of solvents was investigated, in order to either, find a 

solubilising mixture or, on the contrary, find a mixture of solvents leading to precipitation or 

crystallisation of the triazole derivative. Unfortunately, all efforts were unsuccessful. 

3.6 Towards the synthesis of Δ4-β-glucosaminuronyl 5-substituted 

[1,2,3]-triazoles as potential  influenza virus NA inhibitors 

3.6.1 Preface 

As discussed in Sections 3.1.4.1.5 and 3.1.4.2, SAR studies on the carboxamide series 3.24183 

and in the development of inhibitors on the cyclohexene scaffold (leading to OC 3.29)189 

revealed that compounds possessing a side-chain that incorporated two hydrophobic groups 

provide the most potent inhibitory activities. It has been determined that both ‘arms’ of either 

the N,N-disubstituted carboxamide or the branched alkyl chain for example of OC, were 

needed for potent activities, with one hydrophobic group binding the glycerol side-chain 

binding pocket (with reoriented Glu276), and the other group binding the side-pocket adjacent 

to the binding site between Ile222 and Ser246 (in N1), or Ala246 (in N2/N9). 
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Our basic docking study of the 4-phenyl triazole derivative 3.43 and 4-benzyl triazole 

derivative 3.44 with influenza A virus Cal/09 N1 NA (Section 3.2.3.3), suggested that the 

triazole 4-substituent (i.e. the phenyl group of 4-phenyl triazole derivative 3.43) might occupy 

— as has been shown by X-ray crystallography for the phenethyl substituent of carboxamide 

3.25130 — the second, side-pocket adjacent to the binding site. Consequently, we were 

interested in extending our investigation of 4-substituted [1,2,3]-triazole derivatives on the 

glucosaminuronic acid template, to 4,5-disubstituted derivatives 3.42, where neither R nor R’ 

are hydrogen, to determine if a second substituent on the triazole could enhance binding.  

 

3.6.1.1  Synthetic strategies for the generation of Δ4-β-glucosaminuronyl 

4,5-disubstituted [1,2,3]-triazole derivatives 

In theory, our strategy to synthesise 4-substituted [1,2,3]-triazoles on the glucosaminuronic 

acid template could be extended to the synthesis of 4,5-disubstituted [1,2,3]-triazole 

derivatives by using our azide building block 3.67, or our synthesised 4-substituted 

derivatives, with a different methodology to form the desired 1,4,5-trisubstistuted 

[1,2,3]-triazole ring. 

From a synthetic point of view, 1,4,5-trisubstituted [1,2,3]-triazoles can be obtained by several 

methods (recently reviewed in Ref. [340]).  

- by non-catalysed AAC: 

For example, several glycosyl triazoles were synthesised by non-catalysed AAC using symmetric 

internal alkynes.341 The disadvantages of this approach are the harsh reaction conditions used 

(i.e. heating toluene at reflux), the large variation in yields between substrates (13% to 80% 

yields), and only access to derivatives with identical 4- and 5-substituents on the triazole ring 

(due to the use of symmetrical internal alkynes), limiting drastically the scope of this approach 

from a structure-based design point of view.  

- by direct modification of 1,4-disubstituted [1,2,3]-triazoles  

1,4-disubstituted [1,2,3]-triazoles previously synthesised by CuAAC can be modified by 

Pd-catalysed CH-functionalisation (e.g. Pd-catalysed arylation311,342,343, reviewed in Ref. [344]). 
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- by using 5-metal-1,4-disubstituted [1,2,3]-triazoles as intermediates 

5-Metal-1,4-disubstituted [1,2,3]-triazoles are prepared by Metal-catalysed AAC (MAAC, 

reviewed in Ref. [345]). A range of metal-based catalysts have been investigated such as silver-

, gold-, iridium-, nickel-, zinc-, a few rare earth-metals, and most predominantly copper- and 

ruthenium-based catalysts.345 

5-Metal-1,4-disubstituted [1,2,3]-triazoles (e.g. 5-cuprated-[1,2,3]-triazoles) can be isolated or 

intercepted in situ (trapped-intermediates) to notably produce 5-halogeno-1,4-disubstituted 

[1,2,3]-triazoles, and other 1,4,5-trisubstistuted [1,2,3]-triazoles by subsequent reaction with 

various electrophiles.  

- by using 5-halogeno-1,4-disubstituted [1,2,3]-triazoles as intermediates 

5-Halogeno-1,4-disubstituted [1,2,3]-triazoles can be either prepared from the preformed 

1,4-disubstituted [1,2,3]-triazoles,346,347 or by AAC (by interception of in situ generated 

5-cuprated-[1,2,3]-triazoles, one-pot cycloaddition/halogenation) using 1-halogenoalkynes,348-

351 halogenating reagents with terminal alkynes,347,352-363 or 1-copper-alkynes.364,365 The 

synthesised 5-halogeno-[1,2,3]-triazole derivatives can subsequently be used for Pd-catalysed 

– Suzuki,347,362 Sonogoshira,362 Still347  – cross-couplings reactions or for trifluoromethylation.366  

- by one-pot multicomponent reactions (MCRs) 

1,4,5-Trisubstituted [1,2,3]-triazoles can also be obtained by other multicomponent reactions 

(MCRs, reviewed in Refs [367,368]). MCRs can be metal-catalysed or metal-free (e.g. 

organocatalytic cycloadditions), and use alkynes, azides, or neither of them as starting 

materials. They also can be based on CuAAC, like, for example, one-pot CuAAC-MCRs initiated 

by azide generation, or upon in situ formation of alkynes (reviewed in Refs [367-369]).   

We chose to consider AAC where we could use our glycosyl azide building block 3.68 

(previously synthesised on a large-scale, see Section 3.2.4.2), so we excluded other MCRs. 

Examining the methods using 5-metal and 5-halogeno-1,4-disubstituted [1,2,3]-triazoles as 

intermediates, as well as direct CH-functionalisation of the preformed 1,4-disubstituted 

[1,2,3]-triazoles, it was noticed that these methods were quite specific, with a restricted 

substrate scope (with respect to the wide scope of substrates used for CuAAC). It was indeed 

observed that certain types of substrates and reagents appeared to be required, like, for 

example, particular substituent(s) on the azide and/or the alkyne (terminal/internal). 

Consequently, we decided not to attempt the synthesis of trisubstituted triazoles. 
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3.6.1.2  Expansion of the generation of Δ4-β-glucosaminuronyl tr iazole 

derivatives as influenza NA inhibitors with the synthesis of 

5-substituted [1,2,3]-triazole derivatives 

With the apparent challenges and limitations of the synthesis of 1,4,5-trisubstituted 

[1,2,3]-triazoles, we chose instead to examine the synthesis singly 5-substituted triazole 

derivatives to test SAR. Following on from our study using CuAAC to produce 4-substituted 

[1,2,3]-triazoles on the glucosaminuronic acid template (3.45), we hypothesised that the 

range of compounds that could be accessed from the key glycosyl azide intermediate 3.67 

could be expanded with the use of RuAAC. RuAAC is a relatively recent methodology which 

produces 1,5-disubstituted [1,2,3]-triazoles (reviewed in Ref. [370]). 

Given the possibility to synthesise 1,5-disubstituted triazoles by RuAAC, it was interesting to 

see if (and where) a substituent at the 5-position of the [1,2,3]-triazole ring may potentially 

bind. Therefore, before any synthetic investigation, we decided to examine — by a basic 

docking study — N-acetyl-Δ4-β-glucosaminuronyl 5-substituted [1,2,3]-triazole derivatives 

3.74 with various types of substituents on the 5-position of the triazole. This study would give 

an indication of the possible orientation of the 5-substituent within the active site and 

especially if any particular substituent would be more likely to interact with the protein. 

 

3.6.2 Basic docking study of N-acetyl-Δ4-β-glucosaminuronyl 

5-substituted [1,2,3]-triazole derivatives 

As a starting point, we first docked the 5-propyl triazole (3.74, R = Pr; 3.74a, docking 1, Table 

3.4) into influenza A virus Cal/09 N1 NA of pdb 3TI5 (zanamivir crystal structure) as the 

4-substituted derivatives had been found to not be influenced by the orientation of Glu276 

(Section 3.2.3.3). This docking provided 5 clusters. However, in none of these clusters was a 

Neu5Ac2en-like binding mode produced.  

Considering that the interaction of ligands that occupy the glycerol side-chain binding pocket 

has been shown to be influenced by the orientation of Glu276 (e.g. binding of zanamivir 3.10 

versus binding of OC 3.29), the 5-propyl triazole 3.74a was docked into influenza A virus 

Cal/09 N1 NA of pdb 3TI6 (OC crystal structure), where Glu276 is reoriented to accommodate 

one of the side-chains of the 3-pentyl substituent of OC 3.29. In this docking (docking 2, Table 

3.4, Figure 3.20), the derivative 3.74a maintained a Neu5Ac2en-like binding mode 

OHO2C

NHAc

OH

N N
N
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R

O CO2H

AcHN
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(dihydropyran ring conformation, carboxylate and acetamido group interactions), with the 

propyl group oriented towards the now more hydrophobic glycerol side-chain binding pocket. 

Therefore, it suggested that the binding mode of this derivative was influenced by the 

orientation of Glu276 in the glycerol side-chain binding pocket. It could be noticed that in this 

docking, the triazole ring was flipped compared to the dockings of 4-phenyl triazole 3.43 and 

4-benzyl triazole 3.44 (Figure 3.20 vs Figure 3.18, Section 3.2.3.3), to allow the 5-substituent 

to point towards the glycerol side-chain binding pocket.  

Table 3.4  Basic docking studies of N-acetyl-Δ4-β-glucosaminuronyl 5-substituted [1,2,3]-triazole 
derivatives 3.74 into influenza A virus H1N1 Cal/09 NA 

Docking 
Proteina 

pdb ID 
Docked 
l igandb 

R 

Production 
of expected 

binding 
modec 

Cluster 
rankingd 

Associated 
Figure 

1 3TI5 3.74a x (5 clusters) — 

2 3TI6 3.74a 
 

√ 1st of 6 clusters Figure 3.20 

3 3TI5 3.74b x (8 clusters) — 

4 3TI6 3.74b  x (4 clusters) — 

5 3TI5 3.74c x (6 clusters) — 

6 3TI6 3.74c  x (5 clusters) — 

7 3TI5 3.74d √ 1st of 6 clusters Figure 3.21 A 

8 3TI6 3.74d  √ 1st of 5 clusters Figure 3.21 B 

9 3TI5 3.74e x (7 clusters) — 

10 3TI6 3.74e 
 

x (5 clusters) — 

11 3TI5 3.74f x (5 clusters) — 

12 3TI6 3.74f  √ 1st of 4 clusters Figure 3.22 

13 3TI5 3.74g x (7 clusters) — 

14 3TI6 3.74g 
 

x (6 clusters) — 

15 3TI5 3.74h x (7 clusters) — 

16 3TI6 3.74h  √ 1st of 5 clusters Figure 3.23 

17 3TI5 3.74i x (6 clusters) — 

18 3TI6 3.74i  x (3 clusters) — 

19 3TI5 3.74j x (7 clusters) — 

20 3TI6 3.74j  √ 1st of 5 clusters — 

21 3TI5 3.74k x (5 clusters) — 

22 3TI6 3.74k 
 

√ 1st of 5 clusters Figure 3.24 

23 3TI5 3.74l x (5 clusters) — 

24 3TI6 3.74l  x (4 clusters) — 

25 3TI5 3.74m x (5 clusters) — 

26 3TI6 3.74m  x (4 clusters) — 

27 3TI5 3.74n √ 5th of 7 clusters Figure 3.25 A 

28 3TI6 3.74n  √ 5th of 5 clusters Figure 3.25 B 
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Table 3.4  Basic docking studies of N-acetyl-Δ4-β-glucosaminuronyl 5-substituted [1,2,3]-triazole 
derivatives 3.74 into influenza A virus H1N1 Cal/09 NA (continued). 

Docking 
Proteina 

pdb ID 
Docked 
l igandb 

R 

Production 
of expected 

binding 
modec 

Cluster 
rankingd 

Associated 
Figure 

29 3TI5 3.74o x (4 clusters) — 

30 3TI6 3.74o 
 

√ 1st of 3 clusters Figure 3.26A 

31 3TI5 3.74p x (6 clusters) — 

32 3TI6 3.74p  √ 1st of 5 clusters — 

33 3TI5 3.74q x (6 clusters) — 

34 3TI6 3.74q 
 

√ 1st of 4 clusters Figure 3.26B 

35 3TI5 3.74r √ 5th of 6 clusters Figure 3.27 

36 3TI6 3.74r 
 

x (4 clusters) — 

37 3TI5 3.74s √ 1st of 6 clusters Figure 3.28 A 

38 3TI6 3.74s  √ 1st of 5 clusters Figure 3.28 B 

39 3TI5 3.74t √ 3rd of 6 clusters Figure 3.29 A 

40 3TI6 3.74t  √ 3rd of 6 clusters Figure 3.29 B 

a The protein (receptor) used was prepared as described in the Methods (Section 3.7.1). 3TI5 and 3TI6 
are the proteins from zanamivir and OC complexes respectively. 

b The ligand used was built in YASARA as described in the Methods (Section 3.7.1.2).  
c Produced a Neu5Ac2en-like binding mode: binding orientation of the dihydropyran ring, binding modes 

of the carboxylate and NHAc groups of Neu5Ac2en-like inhibitors (as seen with zanamivir in pdb 3TI5).  
d Ranking of the cluster showing an expected binding mode. 

 

Figure 3.20  Docking of 5-propyl triazole 3.74a (cyan, cluster 1) into influenza A virus Cal/09 N1 NA of 
pdb 3TI6, superposed with OC 3.29 (the original ligand of 3TI6, orange). 

Wondering if other 5-substituted triazole derivatives would be influenced by the orientation of 

Glu276, we decided to investigate the docking of various 5-substituted triazole derivatives 

3.74 into influenza A virus Cal/09 N1 NA using the protein from the zanamivir crystal structure 

(pdb 3TI5) where — as in the apo protein235 — Glu276 is available for interaction, as well as the 

protein from the OC crystal structure (pdb 3TI6), where Glu276 is being reorientated to 

interact with Arg224. 

CO2–

CO2–

CO2–

CO2–

CO2Et

CO2–

CO2–
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Purely hydrophobic substituents 

Based on the previous docking results of 4-phenyl triazole derivative 3.43 and 4-benzyl 

triazole 3.44 suggesting the binding potential of hydrophobic substituents (see Section 

3.2.3.3), and the results of docking of 3.74a, we decided to investigate the docking of 

5-substituted triazole derivatives 3.74 with hydrophobic substituents. 

Dockings of the 5-phenyl triazole 3.74b (dockings 3 & 4, Table 3.4) and of the 5-benzyl triazole 

3.74c (dockings 5 & 6, Table 3.4) failed in both proteins. These docking results were in line 

with the studies of OC 3.29104 and carboxamides 3.24,130,182,183 suggesting that the 

hydrophobic glycerol side-chain binding pocket cannot accommodate large binding groups, 

and so appeared to validate as well our docking methodology. 

We wondered if it would be possible to target the glycerol side-chain binding pocket with 

triazoles bearing more hydrophilic substituents, in part mimicking the glycerol side-chain of 

Neu5Ac2en-like inhibitors. Consequently, we decided to investigate the docking of 

5-substituted triazole derivatives 3.74 with a range of more hydrophilic substituents. This 

included substituents with side-chains containing hydrogen-bond donors and hydrogen-bond 

acceptors (e.g. alcohols, amines, carboxylates), with various chain lengths and steric 

constraints (predominantly based on the commercial availability of the potentially required 

alkynes).  

Hydroxyalkyl substituents and derivatives  

Dockings of a series of 5-substituted triazole derivatives with hydroxyalkyl and methoxyalkyl 

side-chains were undertaken (3.74d-j, dockings 7-20, Table 3.4). The smaller 5-hydroxymethyl 

triazole 3.74d could successfully be docked into both proteins, with the hydroxymethyl 

substituent orientated towards the glycerol side-chain binding pocket in both cases (dockings 7 

& 8, Table 3.4, Figure 3.21).  

 

Figure 3.21  A. Docking of 5-hydroxymethyl triazole 3.74d (cyan, cluster 1) into influenza A virus 
Cal/09 N1 NA of pdb 3TI5, superposed with zanamivir 3.10 (the original ligand of 3TI5, yellow);  B.  
Docking of 5-hydroxymethyl triazole 3.74d (cyan, cluster 1) into influenza A virus Cal/09 N1 NA of pdb 
3TI6, superposed with OC 3.29 (the original ligand of 3TI6, orange). 

 

A B 
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Hydroxyalkyl substituents with longer chains (3.74e-g, dockings 9-14, Table 3.4), however, 

did not seem to be favourable for binding. The only exception was triazole 3.74f with a 

3-hydroxypropyl substituent that could be docked into 3TI6 (OC crystal structure), with its 

hydroxypropyl chain being somewhat folded into the hydrophobic glycerol side-chain binding 

pocket, and the hydroxyl group sitting at the rim of the pocket (Figure 3.22).  

 

Figure 3.22  Docking of triazole 3.74f (cyan, cluster 1) into influenza A virus Cal/09 N1 NA of pdb 
3TI6, superposed with OC 3.29 (the original ligand of 3TI6, orange). 

Dockings of the branched 1-hydroxyalkyl derivative 3.74h (dockings 15 & 16, Table 3.4) 

provided a binding mode into 3TI6 as for hydroxymethyl triazole 3.74d, with the hydroxyl 

group pointing towards the glycerol side-chain binding pocket, but with the ethyl group 

pointing similarly to one of the arm of the 3-pentyl ether side-chain of OC (Figure 3.23), 

suggesting it is possible to obtain both hydrophilic and hydrophobic binding. Interestingly, the 

bulkier 1-hydroxy-1-ethylpropyl substituted triazole 3.74i could not be docked in either 

protein (dockings 17 & 18, Table 3.4). 

 

Figure 3.23  Docking of triazole 3.74h (cyan, cluster 1) into influenza A virus Cal/09 N1 NA of pdb 
3TI6, superposed with OC 3.29 (the original ligand of 3TI6, orange). 

Dockings of the alkylated hydroxymethyl, the methoxymethyl derivative 3.74j (dockings 19 & 

20, Table 3.4), provided a binding mode into 3TI6 as for hydroxymethyl triazole 3.74d (similar 

binding mode to that shown in Figure 3.22), with the methoxymethyl group pointing towards 

the glycerol side-chain binding pocket. 
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Aminomethyl and alkylated aminomethyl substituents 

Docking of the 5-aminomethyl derivative with a terminal free amine (3.74k), analogous to 

hydroxymethyl triazole 3.74d, successfully produced a Neu5Ac2en-like binding mode into 

3TI6 (but not in 3TI5), with the aminomethyl substituent oriented in the glycerol side-chain 

binding pocket (3.74k, dockings 21 & 22, Table 3.4, Figure 3.24). 

 

Figure 3.24  Docking of 5-aminomethyl triazole 3.74k (cyan, cluster 1) into influenza A virus Cal/09 
N1 NA of pdb 3TI6, superposed with OC 3.29 (the original ligand of 3TI6, orange). 

Dockings of the corresponding protected amine derivatives, N,N-dimethyl-aminomethyl 

triazole 3.74l and N,N-diethyl-aminomethyl triazole 3.74m (dockings 23-26, Table 3.4) failed 

in both proteins, suggesting that these substituents were too big to fit into the glycerol side-

chain binding pocket. Interestingly, dockings of N-methyl-N-benzylmethyl-aminomethyl 

triazole derivative 3.74n bearing a bulky substituent (dockings 27 & 28, Table 3.4, Figure 

3.25), provided Neu5Ac2en-like binding modes. In these binding modes, however, the triazole 

was ‘flipped over’ with the C-5 substituent was oriented away from the glycerol side-chain 

binding pocket. 

 

Figure 3.25  A. Docking of N-methyl-N-benzylmethyl-aminomethyl triazole 3.74n (cyan, cluster 5) 
into influenza A virus Cal/09 N1 NA of pdb 3TI5, superposed with zanamivir 3.10 (the original ligand of 
3TI5, yellow);  B.  Docking N-methyl-N-benzylmethyl-aminomethyl triazole 3.74n (cyan, cluster 5) into 
influenza A virus Cal/09 N1 NA of pdb 3TI6, superposed with OC 3.29 (the original ligand of 3TI6, 
orange). 

Carboxylate and methyl ester containing 5-substituents 

Dockings of a series of triazoles with increasing alkyl side-chains (0 to 2 carbons) terminated 

with a free carboxylate (3.74o-q, dockings 29-34, Table 3.4) were successful when using 3TI6 

A B 
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(e.g. methanoate triazole 3.74o shown as an example in Figure 3.26A), but not 3TI5, although 

docking of propanoate triazole 3.74q in 3TI6 produced a slightly distorted Neu5Ac2en-like 

binding mode (Figure 3.26B). In contrast, the butanoate analogue (3.74r, dockings 35 & 36, 

Table 3.4) could not be docked into 3TI6, but could be docked into 3TI5 although the 

carboxylate is pointing towards the solvent (Figure 3.27). 

  

Figure 3.26  A. Docking of 5-methanoate triazole 3.74o (cyan, cluster 1) into influenza A virus Cal/09 
N1 NA of pdb 3TI6, superposed with OC 3.29 (the original ligand of 3TI6, orange);  B.  Docking of 
5-propanoate triazole 3.74q (cyan, cluster 1) into influenza A virus Cal/09 N1 NA of pdb 3TI6, 
superposed with OC 3.29 (the original ligand of 3TI6, orange). 

 

Figure 3.27  Docking of 5-butanoate triazole 3.74r (cyan, cluster 5) into influenza A virus Cal/09 N1 
NA of pdb 3TI5, superposed with zanamivir 3.10 (the original ligand of 3TI5, yellow). 

Interestingly, the ethyl methanoate ester derivative 3.74s could successfully be docked into 

both proteins (dockings 37 & 38, Table 3.4, Figure 3.28). 

 

Figure 3.28  A.  Docking of 5-ethyl methanoate triazole 3.74s (cyan, cluster 1) into influenza A virus 
Cal/09 N1 NA of pdb 3TI5, superposed with zanamivir 3.10 (the original ligand of 3TI5, yellow);              
B. Docking of 5-ethyl methanoate triazole 3.74s (cyan, cluster 1) into influenza A virus Cal/09 N1 NA of 
pdb 3TI6, superposed with OC 3.29 (the original ligand of 3TI6, orange). 

 

A B 

A B 
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Finally, the bis-carboxylate triazole 3.74t could be docked into both proteins (docking 39 & 

40, Table 3.4). In 3TI5, both carboxylates are pointing towards the solvent (Figure 3.29A). In 

contrast, in 3TI6, a similar binding mode to 5-propanoic acid triazole 3.74q in 3TI6 (as shown 

in Figure 3.26), was produced with no potential additional interaction from the second 

carboxylate group, which was oriented towards the solvent (Figure 3.29B).  

  

Figure 3.29  A.  Docking of triazole 3.74t (cyan, cluster 3) into influenza A virus Cal/09 N1 NA of pdb 
3TI5, superposed with zanamivir 3.10 (the original ligand of 3TI5, yellow);  B. Docking of triazole 3.74t 
(cyan, cluster 3) into influenza A virus Cal/09 N1 NA of pdb 3TI6, superposed with OC 3.29 (the original 
ligand of 3TI6, orange). 

In summary, the dockings of 5-substituted triazole derivatives succeeded or failed in influenza 

A virus Cal/09 N1 NA of pdb 3TI5 (zanamivir crystal structure) and of pdb 3TI6 (OC crystal 

structure), depending of the hydrophilicity, bulkiness and length of the substituent on the 

triazole ring (see Table 3.4). This suggested that the binding of each of these compounds might 

be dependent on the reorientation of Glu276. It would therefore be interesting to synthesise a 

range of 5-substituted triazoles and evaluate them for inhibition of the wild type N1 NA, as 

well as the H274Y variant N1 NA strain (in which the H274Ymutation prevents the Glu276 

reorientation). 

3.6.3 Synthetic approaches towards Δ4-glucosaminuronyl 

5-substituted [1,2,3]-triazoles by RuAAC 

As previously discussed in Chapter 1 (Section 1.4.2), Ruthenium-catalysed Azide-Alkyne 

Cycloaddition (RuAAC) is a relatively recent click-chemistry methodology to produce 

1H-[1,2,3]-triazoles (reviewed in Ref. [370]).k Various ruthenium complexes have been 

investigated and four catalysts – [Cp*RuCl]4, Cp*RuCl(PPh3)2, Cp*RuCl(COD)l and 

                                                       
k In contrast to CuAAC, ruthenium complexes can catalyse the 1,3-dipolar cycloaddition with both 
terminal and internal alkynes, although the range of internal alkynes that can be used to produce 
1,4,5-trisubstituted [1,2,3]-triazoles is to date relatively restricted, or provides a mixture of regioisomers 
(reviewed in Ref. [370]). 
l  COD = cyclooctadiene 

A B 
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Cp*RuCl(NBD)m – were found to selectively produce the 1,5-regioisomer in remarkably good 

yields.371  

3.6.3.1  Preliminary study – test RuAAC reactions 

We first decided to examine the RuAAC reaction on our azide building block 3.67 (Scheme 

3.19) following reaction conditions that had been previously implemented in our research 

group on a Neu5Ac2en derivative substrate,372,373 using Cp*RuCl(PPh3)2
n

 as ruthenium catalyst 

with phenylacetylene and 3-methoxy-1-propyne as alkynes. Our target 1,5-disubstituted 

[1,2,3]-triazoles 3.74 possess an assortment of substituents at the 5-position on the triazole 

ring, so a broad range of alkynes will be required to be used as reagents. Consequently, we 

decided to use the common alkynes phenylacetylene and propargyl alcohol in our test 

reactions, to examine the effectiveness of this procedure on hydrophobic and more 

hydrophilic alkynes. 

 
Scheme 3.19  Reagents and conditions, Procedure A: (a) Alkyne, Cp*RuCl(PPh3)2, toluene, 80 ˚C,             

3 h-o/n. Further details and outcomes are given in Table 3.5. 

In the trial RuAAC reaction using propargyl alcohol as the alkyne, carried-out in toluene at 80 

˚C (Procedure A, Table 3.5, entry 1). TLC monitoring revealed that the starting material was the 

major component after 3 h, as well as after overnight reaction with double the amount of 

catalyst (9 mol%). Moreover, the reaction mixture was partially charcoalised after 3 h, and 

majorly after overnight reaction, indicating major decomposition occurred during the reaction.  

Table 3.5  Test RuAAC reactions using azide building block 3.67 as substrate following procedure A.a 

Entry [Ru] Alkyne (equiv.)  Outcome  

1 4-9 mol% propargyl alcohol (2 equiv.)  no formation of 3.75a was observed 
3.67b                                                         

+ major decompositionc  

2 10 mol% phenylacetylene (5 equiv.)  3.75b (23% yield)b 
+ some decompositionc 

a Procedure A: azide, alkyne, Cp*RuCl(PPh3)2, toluene, 80 ˚C. TLC monitoring of these reactions 
was carried-out after 3 h and after o/n reaction time. 

b Reaction products were identified by NMR. 
c Identified by TLC monitoring and visualisation of charcoal in the reaction mixture. 

                                                       
m NBD = norbornadiene 
n Subsequently referred to as the ruthenium catalyst. 
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The second test reaction using phenylacetylene (Table 3.5, entry 2), was directly carried-out 

using double the amount of ruthenium cata lyst (10 mol%) and a larger excess of alkyne (5 

equiv.). It led to the desired 1,5-disubstituted [1,2,3]-triazoles 3.75b in 23% yield, but again, 

the reaction mixture was charcoalised after 3 h, indicating decomposition. It was hypothesised 

that the solvent may be an issue, so it was decided to undertake a solvent optimisation study.  

3.6.3.2  Solvent optimisation study 

Based on the results of the test reactions leading to partial formation of the desired 

1,5-disubstituted [1,2,3]-triazole 3.75b, phenylacetylene was chosen as the alkyne model for 

the solvent optimisation study. Acetonitrile, dicholoroethane (DCE), dioxane, 

dimethylformamide (DMF) and tetrahydrofuran (THF) were investigated (Table 3.6). These 

solvents were chosen as previous studies suggested that aprotic solvents are better (higher 

yield and selectivity) than protic solvents.371,374 

For the solvent study, 5 mol% of ruthenium catalyst and 2 equivalents of alkyne 

(phenylacetylene) were used. Reactions were conducted at 80 ˚C, with the exception of the 

reaction using THF that was conducted at 66 ˚C because of its lower boiling point. After 3 h, 

TLC monitoring revealed that all reactions were completed (as judged by complete conversion 

of 3.68), except the reaction in DCE. However, after overnight stirring, all the reactions were 

finished. After chromatographic purification, the desired 1,5-disubstituted [1,2,3]-triazole 

product 3.75b was obtained in 53% to 88% yield. Considering that the reaction undertaken in 

DCE was not finished after 3 h, and resulted in the lowest yield (Table 3.6 entry 2), DCE was 

excluded as solvent of choice for our study. Another issue observed was that, in some cases, 

there was co-elution of traces of the excess phenylacetylene with the product during column 

chromatography purification, as revealed by NMR spectroscopy. Dioxane (Table 3.6, entry 3), 

was the only solvent that led to the recovery of the product, in one of the highest yields (80%), 

without contamination from unreacted phenylacetylene. Therefore, dioxane was chosen for 

our methodology development with a broader range of alkynes. 
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Table 3.6  Solvent optimisation of RuAAC reaction using azide building block 3.67 as substrate 
following procedure B.a 

   

Entry Solvent Temp. Outcomeb (yield) 

1 
 

CH3CN 
 

80 ˚C 
 

3.75bc (73%) 
3.76 (4%) 

2 
 

DCE 
 

80 ˚C 
 

3.75b (53%) 
3.76 (4%) 

3 
 

Dioxane 
 

80 ˚C 
 

3.75b (80%) 
3.76 (3%) 

4 
 

DMF 
 

80 ˚C 
 

3.75bc (88%) 
3.76 (3%) 

5 
 

THF 
 

66 ˚C 
 

3.75bd (85%) 
3.76 (3%) 

a Procedure B: azide (0.10 mmol), alkyne (2 equiv.), Cp*RuCl(PPh3)2 (5 mol%), toluene, 80 ˚C. TLC 
monitoring of these reactions was conducted after 3 h and after o/n reaction time. 

b  Reaction products were identified by NMR after chromatographic purification. 
c  Contamination with phenylacetylene (<10%). 
d  Contamination with phenylacetylene and unidentified impurities between 0–2.5 ppm. 

It should be noted that the 1,4-disubstituted triazole derivative 3.76 (compound 30b in 

Section 3.4) was observed as a minor contaminant by 1H NMR (by comparing to the NMR data 

of 3.76). The 1,4- and 1,5-triazole regioisomers can be distinguished by the distinctive 

resonance of the proton of the triazole as a singlet in the 1H NMR spectrum. Whereas the 

proton (H-5) of the 1,4-regioisomer 3.76 (H-5) resonated at 8.88 ppm in DMSO-d6, the proton 

of the 1,5-regioisomer 3.75b (H-4) resonated at 7.99 ppm (Table 3.7). This upfield shift 

between H-5 and H-4 was also observed in CDCl3. These chemical shifts, also solvent-

dependent, were consistent with those reported in literature.341,375 
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Table 3.7  Comparison of the 1H NMR resonance of Htriazole for 1,4 and 1,5-disubstituted triazoles. 

 

δ  Htriazole (ppm)  
Compound R R’ 

DMSO-d6 CDCl3 

3.76a Ph H 8.88 8.09b 

3.75b H Ph 7.99 7.66 

a  Compound 30b in Section 3.4. 
b  A drop of DMSO-d6 was required to help to solubilise the NMR sample in CDCl3. 

In this solvent study, the NMR data of the 1,4-triazole regioisomer was already available for 

comparison, so the assignment was straightforward. Otherwise, structural assignment of the 

respective regioisomers can be realised by various NMR experiments such as 1D/2D NOE 

experiments (e.g. 1H NOE376,377 or 2D NOESY378), 13C NMR using gated decoupling,379 or 15N 

NMR (e.g. 1H/15N gHMBC experiments380). 

3.6.3.3  Attempted synthesis of N-acetyl-Δ4-β-glucosaminuronyl 

5-substituted [1,2,3]-triazole derivatives with a variety of 

substituents 

Reproducibility investigation 

The reproducibility of the reaction procedure using dioxane as solvent was checked before 

changing other parameters, and investigating different types of alkynes. The outcome 

obtained using phenylacetylene and our optimised reaction (solvent) conditions (Table 3.8, 

entry 1) was found to be reproducible. Therefore, we were comfortable investigating different 

alkynes using the new reaction conditions: dioxane as solvent, 5 mol% of ruthenium catalyst 

and 2 equivalents of the desired alkyne. 
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Table 3.8  Overview of attempted syntheses of 1,5-disubstituted triazoles using azide building block 
3.67 as substrate. 

 

Entry Procedurea Alkyne Temp. Time Outcome
b
 

1 C phenylacetylene 80 ˚C 3 h 3.75b
c
 

2 C phenylacetylene 80 ˚C 3 h 3.75b
c
 

3 D 4-pentynoic acid 80 ˚C 3 h - 1 d 3.67                          
+ major decomposition 

4 D propargyl alcohol 80 ˚C 3 h - 1 d - 2 d 3.67                          
+ major decomposition 

5 D propargyl amine 80 ˚C 3 h - 1 d 3.67                          
+ major decomposition 

6 D N-methyl-N-propargyl 
benzylamine 

80 ˚C 3 h - 1 d decomposition 

7 D 3-dimethylamino-1-
propyne 

80 ˚C 3 h - o/n decomposition 

 

8 E propargyl amine 80 ˚C 2 h - o/n 3.67                          
+ major decomposition 

9 F propargyl propanoate 60 ˚C 3 h- 1 d 3.67 

10 F 3-dimethylamino-1-
propyne 

60 ˚C 3 h - 1 d 3.67 

11 G phenylacetylene 80 ˚C
 d 10 min + 5 min 

+ 5 min 
95% conversion after      

10 min.
e
 

12 G propargyl propanoate 80 °C
 d 10 min + 10 min 

+ 20 min + 2 h 
3.67                   

minimal decomposition 

a Procedure C: azide (0.10 mmol), phenylacetylene (2 equiv.), Cp*RuCl(PPh3)2 (5 mol%), dioxane, 80 ˚C, 3h. 
Procedure D: azide (0.10 mmol), alkyne (2 equiv.), Cp*RuCl(PPh3)2 (5 mol%), dioxane, 80 ˚C, o/n. 
Procedure E: azide (0.10 mmol), propargyl amine (2 equiv.), Cp*RuCl(PPh3)2 (5 mol%), dioxane, 80 ˚C,      
2 h-o/n. Addition order of the reagents was different from Procedures C and D. 
Procedure F: azide (0.10 mmol), alkyne (2 equiv.), Cp*RuCl(PPh3)2 (5 mol%), dioxane, 60 ˚C, 3 h-1 d. 
Addition order of the reagents was different from Procedures C and D. 
Procedure G: azide (0.11 mmol), alkyne (2 equiv.), Cp*RuCl(PPh3)2 (5 mol%), dioxane, 80 ˚C, 2 h–o/n. 
Addition order of the reagents was different from Procedures C and D. 

b Identified by NMR unless stated otherwise. 
c Full conversion observed and product identified by TLC monitoring, confirmed by co-spotting with the 
expected product 3.75b previously obtained. 

d Reactions were carried-out under microwave irradiation. 
e Identified by TLC monitoring, confirmed by co-spotting with the expected product 3.75b previously 
obtained. 
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Extension of the RuAAC method to a range of alkynes 

It was decided to investigate a wide range of alkynes possessing a versatility of functional 

groups: carboxylic acid (Table 3.9, entry 3), primary alcohol (Table 3.9, entry 4), primary amine 

(Table 3.9, entry 5) and substituted amines (Table 3.9, entries 6 & 7).o Unfortunately, the 

formation of the expected 1,5-disubstituted [1,2,3]-triazole product was not observed for any 

of these reactions. Whereas the starting material 3.67 was partially recovered and 

decomposition was observed (by TLC monitoring) for the reactions with pentynoic acid, 

propargyl alcohol and propargyl amine (Table 3.9, entries 3, 4 & 5), reactions with both 

substituted amines (Table 3.9, entries 6 & 7) led to full decomposition. These results suggested 

that, depending on the alkyne used, the reaction conditions (reaction in dioxane at 80 ˚C for up 

to 2 days) were concurrently too harsh, leading to decomposition of the starting material 3.67 

or intermediates before formation of the triazole, and too mild, being not conducive to triazole 

formation and resulting in partial recovery of the starting material 3.67. In the presence of 

phenylacetylene, however, the starting material could be converted smoothly to the desired 

triazole product. 

Investigation of the addition order of the reagents 

It was hypothesised that the addition order of the reagents could be the reason of the reaction 

not proceeding as the importance of the addition order of the reagents was previously 

mentioned in the literature 374,381 Therefore, instead of adding the catalyst and the alkyne to a 

solution of the glycosyl azide 3.67, propargyl amine (used as test alkyne since previously 

unsuccessful), and azide 3.67 were added to a solution of the ruthenium catalyst. 

Unfortunately, starting material 3.67 was again recovered, and decomposition was also 

observed (Table 3.9, entry 8). 

Investigation of the effect of temperature 

It was then hypothesised that the temperature could be a reason for the decomposition 

observed. However, given that the starting material was also often recovered previously, a 

decrease of temperature would make the reaction conditions too mild to reach completion. 

Therefore, a closer look at the RuAAC examples described in the literature with alkynes 

displaying high reactivity, compared to our alkynes previously investigated, was required. 

It was noticed that there was an absence of reports in the literature of RuAAC reactions to give 

triazoles with a primary or secondary alcohol, or amine, (or a carboxylic acid) on the carbon at 

                                                       
o The selection of alkynes was based on the 5-substituted triazoles investigated in our basic docking 
study (Section 3.6.2), with these triazoles themselves chosen based on the commercial availability of the 
alkynes. 
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the α or β position on the triazole substituent at the 5-position. Only examples of RuAAC with 

alkynes substituted with tertiary alcohols or amines were reported,371,374 suggesting potential 

issues with alkynes bearing less sterically-hindered hydroxyl or amino groups (or carboxylic 

acids). Lamberti et al.381 found that primary, secondary, as well as bulky tertiary propargylic 

alcohols were unreactive alkynes, in contrast to (not too bulky) tertiary propargylic alcohols 

that were reactive alkynes. The reaction outcomes suggested that propargylic alcohols require 

a specific substitution pattern to display a high reactivity, indicating that steric hindrance plays 

a role in the RuAAC mechanism. However, our docking study (Section 3.6.2), suggested that 

bulky substituents at the 5-position on the triazole would not be optimal for binding. 

Therefore, using appropriately substituted (i.e. not too bulky tertiary) propargylic alcohols for 

RuAAC was not a suitable option for the synthesis of 5-substituted triazoles as potential 

influenza virus NA inhibitors. 

Considering that primary and secondary propargylic alcohols were unreactive,381 propargyl 

propanoate, propargyl alcohol with its hydroxyl group protected with an ester (for later 

unmasking of the hydroxyl group), was chosen as an alkyne without a hydrogen-bond donor 

group instead of propargyl alcohol to investigate the effect of the temperature. 

3-Dimethylamino-1-propyne, previously reacted unsuccessfully at 80 ˚C, with only 

decomposition observed, was chosen as a second alkyne without a hydrogen-bond donor 

group instead of propargyl amine to investigate the effect of temperature. 

Accordingly, to avoid decomposition of the starting material, reactions with propargyl 

propanoate and 3-dimethylamino-1-propyne were carried-out at 60 ˚C instead of 80 ˚C (Table 

3.9, entries 9 & 10). To maximise the avoidance of introduction of water, the alkynes were 

dried over molecular sieves in a solution of anhydrous dioxane. The reaction using propargyl 

propanoate as alkyne (Table 3.9, entry 9), also led to recovery of the starting material 3.67. 

The reaction using 3-dimethylamino-1-propyne as alkyne (Table 3.9, entry 10), also led to 

recovery of the starting material 3.67, suggesting that temperature is the main cause of 

decomposition, at least for this alkyne.  

Investigation of RuAAC under microwave irradiation 

CuAAC reactions of N-acetylglucosamine382 and N-acetylgalactosamine383 glycosyl azides as 

well as RuAAC of various azides384-386 under microwave (MW) conditions successfully and 

regioselectively provided 1,4-triazoles and 1,5-triazoles respectively. This suggested that 

microwave irradiation can potentially assist RuAAC on our glycosyl azide substrate 3.67. 

Considering that 5-phenyl-triazole derivative 3.75b was successfully synthesised under 

conventional heating conditions, phenylacetylene was used as alkyne for proof of concept of 
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the RuAAC reaction under MW conditions using our substrate 3.67. Additionally, propargyl 

propanoate was selected as a protected functionalised alkyne.  

Glycosyl azide 3.67 was reacted with phenylacetylene in dioxane at 80 °C under MW (max 

200 W). TLC monitoring of the reaction after 10 min, revealed approximately 95% conversion 

of the starting material to the triazole 3.75b (Table 3.9, entry 11), validating the reaction 

procedure under MW conditions. It should be noted that no change in the reaction profile was 

observed by TLC monitoring after 10 min (10 min – 2 h 40).  

On the other hand, reaction with propargyl propanoate under the same conditions (Table 3.9, 

entry 12) led only to the recovery of the starting material 3.67, even after reaction for an 

extended time. It should be noted that after 40 minutes, slight decomposition started to be 

observed by TLC monitoring, without formation of the desired triazole product (appearance of 

a new spot on TLC). NMR analysis of the crude reaction mixture confirmed the TLC observation 

(i.e. no triazole formation). These two test reactions under MW conditions suggested that 

RuAAC under MW conditions could be used for the synthesis of 1,5-triazoles using our azide 

substrate 3.67 with a reactive alkyne like phenylacetylene. However, MW activation did not 

seem to be sufficient to activate the reaction with a less reactive alkyne. 

In summary, we have identified issues in the synthesis of N-acetyl-Δ4-β-glucosaminuronyl 

5-substituted [1,2,3]-triazole derivatives 3.75 by RuAAC that require further investigation, 

which due to time limitations, were unfortunately not resolved during the course of this 

research.  

Deprotection of 3.75b 

The only 1,5-disubstituted [1,2,3]-triazole derivative successfully synthesised, the 5-phenyl- 

triazole derivative 3.75b was successfully deprotected using aqueous NaOH in methanol, 

providing the unprotected 5-phenyl triazole derivative 3.74b in 77% yield (Scheme 3.20). It 

was noted that both 3.75b and 3.74b appear to adopt a Neu5Ac2en-like solution 

conformation. This is indicated by the relatively large coupling constants of J1,2 ≈ 10 Hz, J2,3 ≈ 8.8 

Hz, and a small J3,4 ≈ 2.6 Hz, which suggests that H-1, H-2 and H-3 adopt pseudo-equatorial 

positions. Accordingly, these results indicate that the synthesised 5-phenyl triazole 3.74b is 

already in the right conformation to bind in the neuraminidase active site. 

  

Scheme 3.20  Reagents and conditions: (a) aq. NaOH 1M, MeOH, rt, 1 day (77%). 
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3.6.3.4  Evaluation of 5-phenyl tr iazole derivative 3.74b for NA inhibitory 

activity  

The unprotected Δ4-glucosaminuronyl 5-phenyl-[1,2,3]-triazole derivative 3.74b was tested 

for its inhibition of human influenza A virus N1 (H1N1 Cal/09) and N2 (H3N2 Babol) NAs as well 

as avian influenza A virus NAs from H5N1 and H5N1 with the His274Tyr mutation, using the in 

vitro fluorometric assay with MUNANA as substrate.337 The NA inhibitory activities of 5-phenyl 

triazole 3.74b in comparison to 4-phenyl triazole 3.43, the natural inhibitor Neu5Ac2en 3.15 

and the clinical drug zanamivir are represented in Table 3.9. Triazole 3.74b was synthesised 

only for synthetic development purpose, therefore triazole 3.72b was not designed, and so 

was not expected to be a potent influenza NA inhibitor.  

The NA inhibition assay revealed that this compound displays only high millimolar inhibition 

NA activities across the four tested NA strains. These results could be seen to be consistent 

with our basic docking study (Section 3.6.2), in which 3.74b failed to provide a docking pose in 

the NA active site, in the contrary to the 4-phenyl triazole derivative 3.43, which seemed to 

have a favourable binding mode (as previously discussed in Section 3.4). 

Table 3.9  In vitro inhibition of influenza A virus NA from strains H1N1, H3N2, H5N1 and H5N1 H274Y 
by glucosaminuronyl triazole derivatives 3.43 and 3.74b, compared with Neu5Ac2en 3.15, zanamivir 
3.10, carboxamide 3.25 and OC 3.29. 

IC50 (µM) 
Compound 

H1N1 H3N2 H5N1 H5N1 H274Y 

3.43 22 1.1 50 15 

3.74b > 1mMa 1 mMa >1 mMa > 1mMa 

Neu5Ac2en 3.15 1.3 

2.0b  

5 

4.6b 

5.9 

3.1b 

3.9 

2.8b  

zanamivir 3.10 0.17 nM 0.8 nM 0.2 nM 0.43 nM 

 0.32 nMb 1.62 nMb 0.72 nMb  0.37 nMb  

 0.38 nMa    

carboxamide 3.25  2 nMc   

OC 3.29 0.46 nMd   452 nMd 

a 10% DMSO. 
b 5% DMSO. 
c Inhibition date from Ref. [130] 
d Inhibition data from Ref. [387] 
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3.7 Experimental Section 

3.7.1 Molecular modell ing 

3.7.1.1  General methods 

Molecular modelling experiments were carried-out, and all the figures representing 3D 

structure of ligands, or crystal structures with ligands (either an original complex or a complex 

resulting from docking) were prepared, using YASARA software (version 14.8.17).184 The 

Amber03 force field was used for assigning atom types in Vina. For the complexes represented 

with a surface, an electrostatic static molecular surface of the protein (electrostatic potential 

using Poisson-Boltzmann solver, ESPPBS), was added using a maximum ESP of 100.0 kJ/mol, a 

numeric algorithm to calculate the molecular surface and an alpha of 100 (no transparency).  

3.7.1.2  Methodology to build the 3D structures of the N-acetyl-Δ4-β-D-

glucosaminuronyl 4- (or 5-)substituted [1,2,3]-triazole l igands 

To begin, the structure of Neu5Ac2en 3.15 was extracted from the pdb file388,389 of the 

complex of 3.15 with influenza A virus N9 NA (pdb 1F8B).117 This pdb file was selected because 

the C-2 carboxylate group is in the ‘right’ (expected) conformation (i.e. the carboxylate is in the 

same plane as the dihydropyran ring). Using YASARA software (version 14.8.17),184 the 

following steps were undertaken: the glycerol side-chain was truncated to C-7; the remaining 

atoms of the molecule were fixed (to make sure these atoms were not included in subsequent 

energy minimisation of the side-chain); the atom (C-7) – where the addition of a substituent 

was desired – was freed; this atom was then swapped with an nitrogen atom and a triazole 

ring (with an hydrogen atom at both the positions 4 and 5 of the triazole) was then built up at 

this position. Finally, the extension to the molecule (i.e. the 1H-[1,2,3]-triazole moiety) was 

optimised using the semi-empirical quantum mechanics (MOPAC) method,234 while the rest of 

the molecule was not included in this energy minimisation and remained fixed. This created 

the ‘naked’ triazole template. To obtain the 3D structures of 4- or 5-substituted 

[1,2,3]-triazoles, the triazole template was fixed, the substituent was added at either C-4 or C-5 

of the triazole and the new substituent was optimised as described above. Scheme 3.21 

provides an overview of the process to build a 1,4-disubstituted triazole moiety on the 

dihydropyran ring.  
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Scheme 3.21  Process used in building the 3D structure of 1,4-disubstituted triazoles from the 
dihydropyran template of Neu5Ac2en. 

3.7.1.3  Superposition of two l igands 

To compare the potential replacement of the amide functionality with the triazole group and 

the spatial orientation of their substituents, the overlap of 4-phenyl-triazole derivative 10 

(ligand built following procedure described above) and N-propyl-N-phenethyl carboxamide 

derivative 8 (structure extracted from pdb 1BJI) was carried out. Both ligands were read in 

YASARA.184 The atoms O, C-2, C-3, C-4, C-5 and C-6 of the dihydropyran ring of each ligand 

were selected and aligned in YASARA184 using MUSTANG.390 The selected parameters were the 

matching of chemical elements, number of bonds, bond orders, and a maximum allowed 

distance between aligned atoms of 0.6 Å. The RMSD values provided by YASARA (for alignment 

of two ligands) are indicated in Table 3.10.  

3.7.1.4  Superposition of crystal  structures  

The original pdb (complex of a protein and with its own ligand, e.g. pdb 3TI5, H1N1 NA 

complexed with zanamivir 1) was opened in YASARA. The water molecules, any glycosylation 

residues and the other atoms and molecules present because of the crystallisation conditions 

were removed. The structure was cleaned59 (bonds were checked, any missing atoms and 

hydrogens were added…). A 20 Å cell was created around all atoms of the protein with 

periodic cell boundaries. The Amber03 force field was used for assigning atom types in Vina. 

An electrostatic (ESPPBS) static molecular surface of the protein was added using a maximum 

ESP of 100.0 kJ/mol, a numeric algorithm to calculate the molecular surface and an alpha of 

100 (no transparency). Then, in the same file, the second complex of a protein with its ligand 

(e.g. pdb 1BJI, H1N9 NA complexed with carboxamide 8) was opened and aligned with the first 

complex using MUSTANG.390 The complexes were superposed by atom name, atom alternate 

location indicator, residue name, and residue number of the protein. The RMSD values 

provided by YASARA (for alignment of the two proteins) was 0.847 Å for the superposition of 

pdb 3TI5 and 1BJI (Figure 2). The RMSD values provided by YASARA (for alignment of the two 
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proteins) are indicated in Table 3.10. Calculation of the RMSD between the native (complexed) 

ligand and the docked ligand are also indicated for zanamivir and OC. 

Superposition between the native (complexed) ligand and the docked ligand for OC and 

zanamivir dockings are represented in Figure 3.30 A and B respectively. The relatively high 

RMSD for zanamivir superposition (1.122 Å) could be explained by the lack of water molecules 

during the docking. Water molecules were removed for docking, potentially influencing the 

conformation of the glycerol side-chain inside the binding cavity. 

 

 

Figure 3.30  A.  Cal/09 N1 NA complex with OC 3.29 (orange) superposed with docked OC (grey), 
(Table 3.1, docking 1; Table 3.10, entry 1, ligand RMSD is 1.122 Å);  B.  Cal/09 N1 NA complex with 
zanamivir 3.10 (yellow) superposed with docked zanamivir (grey), (Table 3.1, docking 3; Table 3.10, 
entry 2, ligand RMSD is 1.122 Å).  

3.7.1.5  Docking methodology  

YASARA184 software (which itself uses Autodock Vina60), was used to perform docking studies. 

The ligand to be docked was either extracted from a pdb file of a complex, or built following 

the procedure described above, and kept free (not fixed) for the docking experiment. The 

protein was initially prepared using the Amber03 force field391 for assigning atom types in Vina. 

When the NA crystal structure used for docking was taken from a complex between an NA 

(receptor) and a ligand, only one monomer of the protein was kept. The ligand, water 

A 

B 
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molecules, glycosylation residues and any other ions or molecules presents because of the 

crystallisation conditions were removed prior to performing the docking studies. The structure 

was cleaned59 (bonds were checked, any missing atoms and hydrogens were added…). The 

number of docking runs (set by the exhaustiveness parameter in Autodock Vina) for each 

experiment was 25 (the standard number of runs in YASARA). A 14 Å cell was defined around 

atom HH of Tyr 406 (as the “centre” of the binding cavity) with periodic cell boundaries. After 

docking, the poses obtained were combined by YASARA as clusters (distinct complex 

conformations), which each differed by at least 5.0 Å heavy atom RMSD. The clusters were 

classified according to the best binding energy (kcal/mol) in each cluster. The binding energies 

output by YASARA are positive and range from the highest to the lowest numerical value (i.e. 

more positive energies indicate stronger binding, while negative energies mean no binding). 

Examples of cluster selection for Neu5Ac2en 3.15 and 4-phenyl triazole 3.43 are given in 

Appendix E. 
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Table 3.10  Superposition of two complexes (crystal structures) using YASARA. 

Complex 1 (source) Complex 2 (superposed) RMSD  RMSD  

Entry 
Protein complexed l igand Protein l igand Protein Ligand 

Associated Figure 

1 from pdb 3TI6 (H1N1) OC from pdb 3TI6 (H1N1) (docked) OC 0.000 Å 0.603 Å Figure 3.30 A 

2 from pdb 3TI5 (H1N1) zanamivir from pdb 3TI5 (H1N1) (docked) zanamivir 0.000 Å 1.122 Å Figure 3.30 B 

3 from pdb 1BJI (H1N9) carboxamide 3.25 from pdb 1BJI (H1N9)  (docked) carboxamide 3.25 0.000 Å 0.964 Å — 

4 from pdb 3TI5 (H1N1) zanamivir from pdb 3TI6 (H1N1) OC 0.083 Å — Figure 3.14 

5 from pdb 3TI6 (H1N1) OC from pdb 1BJI (H1N9) carboxamide 3.25 0.847 Å — Figure 3.14 

7 from pdb 3TI5 (H1N1) zanamivir from pdb 1BJI (H1N9) carboxamide 3.25 0.841 Å — Figure 3.14 

8 from pdb 3TI6 (H1N1) OC from pdb 3TI6 (H1N1) (docked) carboxamide 3.25 0.000 Å — Figure 3.15 A 

9 from pdb 3TI5 (H1N1) zanamivir from pdb 3TI5 (H1N1) (docked) carboxamide 3.25 0.000 Å — Figure 3.15 B 

10 from pdb 3TI5 (H1N1) zanamivir from pdb 3TI5 (H1N1) (docked) triazole 3.43 0.000 Å — Figure 3.16 A 

11 from pdb 3TI6 (H1N1) OC from pdb 3TI6 (H1N1) (docked) triazole 3.43 0.000 Å — Figure 3.16 B 

12 from pdb 3TI5 (H1N1) (docked) triazole 3.43 from pdb 3TI5 (H1N1) (docked) carboxamide 3.25 0.000 Å — Figure 3.17 A 

13 from pdb 3TI6 (H1N1) (docked) triazole 3.43 from pdb 3TI6(H1N1) (docked) carboxamide 3.25 0.000 Å — Figure 3.17 B 

14 from pdb 3TI5 (H1N1) (docked) triazole 3.44 from pdb 3TI5 (H1N1) (docked) triazole 3.43 0.000 Å — Figure 3.18 

 
 



 224 

3.7.2 Synthesis  

This experimental section only includes methods and experimental data for the synthetic 

approaches to N-acetyl-Δ4-β-D-glucosaminuronyl 4- and 5-substituted [1,2,3]-triazole 

derivatives (Sections 3.2.4 and 3.6.3) that are not included in the manuscript (Section 3.4). 

General methods and materials  

General methods and materials were identical to those described in the experimental section 

of the manuscript (Section 3.4). Additionally, microwave reactions were carried-out using a 

CEM Discover® SP Explorer Hybrid-12 microwave irradiation system with single mode cavity.  

General procedure for CuAAC reactions on Δ4-glucuronyl azide (3.67) – 

synthesis of Δ4-glucuronyl tr iazoles (3.71–3.73).  

To a solution of glucuronyl azide 3.67 (~ 0.84 mmol), CuSO4.5H2O (0.2 mole equiv.) and 

sodium ascorbate (0.2 mole equiv.) in a mixture of DMF and water (1:1; 2 mL), was added the 

alkyne (5 mole equiv.) in DMF (2 mL), and the reaction mixture was stirred at 40 °C. Conversion 

of the starting material into the product was monitored by TLC (acetone/hexanes 1:1, or 

acetone). The reaction mixture was concentrated, and the residue was partitioned between 

CH2Cl2 (200 mL) and water (100 mL). The organic layer was separated [with any emulsion 

formed broken by the addition of 4 M aqueous HCl (~ 6 mL)], dried (MgSO4), filtered and 

concentrated. 

2-Acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-α-D-glucopyranose (3.52) 

Compound 3.52 was previously synthesised in the laboratory according to the reported 

method.248 1H NMR (300 MHz, CDCl3): δ 6.16 (d, J1,2 3.6 Hz, 1 H, H-1), 5.58 (d, JNH,2 9.0 Hz, 1 H, 

NHAc), 5.30–5.13 (m, 2 H, H-3, H-4), 4.57–4.39 (m, 1 H, H-2), 4.24 (dd, J6a,6b 12.4, J6a,5 4.1 Hz, 

1H, H-6a), 4.06 (dd, J6b,6a 12.5, J6b,5 2.4 Hz, 1 H, H-6b), 4.02–3.93 (m, 1 H, H-5), 2.19 (s, 3 H, 

OCOCH3), 2.08 (s, 3 H, OCOCH3), 2.05 (s, 3 H, OCOCH3), 2.04 (s, 3 H, OCOCH3), 1.93 (s, 3 H, 

NHCOCH3); LRMS (ESI): m/z 412 [M+Na]+. The 1H NMR data was in agreement with that 

reported in the literature.392 

N ,N-Diacetyl-1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-α-D-glucopyranose (3.57) 

According to the reported method,260 tetra-O-acetyl-GlcNAc 3.52 (586 mg, 1.51 mmol) and 

pTsOH (146 mg, 0.77 mmol) were suspended in isopropenyl acetate (18 mL) and heated to 65 

°C under argon for 19 h. NEt3 (5 mL) was added and the reaction mixture was then 

concentrated. Purification by column chromatography (EtOAc/hexanes 3:7 to EtOAc) afforded 

3.57 as a yellow solid (424 mg, 65%). Rf 0.17 (EtOAc/hexanes 2:3); 1H NMR (300 MHz, CDCl3): δ 

6.23 (d, J1,2 3.3 Hz, 1 H, H-1), 6.10 (dd, J3,2 11.6, J3,4 9.0 Hz, 1 H, H-3), 5.10 (dd, J4,5 10.3, J4,3 8.9 

Hz, 1 H, H-4), 4.67 (dd, J2,3 11.5, J2,1 3.3 Hz, 1 H, H-2), 4.34 (dd, J6a,6b 12.4, J6a,5 4.0 Hz, 1 H, H-6a), 
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4.22 (ddd, J5,4 10.5, J5,6a 3.9, J5,6b 2.3 Hz, 1 H, H-5), 4.09 (dd, J6b,6a 12.4, J6b,5 2.1 Hz, 1 H, H-6b), 

2.34 (s, 6 H, COCH3), 2.11 (s, 3 H, COCH3), 2.10 (s, 3 H, COCH3), 2.04 (s, 3 H, COCH3), 1.98 (s, 3 H, 

COCH3); LRMS (ESI): m/z 454 [M+Na]+. The 1H NMR data was in agreement with that reported 

in the literature.260,261 

N ,N-Diacetyl-1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranosyl azide 

(3.58) 

Procedure A (Table 3.2, entry 1) 

According to the method reported for reaction of 1,2,3,4,6-penta-O-acetyl-β-D-

glucopyranose,393  to a solution of tetra-O-acetyl-GlcNAc2 3.57 (200 mg, 0.46 mmol) in 

anhydrous CH2Cl2 (2 mL), under argon was added Me3SiN3 (0.10 mL, 0.75 mmol) and SnCl4 1 M 

in CH2Cl2 (20.5 μL, 0.50 mmol). The reaction mixture was stirred at room temperature for 24 h. 

The reaction mixture was then treated with saturated aqueous NaHCO3 (30 mL, final pH 8) and 

the mixture was filtered over celite and the celite was washed with water. The filtrate was 

separated and the aqueous phase was extracted with CH2Cl2 (3 × 60 mL). The organic extracts 

were dried over Na2SO4 and filtered. Purification by column chromatography (EtOAc/hexanes 

7:3) afforded a mixture 1:1 of 3.52/3.56 as a yellow oil (109 mg, 3.52 33%, 3.56 33%).  

2-Methyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline 

(3.56)  

Rf 0.18 (EtOAc/hexanes 3:2); 1H NMR (300 MHz, CDCl3): δ 5.97 (d, J1,2 7.4 Hz, 1 H, H-1), 5.27 

(app t, J3,4 ≈ J3,2  2.4 Hz, 1 H, H-3), 4.93 (ddd, J4,5 9.3, J4,3 2.2, J4,2 1.2 Hz, 1 H, H-4), 4.21–4.15 (m, 

2 H, H-6a, H-6b), 4.14–4.10 (m, 1 H, H-2), 3.65–3.55 (m, 1 H, H-5), 2.11 (s, 3 H, OCOCH3), 2.11–

2.09 (m, 6 H, OCOCH3), 2.08 (s, 3 H, NHCOCH3). The 1H NMR data was in agreement with that 

reported in the literature.253 

Procedure B (Table 3.2, entry 2) 

According to the method reported for reaction of 1,2,3,4,6-penta-O-acetyl-β-D-

glucopyranose,393  to a solution of tetra-O-acetyl-GlcNAc2 3.57 (196 mg, 0.46 mmol) in 

anhydrous CH2Cl2 (2 mL), under argon was added Me3SiN3 (90 μL, 0.68 mmol) and SnCl4 1 M in 

CH2Cl2 (200 μL, 0.20 mmol) at 0 °C. The reaction mixture was stirred at 4 °C. After 4 h, Me3SiN3 

(90 μL, 0.09 mmol) was added and the reaction mixture was stirred for further 20 h. CH2Cl2 (8 

mL) was added and the reaction mixture was then treated with saturated aqueous NaHCO3 (30 

mL, final pH 8) and the mixture was filtered over celite and the celite was washed with water. 

The filtrate was separated and the aqueous phase was extracted with CH2Cl2 (3 × 60 mL). The 

organic extracts were dried over Na2SO4 and filtered. Purification by column chromatography 

(EtOAc/hexanes 2:3 to 3:2) afforded 3.58 as a pale yellow oil (61 mg, 32%), 3.57 (17 mg, 9%), 
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two mixtures of 3.57/3.52 (14 mg and 16 mg, 4.2:1 and 1:1.4 respectively) and 3.52 (42 mg, 

23%).  

Compound 3.58 Rf 0.36 (EtOAc/hexanes 3:2); 1H NMR (300 MHz, CDCl3): δ 5.85 (d, J1,2 8.7 Hz, 

1 H, H-1), 5.81 (dd, J3,2 10.3, J3,4 8.8 Hz, 1 H, H-3), 5.09 (dd, J4,5 10.3, J4,3 8.9 Hz, 1 H, H-4), 4.35 

(dd, J6a,6b 12.5, J6a,5 4.7 Hz, 1 H, H-6a), 4.13 (dd, J6b,6a 12.5, J6b,5 2.2 Hz, 1 H, H-6b), 3.90 (ddd, J5,4 

10.3, J5,6a 4.7, J5,6b 2.2 Hz, 1 H, H-5), 3.60 (dd, J2,3 10.3, J2,1 8.7 Hz, 1 H, H-2), 2.38 (s, 3 H, 

OCOCH3), 2.36 (s, 3 H, OCOCH3), 2.11 (s, 3 H, OCOCH3), 2.03 (s, 3 H, OCOCH3), 1.99 (s, 3 H, 

NHCOCH3); LRMS (ESI): m/z 437 [M+Na]+.  

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranosyl chloride (3.53) 

see Section 3.4 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl azide (3.51) 

see Section 3.4 

2-Acetamido-2-deoxy-β-D-glucopyranosyl  azide (3.59) 

see Section 3.4 

2-Acetamido-3,4-di-O-benzoyl-2-deoxy-6-O-trityl-β-D-glucopyranosyl azide 

(3.64) 

GlcNAc glycosyl azide 3.59 (200 mg, 0.81 mmol) and Ph3CCl (738 mg, 2.65 mmol) were 

suspended in pyridine (5 mL) under nitrogen and vigorously stirred at 60 °C for 24 h. Then, BzCl 

(0.4 mL, 3.45 mmol) was added at 0 °C and the reaction mixture was allowed to warm up and 

was stirred at room temperature overnight. After observation of the disappearance of the 

starting material by TLC monitoring (EtOAc/hexanes 1:1), EtOAc (50 mL) was added and the 

reaction mixture was washed with 1 M HCl (3 × 50 mL), dried over Na2SO4, filtered and 

concentrated. Purification by column chromatography (EtOAc/hexanes 2:3) afforded 3.65 

(190 mg, 34% over 2 steps) as a white solid. Rf 0.17 (EtOAc/hexanes 2:3); 1H NMR (300 MHz 

CDCl3): δ 7.99–7.88 (m, 2 H, Ar), 7.71–7.64 (m, 2 H, Ar), 7.53–7.45 (m, 2 H, Ar), 7.45–7.32 (m, 8 

H, Ar), 7.31–7.23 (m, 3 H), 7.21–7.07 (m, 8 H), 5.82–5.67 (m, 2 H, NH, H-4), 5.52 (t, J3,4 ≈ J3,2 ≈ 

10.1 Hz, 1 H, H-3), 4.79 (d, J1,2 9.2 Hz, 1 H, H-1), 4.31 (app q, J2,1 ≈ J2,3 ≈ 9.6 Hz, 1 H, H-2), 3.94 – 

3.79 (m, 1 H, H-5), 3.40 (dd, J6a,6b 10.9, J6a,5 2.3 Hz, 1 H, H-6a), 3.18 (dd, J6b,6a 10.6, J6b,5 4.2 Hz, 1 

H, H-6b), 1.91 (s, 3 H, NHCOCH3); LRMS (ESI): m/z 719 [M+Na]+.  

2-Acetamido-3,4-di-O-benzoyl-2-deoxy-β-D-glucopyranosyl azide (3.65) 

The 6-O-trityl compound 3.64 (175 mg) was suspended in 80% AcOH and heated at 70 °C for 5 

h. After concentration of the reaction mixture, the crude product was purified by column 

chromatography (EtOAc/hexanes 5:5) to afford 3.65 (98 mg, 86%) as a white solid. Rf 0.13 

(EtOAc/hexanes 1:1); 1H NMR (300 MHz, CDCl3): δ 7.97–7.86 (m, 4 H, Bz), 7.58–7.45 (m, 2 H, 
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Bz), 7.43–7.30 (m, 1 H, Bz), 5.83–5.70 (m, 2 H, NH, H-3), 5.50 (t, J4,3 ≈ J4,5 ≈ 9.5 Hz, 1 H, H-4), 4.94 

(d, J1,2 9.2 Hz, 1H, H-1), 4.20–4.05 (m, 1 H, H-2), 3.94–3.79 (m, 2 H, H-5, H-6b), 3.74 (dd, J6a,6b 

12.3, J6a,5 4.0 Hz, 1 H, H-6a), 1.91 (s, 3 H, NHCOCH3); LRMS (ESI): m/z 477 [M+Na]+.  

Methyl (2-acetamido-3,4-di-O-benzoyl-2-deoxy-β-D-glucopyranosyl)uronate 
azide (3.66) 

According to the method of van den Bos,294 to a suspension of 3.65 (89 mg, 0.20 mmol) in H2O 

(1 mL) was added a solution of TEMPO (6 mg, 0.04 mmol), and BAIB (314 mg, 0.97 mmol) in 

CH2Cl2 (1 mL). The biphasic reaction mixture was vigorously stirred at room temperature for 2 

h. After observation of the conversion of the starting material into a single product by TLC 

monitoring (EtOAc/MeOH 3:2), 10% aq. Na2S2O3 (10 mL) was added. The organic phase was 

extracted and the aqueous phase was washed with EtOAc (3 × 10 mL). The organic extracts 

were dried over Na2SO4, filtered and concentrated. 28 mg of crude product 3.66 was isolated. 
1H NMR (300 MHz, MeOD-d4): δ 7.89 (d, J 16.3 Hz, 4 H, Bz), 7.53 (d, J 24.0 Hz, 2 H, Bz), 7.38 (d, J 

20.7 Hz, 4 H, Bz), 5.75 (ddd, J 10.2, J 9.4, J 0.8 Hz, 1H, H-3), 5.58 (ddd, J 10.2, J 9.5, J 0.7 Hz, 1 H, 

H-4), 5.10 (d, J1,2 = 9.4 Hz, 1 H, H-1), 4.53–4.46 (m, 1 H, H-5), 4.25–4.14 (m, 1 H, H-2), 1.86 (s, 3 

H, NHCOCH3); LRMS (ESI): m/z 491 [M+Na]+.  

Methyl (2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosyl)uronate 
azide (3.63) 

Procedure A:  

According to the method of van den Bos,294 to a solution of 3.59 (214 mg, 0.87 mmol) in H2O 

(2 mL) and CH2Cl2 (2 mL), was added TEMPO (60 mg, 0.38 mmol), and BAIB (2 g, 6.21 mmol, 

added progressively in portions over 2 days). The biphasic reaction mixture was vigorously 

stirred at room temperature for 5 days. After observation of the conversion of the starting 

material into a single product by TLC monitoring (EtOAc/MeOH 3:2), H2O (30 mL) was added, 

and then the aqueous solution was washed with EtOAc (2 × 30 mL), CH2Cl2 (3 × 30 mL) and 

concentrated. To a suspension of the crude product and KHCO3 (200 mg) in DMF (5 mL) was 

added MeI (0.2 mL, 6.96 mmol). The reaction mixture was stirred at room temperature for 21 

h until conversion of the acid into a single product by TLC monitoring (EtOAc/MeOH 8:1). Then, 

DMAP (10 mg, 0.08 mmol) and Ac2O (0.5mL, 5.30 mmol) were added and the reaction mixture 

was stirred at room temperature for 6 days. TLC monitoring (EtOAc/hexanes 7:3) indicating the 

conversion into a single product. H2O (80 mL) was then added and the product was extracted 

with CH2Cl2 (3 × 80 mL). The organic phase was washed with Na2S2O3 (2 × 100 mL), dried over 

Na2SO4, filtered and concentrated. Purification by column chromatography (EtOAc/hexanes 

7:3) afforded 3.63 as a white solid (140 mg, 45% over 3 steps). Rf 0.18 (EtOAc/hexanes 7:3); 1H 

NMR (300 MHz, CDCl3): δ 5.72 (d, JNH,2 8.6 Hz, 1 H, NH), 5.35 (dd, J3,2 10.3, J3,4 9.3 Hz, 1 H, H-3), 

5.21 (app t, J4,5 9.7, J4,3 9.3 Hz, 1 H, H-4), 4.91 (d, J1,2 9.0 Hz, 1 H, H-1), 4.13 (d, J5,4 9.8 Hz, 1 H, 
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H-5), 3.86 (dt, J2,3 10.3, J2,1 ≈ J2,NH ≈ 8.8 Hz, 1 H, H-2), 3.77 (s, 3 H, CO2Me), 2.06 (s, 3 H, OCOCH3), 

2.03 (s, 3 H, OCOCH3), 1.98 (s, 3 H, OCOCH3); LRMS (ESI): m/z 381 [M+Na]+. The 1H NMR data 

was in agreement with that reported in the literature.236  

Procedure B: see Section 3.4 

Methyl (2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-
enopyranosyl)uronate azide (3.64) 

see Section 3.4 

1-[Methyl (2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosyl)uronate]-
4-(2-pyridyl)-1H-[1,2,3]-triazole (3.71) 

Compound 3.67 (255 mg, 0.85 mmol) was reacted with 2-ethynylpyridine (440 µL, 4.32 mmol) 

for 2 h according to the general procedure for the CuAAC. Purification of the crude product by 

column chromatography (acetone/hexanes 1:1) afforded 3.71 (249 mg, 55%) as a brown solid. 

Rf 0.43 (acetone/hexanes 1:1); 1H NMR (400 MHz, DMSO-d6): δ 8.87 (s, 1H, Htriazole), 8.63 (ddd, J 

4.8, 1.8, 0.9 Hz, 1H, HAr), 8.23 (d, JNH,2 8.7 Hz, 1 H, NH), 8.06 (dt, J 8.0, J 1.1 Hz, 1H, HAr), 7.98 - 

7.88 (m, 1H, HAr), 7.38 (ddd, J 7.6, J 4.9, J 1.2 Hz, 1H, HAr), 6.71 (d, J1,2  9.9 Hz, 1 H, H-1), 6.07 (d, 

J4,3  2.8 Hz, 1 H, H-4), 5.78 (dd, J3,2  8.4, J3,4  2.8 Hz, 1 H, H-3), 4.83 (ddd, J2,1  9.9, J2,3 ≈ J2,NH 8.6 Hz, 

1 H, H-2), 3.74 (s, 3 H, CO2CH3), 2.02 (s, 3 H, OCOCH3), 1.63 (s, 3 H, NHCOCH3); 13C NMR (100 

MHz, DMSO-d6): δ 170.0 (COCH3), 169.7 (COCH3), 160.8 (CO2CH3), 149.8 (CHAr), 143.3 (CAr), 

147.5 (Ctriazole), 143.0 (C-5), 137.5 (CHAr), 123.4.9 (CHtriazole), 122.6 (CHAr), 119.7 (CHAr), 109.5 (C-

4), 84.9 (C-1), 67.6 (C-3), 52.6 (CO2CH3), 48.8 (C-2),  22.4 (NHCOCH3), 20.6 (OCOCH3); LRMS 

(ESI): m/z 402.1 [M+H]+. 

1-[Methyl (2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosyl)uronate]-
4-(3-pyridyl)-1H-[1,2,3]-triazole (3.72) 

Compound 3.67 (255 mg, 0.85 mmol) was reacted with 3-ethynylpyridine (445 mg, 4.32 

mmol) for 2 h according to the general procedure for the CuAAC. Purification of the crude 

product by column chromatography (acetone/hexanes 1:1) afforded 3.72 (285 mg, 83%) as a 

white solid. Rf 0.45 (acetone/hexanes 1:1); 1H NMR (400 MHz, DMSO-d6): δ 9.07 (dd, J 2.3, 0.9 

Hz, 1H, HAr), 9.04 (s, 1H, Htriazole), 8.58 (dd, J 4.8, 1.6 Hz, 1H, HAr), 8.28–8.18 (m, 2H, NH, HAr), 

7.52 (ddd, J 7.9, 4.8, 0.9 Hz, 1H, HAr), 6.70 (d, J1,2  9.7 Hz, 1 H, H-1), 6.10 (d, J4,3  2.9 Hz, 1 H, H-4), 

5.78 (dd, J3,2  8.2, J3,4  3.0 Hz, 1 H, H-3), 4.77 (ddd, J2,1  9.6, J2,3 ≈ J2,NH 8.4 Hz, 1 H, H-2), 3.75 (s, 3 

H, CO2CH3), 2.00 (s, 3 H, OCOCH3), 1.64 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 

170.0 (COCH3), 169.7 (COCH3), 160.8 (CO2CH3), 149.3 (CHAr), 146.5 (CHAr), 143.9 (Ctriazole), 143.0 

(C-5), 132.8 (CHAr), 126.1 (CHAr), 124.1 (CHAr), 121.5 (CHtriazole), 109.6 (C-4), 84.9 (C-1), 67.4 

(C-3), 52.7 (CO2CH3), 49.0 (C-2), 22.4 (NHCOCH3), 20.6 (OCOCH3); LRMS (ESI): m/z 424.2 

[M+Na]+. 
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1-[Methyl (2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosyl)uronate]-
4-[2-(trif luoromethyl)phenyl]-1H-[1,2,3]-triazole (3.73) 

Compound 3.67 (253 mg, 0.85 mmol) was reacted with 1-ethynyl-2-trifluoromethylbenzene 

(600 µL, 4.31 mmol) for 5 h according to the general procedure for the CuAAC. Purification of 

the crude product by column chromatography (acetone/hexanes 1:1) afforded 3.73 (362 mg, 

91%) as a white foam. Rf 0.43 (acetone/hexanes 1:1). 1H NMR (400 MHz, DMSO-d6): δ 8.53 (s, 

1H, Htriazole), 8.21 (d, JNH,2  8.8 Hz, 1 H, NH), 7.88 (app t, J 7.2 Hz, 1 H, HAr-2), 7.80 (app t, J 7.1, 7.6 

Hz, 1 H, HAr),  7.74-7.63  (m, 2 H, HAr), 6.71 (d, J1,2  10.0 Hz, 1 H, H-1), 6.08 (d, J4,3  2.8 Hz, 1 H, H-

4), 5.76 (dd, J3,2  8.5, J3,4  2.8 Hz, 1 H, H-3), 4.82 (ddd, J2,1 10.0, J2,3 ≈ J2,NH 8.7 Hz, 1 H, H-2), 3.75 

(s, 3 H, CO2CH3), 2.01 (s, 3 H, OCOCH3), 1.63 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, DMSO-d6): 

δ 170.0 (COCH3), 169.5 (COCH3), 160.8 (CO2CH3), 143.8 (Ctriazole), 143.0 (C-5), 132.7 (CHAr), 132.0 

(CHAr), 129.3 (CHAr), 128.9 (3JC,F 1.9 Hz, CAr-1), 126.9 (2JC,F 30.3 Hz, CAr-2), 126.4 (1JC,F 5.4 Hz, 

CHAr-3), 123.9 (1JC,F 273.6, CF3), 123.4 (5JC,F 3.0 Hz, CHtriazole), 109.8 (C-4), 84.8 (C-1), 67.7 (C-3), 

52.6 (CO2CH3), 48.8 (C-2), 22.2 (NHCOCH3), 20.6 (OCOCH3); LRMS (ESI): m/z  491.2 [M+Na]+. 

Procedures for the attempted RuAAC reactions  

Procedure A 

The azide 3.67 (100 mg, 0.34 mmol and 51 mg, 0.17 mmol, respectively, for reaction with 

propargyl alcohol and phenylacetylene) was suspended in anhydrous toluene (2 mL) under 

argon. Ruthenium catalyst [Cp*RuCl(PPh3)2, 12 mg, 4 mol% and 15 mg, 10 mol%, for reaction  

with  propargyl  alcohol  and  phenylacetylene, respectively] was added before adding the 

alkyne reagent (propargyl alcohol 2 equiv.; phenylacetylene 5 equiv.). The reaction mixture 

was stirred at 80 ˚C overnight. The reaction was monitored by TLC using respectively 

acetone/hexanes 1:1 (Table 3.5, entry 1) and EtOAc/hexanes 9:1 (Table 3.6, entry 2). After 

concentration of the reaction mixture under reduced pressure, the residue was subjected to 

column chromatography for purification (Table 3.5, entry 1). Isolated reaction components 

were characterised by 1H NMR spectroscopy and LRMS. 

Procedure B 

The azide 3.67 (30 mg, 0.10 mmol) was suspended in anhydrous solvent (1 mL) under argon. 

Ruthenium catalyst [Cp*RuCl(PPh3)2, 4 mg, 5 mol%] was added before adding phenylacetylene 

(22 µL, 0.20 mmol, 2 equiv.) and the reaction mixture was stirred at 80 ˚C or 66 ˚C (THF) 

overnight. Reaction conditions are given in Table 3.6, entries 1-5. The reactions were 

monitored by TLC (EtOAc). After concentration of the reaction mixture under reduced 

pressure, the residue was subjected to column chromatography for purification 

(EtOAc/hexanes 9:1). 

 



 230 

Procedure C 

The azide 3.67 (30 mg, 0.10 mmol) was suspended in anhydrous dioxane (1 mL) under argon. 

Ruthenium catalyst [Cp*RuCl(PPh3)2, 4 mg, 5 mol%] was added before adding phenylacetylene 

(22 µL, 0.20 mmol, 2 equiv.) and the reaction mixture was stirred at 80 ˚C for 3 h. Reaction 

conditions are given in Table 3.8, entries 1 & 2. The reactions were monitored by TLC (EtOAc), 

co-spotting with the 5-phenyl-triazole product 3.75b (isolated from Procedure A; for 

characterisation, see below). 

Procedure D 

The azide 3.67 (30 mg, 0.1 mmol) and ruthenium catalyst [Cp*RuCl(PPh3)2, 4.0 mg, 5 mol%] 

were suspended in anhydrous dioxane (1 mL) under argon. Then the alkyne (0.2 mmol, 2 

equiv.) was added and the reaction mixture was heated at 80 ˚C overnight. Reaction conditions 

are given in Table 3.8, entries 3-7. The reactions were monitored by TLC (EtOAc).  

Procedure E 

To a solution of ruthenium catalyst [Cp*RuCl(PPh3)2, 5 mol%] in anhydrous dioxane (0.5 mL), 

was added a solution of propargyl amine (13 µL, 0.20 mmol, 2 equiv.) and the azide 3.67 (31 

mg, 0.10 mmol) in anhydrous dioxane (1 mL). The reactions was then vigorously stirred at 80 

˚C (Table 3.8, entry 8). The reaction was monitored by TLC (EtOAc). After concentration under 

reduced pressure, the crude product was analysed by 1H NMR spectroscopy. 

Procedure F 

To a solution of ruthenium catalyst [Cp*RuCl(PPh3)2, 5 mg, 6 mol%] in anhydrous dioxane (0.5 

mL), was added a solution of the alkyne (0.20 mmol, 2 equiv.), previously dried over molecules 

sieves in anhydrous dioxane, to the azide 3.67 (31 mg, 0.10 mmol) in anhydrous dioxane (1 mL 

total). The reactions were then vigorously stirred at 60 °C (Table 3.8, entry 9 & 10). The 

reactions were monitored by TLC (EtOAc). After concentration under reduced pressure, the 

crude product was analysed by 1H NMR. 

Procedure G 

In a Teflon (septum)-sealed 10 mL pressure tube, a mixture of the azide 3.67 (32 mg, 0.11 

mmol), the ruthenium catalyst [Cp*RuCl(PPh3)2, 4 mg, 5 mol%], and the alkyne (24 µL, 20 mL, 2 

equiv.) in anhydrous dioxane (1.5 mL total) was irradiated with MW (200W max), at 80 °C. 

Reaction conditions are given in Table 3.8, entries 11 & 12. The reactions were monitored by 

TLC (EtOAc). After concentration under reduced pressure, the crude product was analysed by 
1H NMR. 
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1-[Methyl (2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosyl)uronate]-
5-phenyl-1H-[1,2,3]-triazole(3.75b) 

Compound 3.75b was prepared according to the general procedures described above. 

Purification of the crude product by column chromatography (EtOAc/hexanes 9:1) afforded 

3.75b (53-88% yield) as an off-white solid. Rf 0.47 (EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.66 

(s, 1H, Htriazole), 7.53–7.44 (m, 5 H, HAr), 6.83 (d, JNH,2  7.3 Hz, 1 H, NH), 6.82 (d, J1,2  10.2 Hz, 1 H, 

H-1) 6.25 (dd, J3,2  9.0, J3,4  2.8 Hz, 1 H, H-3), 6.10 (d, J4,3 2.8 Hz, 1 H, H-4), 4.58 (dddd, J2,1 10.0, 

J2,3 9.1, J2,NH 7.2 J2,4 2.7 Hz, 1 H, H-2), 3.80 (s, 3 H, CO2CH3), 2.08 (s, 3 H, OCOCH3), 1.76 (s, 3 H, 

NHCOCH3); LRMS (ESI): m/z 423.2 [M+Na]+. 

5-Phenyl-1-[sodium (2-acetamido-2,4-dideoxy-α-L-threo-hex-4-
enopyranosyl)uronate]-1H-[1,2,3]-triazole (3.74b) 

To a solution of compound 3.75b (104 mg, 0.26 mmol) in MeOH (4 mL) was added dropwise  

1 M aqueous NaOH until the solution reached pH ≈ 13. The reaction mixture was stirred at 

room temperature for 24 h. After observation of the conversion of the starting material into 

the product by TLC (EtOAc/MeOH/water 7:2:1), the solution was acidified by addition of 

Amberlite IR-120 (H+) ion exchange resin to pH ≈ 3, filtered, and the filtrate was concentrated. 

The crude product was purified by column chromatography (EtOAc/MeOH/water 7:2:1 to 

5:2:1). The sodium salt was formed by passage through a column of Dowex 50WX8-400 ion 

exchange resin (Na+ form, prepared using a 0.1 M NaOMe solution in anhydrous MeOH) using 

MeOH as eluent to afford 3.74b (73 mg, 77%) as a pale yellow solid. Rf 0.17 

(EtOAc/MeOH/water 7:2:1); 1H NMR (400 MHz, DMSO-d6): δ 8.09 (d, JNH,2  8.0 Hz, 1 H, NH), 

7.92 (s, 1 H, Htriazole), 7.62—7.56 (m, 2H, HAr), 7.55—7.48 (m, 3 H, HAr), 6.30 (d, J1,2  10.2 Hz, 1 H, 

H-1), 5.77 (d, J4,3 2.1 Hz, 1 H, H-4), 4.56 (dd, J3,2 8.6, J3,4 2.5 Hz, 1 H, H-3), 4.27—4.15 (m, 1 H, H-

2), 1.59 (s, 3 H, NHCOCH3); 13C NMR (100 MHz, DMSO-d6): δ 169.3 (NHCOCH3), 163.1 (CO2Na), 

144.5 (C-5), 139.1 (Ctriazole), 133.0 (CHtriazole), 129.6 (2 × CHAr), 129.1 (CHAr), 129.0 (2 ×CHAr), 126.1 

(CAr), 111.8 (C-4), 82.6 (C-1), 65.6 (C-3), 53.3 (C-2), 22.6 (NHCOCH3); LRMS (ESI): m/z 342.4 [M-

H]– ; HRMS (ESI): m/z calcd for [C16H17N4O5]+ = [M-Na+2H]+ 345.1193, found 345.1196. Purity by 

analytical HPLC (197 nm) = 100%, tR= 4.08 min (mobile phase: 25-60% aqueous MeOH 

containing 0.1% formic acid).  

3.7.3 Biological  evaluation 

The in vitro fluorometric assay, as described in the experimental section of the manuscript 

(Section 3.4), was used to evaluate the influenza virus NA inhibition of compound 3.74b. 
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4.CHAPTER 4  

Conclusions and Future Directions 

The aim of the research projects of this thesis was the development and evaluation of 

carbohydrate-based probes, using the carbohydrate either as a scaffold (Chapter 2), or as a 

pharmacophore (Chapter 3). The use of the carbohydrate as a scaffold was applied to the 

development of inhibitors of cancer-related carbonic anhydrase isozymes, while its use as a 

pharmacophore was applied to the development of inhibitors of influenza virus 

neuraminidases. The work of these two projects had in common the use of synthetically 

accessible glycosyl azides as building blocks for the (design and) synthesis of glycosyl triazoles 

by azide-alkyne cycloadditions (AACs). The following sections summarise the main results and 

conclusions from Chapters 2 and 3 of the thesis, together with a discussion about possible 

future directions for each project. 

4.1 Studies of carbohydrate-based carbonic anhydrase (CA) inhibitors 
using a prodrug approach (Chapter 2) 

Chapter 2 describes the development of aryl sulfonamides – a known CA pharmacophore – 

tailed with a carbohydrate moiety, and investigation of the effects of O-acylation of the 

carbohydrate moiety on biopharmaceutical properties and CA isozyme inhibition. 

The aim of our first study1 was to elucidate the stability of carbohydrate O-acyl groups under 

physiological-like conditions and their impact on protein binding. Glycosyl azides (Figure 4.1) 

were synthesised with acyl groups of increasing length (from acetyl to 3-methylbutanoyl and 

pentanoyl groups) protecting the hydroxyl groups. Using CuAAC chemistry, two series of 

glycosyl 4-phenyl-[1,2,3]-triazoles were synthesised from the O-acylated glycosyl azides and 

phenylacetylene. This provided a model system of glycosyl 4-aryl-[1,2,3]-triazole 

glycoconjugates without the sulfonamide group, which is crucial for CA inhibition. The in vitro 

stability of the acyl groups of the glycosyl triazole glucoconjugates (Figure 4.2) was then 

explored by determining the stability in human plasma and the degradation by human liver 

microsomes (HLMs). In addition, the binding of the different O-acylated glucoconjugates to 

human serum albumin (HSA) as a representative serum protein was examined.  
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Figure 4.1  Synthesised O-acylated glycosyl azides. Reproduced from Carroux et al., 2013, with 
permission.1 

It was found that short ester groups (acetyl, propionyl and butanoyl) protecting the hydroxyl 

groups (compounds 15, 16, and 17) were more susceptible to cleavage in human plasma and 

HLMs than the pentanoyl and 3-methylbutanoyl ester groups (compounds 18 and 19), which 

had significant stability. Compound, 25, with free hydroxyl groups, was stable in HLMs. 

Protein plasma binding, investigated by determining chromatographic HSA (cHSA) binding, 

revealed that the compounds with longer ester chain lengths (17, 18, and 19) – i.e. the most 

lipophilic derivatives – displayed a higher protein binding, being completely bound. Overall, 

these results suggested that the relative plasma stability of the various esters may be linked to 

the susceptibility to plasma esterases balanced by the binding strength to plasma proteins. 

 

Figure 4.2  Synthesised O-acylated glucoconjugates for which the in vitro stability of the acyl groups 
was investigated. Reproduced from Carroux et al., 2013, with permission.1 

Based on these initial results, in our second study,2 O-acylated glycosyl triazoles were 

synthesised  as carbonic anhydrase probes, from the previously synthesised glycosyl azides 

with two different arylsulfonamide alkynes – 3- and 4-ethynyl benzenesulfonamide – using the 

same CuAAC methodology (Figure 4.3). The in vitro stability of the acyl groups of the glycosyl 

triazole glucoconjugate sulfonamides (compounds 13-18, Figure 4.3) was then similarly 

investigated under physiological-like conditions. Human plasma and HLM stability studies as 

well as a cHSA binding study, revealed similar results to the simple glucosyl 

4-phenyl-[1,2,3]-triazoles of the first study, with the glycosyl triazole glucoconjugate 

sulfonamides having longer ester chains being more stable in human plasma and HLMs, and 

showing as well a stronger binding to plasma proteins.  



 263 

 

Figure 4.3  Synthesised glycosyl triazole glycoconjugate sulfonamides. Reproduced with modification 
from Carroux et al., 2013, with permission.2 

Due to the presence of the hydrophilic primary sulfonamide group, the glycosyl triazole 

glucoconjugate sulfonamides were obviously less lipophilic than the glycosyl 

4-phenyl-[1,2,3]-triazoles (as judged by LogP values calculated for the glucoconjugates), but as 

expected still displayed an increasing lipophilicity as the acyl group chain length increased. An 

increased aqueous solubility (decreased lipophilicity) of the primary aryl sulfonamide 

derivatives may contribute to a more rapid ester hydrolysis as indicated by the shorter plasma 

half-life of these compounds compared to the phenyl derivatives. 

To investigate the in vitro membrane permeability of the glycosyl triazole glucoconjugate 

sulfonamides, a Caco-2 cell model3 was used. The p-benzenesulfonamide glucoconjugates with 

free hydroxyl groups (compound 13, Figure 4.3) as well as with acetates as protecting groups 

(compound 14, Figure 4.3), demonstrated negligible membrane permeability. Poor mass 

balance in the diffusion chamber and a lack of compound in the receptor chamber suggested 

that the derivative with propionyl protecting groups (compound 15, Figure 4.3) may have 

been retained in the membrane. Alternatively, it may have penetrated the Caco-2 cell 

membrane, and the products remained in the cell after being hydrolysed by intracellular 

esterases.4 

Based on the results of the stability studies, it is expected that at least the derivatives with 

acetyl and propionyl groups (and maybe the derivatives with butanoyl groups) would be fully 

or partially de-O-acylated in vivo. So it would not be the fully acylated versions of these 

compounds that would reach the membrane hCAs (hCA IX, XII, and XIV). On the other hand, 

the derivatives with longer acyl chains (3-methylbutanoyl and pentanoyl), which are protected 

from plasma esterases by high plasma protein binding, would probably be intact if they 

succeed in reaching a cell. As a result of their lipophilic character, they may then be able to 

penetrate the cell membrane and consequently might be available to inhibit intracellular hCA I 

and II. 

H
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Biological testing of the free hydroxyl derivatives (13, 19, 25, and 31), and the fully acylated 

derivatives (14-18, 20-24, 26-30, and 32-36) against physiologically important “off-target” 

CA isozymes (hCA I, II, XIV) and cancer-associated CA isozymes (hCA IX and XII), revealed that 

most of these new compounds display µM inhibition constants for hCA I, and high to low nM 

inhibition constants for hCA II, IX, XII and XIV. Overall, however, no consistent SAR trends could 

be identified across each of the four scaffolds based on the different acyl groups present.  

Regarding the glucoconjugates 13-24, the de-O-acylated derivatives 13 and 19 demonstrated 

selectivity (approximately 5- to 10-fold) for the on-target hCA IX and XII over the intracellular 

off-target hCA II. They also demonstrated a noteworthy improved inhibition of cancer-related 

hCA IX, and comparable inhibition of cancer-related hCA XII, compared to the corresponding 

parent acylated derivatives (15−18, 20−24). These SAR suggested that selectively targeting 

the inhibition of cancer-related CAs over cytosolic off-target CAs by using an acyl-protected 

glucoconjugate prodrug could be a promising approach. The parent acylated glucoconjugate 

would be use for oral bioavailability, with a low CA inhibition, after which gradual hydrolysis of 

the ester groups by plasma esterases should provide a hydrophilic de-O-acylated 

glucoconjugate that should demonstrate selectivity towards cancer-related hCA IX and XII due 

to both limited membrane permeability and an improved inhibitory activity. 

Interestingly, in contrast to the glucosyl derivatives, the de-O-acylated galactose derivatives 25 

and 31 did not display a similar selectivity between cancer-related on-target and cytosolic 

off-target CA isozymes. These differences of selectivity between glucose and galactose-based 

inhibitors may suggest that the stereochemical difference at C-4 results in different 

interactions between the carbohydrate tail and the binding cavity of the enzymes. 

Future directions 

Our work at this point has demonstrated that CA inhibitors with a carbohydrate-based tail 

using short length esters to protect the hydroxyl groups, in certain cases, allow the modulation 

of isozyme selectivity. The shorter esters (OAc, and O-propionyl of glucose-based derivatives) 

have short half-life in plasma and are readily metabolised in liver microsomes. In contrast, 

longer length esters appear to produce the most stable compounds in plasma. An aspect of 

future work could be directed towards examining the in vitro stability of the O-acylated 

galactose-based derivatives to explore the influence, if any, of the carbohydrate scaffold 

compared to the glucose-based derivatives. In addition, it would be interesting to determine 

the structures of  (and then synthesise) the most likely mono, di- and tri-O-acylated 

glucoconjugate sulfonamide metabolites, across each of the five acylated series, that arise 

from ester cleavage in human plasma. A study of the inhibition of these prodrug metabolites − 
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expected ‘drug’ compounds − against physiologically important “off-target” CA isozymes (hCA 

I, II, XIV) and cancer-associated isozymes (hCA IX and XII), could provide a more accurate 

estimation of the inhibition of the ‘real drug’ against on- and off-target isozymes and so 

indicate the efficacy of the prodrug strategy at a pharmacological level. 

Our work has also suggested that the nature of the carbohydrate is important for CA isozyme 

selective inhibition. An aspect of future work would be to investigate different 

monosaccharide building blocks as tails on an arylsulfonamide group, including having the 

hydroxyl groups protected by esters. 

Now that crystal structures of nearly all the α-CA isozymes are available, complexed with 

either the clinical drug acetazolamide or various other inhibitors, a structure-based approach 

could be used to design isozyme specific inhibitors. Comparison of structures suggests that 

targeting the α-helix 125-137, which is an area of dissimilarities between isozymes,5,6 could be 

an attractive strategy.7,8 Molecular docking of glycoconjugate CA inhibitors with on- and 

off-target isozyme structures could be performed to provide a more detailed understanding of 

interaction of these types of inhibitors at a structural level. Molecular dynamics simulations of 

the CA binding site complexed with various inhibitors, using the OPLS-AA force field developed 

by Bernadat et al.,9 could allow the study of the effect on binding of the ester groups present 

on the carbohydrate tail (i.e. mono and partially acylated inhibitors observed in in vitro plasma 

stability studies). By examining different isozymes, the binding mode of carbohydrate-tailed CA 

inhibitors with either or both the hydrophilic and hydrophobic pockets of the binding cavity, 

and the resulting selectivity between isozymes, could be investigated.  

In terms of the carbohydrate tail, methyl glucuronate derivatives (e.g. compounds 4.1)10 have 

demonstrated interesting inhibition compared to the other compounds of the click-tailed 

arylsulfonamide series with different carbohydrate tails.10-13 It would therefore be interesting 

to explore the role of the carboxylic acid group at C-6, including the influence of various ester 

or amide protecting groups at this position on the isozyme selectivity and the 

biopharmaceutical properties. 

  

Glucosamine derivatives (e.g. compounds 4.2)10 have also demonstrated interesting inhibition 

compared to the other compounds of the click-tailed arylsulfonamide series with different 
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carbohydrate tails.10-13 It would be interesting to investigate the effect of an amine at C-2 or an 

amide with various N-acyl group lengths, using either glucosamine or galactosamine as starting 

materials. Especially, it would be worth studying the in vitro biopharmaceutical properties of 

the C-2 amides with different lengths, and so different levels of hydrophobicity, but also 

amides that are more bulky, and with different chemical reactivity and stability. The amide is 

generally stable to endogenous enzymes and so more stable in comparison to esters. 

To explore the combined effect of both a carboxylate group at C-6 and an amide group at C-2, 

it should be straightforward to use the N-acetylglucosaminuronate glycosyl azides 4.3 

developed, and produced on a gram-scale for the influenza virus neuraminidase project (see 

details in Chapter 3) as a carbohydrate building block.  

 

It should be noted that there is a potential issue with the use of carbohydrate moieties to 

modulate biopharmaceutical properties, because monosaccharides can potentially interact 

with glucose transporters.14 Nevertheless, at the time of writing, this hypothesis had not yet 

been tested in the case of hCA inhibitors14 or even been investigated to determine if on the 

contrary, it is possible to take advantage of glucose transporters to facilitate the internalisation 

of carbohydrate adducts to target intracellular CA isozymes. Investigating these compounds 

with glucose transporters, however, might be difficult. Investigating the interaction of 

the compounds with glucose transporters could potentially be undertaken using a Caco-2 cell 

model with LCMS as the quantification method,15 in the presence of known 

sugar transporter inhibitors.16 15,16  

Finally, it is interesting to compare the hypothesis and results of our studies with O-acylated 

carbohydrate derivatives,1,2 with the use of O-acylated ManNAc derivatives in the work of 

Yarema and co-workers.17 In our studies, we hypothesised that where extracellular (plasma) 

esterases could hydrolyse the ester groups, passive diffusion of the resulting deprotected 

carbohydrate derivative through the membrane would be minimised. This would result in the 

preferred targeting of membrane-associated cancer-related CA isozymes, instead of the 

off-target intracellular isozymes. Along similar lines, Yarema and co-workers used 

peracylated-carbohydrate prodrugs, to improve or overcome the inefficient membrane uptake 

of carbohydrate analogues with free hydroxyl groups, with the aim of delivering the 

carbohydrate into the cytosol. There intracellular esterases would hydrolyse the acyl groups 
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and allow the carbohydrate moiety, and in certain cases the acyl group as well, to enter 

targeted metabolic pathways.17 

Under our experimental conditions,1 half-life in human plasma of the fully O-acylated 

glucoconjugate derivatives was only 55 minutes for the per-O-acetylated derivative 15 (Figure 

4.2) but greater than 9 hours for the per-O-butanoylated derivative 17. In contrast, Yarema 

and co-workers determined that extracellular hydrolysis of Ac4ManNAc was relatively slow 

(Ac4ManNAc “being refractory to serum inactivation over a 48 hour time period”17), while 

n-Bu4ManNAc was “more rapidly inactivated”.17 The apparent contradiction in stability of the 

acylated derivatives seen in the two studies may arise from differences18,19 in esterase 

activities in human plasma (this work1,2) and fetal bovine serum (FBS; Yarema study17), and/or 

in the different criteria used to measure the ‘stability’ of the O-acylated derivatives. In the case 

of the O-acylated glycosyl triazoles, the level of residual fully O-acylated derivative in plasma 

was measured by UPLC-MS.1,2 In the Yarema study, the amount of flux through the 

N-acetylneuraminic acid (Neu5Ac) biosynthetic pathway that uses ManNAc as substrate was 

measured.17 Our studies suggested that relative plasma stability of the various esters may be 

linked to the susceptibility to plasma esterases balanced by the binding strength to plasma 

proteins, where the butanoylated glucosyl triazole was found to be 95% bound to HSA. It is 

possible that the more rapid “inactivation” (removal of availability for Neu5Ac biosynthesis) of 

n-Bu4ManNAc seen by Yarema and co-workers (measured by lower flux through the Neu5Ac 

biosynthetic pathway after 4 hours pre-incubation with FBS), was a result of the compound 

becoming less available due to plasma protein binding, rather than loss to esterase hydrolysis, 

which would actually fall in line with our studies. 

4.2 Exploring influenza virus neuraminidase (NA) inhibition with 
4,5-unsaturated N-acetyl-β-D-glucosaminuronyl 1H-[1,2,3]-

triazole derivatives (Chapter 3) 

Chapter 3 describes the development and evaluation of N-acetylglucosaminuronic acid 

derivatives with anomeric nitrogen functionality as influenza virus neuraminidase inhibitors. 

This was approached using azide-alkyne cycloadditions to introduce 1,4- and 1,5-disubstituted 

[1,2,3]-triazole groups as the β-linked aglycon on a glucosaminuronic acid template.  

The aim of our first study was the design and synthesis of N-acetyl-Δ4-β-glucosaminuronyl 

4-substituted-[1,2,3]-triazole derivatives 4.4 as potential influenza virus neuraminidase 

inhibitors. A basic docking study suggested that the triazole derivatives would indeed bind in 

the active site, and that hydrophobic substituents at the 4-position on the triazole ring would 

orient towards the side-pocket lined by Ile222 and Ser246 (or Ala246 depending on the strain), 

rather than bind the glycerol side-chain binding pocket. To examine this, a 5-step gram-scale 
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synthetic route to N-acetylglucosaminuronic acid glycosyl azide, a key building block for 

synthesis of N-acetylglucosaminuronic acids with an anomeric nitrogen functionality, was first 

optimised. Then, novel N-acetyl-Δ4-β-glucosaminuronyl 4-substituted [1,2,3]-triazoles (15 

derivatives) were synthesised in two steps by CuAAC from the azide building block, followed by 

deprotection. Substituents on the triazole ring included alkyl, arylalkyl, and aryl groups, to 

probe binding interactions within the NA active site area. Three triazoles could not be purified 

after deprotection so could not be biologically evaluated. The final target compounds 

appeared to adopt a Neu5Ac2en-like solution conformation, indicating that these triazole 

derivatives were already in the right conformation to bind in the NA active site. 

 

Using an in vitro biological evaluation by a fluorometric enzyme assay, the NA inhibitory of the 

12 other triazoles was assessed. The best inhibitor, which equals the activity (IC50) of 

Neu5Ac2en against the H3N2 NA (4.4, R = Ph: H3N2 NA IC50 1.1 µM; H1N1 NA IC50 22 µM), was 

obtained with a phenyl substituent on the triazole group, but further modifications of the 

aromatic ring did not appear to create additional favourable binding interactions, at least with 

respect to strength of inhibition. More glycerol side-chain-like hydroxy- or amino- alkyl 

side-chains did not provide effective NA inhibition. Studies of inhibition against influenza A 

virus H5N1 and the H5N1–His274Tyr variant, indicated that the inhibitory activity of the 

4-substituted triazole derivatives was not adversely affected by the inability of the His274Tyr 

strain to re-orient Glu276. This would be consistent with the 4-substituent binding outside the 

glycerol side-chain binding pocket. 

The aim of our second study was the design and synthesis of N-acetyl-Δ4-glucosaminuronyl 

5-substituted [1,2,3]-triazole derivatives 4.5 as potential influenza virus neuraminidase 

inhibitors. A basic docking study of 5-substituted [1,2,3]-triazole derivatives succeeded or 

failed in influenza A virus Cal/09 N1 NA of pdb 3TI5 (zanamivir crystal structure) and of pdb 

3TI6 (OC crystal structure), depending of the hydrophilicity, bulkiness and length of the 

substituent on the triazole ring. Successful dockings showed the substituent on the triazole at 

the 5-position orientating towards the glycerol side-chain binding pocket. These results 

suggested that the binding of each of these compounds might be dependent on the 

reorientation of Glu276. 
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The synthesis of Δ4-glucosaminuronyl 5-substituted [1,2,3]-triazoles was attempted using 

RuAAC, but several issues were identified. Reaction optimisation using the alkyne model 

phenylacetylene allowed the preparation of the desired 1,5-disubstituted triazole in good 

yields (up to 88%), however extension of our methodology to an assortment of alkynes was 

unsuccessful. Depending on the alkyne used, these reaction conditions were concurrently too 

harsh, leading to decomposition of the azide (or an azide-ruthenium catalyst intermediate) 

before formation of the triazole, and too mild, resulting in partial recovery of the azide. 

Investigation of the addition order of the reagents and the effect of temperature, as well as 

reaction under microwave irradiation didn’t change the outcomes of the reactions. 

The only successfully synthesised 5-substituted triazole derivative, on the on the 

N-acetyl-Δ4-glucosaminuronic acid template, that with the phenyl substituent, was 

deprotected for biological evaluation. This protected triazole was only synthesised for 

synthetic development purposes, therefore the deprotected derivative was not expected to be 

a potent influenza virus NA inhibitor. As suggested by the docking study, biological evaluation 

revealed that this derivative with a bulky 5-phenyl triazole substituent displays only high mM 

NA inhibitory activities across the four tested strains.  

Future directions 

From a molecular modelling point of view, molecular dynamics simulations of the most potent 

NA inhibitor synthesised, the Δ4-glucosaminuronyl 4-phenyl-[1,2,3]-triazole derivative 4.4      

(R = Ph), may provide insight into the most likely binding orientation of the ligand, especially 

into whether the phenyl at the 4-position on the triazole ring might be able to sit in the side-

pocket adjacent to the active site. 

From a synthetic point of view, the synthetic route to our glucosaminuronic acid glycosyl azide 

building block might be streamlined by the use of the methodology to perform direct azidation 

on unprotected N-acetylglucosamine. This methodology20 was previously disregarded because 

of the small reported scale (0.20 mmol), and the use of both a very expensive 

2-chloroimidazolinium salt (DMC, 3 equiv.) and an excess of sodium azide (12.5 equiv.), which 

were not considered a viable option because of our need for large-scale (~ 10 gram or ~ 30 

mmol). However, Lim et al.21 reported the use of another salt, 

2-azido-1,3-dimethylimidazolinium hexafluorophosphate (ADMP), instead of both DMC and 
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sodium azide, to produce the desired azide on a 2.26 mmol scale, as well as one 

step-conversion into triazoles derivatives via CuAAC. Although, ADMP is an even more 

expensive salt than DMC, its gram-scale preparation in 2 steps from DMC,22 using only 1.5 

equivalent of sodium azide, makes it an attractive azide-transfer reagent.  

Although reaction of the Δ4-glucosaminuronate glycosyl azide 4.6 with phenylacetylene using 

RuAAC was successful, reaction with other alkynes did not proceed under the reaction 

conditions screened.  Based on the reactions carried-out so far, it cannot be concluded if this is 

due to poor reactivity of 4.6, or if it is due to a general lack of reactivity with alkynes under 

RuAAC under the reaction conditions used. It might be interesting to investigate RuAAC on the 

N-acetylglucosamine glycosyl azide 4.7 before the oxidation step to the glucosaminuronate. 

The absence of the electron withdrawing ester and the unsaturation may alter the reactivity of 

the anomeric azide towards RuAAC conditions. It might also be interesting to concurrently 

investigate the reactivity of the saturated glucuronide azide to look at the effect of the 4,5-

unsaturation on the reactivity of our azide building block. Alternatively, as previously reported 

with the synthesis of galactosyl triazoles,23 ynamides can be used instead of alkynes to produce 

1,5-disubstituted [1,2,3]-triazoles. 

 

Eventually, our glycosyl azide building block could be use to investigate other nitrogen-linked 

functionality as replacement for the glycerol side-chain of Neu5Ac2en. Similarly to triazoles, 

tetrazoles may be synthesised by reaction of our azide building block with various cyanides.24,25 

Staudinger-type reaction26 upon our azide building block could be used to synthesise N-linked 

amides, similar to the carboxamide series (but with ‘reversed’ linkage). In addition, reduction 

of our glycosyl azide building block could be performed to give the corresponding glycosyl 

amine (in situ to minimise anomerisation), which could be used as a key intermediate to 

produce27 carbamates, thiocarbamates or ureas, or simply alkylated to produce N-substituted 

amine derivatives. 

From an NA inhibitor design point of view, with a view to improving the NA inhibitory activity 

of the 4-aryl triazole derivatives (e.g. 4.4, R = Ar), functional group modifications could be at 

first derived from known potent NA inhibitors. For example, modification at the C-3 position 

on the dihydropyran ring of 4.4 (equivalent to C-4 on the Neu5Ac2en scaffold), with 

introduction of basic groups (e.g. amine or guanidine group) may provide an opportunity to 

increase the potency of NA inhibitory activity using this template. 
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Finally, from a structural biology point of view, STD-NMR of the most active 4-phenyl triazole 

derivative 4.4 (R = Ph), could provide an epitope-map of the interactions between this 

derivative and the neuraminidase binding site. A crystallisation study is also currently 

underway to explore the binding mode of this derivative.  
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A  Molecular basis of carbohydrate-protein interactions 

The molecular basis of carbohydrate-protein interactions (Table A.1) depends upon the 

structural features of both the carbohydrate and the protein.1  

Table A.1  Molecular basis of carbohydrate-protein interactions. Developed from Solis et al.,1 Weis et 
al.,2 and Poveda et al.3 

 Interactions Carbohydrate component Protein 
component 

Water-
mediated 

Hydrogen bondsa OH groups (HBA & HBD)b 
F & OMe groups (potential 
HBA)c 

Main chain – 
amide groups (N, 
O) 
(side-chain of Asn, 
Asp, Gln, Glu, Arg, 
His, Lys, Ser,d Tyrd) 

HBA & HBD 
 

Strong electrostatic         
(charge-charge) interactions 

Negatively charged groups  
(sulfate, carboxylate, 
phosphate) 

Positively charged 
groups (side-chain 
of Arg, Lys) 

 

Hydrophobic interactions 
(stacking interactions) 

aliphatic CH (epimer specific) CH aromatic 
(side-chain of Trp, 
Tyr, Phe) 

 

Van der Waals interactions non-polar groups                        
(e.g. Me of acetamido group) 

non-polar groups 
(side-chain of Trp, 
Tyr, Phe, Leu, Val, 
Ala) 

 

Interactions with metal 
cations 

OH groups, carboxylate groups e.g. Ca2+, Mg2+  

a Hydrogen bonds can be direct or water-mediated where the water molecule has a bridging function 
between the carbohydrate and the protein.  

b HBA = hydrogen-bond acceptors, HBD = hydrogen-bond donors. 
c Fluoride and methoxy groups are synthetic modifications used for investigating the involvement of the 

natural substituent (e.g. OH as HBA or HBD) they replace, and/or the steric hindrance of the position in 
the binding site (chemical mapping study). 

d Interactions of carbohydrate with OH-containing amino acids observed with neuraminidase proteins. 
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Lectins are ‘glycan-binding proteins’, proteins which specifically recognise glycans.4 They are 

sometimes referred to as “translators of the sugar code”5 and are classified into major groups 

and subtypes depending on their host, the carbohydrates they recognise, and/or their 

sequence and structural homology.4  

Specificity of lectin-carbohydrate interactions can be explained by structural and topological 

factors of the lectin binding partners (from a simple mono- or disaccharide to microdomains), 

factors that regulate the binding affinity (Table A.2).5 

Table A.2  Six levels of regulation of affinity of glycan binding to a lectin. Reproduced with modification 
from Gabius, 2009,6 with permission. 

1. Mono- and disaccharides (including substituent configuration, ring conformation and anomeric 
configuration) 

2. Oligosaccharides (including branching and substitutions) 

3. Shape of oligosaccharide (differential conformer selection) 

4. Spatial parameters of glycans in natural glycoconjugates 

   (a) Shape of glycan chain (for example modulation of conformation by substitutions not acting as 
lectin ligand such as core fucosylation or introduction of bisecting GlcNAc in N-glycans, influence of 
protein part) 

   (b) Cluster effect with bi- to penta-antennary N-glycans or branched O-glycans [including modulation 
by substitution, see (a)] 

5. Cluster effect with different but neighbouring glycan chains on the same glycoprotein (for example in 
mucins) 

6. Cluster effect with different glycoconjugates on the cell surface in spatial vicinity forming 
microdomains 
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B.  Structures!of!carbohydrate#based!drugs!on!the!market!or!which!

reached!cl inical !trials!non#represented!in!Table!1.1!

 Aminoglycosides!

Figure!B.1!!Aminoglycosides!clinically!used.!HABA!=!hydroxy#aminobutyric!acid,!HAPA!=!hydroxy#
aminopropionic!acid.!Reproduced!from!Dozzo!et#al.,!2010,1!with!permission.!
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 Vancomycin!and!derivatives!!

NB:!Some! inconsistencies! in! the!structures!were!noticed! in! the!references!used!to!produced!

Table!1.1! so! the! following! structures!are! reproduced! from! the!original!patent!or!publication!

referenced!below.!
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E.  Examples!of!cluster!selection!for!Neu5Ac2en!3.15!and!4#phenyl!
triazole!3.43!!

In!our!docking!studies,!the!cluster!closest!to!the!known!binding!mode!of!the!crystal!structure’s!

ligand! (or! similar! inhibitors)! was! selected.! It! is! known! from! the! collection! of! many! crystal!

structures!of!influenza!A!and!B!virus!NAs!with!Neu5Ac2en#like!as!well!as!OC#like!inhibitors!that!

none! of! the! ligands! stray! too! far! from! the! known! binding! mode! of! Neu5Ac2en! or! OC! (as!

respectively!depicted!in!Figure!3.5!and!Figure!3.9).!NB:!this!selection!strategy!only!works!well!

when!the!binding!mode!is!known!(same!template!or!derivatives!of!known!inhibitors),!but!does!

not!work!when!the!binding!mode!is!unknown!(new!template,!novel!inhibitors).!!

An!example!of!the!diversity!of!binding!modes!in!clusters!(and!their!energies)!for!a!ligand!with!a!

known! binding! mode,! is! provided! for! the! docking! of! Neu5Ac2en! 3.15! (obtained! from! the!

N9:Neu5Ac2en! 3.15! complex,! pdb! 1F8B)! into! the! Cal/09! N1! NA! protein! (pdb! 3TI5).! In! pdb!

3TI5,!Glu276! is!oriented!as! in! the!apo$protein,1!with! its! side#chain!carboxylate! ready! to!bind!

the! C#8! and! C#9! hydroxyl! groups! of! the! glycerol! side#chain! of!e.g.! Neu5Ac2en.! This! docking!

provided! 5! clusters! (Figure! E.1).! The! first! cluster! (highest,!most! favourable,! binding! energy)!

contained!the!known!binding!mode!of!Neu5Ac2en!whereas!the!four!other!clusters!produced!

various!binding!modes!with!not!as!many!and!not!as!favourable! interactions!with!the!binding!

cavity.! Indeed,! the! natural! binding! mode! of! a! Neu5Ac2en#type! inhibitor! involves! multiple!

strong!interactions!with!highly!conserved!residues!of!the!active!site!such!as!the!interactions!of!

the!acetamido!and!carboxylate!groups!(as!depicted!in!Figure!3.5).!For!example,!Taylor!and!von!

Itzstein2!calculated!the! intermolecular!binding!enthalpies!between!influenza!virus!NA!protein!

residues! and! Neu5Ac! 3.14.! Intermolecular! enthalpies! between! Neu5Ac! 3.14! and! residues!

Arg371,!Arg292! and!Arg118!were! respectively! #48,! #32! and! #28! kcal/mol! (i.e.$a! total! of! #108!

kcal/mol! for! the! three! arginines)! out! of! a! total! binding! energy! of! #202! kcal/mol,! so! the!

carboxylate! group! interaction! represents! approximately! 50%! of! the! binding! interactions! of!

Neu5Ac! with! the! protein.! Therefore,! a! binding! mode! that! contains! interactions! of! the!

carboxylate! group! with! the! tri#arginyl! cluster! and! of! the! acetamido! group! in! the! opposite!

hydrophobic! pocket! (Figure! 3.5)! is! anticipated! to! be! an! optimal! binding! mode! to! block!

interaction!of!the!NA!with!the!natural!substrate!(Neu5Ac#terminated!glycoconjugates).!

An! example! of! cluster! selection! for! a! potential! new! inhibitor! (ligand)! is! provided! for! the!

docking! of! triazole! 3.43! (built! with! YASARA,3! see! Section! 3.7.1.2)! into! the! Cal/09! N1! NA!

protein!(pdb!3TI5),!which!provided!6!clusters!(Figure!E.2)!!

!
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!

Figure!E.1!!Clusters!obtained!for!docking!of!Neu5Ac2en!(3.15;!green)!into!influenza!H1N1!Cal/09!NA!from!pdb!3TI5.!YASARA3!was!used!to!produce!these!Figures.!Binding!
energies!are!as!output!by!YASARA!(average!of!the!binding!energies!for!the!poses!in!each!cluster).!!

6.928!kcal/mol!

1! 2!

6.164!kcal/mol!

!!3!

5.734!kcal/mol!

!4!

5.654!kcal/mol!

!5!

5.267!kcal/mol!
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!

Figure!E.2!!Clusters!obtained!for!docking!of!4#phenyl!triazole!3.43!(blue)!into!influenza!H1N1!Cal/09!NA!from!pdb!3TI5.!YASARA3!was!used!to!produce!these!Figures.!Binding!
energies!are!as!output!by!YASARA!(average!of!the!binding!energies!for!the!poses!in!each!cluster).!

!

!

!!1! 2! 3!

!!4! 5! 6!

8.570!kcal/mol! 8.068!kcal/mol! 8.026!kcal/mol!

7.733!kcal/mol! 7.499!kcal/mol! 6.614!kcal/mol!
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Molecular#modell ing#

General#methods#

Molecular# modelling# experiments# were# carried8out,# and# all# the# figures# representing# crystal#

structures#with#ligands#(either#an#original#complex#or#a#complex#resulting#from#docking)#were#

prepared,#using#YASARA#software#(version#14.8.17).1##

Methodology# to# build# the# 3D# structure# of# N8acetyl8Δ48β8D8glucosaminuronyl#

48phenyl8[1,2,3]8triazole#13##

To#begin,#the#structure#of#Neu5Ac2en#7#was#extracted#from#the#pdb#file2,3#of#the#complex#of#7#

with# influenza# A# virus# N9# NA# (pdb# 1F8B).4# Using# YASARA# software# (version# 14.8.17),1# the#

following#steps#were#undertaken:#the#glycerol#side8chain#was#truncated#to#C87;#the#remaining#

atoms#of#the#molecule#were#fixed#(to#make#sure#these#atoms#were#not#included#in#subsequent#

energy#minimisation#of#the#side8chain);# the#atom#(C87)#–#where#the#addition#of#a#substituent#

was#desired#–#was# freed;# this#atom#was# then#swapped#with#an#nitrogen#atom#and#a# triazole#

ring#(with#an#hydrogen#atom#at#both#the#positions#4#and#5#of#the#triazole)#was#then#built#up#at#

this# position.# Finally,# the# extension# to# the#molecule# (i.e.# the# 1H&[1,2,3]8triazole#moiety)#was#

optimised#using# the#semi8empirical#quantum#mechanics# (MOPAC)#method,5#while# the#rest#of#

the#molecule#was#not# included# in# this#energy#minimisation#and# remained# fixed.#This# created#

the# ‘naked’# triazole# template.#To#obtain# the#3D#structure#of# the#48phenyl8[1,2,3]8triazole#13,#

the#triazole#template#was#fixed,#the#phenyl#group#was#added#at#C84#of#the#triazole#and#the#new#

substituent#was#optimised#as#previously#described.#

Docking#methodology##

YASARA1# software# (which# itself# uses# Autodock# Vina6),# was# used# to# perform# docking#

experiments.#The#ligand#to#be#docked#was#either#extracted#from#a#pdb#file#of#a#complex#(pdb#

1BJI# for# carboxamide#8),#or#built# following# the#procedure#described#above# (48phenyl# triazole#

13),#and#kept#free#(not#fixed)#for#the#docking#experiment.#The#protein#(influenza#A#virus#H1N1#

NA#from#pdb#structure#3TI5#or#3TI6)#was#initially#prepared#using#the#Amber03#force#field7#for#

assigning#atom#types#in#Vina.#When#the#NA#crystal#structure#used#for#docking#was#taken#from#a#

complex#between#an#NA#(receptor)#and#a#ligand,#only#one#monomer#of#the#protein#was#kept.#

The#ligand,#water#molecules,#glycosylation#residues#and#any#other#ions#or#molecules#presents#

because# of# the# crystallisation# conditions# were# removed# prior# to# performing# the# docking#

studies.#The#structure#was#cleaned8# (bonds#were#checked,#any#missing#atoms#and#hydrogens#

were#added…).#The#number#of#docking#runs#(set#by#the#exhaustiveness#parameter#in#Autodock#

Vina)#for#each#experiment#was#25#(the#standard#number#of#runs# in#YASARA).#A#14#Å#cell#was#

defined#around#atom#HH#of# Tyr406# (as# the# “centre”#of# the#binding# cavity)#with#periodic# cell#
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boundaries.#After#docking,#the#poses#obtained#were#combined#by#YASARA#as#clusters#(distinct#

complex#conformations),#which#each#differed#by#at#least#5.0#Å#heavy#atom#RMSD.#The#clusters#

were#classified#according#to#the#best#binding#energy#(kcal/mol)#in#each#cluster.##

Superposition#of#crystal #structures# #

The# original# pdb# (complex# of# a# protein# and# with# its# own# ligand,# e.g.# pdb# 3TI5,# H1N1# NA#

complexed#with#zanamivir#1)#was#opened#in#YASARA.#The#water#molecules,#any#glycosylation#

residues#and#the#other#atoms#and#molecules#present#because#of#the#crystallisation#conditions#

were# removed.# The# structure# was# cleaned
8
# (bonds# were# checked,# any# missing# atoms# and#

hydrogens# were# added…).# A# 20# Å# cell# was# created# around# all# atoms# of# the# protein# with#

periodic#cell#boundaries.#The#Amber03#force#field#was#used#for#assigning#atom#types# in#Vina.#

An# electrostatic# (electrostatic# potential# using# Poisson8Boltzmann# solver,# ESPPBS)# static#

molecular#surface#of#the#protein#was#added#using#a#maximum#ESP#of#100.0#kJ/mol,#a#numeric#

algorithm#to#calculate#the#molecular#surface#and#an#alpha#of#100#(no#transparency).#Then,# in#

the# same# file,# the# second# complex#of# a#protein#with# its# ligand# (for# example# a#docked# ligand#

e.g.)#was#opened#and#aligned#with# the# first#complex#using#MUSTANG.
99
#The#complexes#were#

superposed# by# atom# name,# atom# alternate# location# indicator,# residue# name,# and# residue#

number#of#the#protein.#The#RMSD#value#provided#by#YASARA#for#superposition#of#the#proteins#

in#Figure#3A#and#in#Figure#3B#were#in#each#case#0.000#Å.#

#
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1H#AND#13C#NMR#SPECTRA#FOR#SYNTHESIZED#(NEW)#COMPOUNDS#

#

Compound# 1H#NMR#(300#or#400#MHz)#and#13C#NMR#(75.5#or#100#MHz)#spectra#

SI#Page#No.#

27#

29c#

30b#

30c#

30e#

30f#

30g#

30h#

30i#

30j#

30k#

30l#

30m#

30n#

12b/13#

12c#

12e#

12f#

12g#

12h#

12i#

12j#

12k#

12l#

12m#

12n#

S5#

S6#

S7#

S8#

S9#

S10#

S11#

S12#

S13#

S14#

S15#

S16#

S17#

S18#

S19#

S20#

S21#

S22#

S23#

S24#

S25#

S26#

S27#

S28#

S29#

S30#

Peaks#of#residual#solvents#and#impurities#are#indicated#by#an#asterix.#
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1H#NMR#(400#MHz,#DMSO8d6):#Methyl#(28acetamido838O8acetyl82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate#azide#(27)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#Methyl#(28acetamido838O8acetyl82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate#azide#(27)#

#

O

NHAc
OAc

N3MeO

O
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1H#NMR#(400#MHz,#DMSO8d6):#48Benzyl818[methyl#(28acetamido83,48di8O8acetyl8β8D8
glucopyranosyl)uronate]81H8[1,2,3]8triazole#(29c)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Benzyl818[methyl#(28acetamido83,48di8O8acetyl8β8D8
glucopyranosyl)uronate]81H8[1,2,3]8triazole#(29c)#

#

O

NHAc
OAc

N
MeO

O NN
H

AcO
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1H#NMR#(400#MHz,#DMSO8d6):#18[Methyl#(28acetamido838O8acetyl82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate]848phenyl81H8[1,2,3]8triazole#(30b)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#18[Methyl#(28acetamido838O8acetyl82,48dideoxy8α8L8threo8hex8
48enopyranosyl)uronate]848phenyl81H8[1,2,3]8triazole#(30b)#

O

NHAc
OAc

N
MeO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Benzyl818[methyl#(28acetamido838O8acetyl82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30c)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Benzyl818[methyl#(28acetamido838O8acetyl82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30c)

#

O

NHAc
OAc

N
MeO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Ethyl818[methyl#(28acetamido838O8acetyl82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30e)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Ethyl818[methyl#(28acetamido838O8acetyl82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30e)#

#

O

NHAc
OAc

N
MeO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Cyclopentyl818[methyl#(28acetamido838O8acetyl82,48dideoxy8α8
L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30f)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Cyclopentyl818[methyl#(28acetamido838O8acetyl82,48dideoxy8
α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30f)#

#

O

NHAc
OAc

N
MeO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Cyclopentylmethyl818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30g)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Cyclopentylmethyl818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30g)#

#

O

NHAc
OAc

N
MeO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Cyclohexyl818[methyl#(28acetamido838O8acetyl82,48dideoxy8α8
L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30h)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Cyclohexyl818[methyl#(28acetamido838O8acetyl82,48dideoxy8α8
L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30h)#

#

O

NHAc
OAc

N
MeO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Cyclohexylmethyl818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30i)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Cyclohexylmethyl818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30i)#

#

O

NHAc
OAc

N
MeO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48(28Methoxyphenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30j)#

#

#

13C#NMR#(100#MHz,#DMSO8d6):#48(28Methoxyphenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30j)#

O

NHAc
OAc

N
MeO

O NN
MeO
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1H#NMR#(400#MHz,#DMSO8d6):#48(38Methoxyphenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30k)#

#

#

13C#NMR#(100#MHz,#DMSO8d6):#48(38Methoxyphenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30k)#

#

O

NHAc
OAc

N
MeO

O NN
OMe
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1H#NMR#(400#MHz,#DMSO8d6):#48(38Hydroxyphenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30l)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48(38Hydroxyphenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30l)#

#

O

NHAc
OAc

N
MeO

O NN
OH



) A767)
)

S17#
#

1H#NMR#(400#MHz,#DMSO8d6):#48(28Aminophenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30m)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48(28Aminophenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30m)#

#

O

NHAc
OAc

N
MeO

O NN
H2N



)A768)
)

S18#
#

1H#NMR#(400#MHz,#DMSO8d6):#48(38Aminophenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30n)#

#

#

13C#NMR#(100#MHz,#DMSO8d6):#48(38Aminophenyl)818[methyl#(28acetamido838O8acetyl82,48
dideoxy8α8L8threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(30n)##

#

O

NHAc
OAc

N
MeO

O NN
NH2
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1H#NMR#(400#MHz,#D2O):#48Phenyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate]81H8[1,2,3]8triazole#(12b/13)#

#

#
13C#NMR#(100#MHz,#D2O):#48Phenyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate]81H8[1,2,3]8triazole#(12b/13)#

#

O

NHAc
OH

N
NaO

O NN
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1H#NMR#(400#MHz,#D2O):#48Benzyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate]81H8[1,2,3]8triazole#(12c)#

#

#
13C#NMR#(100#MHz,#D2O):#48Benzyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate]81H8[1,2,3]8triazole#(12c)#

#

O

NHAc
OH

N
NaO

O NN
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1H#NMR#(400#MHz,#D2O):#48Ethyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate]81H8[1,2,3]8triazole#(12e)#

#

#
13C#NMR#(100#MHz,#D2O):#48Ethyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl)uronate]81H8[1,2,3]8triazole#(12e)##

#

O

NHAc
OH

N
NaO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Cyclopentyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8
hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12f)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Cyclopentyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8
hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12f)#

#

O

NHAc
OH

N
NaO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Cyclopentylmethyl818[sodium#(28acetamido82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12g)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Cyclopentylmethyl818[sodium#(28acetamido82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12g)#

#

O

NHAc
OH

N
NaO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48Cyclohexyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8
hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12h)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48Cyclohexyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8
hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12h)#

#

O

NHAc
OH

N
NaO

O NN
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1H#NMR#(400#MHz,#D2O):#48Cyclohexylmethyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8
hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12i)#

#

#
13C#NMR#(100#MHz,#D2O):#48Cyclohexylmethyl818[sodium#(28acetamido82,48dideoxy8α8L8threo8
hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12i)#

#

O

NHAc
OH

N
NaO

O NN
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1H#NMR#(400#MHz,#DMSO8d6):#48(28Methoxyphenyl)818[sodium#(28acetamido82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12j)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48(28Methoxyphenyl)818[sodium#(28acetamido82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12j)#

#

O

NHAc
OH

N
NaO

O NN
MeO
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1H#NMR#(400#MHz,#DMSO8d6):#48(38Methoxyphenyl)818[sodium#(28acetamido82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12k)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48(38Methoxyphenyl)818[sodium#(28acetamido82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12k)#

#

O

NHAc
OH

N
NaO

O NN
OMe



)A778)
)

S28#
#

1H#NMR#(400#MHz,#DMSO8d6):#48(38Hydrophenyl)818[sodium#(28acetamido82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12l)#

#

#
13C#NMR#(100#MHz,#DMSO8d6):#48(38Hydrophenyl)818[sodium#(28acetamido82,48dideoxy8α8L8
threo8hex848enopyranosyl)uronate]81H8[1,2,3]8triazole#(12l)#

#

O

NHAc
OH

N
NaO

O NN
OH



) A779)
)

S29#
#

1H#NMR#(400#MHz,#D2O):#48(28Aminophenyl)818(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl#uronic#acid)81H8[1,2,3]8triazole#(12m)

#

#
13C#NMR#(100#MHz,#D2O):#48(28Aminophenyl)818(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl#uronic#acid)81H8[1,2,3]8triazole#(12m)#

#

#

O

NHAc
OH

N
HO

O NN
H2N



)A780)
)

S30#
#

1H#NMR#(400#MHz,#D2O):#48(38Aminophenyl)818(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl#uronic#acid)81H8[1,2,3]8triazole#(12n)#

#

#
13C#NMR#(100#MHz,#D2O):#48(38Aminophenyl)818(28acetamido82,48dideoxy8α8L8threo8hex848
enopyranosyl#uronic#acid)81H8[1,2,3]8triazole#(12n)#

#

O

NHAc
OH

N
HO

O NN
NH2



) A781)
)

S31#
#
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)A782)

G.  Supporting)Information)–)Towards)the)synthesis)of)

Δ47β7glucosaminuronyl)57substituted)[1,2,3]7triazoles)as)potential )

influenza)virus)NA)inhibitors)

)

1H)NMR)(400)MHz,)CDCl3):)57phenyl717[methyl)(27acetamido737O7acetyl72,47dideoxy7α7L7threo7
hex747enopyranosyl)uronate]71H7[1,2,3]7triazole)(3.75b))

)

O

NHAc
OAc

N
MeO

O
N

N

Ph



) A783)

1H)NMR)(400)MHz,)DMSO7d6):)57phenyl717[sodium)(27acetamido72,47dideoxy7α7L7threo7hex747
enopyranosyl)uronate]71H7[1,2,3]7triazole)(3.74b))

)

)
13C)NMR)(100)MHz,)DMSO7d6): 57phenyl717[sodium)(27acetamido72,47dideoxy7α7L7threo7hex747
enopyranosyl)uronate]71H7[1,2,3]7triazole)(3.74b))

)

O
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OH
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N

Ph




