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Abstract 

Glycoconjugates, such as glycolipids and glycoproteins, are involved in a variety of 

cellular functions including cell-to-cell signalling and carbohydrate-protein recognition. 

Accordingly, glycoconjugates play important roles in health and disease and are 

promising new leads as carbohydrate-based therapeutics. However, for the development 

of glycoconjugates to study biological processes, or for the use of these adducts as 

therapeutics, the glycan needs to be conjugated to the carrier molecule or scaffold of 

choice. Many procedures for the conjugation of glycans involve lengthy protecting group 

strategies that install the aglycone at the start of glycan total synthesis and are therefore 

unsuitable for naturally derived sugars. Other glycan conjugation strategies can affect the 

integrity of the reducing end sugar or lead to adducts where the reducing end sugar adopts 

the ring-opened rather than the ring-closed form. N,O-Dialkyl oxyamine linkers, 

however, can be attached to the free reducing end of sugars in a single step without the 

need for protecting groups. This thesis therefore explores the synthesis and application of 

oxyamine linkers for the synthesis of glycoconjugates.  

 

First, the synthesis of an O-alkyl-N-methyl oxyamine linker (“Type A”) containing an 

amine at its terminus was improved by reducing the number of synthetic steps from six 

to four and by increasing the overall yield from 8% to 38%. This oxyamine linker was 

then conjugated to GlcNAc in 83% yield. The hydrolytic stability of this 

glycosyloxyamine was then compared to that of the analogous N-alkyl-O-methyl 

glycosyloxyamine (“Type B”). The stability of the two types of glycosyloxyamines has 

never been directly compared. Accordingly, it was not known whether the difference in 

substitution pattern between the two linkers affects their hydrolytic stability. To this end, 

the hydrolysis rates of the GlcNAc conjugated linkers were assessed at various pH values, 

glycoconjugate concentrations and buffer concentrations. In all instances, the “Type B” 

glycoside was found to have marginally better kinetic stability, while the “Type A” 

glycoside had marginally better thermodynamic stability, but overall, these differences 

were negligible. The pKa of the conjugate acid of these glycosyloxyamines was also 

determined to provide insight into the mechanism of hydrolysis. By considering this data, 

along with the observation that the rate of hydrolysis of these glycoconjugates increases 

with increasing buffer concentration, it was proposed that the hydrolysis of the oxyamines 

occurs via general acid catalysis at pH 4-6.  
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A novel dithiol functionalised oxyamine linker was also designed and synthesised for the 

multivalent display of glycans on gold nanoparticles. With the successful attachment of 

this thiol linker to GlcNAc, the monomer unit of chitin, this work has paved the way for 

the future syntheses of chitin-functionalised gold nanoparticles. Such chitin-

functionalised AuNPs can be used to assess chitin’s ability to invoke the asthma allergic 

immune response, thereby bringing the possibility of an anti-asthma vaccine a step closer 

to fruition.  
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Chapter 1  
 
Introduction  

1.1 The Importance of Glycoconjugates  

Glycoconjugates are a class of carbohydrate-containing molecules in which the 

carbohydrate structure, or glycan, is covalently bound to a non-carbohydrate species, such 

as a lipid or a protein to form glycoconjugates such as glycolipids and glycoproteins. 

Glycoconjugates are an essential part of the glycocalyx, a carbohydrate rich layer which 

coats all cells. The glycocalyx is important for cell-to-cell signalling events such as host 

cell recognition and communication, as well as cellular differentiation, adhesion and 

locomotion.1 The covalent addition of glycans to proteins occurs as a post-translational 

modification and is the most abundant post-translational modification sustained by 

proteins, with more than 50% of all proteins being glycoproteins.2, 3 Moreover, there is 

great diversity in the glycan structure, which is attributed to the variety of ways in which 

the individual monosaccharide building blocks can be assembled.4 The attachment of 

glycans to proteins also alters the overall tertiary structure of the protein. Thus, the proper 

function of glycoproteins, as well as protein folding, transportation and location, is highly 

dependent on their glycosylation pattern. Improper glycosylation of these proteins often 

results in many human diseases, including cancers.5  

 

1.1.1 Glycoproteins 

Glycoproteins with the same protein backbone, but which differ in the number and/or 

type of glycans attached are known as glycoforms. These different glycosylation patterns 

can affect how the protein is recognised or identified within or on the surface of cells. A 

pertinent example is the ABO blood group classification, whereby the blood groups (A, 

B, AB and O) are determined by different glycoforms of the same protein expressed on 

the cell surface of red blood cells (Figure 1). People with the A glycan antigen expressed 

on their red blood cells have B antigen antibodies in their blood, and vice versa. As a 

result, a blood transfusion from a B blood group donor will be unsuccessful in an A blood 

group host as the immune system of the recipient will recognise this B antigen as 
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“foreign” and try to eliminate it, which in turn can lead to patient death.6 Indeed, 

understanding the importance of different blood groups has led to modern life-saving 

blood transfusion methods. 

 

Figure 1. ABO blood group glycans, “A”, “B”, “AB” and “O”. 
 

Proteoglycans (glycoproteins with excessive levels of glycosylation) also have important 

structural roles. For example, they form one of the main components of the extracellular 

matrix (ECM), which is the area directly surrounding cells in tissues and which occupies 

a substantial portion of the overall volume of the tissue (Figure 2). The ECM has enough 

rigidity to hold the cells of the tissue together and is resistant to compressive forces while 

harbouring high levels of viscosity to allow for the migration of other cells, such as 

fibroblasts, through the tissue. It is the unique composition of fibrous proteins such as 

collagen and proteoglycans which gives the ECM these properties.7 Cells also use 

proteoglycans, such as fibronectin, to anchor themselves to other components of the ECM 

or to other cells.8  
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Figure 2. Cells contain an extracellular matrix mainly consisting of proteoglycans and 
collagen. Inside cells, further proteins are glycosylated, including lysosomal proteins 
which receive a mannose-6-phosphate tag so that once they leave the golgi apparatus, 
they are correctly delivered to lysosomes. The mannose-6-phosphate receptor then 
returns to the golgi to retrieve more lysosomal proteins.  
 

The temporary glycosylation of some newly made proteins is also crucial to target them 

to specific organelles within the cell. For example, enzymes required in the lysosomes 

need to receive an oligosaccharide tag with a terminal mannose-6-phosphate residue 

while in the golgi apparatus in order to be transported to the lysosomes.9 Inclusion cell 

disease (mucolipidosis II) results when there is a deficiency in one of the transferase 

enzymes necessary to attach the mannose-6-phosphate tag to the lysosomal proteins. 

Consequently, these enzymes are incorrectly transported to the exterior of the cells where 

they interfere with the extracellular matrix and surrounding connective tissue. In addition, 

a build-up of debris in the lysosomes of cells occurs, as the debris cannot be degraded 

(Figure 2). Accordingly, patients with mucolipidosis II fail to grow properly in their first 

years of life and usually die before the age of seven. 10  
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1.1.2 Glycolipids 

Glycolipids also form an important class of biological glycoconjugates. They are often 

found as a component of the cell wall in eukaryotic and bacterial cells. The hydrophobic 

lipid tails slot into the lipid bilayer of the cellular membrane while the glycan moieties 

are exposed on the surface of the cell.7 This makes glycolipids important in processes 

such as cell adhesion and cell recognition. The cell surfaces of many bacteria are highly 

decorated with glycolipids and glycan displays not found on eukaryotic cells. As a result, 

the immune system has become quite efficient at recognising these foreign cells through 

the use of pattern recognition receptors (PRRs).11 Common PRRs include mannose 

binding lectin (MBL), toll-like receptors (TLRs) and DC-SIGN (dendritic cell-specific 

intercellular adhesion molecule-3-grabbing non-integrin).12 For example, 

lipopolysaccharide (LPS) is a glycolipid present on the cell surface of gram-negative 

bacteria, and is recognised by TLR-4 on innate immune cells, which in turn results in the 

activation of the immune system (Figure 3). The ability of the immune system to 

recognise glycolipids can also be exploited in the development of more effective 

vaccines. Accordingly, monophosphoryl lipid A (MPL), a less toxic version of LPS, is 

commonly used as a vaccine adjuvant. The adjuvant activates the immune system, thereby 

enhancing the efficiency of the vaccine antigen. An antigen is a specific epitope from the 

pathogen against which the vaccine is targeted.13 

 

Figure 3. Lipopolysaccharide (LPS) present on the surface of Gram-negative bacteria 
bind toll-like receptor 4 (TLR-4) on innate immune cells thereby initiating an immune 
response. 
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1.2 Applications of Glycoconjugates 

The vast array of biological functions attributed to glycoconjugates has sparked much 

interest in the development of strategies to allow for the synthesis of glycoconjugates. 

Naturally derived glycoconjugates are often difficult to isolate and purify, and therefore 

the preparation of their synthetic analogues/mimetics is vital to the exploration of the full 

potential of the glycoconjugates. These synthetic strategies14, 15 are adapted for the 

synthesis of glycoproteins,16 glycan arrays,17, 18 glycan display on multivalent scaffolds,19 

glycoconjugate liposomes20 and labelled glycoconjugate probes,21 for both therapeutic 

and research applications (Figure 4). Moreover, isolated or synthetically derived 

carbohydrates used in glycoconjugate synthesis often need to be functionalised with a 

linker or spacer group in order to be attached to the substrate of choice. 

 

Figure 4. Summary of the applications of glycoconjugates. These include multivalent 
displays (such as gold nanoparticles), liposomes containing glycolipids, glycoconjugate 
probes which contain a tag (such as a fluorescent group for flow cytometry), 
glycoproteins and glycan microarrays.  
 

1.2.1 Multivalent Glycoconjugate Display 

The diversity and sheer number of glycans that exist in and on all living cells has ensured 

the existence of many different glycan-binding proteins, including lectins. Accordingly, 
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these proteins can serve as drug targets for carbohydrate-based therapeutics to invoke 

cellular responses.  

 

Most small molecule carbohydrate-based drugs act as inhibitors for glycosyl transferases 

and glycosidases. Acarbose, for example, inhibits glucosidases and amylases within the 

gut to control blood glucose levels for the treatment of type II diabetes mellitus.19 Other 

small molecule sugar analogues have been shown to be very effective enzyme inhibitors 

by mimicking the transition state of their target’s natural substrate.22 Unfortunately, small 

molecule glycoconjugates are inefficient for the targeting of glycan binding proteins such 

as lectins. This is because lectins have a low affinity for their glycan substrates and rely 

on multivalent binding (high avidity) in order to be activated. In this regard, 

carbohydrates can be linked to multivalent scaffolds such as proteins, dendrimers or 

nanoparticles to enhance lectin avidity. As an example, the Van Kooyk research group 

used glycodendrimers to target the delivery of vaccine antigens to dendritic cells (DCs).23 

DCs are key to activating the immune system as they present antigens to T-cells, which 

in turn induces a potent immune response. Van Kooyk and co-workers manufactured 

poly(amido amine) (PAMAM) dendrimers which were conjugated through the use of a 

linker to glycopeptides consisting of the glycan Lewisb, a known DC-SIGN ligand, and 

the peptide antigen of choice (Figure 5). The resulting glycodendrimer generated stronger 

DC stimulation and thus T-cell activation than single conjugates of the Lewis glycan to 

the peptide antigen alone.23 In the following year, the same research group was involved 

in manufacturing gold nanoparticles for the multivalent display of a DC-SIGN binding 

glycan through the use of a bi-functional linker.24  
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Figure 5. Van Kooyk’s glycopeptide dendrimer: a PAMAM dendrimer core 
functionalised with primary amines is linked to a peptide through a maleimide linker. 
Reductive amination links the N-terminus of the peptide to Lewisb via a hydrazide linker.23 
 

1.2.2 Glycoprotein Synthesis 

Synthesised glycoproteins and glycoprotein mimetics have found a variety of 

applications. Glycans are often conjugated to proteins via a linker as a means to achieve 

multivalent glycan display to enhance binding interactions towards glycan binding 

proteins such as lectins. Proteins can also function as carriers for carbohydrates in 

vaccines, however when carbohydrates are used as the antigen in a vaccine, they need to 

be conjugated to an immunogenic protein in order to generate antibodies with a high 

affinity for their carbohydrate targets. A successful carbohydrate-based vaccine is the 

Cuban Hib vaccine. This vaccine consists of a pentasaccharide structure from a capsular 

polysaccharide antigen belonging to Haemophilus influenzae type b conjugated to the 

tetanus toxoid protein.25  

 

Certain key glycans are often up-regulated or only expressed on the surface of many types 

of cancerous cells, thereby acting as tumour biomarkers and/or as promising target 

antigens for anti-cancer vaccines. Examples include the truncated O-glycosylated mucins, 

which are glycoproteins commonly expressed on the surface of many different types of 

cancers.26 In 1997, Danishefsky and co-workers synthesised a tumour-associated mucin 

motif for the development of anti-cancer vaccines. The authors synthesised (2,6)-sialyl T 

antigen (ST antigen) (a glycan commonly expressed on mucins and glycoproteins 

associated with many different cancers) and attached it to serine and threonine building 

blocks that were used in solid phase peptide synthesis (SPPS).27 Similarly, Bertozzi and 
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co-workers incorporated an aminooxy moiety onto another tumour-associated antigen 

(the Tn antigen) in order to ligate it to ketone functionalised amino acids present on pre-

synthesised peptide chains. The generated oxime-linked mucin mimics from this strategy 

also have great potential for use in cancer vaccines.28 

 

The isolation and purification of naturally sourced glycoproteins in a single glycoform is 

often very difficult. As a result, glycoprotein synthesis also has applications in recreating 

naturally occurring glycoproteins for fundamental studies or for use in protein 

replacement therapy. An elegant example is the work by Danishefsky and co-workers, 

who recently synthesised a single glycoform of erythropoietin (EPO) using convergent 

aspartylation to conjugate the glycans to the peptide backbone.29  

 

1.2.3 Glycan Arrays 

Carbohydrate microarrays offer the ability to perform high-throughput analysis of glycan-

protein interactions. The chip-based format requires glycan-linker conjugates to be 

immobilised onto a surface. Carbohydrate-protein binding is then analysed through 

fluorescence, mass spectrometry, or even surface plasmon resonance (SPR) if the glycans 

are immobilised onto an SPR surface.30 Many different glycans can be screened on the 

same chip, which allows for the fast and efficient discovery of new carbohydrate ligands 

for carbohydrate binding proteins. Glycan microarrays can also be used to detect specific 

carbohydrate binding antibodies. This is useful in the diagnosis of bacterial and viral 

diseases as well as cancers. Microarrays are also used as validation methods for vaccines 

in order to detect if a suitable and desirable antibody response has been elicited in a 

vaccinated individual.17 In order to screen for glycan ligands, carbohydrate libraries are 

often used, which in turn require a facile and effective method to transform the 

carbohydrates into the glycoconjugate counterparts needed to immobilise them onto the 

chip surface. Many conjugation strategies, however, do not allow for the use of naturally 

derived carbohydrates due to the need for lengthy protecting group manipulations which 

are not feasible on the small scale.31 Consequently, linking methodologies which allow 

for the conjugation of all carbohydrates with a free reducing end are typically used during 

the construction of glycan arrays.  
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1.2.4 Glycoconjugate Liposomes  

Ligand-targeted liposomes provide a means of selectively delivering therapeutic agents, 

such as drugs, to specific cell types. This increases the efficacy of the drugs as it can 

increase drug stability and reduce the side-effects of the drug. Paulson and co-workers 

utilised glycoconjugate liposomes for the targeted delivery of doxorubicin (an anticancer 

drug) to B-cells for the treatment of B-cell lymphoma.32 The expression of the cell surface 

receptor CD22, a member of the sialic-acid-binding, Ig-like lectin (siglec) family, is 

specific to B-cells. 9-N-Biphenylcarbonyl-NeuAcα-(2"6)-Galβ-(1"4)-GlcNAc 

(BPCNeuAc), a glycan which targets CD22, was conjugated to a PEGylated lipid through 

an ethylamine linker (Figure 6). Liposomal nanoparticles loaded with doxorubicin were 

then constructed to display the BPCNeuAc lipid conjugate and were shown to be selectivly 

endocytosed by B-cells to extend life in a xenograft model of human B-cell lymphoma. 

In further work, Paulson and co-workers also developed liposomal nanoparticles which 

expressed 9-N-(4H-thieno[3,2-c]chromene-2-carbamoyl)-Neu5Acα-(2"3)-Galβ-(1"4)-

GlcNAc (TCCNeu5Ac) lipid conjugates. TCCNeu5Ac specifically targets sialoadhesin (Sn, 

CD169), another member of the siglec family specific to macrophages. In this way, 

vaccine antigens, for example, can be selectivly delivered to macrophages.33  

 

Figure 6. BPCNeuAc conjugated to a PEGylated lipid through an ethylamine linker.32 
 

1.2.5 Labelled Glycoconjugate Probes 

The labelling of glycoconjugates with a chemical “tag” of some description can serve a 

variety of functions. For example, glycoconjugates armed with a fluorescent tag, such as 

fluorescein isothiocyanate (FITC), can be used to visualise and identify cells by 
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microscopy or flow cytometry. Here, the glycan of the glycoconjugate targets the 

fluorescent probe to specific cell types due to the cells’ unique cell surface receptor 

expression. Glycoconjugates can also be fluorescently labelled to simply visualise if the 

conjugate has been incorporated within or on the surface of cells.  

 

Fluorescent glycolipids have also been manufactured to study various aspects of 

membrane structure. Bertozzi and co-workers prepared a series of 

glycosylphosphatidylinositol (GPI) analogues and investigated their behaviour in lipid 

bilayers.34 The GPI anchor is a post-translational modification added to many proteins in 

order to anchor them within the lipid membrane so that the protein itself can reside 

entirely on the external surface of the cell membrane. Bertozzi’s GPI analogues varied 

between having none, one or two mannose units so as to probe how these systematic 

deletions affected the behaviour of the GPI-protein analogues in living cells. To 

synthesise the target glycolipids, a phospholipid was attached to the reducing end of the 

mannose saccharides via an alkyl chain while native chemical ligation was used to attach 

green fluorescent protein (GFP) to the GPI anchor via a cysteine functionalised 

phosphoethanolamine linker. By visualising the movement of these anchors, it was found 

that increasing the sugar residues on the GPI anchors resulted in more rapid diffusion 

through the lipid bilayer.  

 

Trifunctional glycoconjugates, for activity-based protein profiling (ABPP), can be used 

as site-directed molecular probes to assess the activity of glycoside-processing enzymes. 

The three functionalities include a carbohydrate unit that will bind to a specific target 

enzyme, a reactive functional group or “trap” which forms a covalent bond with the 

enzyme after binding, and finally a tag to visualise or purify the bound target enzyme. A 

linker is often used to spatially separate the trap and tag so that the function of each is not 

influenced by the other. For example, a trifunctional probe (Figure 7) was used to isolate 

N-acetylglucosaminidases. Here, N-acetylglucosamine was linked to an o-monofluoro-

methyl-phenoxy trap, which was tethered to biotin via an amide linker. After binding to 

the enzyme, the glycosidic bond is cleaved allowing the trap to react with a nucleophilic 

group in the enzyme’s active site. The biotin labelled enzyme can then be isolated using 

streptavidin-based affinity column chromatography.35 
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Figure 7. A trifunctional probe used to isolate N-acetylglucosaminidases.35 
 

1.3 Conjugation Strategies 

As mentioned above, in order to conjugate a carbohydrate to the substrate of choice, 

effective and reliable linking strategies are required. This often necessitates the need for 

a chemical linker. Some current procedures involve carbohydrate protecting group 

strategies so that the linkers can be installed at the start of glycan total synthesis.14 

However, this approach is lengthy and does not allow for the use of naturally derived 

sugars. As a result, a number of different linking methodologies have been developed 

which allow for the conjugation of all carbohydrates with a free reducing end without the 

need for protecting groups. Typical strategies involve N-glycoside synthesis and include 

reductive amination,36 Kochetkov amination,37 the preparation of oximes and hydrazones, 

and the use of oxyamine linkers (Scheme 1).38  

 

Scheme 1. Ligation methods for free sugars. 
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1.3.1 Reductive Amination 

During reductive amination, the glycan’s aldehyde functionality is converted to an imine, 

which is subsequently reduced by a hydride source to form the corresponding amine.39 

This technique permanently renders the sugar in its ring-open form, which could 

influence lectin binding and glycan recognition. Despite this, the use of reductive 

amination for the preparation of glycoconjugates has often been used, as illustrated by 

Cummings and co-workers who used reductive amination to rapidly synthesise glycan 

microarrays for galectin binding studies,36 and Gildersleeve and co-workers who used 

reductive amination to attach high mannose sugars to lysine residues on proteins.40 

 

1.3.2 Kochetkov Amination  

Kochetkov amination enables the formation of β-D-glycosylamines by reacting a glycan 

with a free reducing end in an ammonium carbonate solution for over 24 hours at 

approximately 40 ˚C. This renders the carbohydrate with a free amine at the anomeric 

centre. Although this methodology has been elegantly applied, as demonstrated by 

Danishefsky and co-workers who utilised the free amine functionality to directly link 

carbohydrates via aspartylation to amino acid residues in their landmark synthesis of 

erythropoietin (EPO),29 the resulting 1-amino glycosylamine Kochetkov amination 

products are not very stable in solution, which makes them less favourable as 

intermediates in the synthesis of glycoconjugates. This instability is also related to the 

functionality and steric interaction of the group attached to the C-2 position of the sugar, 

which is suggested to be due to stabilising hydrogen bonding interactions between the 

anomeric amine and the group at the C-2 position.41 These 1-amino glycosylamines also 

readily undergo anomerisation, as well as trans acylation, when neighbouring acetamido 

linkages are present.42, 43 

 

1.3.3 Hydrazines and Oximes 

The use of hydrazine and oxime ligation strategies for the formation of glycoconjugates 

can be carried out in aqueous conditions and without the need for protecting groups.38 

Glycosyl hydrazines and oximes have been used in a variety of biological and analytical 

applications. For example, Feizi and co-workers developed a bi-functional hydrazide 

linker bearing both a chromophore and a biotin moiety (Figure 8).44 The naphthyl group 
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could be used as a fluorescence tag for high performance liquid chromatography (HPLC) 

analyses, while biotin enables the immobilisation of the glycan in microtiter plates for 

use in enzyme-linked immunosorbent assays (ELISAs). Biotin functionalised 

glycoconjugates, prepared using a hexanoic acid hydrazide linker, have also been used to 

immobilise carbohydrates onto streptavidin coated SPR chips in order to investigate 

lectin-specific binding.30 Glycosyl hydrazines and oximes have been used in the synthesis 

of biologically relevant glycoconjugates, as demonstrated by Peluso and Imperiali who 

synthesised a novel aspartyl hydrazide amino acid that they incorporated into a peptide 

mimetic through solid phase peptide synthesis.45 The N-acetylglucosamine (GlcNAc) was 

subsequently condensed onto the peptide through the hydrazide moieties, and the 

resulting glycoconjugate was found to be a potent inhibitor of oligosaccharyl 

transferase.46  

 

Figure 8. Napthyl and biotin functionalised hydrazine linker developed by Feizi and co-
workers, conjugated to an unspecified glycan.44 
 

Notwithstanding the number of important applications of glycosyl hydrazines and 

oximes, it is known that in solution the oxime and hydrazine glycoconjugates form an 

equilibrium between the ring-opened hydrazone/oxime and the ring-closed pyranosyl and 

furanosyl forms,47 which may affect lectin binding. To overcome this, Peri and co-

workers demonstrated that by using N,O-dialkylated oxyamines, exclusive formation of 

the ring-closed glycoconjugate is observed, which protects the structural integrity of the 

sugar.48 
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substantially increased with the introduction of an alkyl substituent on the nitrogen, which 

allows for the exclusive formation of the ring-closed product.50 These secondary 

oxyamines can be coupled to reducing sugars in good yield under mildly acidic 

conditions.50 The concentration of each coupling partner is crucial under aqueous 

conditions. This is because the equilibrium constant of formation for the reaction 

(determined in D2O at pD 4.5) was found to be small (10-20 M). Consequently, only 

conjugation reactions under high concentrations are able to reach near completion.43 

 

Oxyamine linkers can be divided into two sub-types, the “Type A” O-alkyl-N-methyl 

oxyamines and the “Type B” N-alkyl-O-methyl oxyamines (Scheme 2). Both types have 

been reported and successfully conjugated to carbohydrates by way of a bi-functional 

linker. However, the “Type A” oxyamine linkers are more widely used and have been 

studied more extensively.  

 

Scheme 2. “Type A” and “Type B” oxyamine glycoconjugates. 
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binding. In 2014, Boons and co-workers also used the bifunctional linker 4 with an Fmoc 

group attached to the terminal amine. The linker was conjugated to lactose prior to 

enzymatic extensions to create more complex polysaccharides. The Fmoc group provided 

a chromophore for UV detection and provided the polysaccharides with enough lipophilic 

character to enable purification by HPLC using a reverse phase column.52 

 

Scheme 3. Bohorov’s synthesis of “Type A” oxyamine linker 4.51 
 

Scheme 4. Conjugation of the disaccharide, LacNAc to “Type A” linker 4.51 
 

“Type B” bi-functional oxyamine linkers have been utilised to a lesser degree in the 

literature. Recently, Munneke et al. demonstrated that bi-functional “Type B” oxyamine 

linkers can be made rapidly in a 3-step-1-pot synthesis with excellent overall yields (80-

96%).53 The linker synthesis begins with acrolein (5), which functions as a bi-functional 
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of acrolein as the starting material, which enables a number of different functionalities to 

be incorporated at the end of the alkyl chain. A representative “Type B” linker was then 

conjugated to a number of glycans under mildly acidic conditions in excellent yields, as 

illustrated via conjugation to Lewisx (88%) (Scheme 6). 
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Scheme 5. Munneke’s synthesis of “Type B” oxyamine linker 6.53 
 

Scheme 6. Conjugation of oxyamine linker 6 to Lewisx.53 
 

1.5 Scope and Limitations of Oxyamine Glycan Conjugation 

The mechanism of oxyamine glycosylation involves the formation of an intermediate 

oxyiminium ion. Accordingly, it is possible to form mixtures of α- and β-pyranosides or 

furanosides of the oxyamine-linked carbohydrate, whereby the exact isomeric 

distribution depends largely on the steric influence of the substituents on the immediate 

saccharide unit. The reversibility of this reaction means that the product distribution is 

governed by the relative thermodynamic stability of each isomer rather than any kinetic 

influences. Langenhan et al. carried out a detailed investigation on these isomeric 
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any galactose α-anomers is likely to be due to an insufficient oxyamine anomeric effect. 

Mannosides gave a 2:2:1 mixture of the α- and β-pyranosides to the α-furanoside. Here, 

the disfavoured presence of two axial substituents on the α-pyranoside is offset by the 

favoured opposing C-1-C-2 dipoles and possibly a weak anomeric effect. It is important 

to note that in addition to the pyranoside isomers, the α-furanoside also makes a minor 

contribution (ca. 20%) to the equilibrium mixture of the mannosides, despite steric 

hindrance between the C-3 and C-4 substituents. It thus appears that there is some 

stabilising effect from the C-1-C-2 opposing dipoles in the α-furanose configuration.  

 

 

	 β-pyranoside	 α-pyranoside	 β-furanoside	 α-furanoside	

Glucosides	

    

Galactosides	

Mannosides	

Figure 9. Isomer formation in the glycosylation reaction for both “Type A” and “Type 
B” oxyamine linkers.50 The isomers in grey are not observed and the red arrows indicate 
steric strain.  
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acidic conditions produced the desired glycoprotein mimic 8 in good yield (Scheme 7). 

N-Linked glycoproteins, however, are naturally conjugated to serine or threonine amino 

acids, and to better mimic these naturally occurring glycosides, studies towards the 

synthesis of methoxyamine functionalised serine and threonine amino acids were 

undertaken.54, 55 To this end, Carrasco et al. prepared both “Type A” and “Type B” 

methoxyamine amino acids of serine and threonine (9a, 9b and 10, Figure 10) and 

incorporated them into SPPS to form oxyamine peptides. These amino acids were then 

glycosylated with glucose under mildly acidic conditions with the exception of the 

threonine residue. The inability of oxyamine-threonine 10 to react was likely due to the 

steric hindrance imposed by the methyl substituent. 

 

Scheme 7. Use of oxyamine functionalised peptide 7 for the synthesis of glycopeptide 
mimics.48 
 

Figure 10. Oxyamine functionalised serine (9a), homoserine (9b) and threonine (10) 
analogues.54, 55 
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potential to produce oligosaccharide mimetics rapidly and efficiently. Peri and co-

workers explored the use of “Type B” methoxyamine functionalised glucose in the 

formation of β1"6 linkages for the preparation of di- and tri-saccharides.56, 57 A 

methoxyamine substituent was installed at the 6-position of glucose (11) through Dess-

Martin oxidation of the 6-OH and subsequent reductive amination with methoxyamine 

(Scheme 8). The resulting methoxyamine functionalised glucose 12 was then conjugated 

to a variety of monosaccharides to yield disaccharide mimetics 13. Methoxyamine 

glucose 12 can also be condensed with 6-methyloxime-functionalised monosaccharides 

14 in an iterative process to generate trisaccharide 15 (Scheme 9). Due to the formation 

of α/β-pyranosyl/furanosyl isomeric mixtures for non-glucosides, this conjugation 

method is best suited to the coupling of glucose monosaccharides. 

 

Scheme 8. Synthesis of N-linked oxyamine disaccharide mimic.57  
 

Scheme 9. Synthesis of N-linked oxyamine trisaccharide mimic.56 
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1.6.3 Neoglycorandomisation  

The objective of neoglycorandomisation is the production of a library of neoglycosylated 

compounds which only differ in the structure of the attached sugar (Scheme 10). 

Langenhan and co-workers used “Type B” oxyamine conjugation strategies as a method 

of rapidly glycosylating natural products to produce a library of reducing sugars in order 

to create novel glycoconjugates which may have higher biological activity than the 

naturally derived digitoxin glycoconjugate.58 The first target for neoglycorandomisation 

was digitoxin, a glycosylated cardenolide (type of steroid) with potential anticancer 

activity.59 The cardenolide backbone of digitoxin was modified to contain an N-

alkyloxyamine moiety (16), which allowed for rapid glycosylation to reducing sugars to 

produce a 78-member library (Scheme 11). This library was then tested in a high-

throughput cytotoxicity assay against nine human cancer cell lines to assess if any 

particular glycan increased the efficacy and cell specificity of the conjugated drug. It was 

found that the L-ribose glycoside of digitoxin displayed much higher potency compared 

to digitoxin alone while the D-mannose conjugate displayed excellent selectivity towards 

the multidrug-resistant NCI/ADR-RES cells. Since then, several bioactive probes have 

been neoglycosylated in this way to enhance their activity or to discover potential new 

drugs. Examples include betulinic acid,60 cyclopamine,61 warfarin,62 vanomycin63 and 

colchicine,64 amongst others.65 

 

Scheme 10. Neoglycorandomisation.  
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Scheme 11. Neoglycorandomisation of digitoxin.59 
 

1.7 Oxyamine Glycoside Stability 

The stability of oxyamine glycosides to aqueous hydrolysis is an important aspect to keep 

in mind when using these glycoconjugates for medicinal applications. The acidic 

equilibrium conditions under which the glycosidic bonds form means that their hydrolytic 

cleavage can readily take place in conditions below pH 7. To this end, the hydrolytic 

stability of both “Type A” and “Type B” oxyamine glycosides has been assessed,43, 50, 53, 

66 however as side-by-side studies using identical reaction conditions (e.g. pH and/or 

glycan concentration) were not conducted, it is difficult to determine whether one type of 

oxyamine glycoside was more stable than the other. The independent studies, however, 

indicated that the hydrolysis of the oxyamine glycoside is pseudo-first order, highly pH 

dependent, and that the rate of hydrolysis is highly dependent on the electronics of the 

substituents on the nitrogen, the oxygen, and the sugar.38, 43, 50, 53, 66 These studies also 

suggested that the mechanism of hydrolysis is consistent with that of a specific acid-
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faster than those bearing electron poor substituents.66 This is rationalised by the ease of 

protonation of the electron rich species. For example, xylose-containing glycoconjugates 
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nitrogen of the oxyamine have a greater effect on the conjugate stability than substituents 

on the oxygen.66 For example, N-benzyloxyamines hydrolyse more slowly (t1/2 =168 h) 

than the equivalent N-methyloxyamine conjugate (t1/2 = 34 h) when subjected to a buffer 
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of pH 4.66 It is important to note, however, that N-acetylglucosamine derivatives 

displayed excellent hydrolytic stability at physiological pH (~7.4).53  

 

1.8 The Application of N,O-Dialkyl Oxyamine Linkers for the 
Multivalent Display of Chitin Fragments 

1.8.1 Chitin  

Chitin is a polymer of b-1,4-linked N-acetyl-D-glucosamine (GlcNAc) (Figure 11), and 

is the second most abundant polysaccharide in nature after cellulose. Chitin is absent in 

mammals, but is an essential component of the cell walls of fungi, the exoskeletons of 

crustaceans and insects, the microfilarial sheath of parasitic nematodes, and within the 

lining of the digestive tract of many insects.67-70 The presence of human chitinases 

suggests a first line of defence against chitin-containing parasites and is also indicative 

of chitin recognition mechanisms, whereby chitin is recognised as a pathogen associated 

molecular pattern (PAMP). Previous studies have demonstrated that chitin fragments are 

recognised by the PRRs TLR-2, dectin-1 and the mannose receptor (MR) on innate 

immune cells such as macrophages and DCs.71, 72  

 

Figure 11. Structure of chitin. 
 

Since the discovery of chitin’s ability to activate the immune system, chitin has been 

found to elicit T-helper 1 (Th1),71, 73, 74 Th275, 76 and Th1772 mediated immune responses. 
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appears to be dependent on the size of the chitin fragment.78 Other factors such as the 

chitin source, the route of administration and the ability of chitin to be phagocytosed also 

seem to influence the type of immune response.79 Chitin has also been implicated in the 

allergic asthma immune response (Th2) perpetuated by exposure to chitin sources in the 
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home environment, such as from the house dust mite (D. pteronyssinus) and ubiquitous 

fungi.80  

 

There is much interest in the development of Th1 inducing chitin as a potential anti-

asthma vaccine candidate to force the immune system to recognise chitin as Th1-

stimulating rather than Th2-stimulating.74 However, before this can be achieved, the exact 

conditions under which chitin is Th1-inducing or Th2-inducing needs to be defined. 

Previous studies have observed that small chitin particles (2-10 µm) elicit an anti-

inflammatory Th2 response, medium sized particles (40-70 µm) stimulate a pro-

inflammatory Th1 response, and smaller soluble particles (<2 µm) as well as large, 

unphagocytosable particles (70-100 µm) have no immune stimulatory effects.78 The 

authors rationalise these findings by suggesting that different sized chitin particles play 

different roles in the regulation of the antiparasite/pathogen response. The large chitin 

particles are unphagocytosable and therefore do not initiate an immune response via 

macrophage interactions. The medium sized chitin particles represent a potential threat 

from a parasite/pathogen, thereby stimulating a pro-inflammatory response. The small 

chitin particles could be a representation of a pathogen which has already been largely 

destroyed, thereby providing a mechanism to down-regulate the immune system and 

stimulate an anti-inflammatory response to prevent excessive tissue damage. 

Unfortunately, these studies only used mixtures of chitin with various size distributions 

that was generated from chitin powder. As a consequence, the exact particle size and 

exposed chitin chain length required for binding and activation are unknown. 

Accordingly, it is important to more precisely understand the conditions required for the 

generation of the Th1 and Th2 responses, particularly given the interest in chitin as a 

vaccine against asthma. To this end, it was envisioned that specific chitin oligomers could 

be attached to gold nanoparticles (AuNPs) of a specific size using a thiol functionalised 

oxyamine linker. By testing the immune response of every chitin oligomer 

length/nanoparticle size combination, the exact conditions for the Th1 and Th2 immune 

responses could then be determined.  

 

1.8.2 Gold Nanoparticles for the Multivalent Display of Antigens 

To assess how the structure and size of chitin particles stimulates immune cells, different 

lengths of chitin oligomers need to be displayed on a multivalent display scaffold to 
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produce a particle of a specific, measurable size. Gold nanoparticles offer advantages 

over other multivalent display scaffolds, such as proteins, dendrimers or polymers for a 

number of reasons. Gold nanoparticles are relatively easy to synthesise and purify and 

their size and shape can be finely controlled.81, 82 They are also stable once the ligands 

have been attached,83 and the density and type of ligand on the surface of AuNPs can be 

readily varied.81 This property can be utilised, for example, to fluorescently label NPs 

harbouring an antigen,84 or to attach an adjuvant and an antigen to the same NP for 

vaccine purposes.81 Moreover, AuNPs are often water soluble and biocompatible for in 

vivo applications.84 To synthesise the functionalised AuNPs, the NPs are prepared in the 

presence of glycoconjugates bearing a terminal thiol (or disulfide linkage).24  

 

1.9 Project Aims 

This thesis focuses on the development of bi-functional N,O-dialkyloxyamine linkers for 

the synthesis of glycoconjugates. To this end, the first objective in this thesis is to improve 

the synthesis of the “Type A” (O-alkyl-N-methyl) oxyamine linkers. Next, studies into 

the relative hydrolytic stability of the “Type A” and “Type B” (N-alkyl-O-methyl) 

oxyamine linked glycoconjugates will be undertaken. While studies in the literature have 

assessed the hydrolytic stability of glycosyloxyamines, the majority focused on the “Type 

A” oxyamine conjugates and none directly compare the stability of “Type A” vs. “Type 

B” conjugates. In order to gain a better understanding of the mechanism of hydrolysis of 

these oxyamine-linked glycoconjugates, the pKa of the conjugate acid of these 

glycosyloxyamines will be determined. This will give insight into the conditions under 

which these conjugates are stable and, when combined with the hydrolysis studies, may 

provide further insight into the rate determining step (RDS) of the mechanism.  

 

Finally, the more hydrolytically stable oxyamine linker will then be used to make a sulfur 

functionalised oxyamine for the multivalent display of glycans on gold nanoparticles. 

These sulfur-functionalised oxyamine linkers will be conjugated to chitin fragments and 

then to different, specific sized gold nanoparticles. Although beyond the scope of this 

thesis, it is anticipated that these glycosylated gold nanoparticles will then be tested for 

their ability to generate T-helper immune responses.  
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Chapter 2  
 
Synthesis and Hydrolytic Stability of N- and O-
Methyloxyamine Linked Glycoconjugates 

2.1 Introduction 

Carbohydrates play an essential role in the function of a variety of biomolecules. Glycans 

conjugated to lipids or proteins are known as glycolipids and glycoproteins respectively. 

It is understood that over 50% of all proteins are glycoproteins.2, 3 Glycolipids and 

glycoproteins are expressed on the surface of a variety of different cell types, these 

include red blood cells and cells of the immune system, such as leukocytes. These cell 

surface glycoconjugates have important biological roles. For example, they enable cell-

cell communication, the locomotion of cells through tissue, and the adhesion of cells to 

each other to keep tissue intact.85 Carbohydrates bound to proteins can also significantly 

alter the protein tertiary structure, aiding in correct protein folding and enzymatic 

activity.7 Due to the large diversity of carbohydrate structures, the function of the same 

protein can vary depending on the structure or number of carbohydrates attached.86 Thus, 

in order to understand the effect of glycan structure on protein or lipid function, the 

synthesis of well-defined glycoconjugates in the form of glycan microarrays,17, 18 

glycoconjugate probes,21 glycoproteins13 and multivalent glycan displays is required.19 

The most efficient strategy for the synthesis of such glycoconjugates involves conjugation 

to the reducing end of the carbohydrate, which avoids the need for protecting groups and 

is therefore amenable to both synthetic and naturally formed carbohydrates. Ligation 

strategies include Kochetkov amination,37 reductive amination36 and the use of oximes, 

hydrazones and oxyamines.38  

 

Ligation through oxyamines has proven to be particularly advantageous as it provides the 

glycoside in good yield while maintaining the integrity of the reducing end sugar by 

preserving the ring-closed chair configuration.38, 48 In addition, oxyamine-linked 

glycosides show good hydrolytic stability under biological conditions.43, 53 There are two 

sub-types of oxyamine linkers which are used for the conjugation of glycans: the “Type 

A” O-alkyl-N-methyl oxyamines and the “Type B” N-alkyl-O-methyl oxyamines 
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(Scheme 12). To date, the “Type A” linker has been more widely used and extensively 

studied. Multiple strategies for the synthesis of the “Type A” linker have been reported.29, 

51, 52 However, such strategies have low overall synthetic yields (8-25%) and require 5-6 

synthetic steps. Additionally, these methods require different approaches for different 

terminal functional groups. Consequently, there is a need for the improvement of the 

synthesis of the “Type A” linker to create a more rapid and efficient methodology. More 

recently, an efficient and adaptable synthesis of a bifunctional “Type B” linker has been 

published by Munneke et al. (Scheme 13).53 Munneke’s elegant 3-step-1-pot synthesis 

can be used to make multiple different oxyamine linkers which vary in their terminal 

functional groups.53  

 

Scheme 12. “Type A” and “Type B” oxyamine glycoconjugates.  
 

Scheme 13. Munneke’s synthesis of “Type B” oxyamine linkers.53  
 

An important aspect of the chemical properties of glycosyl oxyamines is their hydrolytic 

stability. It is essential to know the conditions under which these glycosides are stable, 

particularly, whether they are stable at the pH and molar concentrations relevant for 

biological applications. As mentioned in the introduction of this thesis, previous 

hydrolytic stability studies have been conducted on “Type A” glycosyl oxyamines.38, 43, 

50, 53, 66 These studies concluded that the hydrolysis of glycosyl oxyamines is highly pH 
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dependent and a pseudo first-order process. They also determined that the hydrolysis 

reaction undergoes specific acid-catalysis and that electron poor oxyamines and/or 

saccharides provide more stability towards hydrolysis. Cló et al. investigated a variety of 

glucosyl oxyamines.66 They found that the rate of hydrolysis of glucosides with an 

anomeric N-benzyl substituent (Figure 12A) were four- to five-fold slower than those 

bearing an anomeric N-methyl substituent (Figure 12B) in the same pH range. This 

corresponds to the observation that more electron poor oxyamines yield more 

hydrolytically stable glycoconjugates. They also investigated glucosyl oxyamines which 

vary in their O-alkyl substituent. It was noted that only a marginal increase in hydrolytic 

stability was observed for the O-benzyl vs. the O-methyl conjugates at the same pH. This 

agrees with other studies, including those performed by Langenhan et al.,50 which also 

found that varying the O-alkyl substituents only has minor effects on the hydrolytic 

stability of glycosyl oxyamines. This observation has been rationalised through the 

mechanism of hydrolysis. The nitrogen atom is directly involved in the formation of the 

oxyiminium ion, which is thought to occur before the rate determining step.43 As a 

consequence, the nitrogen substituents will have a larger effect on the ease of formation 

of the oxyiminium ion and thus the rate of hydrolysis.  

 

Figure 12. A) N-benzylglucosyloxyamine. B) N-methylglucosyloxyamine.66 
 

Glycan and linker concentration influences the rate and extent of glycoconjugate 

formation,43 and accordingly, it is likely that the concentration of these reagents also 

influences the hydrolysis rate. The effect of glycoconjugate concentration on hydrolytic 

stability has not been studied with regard to oxyamine glycoconjugates, although it has 

been suggested that more dilute concentrations of these glycoconjugates favours 

hydrolysis.38 In addition, the buffer molarity in previous hydrolytic studies has varied 

between experiments. It is not known how this affects the rate of hydrolysis. 

 

While valuable insight into oxyamine hydrolysis has been obtained, none of these studies 

have directly compared the stability of glycosides formed from the “Type A” oxyamine 
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linkers to those formed from the “Type B” variety. Accordingly, the focus of this chapter 

concerns the first direct comparison between the merits of the “Type A” and “Type B” 

linkers for the formation of glycosides. To undertake this study, an improved synthesis 

of the “Type A” linker was performed, and then differences in the hydrolytic stability 

between similar “Type A” and “Type B” glycosyl oxyamines in response to pH, glycoside 

concentration, and buffer strength, was explored.  

 

2.2 Results and Discussion 

2.2.1 Optimisation of “Type A” Linker Synthesis 

“Type A” bi-functional oxyamine linkers were first reported by Bohorov et al. for use in 

carbohydrate microarrays (Scheme 14).51 Bohorov’s procedure involved the N-Boc 

protection of ethanolamine (1) followed by mesylation of the hydroxyl and then reaction 

with LiBr to afford N-Boc protected bromoethylamine 2. N-Methylhydroxylamine was 

also N-Boc protected to give 3 before alkylation with 2 followed by Boc deprotection 

using TFA to produce the bi-functional “Type A” oxyamine linker 4 (Scheme 14). While 

this “Type A” linker is very useful for the preparation of a variety of glycoconjugates, the 

route suffers from a very low (8%) overall yield. A more recent procedure described by 

Prudden and Boons et al. utilised a Mitsunobu reaction to generate the Fmoc protected 

version of Bohorov’s linker in 34% overall yield (Scheme 15).52 During this synthesis, 

ethanolamine (1) was reacted with Fmoc chloride to provide intermediate 18, which was 

treated with 3 under Mitsunobu conditions to afford the protected linker 19. Boc 

deprotection was achieved with 4 M HCl in dioxane to give Fmoc-protected linker 20. 

However, as illustrated, this synthetic strategy does not include Fmoc deprotection. This 

is because the authors used the Fmoc group as a chromophore for UV/Vis detection to 

monitor subsequent reactions by HPLC. The Fmoc group also enabled the linker to be 

more lipophilic for the convenience of purification by reverse phase chromatography.  
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Scheme 14. Bohorov’s synthesis of “Type A” oxyamine linker 4.51 
 

Scheme 15. Prudden and Boons’ synthesis of Fmoc-protected “Type A” oxyamine linker 
20.52 
 

Accordingly, it was envisioned that a more efficient synthesis of the “Type A” oxyamine 

linker 4 could be achieved via a modification to Bohorov’s route by reducing the number 

of protection/deprotection steps in the synthesis. First, an attempt was made to react 

bromoethylamine hydrobromide (21) with N-methylhydroxylamine hydrochloride (17) 

with no protecting group chemistry (Scheme 16A). This alkylation was attempted in DMF 

using NaH, as was used to couple 2 and 3 together in Scheme 14. An aqueous workup 

using an organic solvent to extract the product was not possible due to the polar nature of 

the product, instead the solvent of the reaction mixture was evaporated in vacuo, however, 

only starting materials were recovered.  Solubility was also an issue, with the reaction 

mixture being relatively insoluble in DMF. An attempt was then made to react 

unprotected bromoethylamine hydrobromide (21) with Boc-protected N-

methylhydroxylamine (3), also using NaH in DMF (Scheme 16B). The reaction mixture 

was extracted with ethyl acetate to provide only starting materials.  

 

H2N
OH N

H
Br

1) Boc2O, TEA
2) MsCl, TEA
3) LiBr

N
MeHO

Boc

Boc
1) 3, NaH, DMF
2) TFA

H2N
O

N
H

Me

18% 47%
1

1 2 4

3

N
H

MeHO
Boc2O, TEA

DCM

72%
17

H2N
OH N

H
OHFmoc N

H
OFmoc N Boc

N
H

OFmoc NH HCl

N
MeHO

Boc3

DCM, DIAD, PPh3
0 ˚C to rt

4 M HCl
Dioxane

Fmoc-Cl

DCM, K2CO31 18 19

20

74%
65%

70%



 30 

Scheme 16. Attempted syntheses of 4 using fewer protecting groups. 
 

An attempt was then made to synthesise linker 4 starting the synthesis with 

bromoethylamine hydrobromide (21, Scheme 17) instead of ethanolamine (1, Scheme 14) 

and using a minimum number of protecting group manipulations. This strategy is 

advantageous as it eliminates two synthetic steps involved in transforming the alcohol 

into a bromine functionality in Bohorov’s synthesis. In this new approach, 2-

bromoethylamine hydrobromide (21) was treated with di-t-butylpyrocarbonate (Boc2O) 

to give N-Boc protected bromoethylamine (2) in excellent yield (89%), as compared to 

Bohorov’s original 3-step synthesis (18% yield) for this common intermediate. N-Boc 

protected bromoethylamine (2) was then condensed with Boc-protected N-

methylhydroxylamine (3), which itself was formed from N-methylhydroxylamine (17) in 

good yield (Scheme 17), to provide the Boc-protected linker. The protected linker was 

then treated with TFA to afford the “Type A” linker 4 in four steps and with an excellent 

overall yield of 38%.  

 

Scheme 17. Improved synthesis of the “Type A” linker 4.  
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2.2.2 Hydrolytic Stability Studies 

To determine the factors that influence the hydrolytic stability of “Type A” and “Type B” 

oxyamine glycoconjugates, equivalent “Type A” and “Type B” linkers conjugated to a 

simple monosaccharide were synthesised. Their hydrolytic stability was then compared 

by varying pH, conjugate concentration and molarity of the phosphate buffer in which 

the reaction takes place.  

 

2.2.2.1 Conjugate Synthesis 

To compare the hydrolytic stability of the two different types of oxyamine linkers, the 

stability of the “Type A” linker 4 was compared to the stability of the analogous “Type 

B” linker 22, which was reported by Munneke et al.53 (Figure 13). The “Type B” linker 

22 was prepared by S. Munneke according to his own published route.53 Here, conjugate 

addition of sodium azide to acrolein (5), followed by condensation with methoxyamine 

and reduction of the imine intermediate with sodium cyanoborohydride produced azide 

functionalised linker 6 in a 3-step-1-pot procedure (Scheme 18). Staudinger reduction of 

intermediate 6 then provided 22 in excellent yield (79%, two steps).  

 

Figure 13. Similar “Type A” and “Type B” oxyamine linkers.  
 

Scheme 18. Munneke’s synthesis of “Type B” oxyamine linker 22.53 
 

Both representative linkers 4 and 22 were then conjugated to N-acetylglucosamine 

(GlcNAc). GlcNAc was chosen because it is a glucose derivative and will thus 

exclusively form the β-pyranose conjugation product, as described in the introduction of 

this thesis. This sugar is also biologically relevant as all naturally occurring N-linked 

glycoproteins are conjugated through a GlcNAc residue to the rest of the glycan structure. 
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concentration of 0.1 M to provide the “Type A” glycoconjugate 24 and the “Type B” 

glycoconjugate 25 in 83% and 81% yields, respectively (Scheme 19). The exclusive 

formation of the β-pyranose product was confirmed by 1H NMR spectroscopy, with the 

only anomeric proton resonance exhibiting a 3J1,2 = 9.7 and 9.8 Hz for 24 and 25 

respectively (Figure 14). This relatively large value is typical for 1,2-trans-diaxial 

coupling constants in β-pyranosides.87 The conjugation was also confirmed by HMBCs 

between the NMe protons of the linker and the anomeric carbon of GlcNAc for 24 (Figure 

15), and between the N-CH2 protons of the linker and the anomeric carbon for 25. 

 

Scheme 19. Conjugation of GlcNAc (23) to both “Type A” and “Type B” oxyamine 
linkers.  
 

Figure 14. 1H NMR spectrum for 24 (D2O, 500 MHz). Insert illustrates the coupling 
constant of the anomeric proton. 
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Figure 15. HMBC for conjugate 24 (D2O, 500 MHz).  
 

2.2.2.2 Measuring the Rate of Hydrolysis of Glycosyloxyamines 

Both 1H NMR spectroscopy and HPLC have been utilised to measure the rate of 

hydrolysis of oxyamine glycoconjugates in previous hydrolytic stability studies.43, 53 The 

advantage of using 1H NMR spectroscopy is that there is no need to further functionalise 

the glycoconjugates with a fluorophore as is required for HPLC measurements. To 

measure the rate of hydrolysis using 1H NMR spectroscopy, appropriate proton 

resonances from the starting material and/or degradation products are integrated and 

measured against the integral of a proton resonance belonging to an internal standard.43, 

88 The decrease in starting material or increase in degradation products measured over 

time, relative to the internal standard, allows the rate of hydrolysis to be calculated. 

However, HPLC is a more accurate and reliable method for the measurement of the 

relative amounts of the glycoconjugates and their degradation products than 1H NMR 

spectroscopy.43, 88  
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2.2.2.3 Measuring Rate of Hydrolysis: Initial Design Using 1H NMR Spectroscopy  

Initially, 1H NMR spectroscopy was used to measure the rate of hydrolysis of the “Type 

A” and “Type B” glycosides (24 and 25) in a manner similar to the previous study on the 

hydrolysis of a “Type B” glycoside undertaken by Munneke et al.53 Accordingly, 
1H NMR spectroscopy was used to measure the proton resonances of the starting material 

(glycoconjugate, 24), as well as the resonances of the degradation products (free linker, 

4 and GlcNAc, 23).  

 

Scheme 20. Hydrolysis of the “Type A” glycoconjugate illustrating the proton signals of 
importance for measurements using 1H NMR spectroscopy. 
 

The N-methyl resonance for the “Type A” oxyamine glycoconjugate (Scheme 20 in blue) 
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material at time = 0. The anomeric proton resonance (Scheme 20 in red) on the 

glycoconjugate has a significantly different chemical shift (4.19 ppm for 24) to the 

anomeric resonance of the GlcNAc degradation product 23 (5.17 and 4.68 ppm for a- 

and b-GlcNAc respectively). As a result, the integral of the anomeric resonance belonging 

to the glycoconjugate starting material was measured relative to the integral of the 
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proton resonance, this decrease was measured over time so that the rate of hydrolysis 

could be calculated.  

  

The basic nature of the amine group present on glycoconjugates 24 and 25 allowed for 

the deprotonation of acidic compounds it encountered leading to salt formation. It was 

noted that both 24 and 25 formed mixtures of the acetate salt, the formate salt and the free 

amine. The acetate salt forms during the glycosylation reaction which takes place in a 

NaOAc/AcOH buffer (2 M, pH 4.5), while the formate salt forms during purification by 

direct loading of the reaction mixture onto a Bio-Gel P-2 column for size exclusion 

chromatography using a 0.1 M ammonium formate solution as the mobile phase. The 

presence of the acetate and formate salts was confirmed by NMR spectroscopy. It was 

observed that the free amine and/or the salts of the glycoconjugates 24 and 25 were 

altering the observed pH of the phosphate buffers in which the hydrolysis reaction was to 

take place, in an unpredictable manner. To mitigate this problem, a biotin probe was 

installed on each glycoconjugate to mask the free amine and form biotinylated 

glycoconjugates 26 and 27. The biotinylation of the “Type B” glycoconjugate to form 27 

was performed by S. Munneke (84% yield, Scheme 21).89 The biotinylation of the “Type 

A” glycoconjugate was achieved by reacting 24 with biotin and the coupling reagent 

HBTU to form 26 in 80% yield (Scheme 21). Biotin was chosen to mask the free amine 

because the chemical shift of its proton resonances was unlikely to overlap with the 

resonances of interest for the study. Biotin is also a common probe that is often installed 

on bifunctional linkers for use in biological applications.21 The biotinylated conjugates 

(26 and 27) were then subjected to a variety of pH values in a phosphate buffer in D2O. 

Unfortunately, as the reaction proceeded, a small amount of precipitate formed and coated 

the inside of the NMR tubes. The identity of the precipitate was not determined as there 

was too little material to properly isolate from the reaction mixture. It is highly likely that 

the precipitate was either the glycoconjugate or one of the degradation products 

(biotinylated free linker or GlcNAc). The presence of the precipitate meant that 

integrating proton resonances which belong to either the glycoconjugate and/or 

degradation products would not accurately determine the proportion of either present, as 

the insoluble precipitate would not register on the 1H NMR spectrum. It is possible that 

the precipitate could also affect the equilibrium of the hydrolysis reaction, and thus the 

observed rate of hydrolysis. For example, if the precipitate is one or both degradation 

products, it lowers the concentration of dissolved degradation products, thereby shifting 
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the equilibrium to favour hydrolysis as the reaction proceeds. Additionally, the O-methyl 

peak used as the “internal standard” for the “Type B” conjugate was too close in chemical 

shift to the glycan signals, as determined by S. Munneke.89 Thus, a truly accurate 

integration was not possible, and ideally the addition of a separate internal standard was 

needed. However, it was decided that HPLC (high performance liquid chromatography) 

would be superior to 1H NMR spectroscopy in terms of accuracy and reproducibility of 

the integrations of each peak, and thus this method was investigated.  

 

 Scheme 21. Conjugation of biotin to glycoconjugates 24 and 25.  
 

2.2.2.4 Measuring Rate of Hydrolysis: Design Using HPLC  

In order to use HPLC to measure the extent of hydrolysis of “Type A” and “Type B” 

oxyamine glycoconjugates, the compounds need to be detected by UV/Vis spectroscopy 

and therefore need to contain a chromophore. This was achieved by reacting the free 

amines of glycoconjugates 24 and 25 with dansyl chloride to produce the fluorescent 

glycosides 28 and 29 in 70% and 79% yield, respectively (Scheme 22). The dansylation 

of the “Type B” glycoconjugate was performed by S. Munneke. Dansyl is a fluorophore 

that strongly absorbs at approximately 337 nm,90 and was chosen for its water solubility 

and small size, which means its bulk is unlikely to affect the dynamics of the hydrolysis 

reaction. A separate internal standard conjugated to the same fluorophore (30, Scheme 

23) was also synthesised by S. Munneke to accurately determine the quantity of starting 

material and products present.  
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Scheme 22. Reaction of glycoconjugates 24 and 25 with dansyl chloride to give 
fluorescent glycoconjugates 28 and 29.  
 

The three fluorescent compounds in each reaction mixture were then detected by UV/Vis 

spectroscopy during hydrolysis (glycoconjugate 28, free linker 31 and internal standard 

30, Scheme 23) after eluting from a reverse phase column (column: BEH300 C18 5 µm, 

4.0 x 150 mm, 35% MeCN in H2O). After being measured using UV/Vis spectroscopy, 

the resulting plot (retention time on column vs. absorbance at 337 nm) indicated the 

presence of the 3 separate fluorophores with retention times of 88, 147 and 208 seconds, 

the identity of which was confirmed by mass spectrometry as glycoconjugate, internal 

standard and free linker respectively. The integration of the glycoconjugate signal and/or 

the free linker signal on this plot was measured against the integration of the internal 

standard to determine the amount of glycoconjugate remaining as a percentage of the 

original quantity before hydrolysis. Subsequent measurements of the same reaction 

mixture over time provided the rate of glycoconjugate loss. 
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Scheme 23. Hydrolysis of the dansylated “Type A” glycoconjugate (28) forming free 
linker (31) and GlcNAc (23) products, with dansylated ethanolamine (30) as internal 
standard. The dansyl functional group is depicted in blue. 
 

2.2.2.5 Experimental Variables 

To undertake the hydrolysis experiments, a citric acid-Na2HPO4 buffer was chosen 

because it allows for a wide range of pH values without the need for changing buffer type. 
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experiment was performed at pH 7.4 in PBS (phosphate-buffered saline) with very dilute 

glycoconjugate concentrations (12.5, 25, 50 or 100 µM) for each glycoconjugate type.  

 

During the initial hydrolysis studies, it was also observed that microbial growth started 

to occur. Accordingly, NaN3 was added to each sample in the experiments to control 

microbial growth. Through a separate control experiment, it was determined that NaN3 

had no effect on the rate of hydrolysis. Through a similar control experiment, it was also 

shown that the internal standard (30, Scheme 23) added to each sample had no effect on 

the hydrolysis rate.  

 

2.2.2.6 Results: Hydrolysis Studies using HPLC 

The stability of each glycoside was monitored over the course of 30 days in various pH 

conditions, glycoside concentrations and buffer strengths. To determine the hydrolysis 

rates, the half-life for each reaction needed to be calculated. It was previously determined 

that the hydrolysis of both types of oxyamine linkers proceeds via a pseudo first-order 

process.38, 53 Accordingly, the half-lives for the reactions were calculated using the 

integrated first order rate law written in the form of the exponential decay equation: 

 

 !" = !$%&'" (1) 

 

At = the quantity of starting material at time t, 

A0 = the quantity of starting material at time = 0, 

k = the decay constant, 

t = time. 

 

However, the hydrolysis does not reach completion, but instead reaches a point of 

equilibrium where the relative quantities of starting material and degradation products 

remain unchanged. Thus, the above equation is modified to include the quantity of 

starting material at equilibrium (Aeq): 

 

 !" = (!$ − !*+)%&'" + !*+ (2) 

 

Aeq = the quantity of starting material at equilibrium. 
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The data obtained from each experiment is plotted as a percentage of starting material 

remaining vs. time and fitted to the above equation using the least squares method. This 

allows for k and Aeq to be solved, enabling the half-life (t1/2) to be calculated by solving 

the equation for At = 50. 

 

For the time course experiments assessing the effect of pH on hydrolysis rates of the two 

oxyamine linkers, it was found that both glycosides hydrolyse significantly faster as pH 

decreases, with negligible degradation at pH 6 (Figure 16). The difference in hydrolysis 

rate between the two glycosides is minor, though the “Type B” glycoside is slightly more 

stable with t1/2 = 1.3 d at pH 3, t1/2 = 7.6 d at pH 4 and t1/2 = 73 d at pH 5 compared to the 

“Type A” glycoside at t1/2 = 1.2 d at pH 3, t1/2 = 7.0 d at pH 4 and t1/2 = 68 d at pH 5. 

However, the final equilibrium concentrations for the “Type A” glycoside is generally 

slightly higher than those for the “Type B” in each experiment. This means that, while 

the “Type B” glycoside may be more kinetically stable, the “Type A” is slightly more 

thermodynamically stable.  

 

Figure 16. Effect of varying pH on the hydrolysis rates of glycoconjugates 28 and 29. 
Glycoconjugate concentration = 5 mM, buffer strength = 100 mM. 
 

When the glycoside concentration was varied (pH = 4, 100 mM buffer strength), it was 

found that the more dilute solutions hydrolysed more quickly compared to their more 

concentrated counterparts (Figure 17). This is not surprising, because it is known that 
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very concentrated conditions are required for the formation of these glycosides.38 This 

means that dilute conditions favour the equilibrium towards the free glycan and linker 

rather than the conjugated glycoside. Again, the “Type B” glycoconjugate was found to 

be slightly more kinetically stable (as determined by t1/2) compared to the “Type A” 

derivative, however the “Type A” reached equilibrium at a higher glycoconjugate 

concentration, as was observed upon changing the pH.  

 

Figure 17. Effect of varying glycoconjugate concentration on the hydrolysis rates of 
glycoconjugates 28 and 29. Buffer strength = 100 mM, pH = 4. 
 

During the investigation of buffer strength on the rate of hydrolysis (pH = 4, 5 mM 

glycoside concentration) (Figure 18) it was observed that with increasing buffer strength, 

the rate of hydrolysis also increased. The buffer ions must be catalysing the hydrolysis 

reaction, thus, by increasing the buffer ion concentration, the reaction is more effectively 

catalysed. Once again, the “Type B” glycoconjugate had a higher t1/2 at each conjugate 

concentration relative to the “Type A”, while the “Type A” had a more favourable 

glycoconjugate:hydrolysed product ratio at equilibrium. 
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Figure 18.  Effect of varying buffer concentration on the rate of hydrolysis of 
glycoconjugates 28 and 29. Glycoconjugate concentration = 5 mM, pH = 4. 
 

A further experiment was conducted to demonstrate the stability of each glycoconjugate 

type in buffer systems commonly used for biological applications. Both “Type A” and 

“Type B” glycoconjugates were added PBS (pH 7.4) at very dilute glycoconjugate 

concentrations (12.5, 25, 50 or 100 µM). After monitoring these samples over a 35-day 

period, no hydrolysis products were observed, regardless of glycoconjugate concentration 

(Figure 19). 

 

Figure 19. Hydrolysis studies in PBS with varying glycoconjugate concentration. 
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Our “Type A” and “Type B” glycosides harbour a similar level of stability towards 

hydrolysis compared to other structurally similar “Type A” glycosyloxyamines described 

in the literature.43, 50, 66 These studies have only examined the effect that varying pH has 

on the hydrolytic stability of “Type A” glycosyloxyamines, each study also varies in 

buffer and glycoside concentration. The results of this chapter have indicated that varying 

buffer and glycoside concentration has a significant effect on the rate of hydrolysis. 

However, a tentative comparison can be conducted bearing these variables in mind. A 

comparison can also only be made with glycosyloxyamines which have a similar structure 

to our glycosides as work done by Nitz and co-workers have demonstrated that different 

substituents and/or saccharides have a profound effect on the stability of 

glycosyloxyamines.43 Cló et al. provided half-lives of 28 h and 34 h for glycosides 32 

and 33 (Figure 20A) respectively at pH 4 with a buffer concentration of 50 mM and a 

glycoside concentration of 1 mM.66 Nitz and co-workers afforded half-lives of 76 h and 

350 h for glycosides 34 and 35 (Figure 20B) respectively at pH 4 in a 20 mM buffer and 

with a glycoside concentration of 2 mM.43 Finally, Langenhan et al. obtained half-lives 

varying from 9.1 h to 31.8 h for glucosides at pH 3 with a 20 mM buffer concentration 

and a 2 mM glycoside concentration.50 Our glycosides have half-lives of 168 h and 182 h 

for  28 and 29 respectively, and are on the more stable end of the scale obtained from the 

literature (9.1 h – 350 h). This is likely to be due to the different monosaccharides present 

in the glycosides (GlcNAc vs. Glc) and/or the different glycoside and buffer 

concentrations between experiments.  

 

Figure 20. A) Glycosyloxyamines 32 and 33 synthesised and tested by Cló et al. B) 
Glycosyloxyamines 34 and 35 synthesised and tested by Nitz and co-workers. 
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2.3 Conclusion 

In this chapter, the ease of synthesis and hydrolytic stability of glycosides containing 

similar “Type A” and “Type B” oxyamine linkers were explored. The results of this study 

have shown that, overall, there is little difference between the hydrolysis rates of “Type 

A” and “Type B” glycosides.  

 

The synthesis of the “Type A” linker has now been improved from an overall yield of 8% 

over 6 steps51 to an overall yield of 38% over 4 steps. While this new synthetic route is 

more rapid and higher yielding than Bohorov’s original route, the “Type B” linker still 

has a more concise and adaptable synthetic route. The same 3-step-1-pot synthetic 

procedure developed by Munneke et al. can be adapted to produce “Type B” linkers with 

different terminal functional groups, producing overall yields ranging from 51% to 

96%.53 Both the “Type A” and “Type B” linkers, 4 and 22 can also be conjugated to 

representative glycans and probes such as biotin or dansyl in similar yields. The effect of 

pH, glycoside concentration and buffer strength were examined regarding the hydrolytic 

stability of the “Type A” and “Type B” glycosides. The “Type B” glycosides were found 

to have marginally greater kinetic stability, while the “Type A” glycosides were slightly 

more thermodynamically stable across all the variables tested. However, the modest 

differences in hydrolysis rates between the two types are likely to be minimal when used 

in practice. Overall, it was found that both “Type A” and “Type B” linkers are excellent 

candidates for the synthesis of glycoconjugates.  
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Chapter 3  
 
pKa Determination of the Conjugate Acid of 
Glycosyloxyamines 

3.1 Introduction 

The acid dissociation constant (Ka) is a measure of how readily an acid dissociates into a 

proton (in the form of protonated solvent) and its conjugate base.87 A negative log scale 

provides a convenient means to compare Ka values, as defined by the pKa (equation 3). 

Thus, the lower the pKa, the stronger the acid.   

 pKa = -log10Ka (3) 

 

Measuring the pKa values of specific functional groups within a molecule provides insight 

into how the acidity of the molecule can be modified by different substituents.91 These 

pKa values can therefore tell us the extent of the electron withdrawing or donating 

character of the different substituents. For example, the pKa of acetic acid in H2O is 4.76,91 

while the pKa of trifluoroacetic acid (TFA) is -0.30.92 The acidity of the carboxylic acid 

has increased significantly by replacing the methyl substituent with a trifluoromethyl 

substituent. The methyl substituent is slightly electron donating while the trifluoromethyl 

substituent is significantly electron withdrawing due to the inductive effect of the 

electronegative fluorine atoms. Consequently, the negative charge of the carboxyl anion 

of TFA is better stabilised, making proton dissociation more favourable.87  

 

The pKa of specific positions within a molecule can also give a measure of the molecule’s 

stability if protonation or deprotonation of that site is required for degradation. Timell 

et al. compared the relative rates of hydrolysis under acidic conditions of methyl 

glycopyranosides which differ in the substituent present on the C-5 position.93 It was 

found that methyl  a-D-glucopyranoside (11) was more stable than methyl a-D-

xylopyranoside (36) (Figure 21). This observation correlates with the electron affinity of 

the substituent on the C-5 position. The C-5 position of the xylopyranoside is more 

electron rich than that of the glucopyranoside. This allows the anomeric oxygen of the 

xylopyranoside to be more readily protonated than the glucopyranoside. The 
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oxocarbenium ion is then formed more quickly, producing a faster rate of hydrolysis 

(Scheme 24).93 Thus, the conjugate acid of the xylopyranoside is a weaker acid (higher 

pKa) than the conjugate acid of the glucopyranoside and is therefore more likely to be 

protonated. The electron rich xylopyranoside is also better able to stabilise the 

oxocarbenium ion once formed.  

 

Figure 21. Structures for methyl  a-D-glucopyranoside (11) and methyl a-D-
xylopyranoside (36). 
 

Scheme 24. Timell’s proposed mechanism for the hydrolysis of methyl pyranosides under 
acidic conditions.93 
 

3.1.1 The Hydrolysis of N-glycosyloxyamines 

There is much interest in understanding why N-glycosyloxyamines are stable under basic, 

neutral and mildly acidic conditions. As discussed in Chapter two, previous studies 

conducted on the hydrolytic stability of glycosyloxyamines, including work undertaken 

as part of this thesis, have demonstrated that the rate of hydrolysis of N-

glycosyloxyamines is highly pH dependent.38, 43, 50, 53, 66 As the pH is lowered, the rate of 

hydrolysis of glycosyloxyamines increases, indicating that some form of acid catalysis 

aids in the hydrolysis of the glycosidic bond. Studies also demonstrated that more electron 

rich monosaccharides and/or N-alkyl substituents increase the rate of hydrolysis,43, 66 
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which demonstrates that protonation is crucial for degradation to occur and that this 

protonation step must occur before or at the rate-determining step (RDS).43  

 

The putative mechanism for the hydrolysis of glycosyloxyamines involves the formation 

of an oxyiminium ion, following ring oxygen protonation, (Scheme 25) (endocyclic C-O 

bond cleavage) rather than initial protonation of the anomeric nitrogen and the formation 

of an oxocarbenium ion (exocyclic C-N bond cleavage).43, 94 This is due to the principle 

of microscopic reversibility,87 the mechanism of hydrolysis of glycosyloxyamines must 

proceed via the same pathway as their formation, which will be the pathway with the 

lowest energy. A mechanism of hydrolysis involving the protonation of the anomeric 

nitrogen, followed by oxocarbenium ion formation and subsequent attack of water must, 

therefore, be disregarded. Instead, the mechanism must follow a route where water attacks 

at the iminium ion. 

 

Scheme 25. Accepted steps for the mechanism of the hydrolysis of glycosyloxyamines.43 
 

If the pKa of the conjugate acid of the glycosyloxyamine was determined, more 

information could be obtained about its high stability under neutral and basic conditions. 

The pKa can also provide information on the optimal pH at which the hydrolysis will take 

place. By finding the pKa of the conjugate acid of the most basic position of the 

glycosyloxyamine, which should be the (protonated) anomeric nitrogen (Figure 22), it 

can be inferred that the pKa of the protonated ring oxygen (and all other protonated 

hydroxyls) will be lower. This is important because it is the ring oxygen which ultimately 

needs to become protonated for hydrolysis to occur.94 The pKas of the conjugate acid of 

glycosyloxyamines have not yet been experimentally determined. This will be the focus 

of this chapter, as determining the pKas of the conjugate acid of glycosyloxyamines will 

not only provide more information on the stability of these conjugates, but will also give 

insight into the type of acid catalysis that occurs during the hydrolysis reaction.  
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Figure 22. The structure for the conjugate acid of a generic glycosyloxyamine. 
 

3.1.2 Acid and Base Catalysis 

Acids and bases offer a common way of increasing the rate of a reaction.87 There are two 

types of acid and base catalysts: specific acid and general acid catalysts, and specific base 

and general base catalysts. Specific catalysts are responsible for the pH of the solution 

(H3O+ and OH-) and are the simplest Brønsted species. They allow for the complete 

protonation/deprotonation of the substrate to occur before the reaction commences. 

General catalysts, denoted HA and A-, aid in protonation/deprotonation during the RDS 

and include all general Brønsted acids or bases in solution, including undissociated 

acids.87, 95 

 

3.1.2.1 Specific Acid Catalysis  

Specific acid catalysis (SAC) involves the fast and complete protonation of the 

electrophile, to make it more electrophilic, followed by the slow rate-determining step, 

which has been accelerated in relation to the uncatalysed reaction. The hydronium ion 

(H3O+) is the only Brønsted acid strong enough to protonate the substrate without aid 

from any other processes.87 The rate is thus specifically dependent on the concentration 

of H3O+ and therefore pH, with the concentration of other buffers in solution having no 

effect on the rate of the reaction.96 For SAC to be effective however, the pH of the solution 

needs to be equal to, or lower than the pKa of the conjugate acid of the substrate. A pH 

significantly higher than the pKa will not yield enough protonated substrate for catalysis 

to occur. An inverse solvent isotope effect (k[D2O] > k[H2O]) is also indicative of SAC. 

This is because H2O is better at solvating H3O+ than D2O is at solvating D3O+ (due to the 

longer O-H bond vs. O-D bond).87 This allows D3O+ to protonate a substrate more easily 

than H3O+. Thus, at any one time, a higher percentage of the substrate is protonated in 

D2O than in H2O, increasing the rate of reaction.87 
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3.1.2.2 Specific Base Catalysis 

Analogous to SAC is specific base catalysis (SBC), which involves the fast deprotonation 

of the nucleophile to make it more nucleophilic in a pre-equilibrium step, followed by the 

rate-determining step. As with SAC, the reaction rate depends entirely on the pH of the 

solution as only the OH- ion is a strong enough base for effective catalysis. For SBC to 

occur, the pH must be equal to or higher than the pKa of the nucleophilic substrate to 

enable deprotonation. An inverse solvent isotope effect is also observed for SBC.87  

 

3.1.2.3 General Acid Catalysis 

Acids which are too weak to protonate a substrate can still act as a catalyst during general 

acid catalysis (GAC).87 Therefore, the reaction rate not only depends on the pH (H3O+ 

concentration) of the solution, but also on the concentration of other undissociated acids, 

HA. Because the reaction is being catalysed by weak acids during GAC, the protonation 

of the substrate cannot occur before the RDS, but instead occurs during the RDS where 

the attack of the nucleophile aids in protonation of the electrophile by making the 

electrophile more basic. Similarly, the protonation of the electrophile during the RDS aids 

nucleophile attack. Thus, GAC often involves a termolecular transition state (TS), which 

is demonstrated by a large negative value for the entropy of activation (DS‡).87 A normal 

kinetic isotope effect (KIE) (kH > kD) is observed during GAC, because a bond to 

hydrogen is being formed during the RDS. Reactions involving the heavier deuterium 

isotope will therefore be slower.87  

 

3.1.2.4 General Base Catalysis 

General base catalysis (GBC) involves the deprotonation of a substrate during the RDS 

by a weak base. The rate of reaction is thus dependent on the concentration of all bases 

in solution as well as pH. As with GAC, a large negative value for the entropy of 

activation is often observed for GBC and a normal KIE is also observed as deprotonation 

occurs during the RDS.87  
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3.1.3 Methods for the Determination of pKa Values 

The pKa of an organic compound provides essential information about its chemical 

behaviour. Many methods have been developed to determine the pKa of different 

chemical compounds, each with their own advantages and disadvantages. These methods 

include simple acid-base titrations, the use of NMR spectroscopy, and high performance 

liquid chromatography (HPLC), amongst others.97  

 

3.1.3.1 Acid-Base Titration 

The pKa of weak organic acids or bases is commonly determined via titration against a 

strong base or acid respectively. A titration curve is generated by plotting the pH of the 

solution, containing the weak acid/base, against the volume of strong base/acid added. 

For any acid, the pKa is related to pH via the Henderson-Hasselbalch equation (equation 

4):87 

 pH	=	pKa	+	log
[A-]
[HA]  (4) 

where [HA] = the molar concentration of the undissociated acid and [A-] = the molar 

concentration of the conjugate base of the acid. Thus, the pH = pKa when the 

concentration of HA and A- are equal, which is the half-equivalence point on the titration 

curve. At the half-equivalence point the DpH/Dvolume ratio is small, allowing the pKa to 

be determined with good accuracy. However, this method is only suitable for weak acids 

or bases and is thus limited to a specific pH range.98, 99 

 

3.1.3.2 NMR Chemical Shift  

1H or 13C NMR spectroscopy can also be used to determine the pKa of a molecule by 

plotting the change in chemical shift of resonances closest to the site of protonation as a 

function of pH.97 The proton and/or carbon resonances of the protonated species are 

expected to have higher chemical shifts due to the reduction of electron density around 

the nuclei of atoms near the site of protonation. Proton exchange is usually rapid 

compared to the NMR time-scale, thus producing signals which have an averaged 

chemical shift of the protonated and unprotonated species.100 As the pH decreases, more 

of the protonated species are present in solution, thereby increasing the chemical shift of 

affected resonances.97 Plotting the observed chemical shift vs. pH generates a sigmoidal 
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curve where the pKa is located at the inflection point.97, 101 An advantage of this method 

for the determination of pKa is the elimination of the requirement to perform a continuous 

titration, as known quantities of acid or base can be added to separate samples, which can 

then be measured. Microscopic pKa values of polyprotic acids can also be obtained using 

this method.97  

 

3.1.3.3 High Performance Liquid Chromatography 

The retention time of a compound on reverse phase HPLC changes when the pH is 

altered.97 This is due to the different affinities towards the immobile phase experienced 

by the protonated species relative to the unprotonated species. Accordingly, models have 

been developed which relate the retention or capacity factor (k) to the degree of 

dissociation of the acid (a). A plot of k vs. pH provides a sigmoidal curve with the pKa at 

the inflection point. This method also works for samples which are not 100% pure as 

HPLC is a separation technique. The analyte must, however, contain a chromophore for 

detection. The retention factor of the unionised species (k0) is often too big to be 

measured, meaning that the full range of a cannot always be utilised, reducing the 

accuracy of the obtained pKa value.97  

 

3.2 Results and Discussion 

The objective of the work in this chapter is to determine and examine the pKa of a generic 

glycosyloxyamine. Using these results in conjunction with the results of the hydrolysis 

studies discussed in Chapter two, it is anticipated that further insight into the mechanism 

of hydrolysis and the type of catalysis involved can be obtained.  

 

3.2.1 Model Glycoconjugate Synthesis 

To determine the pKa of glycosyloxyamines, studies using a simple, representative 

glycoconjugate, N-(2-acetamido-2-deoxy-β-D-glucopyranosyl)-N-methyl-O-methyl 

hydroxylamine (37) (Scheme 26) were undertaken. The structure of 37 closely resembles 

those synthesised for the oxyamine stability studies in Chapter two (4 and 22). However, 

the use of N,O-dimethylhydroxylamine as the oxyamine means that it is both a “Type A” 
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or a “Type B” glycoconjugate, thereby negating any possible affect that the difference in 

substitution pattern may have on pKa. 

 

The synthesis of conjugate 37 was achieved by reacting GlcNAc (23) with N,O-

dimethylhydroxylamine hydrochloride in an acetate buffer at pH 4.5 (2 M) for 24 hours 

at room temperature (Scheme 26). Purification by size exclusion chromatography then 

provided 37 in 65% yield. To confirm that the β-pyranose product had been formed, 
1H NMR spectra of 37 were obtained. The anomeric proton resonance exhibited a 3J1,2 = 

9.6 Hz, which is consistent with 1,2-trans-diaxial coupling constants in β-

glucopyranosides. Furthermore, conjugation of N,O-dimethylhydroxylamine to GlcNAc 

was confirmed by the presence of an HMBC between the N-methyl and anomeric 

resonances (Figure 23). 

 

Scheme 26. Synthesis of representative glycosyloxyamine 37. 
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Figure 23. HMBC for conjugate 37 (D2O, 500 MHz).  
 

3.2.2 Acid-Base Titrations for pKa Determination 

Initially, the acid-base titration method was used in an attempt to determine the pKa of 

the conjugate acid of glycoconjugate 37. The glycoconjugate was treated as a weak base 

and titrated against HCl, each at a concentration of 0.01 M. However, after plotting the 

pH of the solution against volume of HCl added (Figure 24), no half-equivalence point 

could be detected. Accordingly, 50 µL of 1 M NaOH was added to the glycoside solution 

before titrating against HCl to ensure that none of the glycoside was in its conjugate acid 

form. The resulting plot more accurately resembled a strong-acid-strong-base titration 

curve rather than a strong-acid-weak-base curve, however, once again no half-

equivalence point could be determined. These results indicated that the half-equivalence 

point, and therefore the pKa, was either at a much higher or much lower pH than what had 

been tested. An attempt was then made to titrate the glycoside as a weak acid against 

NaOH (both at 0.01M) to evaluate whether the half-equivalence point was at a higher pH. 

Again, no half-equivalence point was observed. Unfortunately, a pH lower than 2 could 

not be achieved using this method. Using more concentrated HCl would lead to a large 

DpH/Dvolume, which may mean that the observed half-equivalence point would be 
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inaccurate, if indeed it were detectable at all. It was thus decided to change to the NMR 

titration method for the determination of the pKa of the conjugate acid of 37.   

 

Figure 24. Plot for the titration of 3 mL 0.01 M glycoside 37 against 0.01 M HCl, 
illustrating no buffering by acid or base. 
 

3.2.3 NMR Titrations for pKa Determination 

The use of NMR spectroscopy for the determination of pKa is an accurate technique that 

can span a wide pH range.97 There is no need for a continuous titration as each pH titration 

point is obtained from a separate NMR sample. This means that the pH does not need to 

be instantly measured before the titration can continue, but rather, can be measured 

sometime after the NMR spectrum for that sample has been obtained.  

 

3.2.3.1 13C NMR Titrations to Determine pKa 

The results from the acid-base titrations indicated that the pKa of 37 was either at a very 

high or low pH, beyond that which could be measured using the acid-base titration 

methodology. Accordingly, 13C NMR spectroscopy was used to measure any change in 

chemical shift for 37 at very high pD values (7-14). Each NMR sample contained a 10 

mg/mL solution of 37 in D2O, and a varying quantity of NaOD in D2O to obtain six 

different samples at pD 8, 9, 10, 11, 12 and 14. A sample at pD 7 was also prepared using 

D2O only. However, there was no significant change in chemical shift for any of the 

resonances of 37 with increasing pD. Thus, it was concluded that the pKa of 37 must 
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reside at a very low, rather than very high, pH. 13C NMR spectroscopy was not suitable 

for these low pD measurements as the glycoside is unstable and will degrade during the 

time required to obtain a 13C NMR spectrum. Accordingly, it was envisioned that 
1H NMR spectroscopy would be a more suitable technique for the acidic pH titration 

measurements. 

 

3.2.3.2 1H NMR Titrations to Determine pKa 

Next, 1H NMR spectroscopy was used to observe any changes in chemical shift for the 

resonances of 37 at very low pH values. Seven samples were prepared, each containing 

0.5 mL of a 10 mg/mL solution of 37 in D2O. To each of these samples, 3 M DCl (50 

µL), 6 M DCl (50 µL), 9 M DCl (50 µL), conc. DCl (50 µL), conc. DCl (100 µL), conc. 

DCl (150 µL) or conc. DCl (200 µL) was added to produce samples at pD 0.97, 0.80, 

0.52, 0.46, -0.21 and -0.24, respectively. A sample in D2O only (10 mg/mL) was also 

prepared for a measurement at pD 7 and a separate sample in concentrated DCl only 

(10 mg/mL) was prepared to produce a pD of -1.00. 1H NMR spectra were then measured 

for each sample within two minutes of adding the DCl, to avoid extensive hydrolysis of 

37. The most basic site on glycoside 37, and thus the site to be first protonated, was the 

anomeric nitrogen, as determined by the large changes in chemical shift of the OMe, NMe 

and anomeric protons (H-1) as the pD decreased relative to the other proton resonances 

of the molecule (Figure 25). The change in chemical shift of these three resonances was 

then noted and examined as the pD decreased to later determine the pKa of the protonated 

anomeric nitrogen. The NAc methyl was used as an internal standard from which to 

measure the change in chemical shift of the other resonances as it was far enough away 

from the point of protonation that its chemical shift was unaffected as the pD was lowered. 

However, when using straight concentrated DCl, 3-(trimethylsilyl)propane-1-sulfonic 

acid (DSS)  needed to be added to the sample as an external reference because the N-

acetyl group was protonated at this low pD (pD = -1.00). DSS was also added to the 

sample with a pD of 7 to confirm that the N-acetyl resonance does not change for any of 

the other samples.  
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Figure 25. Stacked 1H NMR spectra for the pD titrations of 37 (D2O, 500 MHz).  
 

To determine the pD of these samples, Mohr’s method for the determination of chloride 

ion concentration102 needed to be used because the available pH meters could not read 

pH values below 1 or volumes as small as 0.5 mL. DCl is a strong acid, thus fully 

dissociates to produce equal concentrations of Cl- and D+. After each sample was 

measured by 1H NMR spectroscopy, they were then titrated against a 0.1 M solution of 

AgNO3, using K2CrO4 as an indicator. The number of moles of AgNO3 to reach the end 

point of the titration (as observed by the onset of a colour change) was then used to 

calculate the moles of D+ ions in solution, and ultimately the pD.  

 

The chemical shift of the NMe, OMe and H-1 protons were then each plotted against pD 

(Figure 26). This produced a familiar sigmoidal curve for each plot, with the pKa lying at 

the inflection point.97 Each plot was then fitted to equation (5) below using the least 

squares method, solving for pKa, dB and dBH
+: 

 /012 = /3 +
/345 − /3

1 + 1084&89:  (5) 
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Where: 

dobs = observed chemical shift of selected resonance.  

dB = chemical shift of the neutral species. 

dBH
+ = chemical shift of the N-protonated species. 

 

The data obtained fits equation (5) very well, with an average R2 value of 0.999, and the 

pKa values solved from each plot provided an averaged value of -0.9 (NMe plot pKa = -

0.9; OMe = -1.1; H-1 = -0.8) (Figure 26). As observed, each resonance shows the same 

trend of increasing chemical shift with decreasing pD. The chemical shift increases with 

protonation as electron density is withdrawn from atoms close to the site of protonation 

because the electrons are being donated to H+ as the bond forms.  

 

Figure 26. pD dependence of 1H NMR chemical shifts of the OMe, NMe and H-1 proton 
resonances of 37. Each marker represents a measured data point, the line is described 
by equation (5), fitting dobs at different pD values.  
 

Equation (5) was defined using equations (6) to (10) below:100 

 

Equation (6) below represents the dobs for each proton resonance as a function of both dB 

and dBH
+: 

 /012 = ;BH+/BH+ + ;B/B (6) 
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Where fBH
+ and fB are the molar fraction of protonated and unprotonated forms 

respectively. 

 

The molar fraction fBH
+ is described by the following equation: 

 ;BH+ =
[BH+]

BH+ +[B] (7) 

 

Considering that the molar fractions of protonated and unprotonated forms are equal to 

1: 

 ;BH+ + ;B = 1 (8) 

 

equations (7) and (8) can be substituted into equation (6) to derive equation (9).  

 /012 = /3 +
[BH+]

BH+ +[B] ∗ (/BH+ − /B) (9) 

 

The Henderson-Hasselbalch equation (10) can then be substituted into equation (9) to 

derive equation (5) 

 pH = pBC + log
[B]
[BH+] (10) 

 

With the knowledge that the pKa of the conjugate acid of the most basic site of 

glycosyloxyamine 37 is -0.9, it can be inferred that the pKa of other, less basic sites (such 

as the ring oxygen), will be lower. This means that significant quantities of the protonated 

ring oxygen of 37 will only be present at a pH below -0.9. This observation explains why 

glycosyloxyamines are so stable under basic, neutral and even mildly acidic conditions. 

The accepted mechanism for the hydrolysis of glycosyloxyamines involves the 

protonation of the ring oxygen and subsequent formation of an iminium ion rather than 

an oxocarbenium ion.43, 94 Thus, the less basic the ring oxygen, the lower the pH required 

for the ring oxygen to become protonated. The experimentally determined pKa value for 

the anomeric nitrogen of the generic glycosyloxyamine 37 established in this thesis thus 

aids in explaining the stability of glycosyloxyamines.  
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3.2.4 The Mechanism of Hydrolysis of Glycosyloxyamines 

The mechanism for the formation of glycosyloxyamines is shown below (Scheme 27). 

Here, initial ring oxygen protonation is followed by ring opening to form the aldehyde 

form of the saccharide (I-III). The nitrogen of the oxyamine then attacks at the anomeric 

position with the elimination of water to form a glycosyloxyimine which then forms the 

more thermodynamically stable, ring closed glycosyloxyamine (III-VI).  

 

Scheme 27. The mechanism for the formation of a generic glycosyloxyamine. 
 

It is widely accepted that the oxyamine attacks the aldehyde form of the sugar and not the 

oxocarbenium ion form because the leaving group on the anomeric position is not good 

enough for oxocarbenium formation.94 Due to the principle of microscopic reversibility,87 

the mechanism of hydrolysis of glycosyloxyamines must proceed via the same pathway 

as their formation, as discussed earlier in this chapter (Scheme 25). The rate of hydrolysis 

increases with decreasing pH, indicating that some form of acid catalysis is taking place. 

However, it is not conclusively known whether the hydrolysis of oxyamines occurs via 

SAC or GAC, and accordingly, it is not known what the RDS of the mechanism is. In the 

remainder of this chapter, further insight into the mechanism of glycosyloxyamine 

hydrolysis will be provided by considering the available literature data, as well as that 

obtained in this thesis.  

 

Previous literature examining the hydrolysis of glycosyloxyamines stated that the 

mechanism occurs via SAC.38, 43, 50, 66 During SAC, the ring oxygen of the conjugate is 

quickly protonated in a pre-equilibrium step (VII-IX) before the slow RDS (IX-XI) 

(Scheme 28). Here, the RDS is the attack of water on the ring-open iminium intermediate, 
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which involves general base catalysis to form the hemiaminal (XI) that then rapidly 

eliminates N-methylmethoxyamine to give the hydrolysed product (XII). 

 

Scheme 28. Initially proposed mechanism for the hydrolysis of glycosyloxyamine 37 via 
specific acid catalysis followed by general base catalysis.43  
 

An important aspect of SAC is that it is dependent on pH and independent of the 

concentration of other undissociated acids in solution.87 This is because a lower pH will 

increase the concentration of the protonated intermediates before the RDS, keeping in 

mind that anything which affects the steps up to and including the RDS can affect the rate 

of reaction. Other undissociated acids will not be strong enough to catalyse the reaction.87 

Indeed, glycosylhydrazides undergo hydrolysis via SAC as evidenced in studies done by 

Nitz and co-workers.38, 43, 88 The authors conducted a hydrolysis experiment on 1-

glucosyl-2-phenylhydrazide at a constant pH of 4 with varying NaOAc buffer 

concentration and found no significant increase in the rate of hydrolysis with increasing 

buffer concentration, thereby concluding that the hydrolysis of hydrazides undergoes 

SAC rather than GAC.88 While this study may be highly indicative of the processes 
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occurring during glycosyloxyamine hydrolysis, it does not meant that the two hydrolysis 

reactions occur via the same mechanism. Moreover, the hydrolysis experiment on 1-

glucosyl-2-phenylhydrazide was only conducted at a single pH value, bearing in mind 

that the RDS, and therefore the type of catalysis occurring, can vary at different pH 

values.87  

 

A few years later, Nitz and co-workers conducted a similar hydrolysis study using 

selected glycosyloxyamines.43 In this study, the authors demonstrated that at pH 4-6, 

buffer catalysis, consistent with GBC, is observed, with the hydrolysis still being 

dependent on pH. The authors therefore concluded that at pH 4-6, the hydrolysis of 

glycosyloxyamines undergoes SAC, followed by GBC as the RDS (Scheme 28). Previous 

literature studies have also demonstrated that the hydrolysis of oximes and hydrazones 

involves the rate-limiting addition of water at the sp2 carbon in the pH range of 4-6.94 Nitz 

and co-workers also demonstrated that glycosyloxyamines containing electron rich sugars 

have increased rates of hydrolysis between pH 4-6.43 The authors state that this is because 

more electron rich sugars are more easily protonated. This, in turn, means that the 

concentration of protonated intermediates before the RDS will be higher relative to 

conjugates bearing more electron poor sugars under the same conditions, thereby 

increasing the rate of hydrolysis (moving the equilibrium in the forward direction). In 

addition, Cló et al. demonstrated that more electron rich N-substituents also increased the 

rate of hydrolysis of glycosyloxyamines for the same reason as described above.66 

However, more electron rich sugars and/or N-substituents will reduce the electrophilicity 

of the anomeric carbon and thus should hinder the attack of water in the RDS and reduce 

the rate of hydrolysis. The observed increase in the rate of hydrolysis could therefore be 

due to the increased concentration of the protonated species having a greater effect than 

the reduced electrophilicity of the anomeric centre as the water molecule attacks a 

positively charged species, which already has a higher electrophilicity relative to the 

uncatalysed reaction. Notwithstanding, the observed increase in the rate of hydrolysis of 

electron-rich glycosyloxyamines could also be explained if GAC was occurring instead 

of SAC followed by GBC over this pH range (Scheme 29). Here, the RDS is the first step 

and occurs via GAC, where ring oxygen protonation and ring opening occur 

simultaneously (XIII-XV). Water then attacks at the anomeric centre via GBC to form 

the hemiaminal (V), which eliminates N-methylmethoxyamine via GAC (XVII-XX) to 

form the hydrolysed product (XX). 
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Scheme 29. Mechanism for the hydrolysis of glycosyloxyamine 37 via general acid 
catalysis, as proposed in this thesis for pH = 4. 
 

During GAC, substrate protonation by a weak acid occurs during the RDS along with 

other bond making/breaking processes which aid the protonation. This means that as well 

as being dependent on pH, the rate of hydrolysis will also be dependent on the buffer 

concentration, as was observed in the literature described above, and also by work 

performed as part of this thesis. GAC also explains the increased rate of hydrolysis of 

conjugates bearing electron rich substrates. Protonation occurs during the RDS, thus the 

more basic electron rich substrates will hydrolyse more quickly. It is likely that the attack 

of water is GBC and the loss of the oxyamine is GAC, as illustrated in the scheme above. 
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GAC in the pH range 4-6. Nitz and co-workers suggests that the loss of the oxyamine 

would be a fast process as the attack of oxyamines on aldehydes is fast and reversible.43 

The GBC step is also unlikely to be the RDS at this pH range, as more electron rich 

substrates would decrease the rate of reaction rather than increase it. The hydrolysis 

studies conducted in Chapter two of this thesis have demonstrated that a significant 

increase in the rate of hydrolysis is observed when the buffer concentration is increased 

at pH 4. This indicates that either GAC or GBC is occurring, which could fit either 

mechanistic model (Scheme 28 and Scheme 29). Unfortunately, these two mechanisms 

are indistinguishable kinetically. This is because mechanisms which involve HA 

(i.e. GAC) cannot be kinetically distinguished from mechanisms involving H+ and A- 

(i.e. SAC together with GBC).94 That said, SAC is only effective when the pH of solution 

is at or below the pKa of the conjugate acid of the base that is being protonated.87 By 

determining that the pKa of the conjugate acid of glycosyloxyamine 37 (Figure 22) is           

-0.9, we know that the pKa of the protonated ring oxygen must be lower, because the ring 

oxygen is less basic than the anomeric nitrogen.94 Accordingly, this suggests that SAC 

may not be effective in the pH range 4-6, and that therefore the GAC mechanism (Scheme 

29) is more likely. 

 

The RDS of hydrolysis, and therefore whether GAC or SAC + GBC is occurring, can also 

vary with pH. Evidence obtained in the literature and in this thesis towards understanding 

where the RDS of hydrolysis is, has only been obtained between pH 4-6. However, while 

conducting the 1H NMR pD titration experiment for the determination of the pKa of 37, 

it was noticed that the conjugate appeared to be reasonably stable at pD = -1.0. Evidence 

of this can be seen in the 1H NMR spectrum where the molecule appears to be largely 

intact, with almost no indication of the GlcNAc degradation product (Figure 25). This 

could be an indication of a change of RDS in the mechanism from GAC at pH 4-6 to SAC 

+ GBC at pH values close to -1. At such a low pH, the protonation of the substrate can 

no longer be rate limiting as the concentration of H+ ions in solution is so high that almost 

every substrate molecule will be quickly protonated. This implies that SAC is now 

occurring at pH = -1.0, followed by the slow RDS, which requires GBC. In such acidic 

conditions, the attack of water in the RDS will be substantially slower as there are very 

few H2O molecules to act as a base and catalyse the reaction. Also, SAC is more likely 

to be effective at pH -1 rather than pH 4-6 as the pH is now close to the pKa of the 

protonated conjugate. 
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One method to distinguish between the two mechanisms (Scheme 28 and Scheme 29) is 

by examining kinetic isotope effects on the rate of hydrolysis. As discussed in section 

3.1.2, SAC involves an inverse solvent isotope effect (k[D2O] > k[H2O]), while GAC 

involves a normal kinetic isotope effect (kH > kD). The presence of SAC can therefore be 

determined by conducting the hydrolysis reaction in H2O and D2O separately, and 

monitoring any effect on the rate caused by the deuterated vs. non-deuterated solvents. 

This experiment was attempted on glycosyloxyamine 37 using polarimetry to monitor the 

rate of hydrolysis. Glycosyloxyamine 37 has an optical rotation of αD
20.1 = -10 (c = 0.1, 

MeOH). The rate of hydrolysis can be monitored as the optical rotation reduces to 0 due 

to the hydrolysis of 37 and the formation of the achiral free oxyamine and the mixture of 

a- and b-GlcNAc epimers. Unfortunately, the available polarimeter was not accurate 

enough to monitor this change at pH 4. A future prospect of this study would be to obtain 

the use of a more accurate polarimeter and re-investigate this experiment.  

 

3.3 Conclusion 

The pKa of the conjugate acid of a generic glycosyloxyamine was successfully determined 

to be -0.9 using 1H NMR titrations. This value corresponds to the N-protonated form of 

the glycosyloxyamine and indicates that the anomeric nitrogen is the most basic site on 

the conjugate. It is thus inferred that the less basic ring oxygen will have a pKa lower than 

-0.9. Such a low pKa indicates that glycosyloxyamines require a low pH to become 

protonated, which explains their high stability under basic, neutral and mildly acidic 

conditions. Previous literature has suggested that the hydrolysis of these conjugates is 

SAC, but studies herein suggest that GAC may be occurring and that the type of acid 

catalysis is likely to change with pH. More studies, however, would be required to better 

determine the mechanism of hydrolysis for these conjugates. 
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Chapter 4  
 
Synthesis and Application of Thiol 
Functionalised Oxyamine Linkers 

4.1 Introduction 

Bifunctional oxyamine linkers are a versatile tool for the conjugation of saccharides to a 

variety of different substrates. The N,O-dialkyl functionality of the oxyamine allows for 

direct conjugation to the reducing end of saccharides, thereby forming a stable glycosidic 

bond without the need for activating groups or protecting groups. Thus, both 

synthetically- and biologically-derived sugars can be conjugated using this linker.53 

Moreover, glucose derived saccharides with a free reducing end will exclusively form the 

β-pyranose product.50 Using the reactive functional group on the terminal end of the 

linker, the resulting glycoconjugate can then be linked to a variety of substrates including 

proteins,16 dendrimers,23 nanoparticles,24 and microarray slides.18 For example, a thiol 

functionalised oxyamine linker can be used to link sugars to the surface of gold 

nanoparticles,24 and glycoproteins can also be produced by forming disulfide bonds with 

cysteine residues in proteins.103  

 

4.1.1 Gold Nanoparticles as a Multivalent Display Scaffold 

A major constraint with the use of carbohydrates as ligands for lectins is that their binding 

interactions with their lectin counterparts on cell surfaces is often too weak to induce 

cellular activation.77 However, by placing multiple target carbohydrates on a multivalent 

display scaffold, the local concentration of the carbohydrate is dramatically increased. 

This facilitates the crucial cross-linking on the cell surface that is required for cellular 

activation. Such multivalent display scaffolds can also be used to label the glycocluster, 

thereby allowing its distribution in a biological system to be monitored.81  

 

As discussed in the introduction of this thesis, gold nanoparticles offer advantages over 

other multivalent display scaffolds. They are relatively easy to synthesise and purify, and 

their size and shape can be finely controlled using the appropriate literature 
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methodology.81, 82 They are also larger than proteins and dendrimers, which allows them 

to be more easily visualised during phagocytosis by macrophages or DCs using optical 

microscopy. Glycosylated gold nanoparticles (AuNPs) can easily be synthesised by 

adding the glycoside functionalised with a terminal thiol to the reaction mixture during 

AuNP synthesis. The glycoside then forms a self assembled monolayer (SAM) on the 

surface of the AuNP via strong thiolate-Au bonds (40-50 kcal mol-1).104 Several 

glycosylated AuNPs have been prepared to date and include N-α-fucosyl-β-alanylamide-

functionalised, LewisX (LeX)-functionalised, and Mana1-2Mana-functionalised AuNPs 

as targets for the DC-SIGN receptor on DCs.24, 105 Mana1-2Mana-functionalised AuNPs 

mimic the high mannose clusters found on the surface of HIV and competitively inhibit 

the binding of the virus to DC-SIGN.105 

 

The objective of this chapter is to prepare an oxyamine dithiol linker, which can be 

functionalised with glycans, such as chitin. It is known that bidentate dithiol ligands form 

more stable AuNPs compared to their monodentate counterparts.83, 106 For example, Mei 

et al. demonstrated that ligands with higher coordination numbers are better able to 

stabilise AuNPs against excess added salt, which causes the nanoparticles to aggregate. 

These ligands are also more resilient to displacement by dithiothreitol (DTT) than ligands 

with only one coordination site.83 In a different study, Mei et al. also concluded that 

AuNPs bearing dithiol ligands were more stable over a wide pH range and at high ionic 

concentrations than monodentate ligands, making them effective tools for use in 

biological systems where high ionic concentrations and changes in pH are common.106 

Accordingly, glycosylated AuNPs formed using a dithiol linker should have good 

aqueous dispersion, be stable in biological conditions, and be more resistant to 

displacement of the glycosyl-ligands by other thiol functionalised biomolecules.  

 

4.2 Results and Discussion 

4.2.1 Sulfur Functionalised Linker Design and Synthesis 

Glycoconjugates formed from both “Type A” and “Type B” oxyamine linkers show 

comparable hydrolytic stability, as determined in Chapter two of this thesis. However, 

the methodology for the synthesis of the “Type B” linker is not only more efficient than 

that of the “Type A” linker, but is also more versatile and readily allows for the synthesis 
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of linkers with different terminal functional groups.53 The “Type B” oxyamine linker 

synthesis was therefore adapted for the design and synthesis of an oxyamine linker 

bearing terminal thiol groups for the multivalent display of glycans on gold nanoparticles.  

 

To synthesise the target dithiol functionalised “Type B” oxyamine linker 39, it was 

envisioned that  trithiol 38 could react with acrolein (Scheme 30), in a manner similar to 

the strategy developed by Timmer and co-workers for the synthesis of the analogous 

monodentate thiol oxyamine linker.53 The use of a C3 symmetric trithiol, such as 1,1,1-

tris(mercaptomethyl)ethane (38), alleviates concerns about the regioselectivity of the 

thiol addition to acrolein. Tris(mercaptomethyl)ethane (38) was in turn envisioned to be 

avaliable from tris(hydroxymethyl)ethane (40) via per-bromination and displacement of 

the bromine groups with sulfur.  

 

Scheme 30. Retrosynthetic analysis for the synthesis of “Type B” linker 39. 
 

4.2.1.1 Trithiol Synthesis 

To commence the synthesis of trithiol 38, it was initially proposed that triol 40 could be 

treated with PBr3 according to a literature procedure107 and the corresponding tribromo 

derivative 41 substituted using thiourea. Thiourea was the preferred thiolating agent as 

this reaction has been reported to be straightforward, high yielding, and can be completed 

under atmospheric conditions.108 Literature precedent suggested that the transformation 

of triol 40 to tribromide 41 could be achieved in a 40% yield via the treatment of 40 with 

1.5 equivalents of PBr3 in MeCN at reflux for 24 hours.107 Accordingly, 1.5 equivalents 

of PBr3 was reacted with 40 in freshly distilled MeCN for 24 hours (Table 1, entry 1). 

Upon work-up and purification of the reaction mixture by silica gel flash 

chromatography, 1H and 31P NMR spectroscopy revealed that 40 had reacted to form a 
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cyclic phosphate. The 13C NMR spectrum revealed three carbon resonances, all of which 

showed carbon-phosphorus coupling (125 MHz, CDCl3, δ 78.9 (d, 2JP,C = 5.7 Hz, 

CH2OP), 34.3 (d, 3JP,C = 38.6 Hz, Cq), 13.1 (d, 4JP,C = 2.6 Hz, CH3)) (Figure 27). 1H NMR 

spectra indicated that the CH2 protons had shifted downfield to δ 4.48 compared to the 

trihydroxy starting material at δ 3.47, which is consistent with the attachment of a more 

electron-withdrawing group. The CH2 proton resonance also showed proton-phosphorus 

coupling at δ 4.48 (d, 3JP,H = 6.4 Hz). 31P NMR spectroscopy indicated the presence of a 

single phosphorus resonance at δ -8.2 (121 MHz, CDCl3), which, along with the 13C NMR 

data, is indicative of a cyclic phosphate.109 HRMS also concluded the formation of the 

phosphate (m/z calcd. for [C5H10O4P]+: 165.0311, obsd.: 165.0303).  

 

Figure 27. 13C NMR spectrum of cyclic phosphate (CDCl3, 125 MHz), inserts are 
magnifications of each resonance illustrating JC,P coupling constants. 
 

In an attempt to prevent phosphate formation and form the desired product, MeCN was 

replaced with the higher boiling pyridine as the solvent in the next reaction and more 

equivalents of PBr3 (3 eq.) were added (Table 1, entry 2). Unfortunately, the same 

phosphate was the only product observed by TLC (Rf = 0.25 (EtOAc/PE, 3:1, v/v)), 

despite refluxing the reaction for 48 hours; it was subsequently isolated following work-

up. In the next reaction, ten equivalents of PBr3 were used, which produced the desired 
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product 41 in a 27% yield after purification by silica gel flash chromatography (entry 3). 

The formation of 41 (Rf = 0.92 (PE/EtOAc, 3:1, v/v)) was difficult to monitor by TLC as 

it could only be stained at a relatively high concentration by development with potassium 

permanganate, which presented a challenge, especially during purification. The 1H and 
13C NMR spectra of 41 matched those reported in the literature107 with the CH2-Br proton 

resonances appearing as a singlet at δ 3.49 and the methyl protons appearing as a singlet 

at δ 1.28 (CDCl3, 500 MHz). The CH2-Br carbon resonances had a chemical shift of 

δ 39.0 and the methyl carbon appeared at δ 21.6, while the quaternary carbon was present 

at δ 39.6 (CDCl3, 125 MHz). In theory, only one equivalent of PBr3 is required to 

substitute all the hydroxyls of 40 for bromines, forming P(OH)3 as a by-product, however 

as described above, further equivalents were required to ensure the reaction went to 

completion. In an attempt to further increase the yield of the target product, 40 was 

refluxed in HBr and H2SO4, according to a literature procedure used for the synthesis of 

2-(bromomethyl)-1,4-dibromobutane.110 However, despite the harsh reaction conditions, 

only mono- and di-bromo products were observed (entry 4).  

 

Table 1. Development of reaction conditions for the synthesis of 41 from 40. 

 

Entry 
Reagents 
(eq. rel. to 

40) 
Solvent Temperature  Reaction 

Time Observed 

1 PBr3  
(1.5 eq) MeCN Reflux 24 h 

 

2 PBr3  
(3 eq) Pyridine Reflux 48 h 

 

3 PBr3  
(10 eq) Pyridine Reflux 24 h 
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4 HBr (9 eq), 
H2SO4 

Neat Reflux 24 h 
 

and/or 

 
 

With tribromide 41 in hand, attempts were then made to convert this to trithiol 38. A 

Japanese patent indicated that 2,2-bis(mercaptomethyl)-1,3-propanedithiol could be 

synthesised from its tetrabromo counterpart using thiourea.111 Accordingly, 41 was 

reacted with 3.5 equivalents of thiourea in EtOH at reflux for 3 hours, aqueous NaOH 

(2.5 M, 0.2 mL) was then added to the reaction mixture, and the reaction refluxed for a 

further 2 hours (Scheme 31). Unfortunately, no desired product was observed and only 

thiourea and 41 were returned.  

 

Scheme 31. Attempted synthesis of trithiol 38 from tribromide 41. 
 

To ensure that the reaction conditions were feasible, an attempt was then made to 

transform a simpler dibromo substrate into a dithiol using thiourea. Dibromobutane (42) 

was thus reacted with thiourea (2.2 eq.), using the same reaction conditions described 

above, to yield butanedithiol (43) in a 73% yield without any need for further purification 

(Scheme 32).  

 

Scheme 32. Synthesis of butanedithiol (43) from dibromobutane (42) using thiourea. 
 

From these observations, it was thus thought that 41 may be too sterically hindered to 

allow for substitution of the bromine atoms by thiourea and the formation of the 

isothiouronium ion intermediate. Accordingly, it was proposed that tribromopropane (45) 
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would serve as a better scaffold as this substrate is slightly less sterically hindered and 

will nonetheless still provide the desired terminal dithiol functionality once converted 

into the oxyamine linker. Moreover, propanetrithiol has also been specifically synthesised 

from 45 using thiourea according to a Chinese patent.112 To this end, tribromopropane 

(45) was synthesised by reacting allylbromide (44) with Br2 in carbon tetrachloride 

(Scheme 33).  

 

Scheme 33. Synthesis of tribromopropane (45). 
 

Unfortunately, attempts to synthesise propanetrithiol from 45 using thiourea were 

unsuccessful (Scheme 34). Very little material was recovered in the organic layer 

following extraction and 1H NMR analysis of this material presented multiple broad 

resonances, which were difficult to interpret and indicated that the formation of a polymer 

had occurred. No tribromopropane was re-isolated in the organic layer. Indeed, 

Russavskaya et al. described the formation of a strongly cross-linked disulfide 

dendrimeric polymer en route to the synthesis of 1,2,3-propanetrithiol from 1,2,3-

trichloropropane.113 The authors reduced this polymer to form the trithiol using an 

alkaline solution of hydrazine hydrate, followed by acidification. In view of this, the crude 

reaction mixture was then subjected to Russavskaya’s reduction conditions in an attempt 

to reduce any polymer that may have been formed. Unfortunately, this did not generate 

product and the same crude residue was returned.  

 

Scheme 34. Attempted synthesis of 1,2,3-propanetrithiol from tribromide 45. 
 

Following little success in the synthesis of propanetrithiol from 45, alternative 

methodologies for the synthesis of terminal thiols were then explored. Guyon et al. 

synthesised a dithiol from 1,2-dibromodecane (46) (Scheme 35),114 whereby they reacted 
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46 with mercaptoethanol in the presence of sodium ethoxide to produce diol 47 in modest 

yield. The diol was then refluxed with thiourea in concentrated HCl, followed by 

hydrolysis using NaOH to produce dithiol 48. 

 

Scheme 35. Guyon’s synthesis of dithiol 48.114  
 

It was thought that the above procedure could be applied to the thiolation of 45 as the 

addition of mercaptoethanol to 45 would generate a longer alkyl chain, thereby 

facilitating the subsequent reaction with thiourea. Thus, a pilot study was conducted 

whereby 42 was refluxed for 3 hours with mercaptoethanol in the presence of sodium 

ethoxide (Scheme 36). The resulting diol 49 was isolated and placed in a solution of 

thiourea in concentrated HCl and refluxed for 2 hours before being hydrolysed by the 

addition of aqueous NaOH. Acidification of the crude mixture produced dithiol 50 in a 

moderate (50%) yield. 

 

Scheme 36. Dithiolation of dibromobutane (42) using mercaptoethanol and thiourea. 
 

Following this success, the reaction conditions were then applied to 45 (Scheme 37). 

Here, tribromide 45 was dissolved in a solution containing mercaptoethanol and sodium 

ethoxide in ethanol, refluxed for 3 hours, and the reaction mixture then extracted using 

CH2Cl2. A 1H NMR spectrum of the material from the crude reaction mixture revealed 

the formation of elimination product 51 instead of the desired triol. The 1H NMR 

spectrum of 51 matched the literature115 with characteristic proton resonances at δ 5.79 

and 5.52 (methylene protons), and a singlet at δ 3.45 belonging to the CH2 protons 

adjacent to the double bond.  
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Scheme 37. Reaction of 45 with mercaptoethanol producing the undesired elimination 
product 51. 
 

To prevent the formation of the elimination product 51, the reaction was repeated under 

milder conditions. First, NaOEt was replaced with NaHCO3 and the reaction mixture 

stirred at 40 ˚C overnight, however only tribromopropane was recovered. The reaction 

was then attempted using NaOH with stirring at room temperature for 5 hours. This also 

produced the elimination product 51. Another attempt was made using K2CO3 as the base 

with stirring at room temperature. TLC analysis after 15 minutes, however, revealed that 

51 had formed (Rf = 0.71 (PE/EtOAc, 1:1, v/v)), which indicates that 45 is very prone to 

elimination and that the optimisation of this reaction would be challenging.  

 

Following these unsuccessful attempts at synthesising a variety of different trithiols, 

alternative methodology for the synthesis of the originally proposed 

tris(mercaptomethyl)ethane (38) was then re-examined. To this end, Valiulin et al. had 

used a mixture of NaSH/S to produce 38 from tris(tosyloxymethyl)ethane.116 In addition, 

Petrovski et al.117 had reacted tris(hydroxymethyl)ethane (40) with benzenesulfonyl 

chloride in pyridine to yield tris(benzenesulfonylmethyl)ethane (52), which is similar to 

tris(tosyloxymethyl)ethane. Thus, it was proposed that a combination of these two 

methodologies would allow for the successful synthesis of tris(mercaptomethyl)ethane 

(38). Accordingly, tris(hydroxymethyl)ethane (40) was treated with benzenesulfonyl 

chloride in pyridine and benzenesulfonate 52 was precipitated from the reaction mixture 

using a solution of concentrated HCl, water and methanol, and obtained in excellent yield 

(96%) with no need for further purification (Scheme 38). 

 

Scheme 38. Successful synthesis of tris(mercaptomethyl)ethane (38). 
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Valiulin et al. obtained trithiol 38 by treating tris(tosyloxymethyl)ethane with a Na2Sx 

solution in DMF that was prepared by heating a mixture of NaSH.9H2O and sulfur 

powder in DMF to 80 ˚C for 1 hour.116 The same Na2Sx solution can be obtained by 

heating a mixture of Na2S and sulfur powder (1:2 molar equivalents, respectively) in 

DMF to 80 ˚C for 1 hour to produce a deep blue solution.118 An attempt was thus made 

to synthesise 38 using Valiulin’s procedure, but with substituting NaSH.9H2O for Na2S, 

as Na2S was immediately at hand.  

 

Accordingly, Na2S and sulfur powder were heated in DMF at 80 ˚C for 1 hour forming a 

dark blue solution to which benzenesulfonate 52 was then added, and the reaction left to 

stir at 80 ˚C overnight. The DMF was then removed in vacuo before Cu powder and 

toluene were added. The Cu reduces excess sulfur present and forms black CuS, which 

was removed via filtration after the mixture was refluxed for an additional 4 hours. The 

eluent was then diluted with EtOH, Zn powder and concentrated HCl were added, and 

the solution stirred at room temperature overnight. After extracting the mixture with 

CH2Cl2 and purifying the resulting crude oil via silica gel flash chromatography, the 

desired trithiol 38 was successfully obtained in a 22% yield, as confirmed by 1H and 
13C NMR spectroscopy, which matched the data reported in the literature.116 The CH2 

proton resonances appear as a doublet at δ 2.61 (3JH,S = 8.79 Hz), with coupling to the 

terminal SH protons,  while the SH protons appear as a triplet at δ 1.22 (3JS,H = 8.79 Hz). 

The methyl protons appear as a singlet δ 1.01 (s), and the carbon resonances appear at δ 

39.2 (Cq), 31.8 (CH2) and 21.5 (CH3). The yield for the synthesis of 38 from 52 was then 

improved to 42% by repeating the thiolation reaction, using double the equivalents of 

Na2S and elemental sulfur (Scheme 38).  

 

4.2.1.2 Synthesis of Thiol Functionalised Oxyamine Linker 

With trithiol 38 in hand, the synthesis of the thiol functionalised oxyamine linker was 

then attempted. Timmer and co-workers synthesised a mono-thiol functionalised 

oxyamine linker in a 76% yield over three steps,53 whereby 5 equivalents of 1,2-

propanedithiol relative to acrolein was used. In this manner, propanedithiol 

simultaneously acts as a reducing agent as well as the nucleophile, and allows for the 

isolation of the sulfhydryl rather than the disulfide oxyamine. Accordingly, this 

methodology was initially followed for the synthesis of the di-thiol functionalised 
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oxyamine linker 39, where acrolein was reacted with 5 equivalents of neat thiol 38 at 

room temperature for 2 hours (Table 2, entry 1). It was observed by TLC that the reaction 

did not go to completion in this time, however, the synthesis was continued to see if this 

reaction route was plausible, with optimisation of the individual steps to occur at a later 

stage. The reaction mixture was then diluted with EtOH, followed by the addition of 

methoxyamine hydrochloride and sodium acetate, and the solution stirred at room 

temperature for 18 hours. Reduction of the oxime intermediate was then achieved by 

adding NaCNBH3 and ethanolic HCl to the reaction mixture with stirring at room 

temperature for 5 hours. Purification of the crude mixture by silica gel flash 

chromatography then led to the successful isolation of linker 39, albeit in a modest (25%) 

yield, and in a 5:1 ratio of the dithiol:disulfide products, 39a:39b, respectively. Unreacted 

trithiol 38 was also recovered (ca. 20% of the original quantity added). 

 

Table 2. Reaction conditions used for the synthesis of linker 39 using trithiol 38. 

 

Entry 
Yield 

(39a:39b) 
Eq. 

thiola 
Step 1 Step 2 Step 3 

Time Temp Time Temp Time Temp 

1 25% (5:1) 5 2 h rt 18 h rt 5 h rt 
2 24% (1:1) 1.2 o/n rt o/n rt 4 h rt 

3 25% (1:3) 1.1 o/n 40 ˚C o/n  rt 5 h rt 
4b 27% (3:1) 1.1 o/n 40 ˚C o/n rt 3 h rt 

a equivalents relative to acrolein; b concentration of reaction during step 1 is 1 mL/mmol  
 

Evidence for the formation of an intramolecular disulfide bond between the two terminal 

thiols in product 39b was obtained by 1H NMR analysis. Here, the presence of an AB 

system for the four CH2-S protons was observed: δ 3.13 (d, 2JHH = 11.35 Hz), 2.89 

(d, 2JHH = 11.35 Hz). This coupling pattern can only be obtained once the disulfide forms, 

thereby locking the molecule into a rigid 5-membered ring. Given that the reaction 

conditions appeared to favour formation of intramolecular rather than intermolecular 
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disulfide bonds, it was proposed that the 5 equivalents of thiol used in Timmer and co-

workers’ initial synthesis was unnecessary as dimers or trimers of product 39 appeared 

less favourable. The reaction was thus repeated using only 1.2 equivalents of thiol (Table 

2, entry 2). The yield was unaffected by the reduced quantity of thiol and the isolated 

linker was obtained in a 1:1 ratio of ring-closed disulfide to ring-open dithiol. As the 

trithiol starting material 38 was once again re-isolated (ca. 20%), this suggested that the 

reaction of 38 with acrolein does not go to completion, which was also noted by TLC 

analysis during the course of the reaction. Accordingly, during the next attempted 

synthesis of the dithiol oxyamine linker 39, trithiol 38 was heated with acrolein in DCM 

at 40 ˚C overnight (entry 3). Unfortunately, this did not improve the reaction yield. The 

concentration of the reagents for the Michael addition was then increased from 

5 mL/mmol to 1 mL/mmol, along with heating at 40 ˚C (entry 4), however, this also had 

little effect on reaction yield.  

  

It was then thought that perhaps the steric bulk of trithiol 38 was interfering with the 

ability of this nucleophile to partake in the Michael addition to acrolein (step 1). To reduce 

the effect that steric bulk might have on this reaction, it was proposed that trithiol 38 

could be oxidised to form an intramolecular disulfide bond as this would tether two of the 

thiol groups in a 5-membered ring and potentially render the remaining thiol more 

reactive.  

 

The oxidation of 38 to dithiolane 53 was first attempted using one equivalent of iodine 

(Table 3, entry 1). Trithiol 38 was dissolved in CH2Cl2 before the addition of iodine and 

water, whereby water helps dissolve the iodine and is required to dissolve the HI formed 

during the reaction. This mixture was vigorously stirred for one hour, however, only the 

over-oxidised dimer 54 was observed, as evidenced by the 1H NMR spectrum where there 

were no observable SH proton resonances or 1H-1H coupling between the CH2 protons 

and the SH proton, both of which are quite evident in the 1H NMR spectrum of 38. The 

AB system of the 5-membered disulfide ring in 54 moved downfield to d 3.13 and d 2.90, 

while the other CH2 protons also appeared downfield (d 3.08, s) relative to the CH2-SH 

protons of 38 which appear at δ 2.61 (d, JSH,CH2 = 8.8 Hz). This suggests that the CH2 

protons not involved in the 5-membered ring are also adjacent to a disulfide bond rather 

than to a thiol. The oxidation was attempted again using one equivalent of iodine that was 



 77 

added as a 0.1 M aqueous solution. Again, only 54 was formed (entry 2). It was then 

thought that diluting the reaction solution might prevent dimer formation. Accordingly, 

the concentration of the solution was thus diluted to 20 mL/mmol, from the original 

5 mL/mmol, and only 0.1 equivalents of iodine was added to assess if any of the desired 

product 53 formed before dimer 54. Under these reaction conditions, a mixture of 53, 

starting material 38, and dimer 54 were observed by 1H NMR spectroscopy in a 1:3:1 

ratio, respectively (entry 3), which suggested that there was scope to optimise this 

reaction. The formation of 53 was confirmed by 1H NMR spectroscopy by the presence 

of a doublet (3JH,SH = 10.5 Hz) at d 2.72 belonging to the CH2-SH protons, which had 

moved downfield relative to the CH2-SH protons of starting material 38. The equivalents 

of iodine added was then increased to 0.8 in an attempt to favour the formation of 53. 

Indeed, the relative amount of the desired product improved (3:1:2, 53:38:54), with 53 

and 38 being isolated in a 74% combined yield (entry 4). These findings suggested that 

as more of the target dithiolane 53 is produced, the amount of dimer 54 also increases 

before all starting material has reacted. Nonetheless, another reaction was attempted by 

adding iodine in 10 × 0.1 equivalent aliquots. It was hoped that the slow addition of the 

iodine under these dilute conditions would favour the production of dithiolane 53 relative 

to the dimer. Indeed, these conditions gave 53:38:54 in a 5:1:2 ratio (79% combined yield) 

(entry 5). The addition of more than one equivalent of iodine, however, did not further 

improve this ratio and instead resulted in the production of more dimer (entry 6). Silica 

gel flash chromatography of the 5:1:2 mixture of 53:38:54 resulted in the separation of 

dimer 54 from dithiolane 53 and dithiol 38. Unfortunately, 53 and 38 were inseparable 

using silica gel flash chromatography as they had the same Rf by TLC (Rf = 0.79 

(PE/EtOAc, 3:1, v/v)). A further attempt was made to favour the production of 53 by 

using the same reaction conditions as entry 5, but at -20 ̊ C, however, the ratio of products 

did not improve. 
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Table 3. Reaction conditions used for the synthesis of disulfide 53 from trithiol 38. 

 

Entry Eq. I2 
Reaction 

Conc. 
(mL/mmol) 

Observed 
(yield, includes 53 and 38) 

1 1 5 

 

2a 1 5 

 

3a 0.1 20 
 

1 : 3 : 1 (72%) 

4a 0.8 20 
 

3 : 1 : 2 (74%) 

5a,b 1 20 
 

5 : 1 : 2 (79%) 

6 1.4 20 
 

5.5 : 1 : 3 (55%) 
a I2 added as a 0.1 M aqueous solution; b I2 solution added 0.1 equivalents at a time 

 

In an attempt to determine whether the addition of the thiol linker as a dithiolane would 

improve the reaction yield for the subsequent formation of the target oxyamine linker 39, 

the linker synthesis was then attempted using the 5:1 mixture of 53:38. Unfortunately, 

this produced no significant increase in the yield, with the oxyamine linker 39 being 
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obtained in a 26% yield, exclusively as the disulfide 39b, following purification by silica 

gel flash column chromatography (Scheme 39).  

 

Scheme 39. Synthesis of oxyamine linker 39b using a 5:1 mixture of dithiolane 53:dithiol 
38. 
 

Given these results, the reaction conditions presented in entry 4 of Table 2 were thus used 

to prepare more of the target linker (39a:39b; 3:1, 27% yield). During the linker synthesis 

however, a by-product was isolated from the crude reaction mixture following 

purification by silica gel flash chromatography and was revealed to be acetal 55 (Figure 

28), identified by 1D and 2D NMR spectroscopy (CDCl3). Here, the CH(OEt)2 proton 

appears as a triplet at d 4.60 (3JH,H = 5.7 Hz) and the CH2 protons belonging to the OEt 

groups form an AB system as two characteristic quintets at d 3.65 and d 3.50 (JH,H = 7.5 

Hz). The high chemical shift of these protons is consistent with protons adjacent to the 

oxygen atoms in the acetal functional group. The methyls belonging to the OEt groups 

appear as a triplet at d 1.21 (3JH,H = 7.4 Hz). In some instances, 55 formed up to a 1:1 

mixture with the desired product 39. It was thus proposed that the formation of 55 

accounted for the low yield of the reaction, which suggests that either the reaction of the 

intermediate aldehyde with methoxyamine or the reduction of the oxime formed in the 

second step of the reaction sequence have not gone to completion. Accordingly, 38 was 

reacted with acrolein with stirring at room temperature for two days, followed by dilution 

with EtOH and the simultaneous addition of methoxyamine hydrochloride, NaOAc and 

NaCNBH3. The mixture was left to stir at room temperature for three days. Adding the 

reducing agent at the same time as methoxyamine should not affect the aldehyde as 

NaCNBH3 selectively reduces imines. TLC analysis at the end of the three day period 

indicated that linker 39 had formed (Rf = 0.33 (PE/EtOAc, 3:1, v/v)) with the absence of 

any acetal by-product (Rf = 0.40 (PE/EtOAc, 3:1, v/v)), however, there was still a 

substantial quantity of unreacted thiol (Rf = 0.79 (PE/EtOAc, 3:1, v/v)). Nonetheless, the 

mixture was worked up to assess if the absence of by-product 55 would increase the yield. 
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A 1H NMR spectrum of the crude mixture confirmed the absence of 55. Unfortunately, 

following purification by silica gel flash chromatography, linker 39 was only isolated in 

a 25% yield. While these results have presented an effective method for the prevention 

of the formation of by-product 55, it also indicates that the Michael addition of the thiol 

to acrolein needs optimising and is the likely cause of the low yield for the linker 

synthesis.  

 

Figure 28. By-product formed during the synthesis of linker 39. 
 

4.2.2 Glycosylation Reactions using the Trithiol Functionalised Oxyamine Linker 

With the thiol functionalised oxyamine linker 39 successfully synthesised, it was then 

proposed that this would be conjugated to a simple monosaccharide as a proof of concept 

for subsequent glycosylation studies. To this end, GlcNAc was the monomer of choice as 

it is a simple and inexpensive monosaccharide, and is also the monomer unit of chitin. 

The GlcNAc glycoconjugate can also be attached to AuNPs and tested in biological 

assays along with other chitin functionalised AuNPs, which will be prepared at a later 

date.  

 

Timmer and co-workers conjugated their thiol functionalised oxyamine linker to GlcNAc 

in a solvent mixture of 2:2:1 NaOAc/AcOH buffer (2 M, pH 4.5):EtOH:CH2Cl2 at 40 ˚C 

for 72 hours.53 The decreased polarity of the thiol functionalised linkers compared to the 

analogous amine functionalised oxyamine linkers means that the glycosylation reactions 

with the thiol linkers cannot be performed in acetate buffer alone as the linker would be 

insoluble. Timmer and co-workers’ method was thus followed for the first attempt at the 

conjugation of linker 39 to GlcNAc. Here, linker 39 was dissolved in the 2:2:1 solvent 

mixture before 2 equivalents of GlcNAc were added so that the concentration of the 

reaction was approximately 1 mL/mmol. The mixture was then stirred at 40 ˚C for 72 

hours. Unfortunately, GlcNAc did not fully dissolve under these reaction conditions and 

produced a milky coloured solution. Nonetheless, the reaction mixture was purified by 

size exclusion chromatography to produce glycoside 56 in a low 7.5% yield (Scheme 40). 
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Evidence for the formation of the target glycoconjugate 56 includes the presence of a 

single anomeric proton resonance at δ 4.31 for the b-pyranoside (3J1,2 = 9.7 Hz), which 

has moved upfield compared to the uncoupled sugar at δ 5.17 (d, 3J1,2 = 3.4 Hz, a-

GlcNAc) and δ 4.68 (d, 3J1,2 = 8.3 Hz, b-GlcNAc) (Figure 29). The conjugation of linker 

39 to GlcNAc was also confirmed by the presence of an HMBC between the N-CH2 and 

anomeric resonances (Figure 30). HRMS also confirmed the presence of the 

glycoconjugate (m/z calcd. for [C17H32N2O6S3K]+: 479.1315, obsd.:479.1337).  

 

Scheme 40. Synthesis of glycoconjugate 56. 
 

Figure 29. 1H NMR spectrum for glycoside 56 (D2O, 500 MHz). 
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Figure 30. HMBC for conjugate 56 (D2O, 500 MHz). 
 

In an attempt to increase the yield of the glycosylation, the reaction was repeated using 

pyridine as the solvent with one equivalent of AcOH. While linker 39 dissolved in this 

solvent mixture, GlcNAc was not entirely soluble at this high concentration 

(1 mL/mmol). Unfortunately, no product was isolated. The glycosylation was then 

attempted using a 1:1 mixture of DMSO:AcOH/NaOAc buffer (pH 4.5, 2 M). Both 39 

and GlcNAc are soluble in this mixture upon heating to 40 ˚C. The mixture was stirred at 

40 ˚C for three days. TLC analysis revealed the disappearance of linker 39 and the 

formation of a product which ran higher than GlcNAc (Rf = 0.63 (MeOH/CH2Cl2, 1:4, 

v/v)), thought to be the acetate salt of the desired glycoside. The crude mixture was 

purified by size exclusion chromatography to provide glycoside 56 in a much increased 

49% yield (Scheme 41).  

 

Scheme 41. Improved synthesis of glycoconjugate 56. 
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The successful synthesis of glycoside 56 in a moderate yield illustrates the proof of 

concept for the synthesis of dithiol-functionalised glycosyloxyamines. In particular, the 

merit of this methodology for attaching chitin fragments of various sizes has been 

demonstrated. It is anticipated that the conjugation of longer chitin fragments should not 

present too many challenges as the identity of the sugar at its free reducing end is the 

same (GlcNAc), and the polysaccharides are linear (b-1,4-linkages). Their increased 

steric bulk should therefore not interfere with the chemistry at the free reducing end. It is 

also envisioned that these longer fragments will have similar solubility to the GlcNAc 

monosaccharide, however, optimisation of the solvent conditions for the glycan 

conjugation may still need to occur.  

 

Once these glycoconjugates have been synthesised with varying lengths of chitin, the 

conjugates can be attached to AuNPs of various sizes to mimic chitin particles. The 

presence of the 5-membered disulfide ring instead of the two free thiols on the conjugates 

will not hinder attachment to the AuNP surface as these disulfide bonds are reduced 

during the synthesis of the NPs and adhere as the free thiols.104 The effect of chitin particle 

size on the immune response by macrophages and DCs can then be explored. 

 

4.3 Conclusion 

A novel dithiol functionalised oxyamine linker was successfully synthesised and 

conjugated to GlcNAc, the monomer unit of chitin. This bifunctional oxyamine linker 

was synthesised by adapting Timmer and co-workers’ method for the synthesis of “Type 

B” oxyamine linkers, thereby demonstrating the adaptability of this route for the synthesis 

of linkers that vary in their terminal functional groups.  

 

This linker harbours great potential for the multivalent display of glycans on AuNPs. The 

linker is easily synthesised in 5-steps and is conjugated to the free reducing end of a 

saccharide in one step, without the need for any protecting groups, thereby enabling the 

use of both synthetically derived and biologically derived saccharides. It is envisioned 

that the bidentate attachment of dithiol-functionalised glycans to AuNPs will facilitate in 

the stability of such glycoconjugates and make them versatile reagents for biological 
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applications, including investigations into the effect of chitin size on the allergic immune 

response.  
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Chapter 5  
 
Conclusion and Future Prospects 

5.1 Conclusion 

This Master’s thesis has focused on the development of bi-functional N,O-

dialkyloxyamine linkers for the synthesis of glycoconjugates. The merits of “Type A” 

and “Type B” glycosyloxyamines have been directly compared for the first time. During 

this study, the synthesis of a “Type A” linker containing an amine at its terminus was 

improved by reducing the number of synthetic steps from six51 to four and by increasing 

the overall yield from 8% to 38%. The corresponding “Type A” and “Type B” 

glycoconjugates were then directly compared regarding the effect of pH, glycoside 

concentration and buffer strength on their hydrolytic stability. The “Type B” glycoside 

was found to have marginally better kinetic stability, while the “Type A” glycoside had 

slightly better thermodynamic stability across all the variables tested. However, these 

differences are modest and are likely to have little effect in practice.  

 

To gain a better understanding of the hydrolytic stability of these glycosyloxyamines, the 

pKa of the conjugate acid of a generic glycosyloxyamine was successfully determined to 

be -0.9 using 1H NMR titration experiments. This value corresponds to the N-protonated 

form of the glycoside and indicates that the anomeric nitrogen is the most basic site on 

the conjugate. It was thus inferred that the ring oxygen is less basic and therefore, once 

protonated, will have a pKa lower than -0.9. This indicates that the ring oxygen requires 

a very low pH to become protonated, which explains the high stability of the 

glycoconjugates under basic, neutral and mildly acidic conditions. The studies herein also 

suggest that the hydrolysis of these conjugates is a GAC process between pH 4-6, which 

is contrary to the previous literature that states that it is a SAC process.38, 43, 50, 66 

 

Notwithstanding the improvement to the synthesis of the amine-functionalised “Type A” 

oxyamine linker, the “Type B” linker synthesis is still more concise and adaptable for the 

production of linkers with different terminal functional groups.53, 89 Accordingly, a novel 

dithiol functionalised oxyamine linker was designed, synthesised, and conjugated to 
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GlcNAc, the monomer unit of chitin, by adapting Timmer and co-workers’ methodology 

for the synthesis of “Type B” oxyamine linkers. Not only does this demonstrate the 

versatility of the “Type B” route for the synthesis of oxyamine linkers that vary in their 

terminal functional groups, but moreover, the bidentate nature of this new thiol linker 

means it will be better able to coordinate to, and form stable bonds with AuNPs. The 

application of this linker for the conjugation of chitin fragments to AuNPs has been 

demonstrated via the conjugation of the chitin building block, GlcNAc, to the linker. It is 

envisioned that larger chitin fragments can also be conjugated to the linker using a similar 

methodology and that these oxyamine-linked glycans can then be coupled to AuNPs 

using standard literature protocols. 

 

5.2 Future Prospects 

The studies regarding the hydrolytic stability of the “Type A” and “Type B” 

glycosyloxyamines have clearly demonstrated the conditions in which these conjugates 

are stable. Determining the pKa of the conjugate acid of a generic glycosyloxyamine has 

provided a better understanding of the mechanism of hydrolysis of these conjugates, 

however, further studies into the mechanism of the hydrolysis of these conjugates would 

be valuable. The work presented herein has suggested that hydrolysis occurs via GAC at 

pH 4-6, which is contrary to the literature which states that SAC occurs in this pH range. 

The studies herein have also suggested that the type of catalysis occurring, and therefore 

the RDS, may also change with pH. Thus, to better understand the mechanism of 

glycosyloxyamine hydrolysis, the hydrolysis studies need to be performed using a much 

wider pH range and specifically include studies under highly acidic conditions. This will 

indicate whether the RDS varies with pH, and therefore give a better indication as to the 

type of catalysis that is occurring at various pH values. A Hammett plot could also be 

constructed to determine the nature of the transition state during the RDS.87 The r value 

(Hammett reaction constant) obtained from a Hammett plot will indicate whether a 

positive or negative charge is being developed during the TS, and thus aid in 

distinguishing between the SAC and GAC mechanisms. A Hammett plot can be obtained 

by synthesising glycosyloxyamines containing N-phenyl oxyamines with electron 

donating or withdrawing substituents at the para position, and plotting the rate of 

hydrolysis for the functionalised glycosyloxyamines compared to the un-functionalised 



 87 

glycosyloxyamine (log kX/kH) against the Hammett substituent constant s (electron 

withdrawing/donating character). A positive r value, as determined by the slope of the 

Hammett plot, indicates that electron withdrawing groups increase the rate of hydrolysis 

by stabilising the TS and therefore suggests that a negative charge is developing during 

the TS, as would be observed if GBC was the RDS (with SAC occurring prior to the 

RDS). Conversely, a negative r value indicates that a positive charge is developing during 

the TS, as would be observed if GAC was the RDS. Any breaks in a continuous trend on 

the Hammett plot will also indicate that a change in the RDS is occurring due to the 

different substituents.87 Several Hammett plots can also be constructed at different pH 

values, which can determine if a change in the RDS occurs due to pH.87 Kinetic solvent 

isotope studies could also be conducted to differentiate between SAC and GAC. As 

mentioned in Chapter 3 of this thesis, SAC involves an inverse solvent isotope effect 

(k[D2O] > k[H2O]). The presence of SAC can therefore be determined by conducting 

more hydrolysis studies and noting any effect on the rate caused by deuterated vs. non-

deuterated solvents. As discussed in Chapter 3, this study can also be conducted using 

polarimetry by noting how quickly the optical rotation reduces to zero in the different 

solvents as the glycoconjugates hydrolyse. 

 

The successful attachment of the monomeric unit of chitin to the novel dithiol 

functionalised oxyamine linker has laid the foundations for the future production of chitin 

functionalised AuNPs. While the synthesis of the disulfide oxyamine linker has been 

synthesised in a reasonable (27%) yield, this reaction could be improved by further 

optimising the Michael addition of the trithiol to acrolein. Similarly, the glycosylation 

reaction with the linker and GlcNAc has demonstrated proof-of-principle to give the 

glycoconjugates in a moderate 49% yield, however, this could be further improved by 

investigating more solvent systems for the reaction. The glycosylation reaction needs to 

be further optimised before the attachment of the longer chitin oligomers to this oxyamine 

linker. The chitin glycosyloxyamines can be conjugated to AuNPs of varying sizes, which 

can then be used to test the effect that chitin particle size and chain length has on eliciting 

an allergic immune response. First, cell-based assays will be used. The phagocytosis of 

chitin-coated AuNPs by macrophages can be studied and the type of immune response 

(i.e. cytokine production and changes to cell surface markers) detected by ELISA and 

flow cytometry. Similarly, T-cell assays, involving the co-administration of the chitin-
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functionalised AuNPs with and without the model antigen (chitin) and OVA will be 

undertaken to assess allergic immune responses. Following these studies, more advanced 

in vivo assays could also be undertaken at a later date.119  
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Chapter 6  
 
Experimental 

6.1 General Procedure  

Unless otherwise stated all reactions were performed under atmospheric air. Methanol 

(MeOH, Pure Science), ethanol (EtOH, absolute, Pure Science), dichloromethane 

(CH2Cl2, LabServ), carbon tetrachloride (AnalaR), and toluene (ROTH) were used as 

received. H2O, ethyl acetate (EtOAc, from drum), petroleum ether (PE, from drum), Et3N 

(Sigma), DMF (Acros), pyridine (Romal) and THF (Chemsolute) were distilled prior to 

use. Bromoethylamine hydrobromide (Aldrich), Boc2O (Sigma), N,O-

dimethylhydroxylamine hydrochloride (Aldrich), NaH (Aldrich), TFA (Aldrich), 

acrolein (Merck), AcOH (Ajax Finechem), NaN3 (BDH), 30% aqueous NH3 (J. T. Baker 

Chemical Co.), AcCl (Sigma Aldrich), NaCNBH3 (Aldrich), NaHCO3 (Pure Science), 

MgSO4 (Pure Science), NH4OAc (Sigma Aldrich), methoxyamine hydrochloride (Sigma 

Aldrich), N-acetylglucosamine (Fluka), dansyl chloride (Applichem), HCl (concentrated, 

Univar), NH4HCO2 (AnalaR), t-BuOH (Unilab), DCl (concentrated, Aldrich), NaOD 

(40% wt, Aldrich), CDCl3 (Aldrich), D2O (Apollo), tris(hydroxymethyl)ethane (Aldrich), 

benzenesulfonate (BDH), sulfur powder (Pharmaceutical Sales and Marketing Ltd.), 

Na2S (Pure Science), copper powder (J. T. Baker), zinc powder (BDH), PBr3 (Aldrich), 

dibromobutane (Aldrich), thiourea (Unilab), allyl bromide (Aldrich), Br2 (Sigma Aldrich) 

and mercaptoethanol (Aldrich) were used as received. All solvents were removed by 

evaporation under reduced pressure. Reactions were monitored by TLC-analysis on silica 

gel coated plastic sheets (0.20 mm, silicagel 60) with detection by UV-absorption 

(254 nm), by dipping in 10% H2SO4 in EtOH followed by charring at ~150 °C, by dipping 

in I2 in silica,  by dipping in a solution of ninhydrin in EtOH followed by charring at 

~150 °C or by dipping in a solution of 5% K2CO3, 1% KMnO4 and 1% NaIO4 in H2O. 

Column chromatography was performed on Pure Science silica gel (40-63 micron). 

AccuBOND II ODS-C18 (Agilent) was used for reverse phase chromatography. Bio-Gel 

P-2 (600×10 mm) was used for size exclusion chromatography. Optical rotations were 

recorded using a Perkin-Elmer 241 polarimeter at the sodium D-line. Infrared spectra 

were recorded as thin films using a Bruker Tensor 27 FTIR spectrometer equipped with 
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an Attenuated Total Reflectance (ATR) sampling accessory and are reported in wave 

numbers (cm-1). High-resolution mass spectra were recorded on an Agilent Technology 

6530 Accurate Mass Q-TOF/LCMS spectrometer using positive electro-spray ionisation. 

Nuclear magnetic resonance spectra were recorded at 20 °C in D2O or CDCl3 using either 

a Varian Unity-INOVA operating at 300 MHz or a Varian Unity operating at 500 MHz. 

Chemical shifts are given in ppm (d) relative to tetramethylsilane. NMR peak assignments 

were made using COSY, HSQC and HMBC 2D experiments. 

 

6.2 Chemical Synthesis 

2-(N-Boc-amino)ethyl bromide (2). To a solution of bromoethylamine 

hydrobromide (2.1 g, 10.3 mmol) and Boc2O (2.3 mL, 10 mmol) in 

freshly distilled CH2Cl2 (7 mL), Et3N (1.4 mL, 10.3 mmol) was added and the reaction 

mixture then stirred at rt for 4 h under argon. The reaction was then quenched with 0.1 M 

HCl (10 mL) and extracted with EtOAc (2 × 20 mL). The organic layers were combined 

and washed with a sat. aq. NaHCO3 and brine before being dried over MgSO4. The 

solution was filtered and the solvent removed in vacuo to give the title compound as a 

colourless oil, which was used without further purification (2.1 g, 89%). Rf = 0.38 

(PE/EtOAc, 9/1, v/v); IR (film) 3339, 2977, 2932, 1689, 1509, 1164 cm-1; 1H NMR (500 

MHz, CDCl3) δ 5.05 (bs, 1H, NH), 3.50 (dt, 2H, J1,2 = 5.4 Hz, J2,NH = 5.6 Hz, CH2Br), 

3.42 (t, 2H, J1,2 = 5.4 Hz, CH2N), 1.41 (s, 9H, CH3 tBu); 13C NMR (125 MHz, CDCl3) 

δ 155.7 (C=O), 79.8 (Cq tBu), 42.4 (CH2Br), 32.6 (CH2N); 28.4 (CH3 tBu); HRMS(ESI) 

m/z calcd. for M-Boc+H+ [C2H7BrN]+: 123.9756, obsd.: 123.9778.  
 

N-Boc-N-methylhydroxylamine (3). To a solution of N-

methylhydroxylamine hydrochloride (0.84 g, 10 mmol) and Boc2O (2.5 mL, 

11 mmol) in freshly distilled CH2Cl2 (7 mL), Et3N was added (1.5 mL, 11 mmol) and the 

resulting reaction mixture was stirred at rt for 4 h under argon. The reaction mixture was 

quenched with 0.1 M HCl (10 mL) and extracted with EtOAc (2 × 20 mL). The combined 

organic layers were then washed with sat. aq. NaHCO3 and brine before being dried over 

MgSO4 and filtered. The solvent was removed under reduced pressure to afford 

hydroxylamine 4 as an oil, which was used without further purification (1.05 g, 7.1 mmol, 

71%). Rf = 0.14 (PE/EtOAc, 9/1, v/v); IR (film) 3255, 2977, 2930, 1688, 1477, 1365, 

N
H

BrBoc

N
MeHO

Boc
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1252, 1147, 1023, 848, 760 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.39 (bs, 1H, OH), δ 3.15 

(s, 3H, N-CH3), δ 1.47 (s, 9H, CH3 tBu); 13C NMR (125 MHz, CDCl3) δ 157.8 (C=O), 

82.0 (Cq), 38.0 (N-CH3), 28.4 (CH3 tBu); HRMS(ESI) m/z calcd. for [C6H14NO3]+: 

148.0968, obsd.: 148.0975. 

 

N-Boc-2-[(N-Boc[methyl]amino)oxy]ethanamine. To a 

solution of hydroxylamine 3 (1.0 g, 6.8 mmol) in freshly distilled 

dry DMF (2 mL), NaH (0.21 g, 8.8 mmol) was added and the reaction mixture was stirred 

at rt under argon. After 1 h, a solution of bromide 2 (1.97 g, 8.8 mmol) in freshly distilled 

dry DMF (2 mL) was added and the reaction mixture was stirred at rt for an additional 

4 h. The reaction mixture was then extracted with EtOAc (2 × 10 mL) and the combined 

organic layers were washed with sat. aq. NaHCO3 and NaCl before being dried over 

MgSO4. Purification of the crude material by silica gel column chromatography 

(PE/EtOAc, 92/8, v/v) yielded the title compound as a colourless oil (1.04 g, 53%). Rf = 

0.52 (PE/EtOAc, 3/1,  v/v); IR (film) 3361, 2977, 2930, 1708, 1507, 1154 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 5.44 (bs, 1H, NH), 3.85 (t, 2H, J1-2 = 4.8 Hz, CH2O), 3.32 (dt, 2H, 

J2,NH  = J1,2 = 4.8 Hz, H-2), 3.08 (s, 3H, N-CH3), 1.50 (s, 9H, CH3 tBu), 1.43 (s, 9H, CH3 

tBu); 13C NMR (125 MHz, CDCl3) δ 157.4 (C=ONO), 156.1 (C=ONH), 82.1 (Cq), 79.4 

(Cq), 73.3 (CH2O), 39.0 (CH2N), 36.6 (NCH3), 28.5 (CH3 tBu), 28.4 (CH3, tBu); 

HRMS(ESI) m/z calcd. for [C13H27N2O5]+: 291.1914, obsd.: 291.1914. 

 

2-[(Methylamino)oxy]ethanamine (4). A solution of TFA:CH2Cl2 

(17 mL, 1:1 v/v) was added to N-Boc-2-[(N-Boc[methyl]-

amino)oxy]ethanamine (3) (1.0 g, 3.46 mmol) and stirred at rt for 2 h. The solvents were 

removed under reduced pressure to give amine 4 as the TFA salt, as a colourless oil 

(0.65 g, quant.). Rf = 0.23 (CH2Cl2/MeOH, 4/1, v/v); IR (film) 2928, 1437, 1192, 

1197 cm-1; 1H NMR (500 MHz, D2O) δ 4.36 (t, 2H, J1,2 = 4.4 Hz, CH2O), 3.33 (t, 2H, J2,1 

= 4.9 Hz, CH2N), 3.01 (s, 3H, CH3-NH); 13C NMR (125 MHz, D2O) δ 72.0 (C-1), 39.9 

(C-2), 37.6 (CH3-NH); HRMS(ESI) m/z calcd. for [C3H11N2O]+: 91.0866, obsd.: 

91.0869. 

 

2-[(Methyl[N-(2-acetamido-2-deoxy-β-D-

glucopyranosyl)]-amino)oxy]ethanamine (24). N-

Acetylglucosamine (8.8 mg, 0.04 mmol) and 2-

H
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[(methylamino)-oxy]ethanamine 4 (36 mg, 0.40 mmol) were reacted in an AcOH/NaOAc 

buffer (0.4 mL, 2M, freshly prepared, pH 4.5) at rt for 24 hr. The crude mixture was then 

directly loaded onto a size exclusion column (Bio-Gel P-2, 1200 × 18 mm) and eluted 

with a 0.1 M aq. NH4HCO2 solution. Lyophilisation of the product fractions afforded 

glycoside 24 as a white solid (9.7 mg, 83%). Rf = 0.19 (t-BuOH/EtOAc/AcOH/Pyr, 

1/1/1/1, v/v/v/v); αD
20.1 = -20 (c = 0.1, MeOH); IR (film) 3269, 3039, 2931, 2883, 1651, 

1561, 1408, 1379 cm-1; 1H NMR (500 MHz, D2O) δ 4.19 (d, 1H, J1′,2′ = 9.8 Hz, H-1′), 

3.99 (t, 1H, J1′,2′ = J2′,3′ = 10.0 Hz, H-2′), 3.95 – 3.91 (m, 2H, H-1a, H-6a′), 3.80 – 3.70 

(m, 2H, H-1b, H-6b′), 3.55 – 3.45 (m, 1H, H-3′), 3.44 – 3.38 (m, 2H, H-4′, H-5′), 3.24 – 

3.13 (m, 2H, CH2N), 2.75 (s, 3H, N-CH3), 2.02 (s, 3H, CH3 NAc); 13C NMR (125 MHz, 

D2O) δ 170.8 (C=O), 91.6 (C-1′), 77.5 (C-5′), 75.2 (C-3′), 69.6 (C-4′), 67.6 (O-CH2-1), 

60.6 (C-6′), 52.0 (C-2′), 38.7 (NCH3), 38.2 (N-CH2-2), 22.2 (CH3 NAc); HRMS(ESI) m/z 

calcd. for [C11H24N3O6]+: 294.1660, obsd.:294.1665. 

 

N-(2-(Methyl[N-(2-acetamido-2-

deoxy-β-D-glucopyranosyl]-

aminooxy)ethyl)-D-biotinamide (26). 

To a solution of amine 24 (68.4 mg, 

0.2 mmol) dissolved in DMF (2 mL), HBTU (150 mg, 0.35 mmol) and Et3N (0.11 mL, 

0.8 mmol) were added. The resulting reaction mixture was stirred at rt for 2 h. H2O 

(10 mL) was then added to the reaction mixture and the white precipitate was filtered off 

and washed with water (2 × 5 mL). The eluent was then purified using reverse phase 

chromatography (elute in H2O/MeOH, 4:1) and lyophilised to afford glycoconjugate 26 

as a colourless oil (45.5 mg, 44%). Rf = 0.59 (t-BuOH/EtOAc/AcOH/Pyr, 1/1/1/1, 

v/v/v/v); αD
20.1 = +3.0 (c = 0.2, MeOH); IR (film) 3340, 2931, 2852, 1651, 1560 cm-1; 

1H NMR (500 MHz, CDCl3) δ 4.58 (dd, J7,6 = 5.1, J9,7 = 7.9 Hz 1H, H-7), 4.40 (m, 1H, 

H-9), 4.20 (d, J1′′,2′′ = 10.5 Hz, 1H, H-1′′), 3.94 (t, J2′′,1′′ = J2′′,3′′ = 10.5 Hz, 1H, H-2′′), 3.90 

(m, 1H, H-6a′′), 3.78 (m, 1H, H-1a′), 3.74 (dd, J5′′,6a′′ = 4.96, J6b′′,6a′′ = 12.3 Hz, 1H, H-

6a′′), 3.65 (m, 1H, H-1b′), 3.50 (t, J2′′,3′′ = J4′′,3′′ = 9.7 Hz, 1H, H-3′′), 3.39 (m, 3H, H-4′′, 

H-5′′, H-2a′), 3.30 (m, 2H, H-2b′, H-6), 2.97 (dd, J9,10a = 4.9, J10b,10a = 13.2 Hz, 1H, H-

10a), 2.76 (dd, J9,10b = 4.0, J10a,10b = 13.2 Hz, 1H, H-10b), 2.71 (s, 3H, NCH3), 2.27 (t, J3,2 

= 7.4 Hz, 2H, H-2), 2.02 (s, 3H, CH3 Ac), 1.75-1.53 (m, 4H, H-3, H-5), 1.40 (quin, J3,4 = 

J5,4 = 6.8 Hz, 2H, H-4) ; 13C NMR (125 MHz, CDCl3) δ 176.8 (C=O C-1), 174.1 (C=O 

Ac), 165.2 (C=O C-8), 91.5 (C-1′′), 77.3 (C-5′′), 75.1 (C-3′′), 70.1 (C-1′), 69.5 (C-4′′), 

1''1''
O

AcHN
HO

HO

OH

H
N1'1'

ON
Me

11
22

O
33

44

55
66 S

1010

99
77

NH
88

HN

O

H
H



 93 

62.0 (C-7), 60.7 (C-6′′), 60.1 (C-9), 55.1 (C-6), 52.1 (C-2′′), 39.6 (C-10), 38.4 (NCH3), 

38.1 (C-2′), 35.3 (C-2), 27.7 (C-4), 27.5 (C-5), 25.0 (C-3), 22.2 (CH3 Ac); HRMS(ESI) 

m/z calcd. for [C21H37N5O8SNa]+: 542.2255, obsd.: 542.2265. 

 

5-(Dimethylamino)-N-(2-((methyl(2-

acetamido-2-deoxy-β-D-gluco-

pyranosyl)amino)oxy)ethyl)-

naphthalene-1-sulfonamide (28). To a 

solution of amine glycoside 24 (8.3 mg, 0.028 mmol) in H2O (2 mL), NaHCO3 

(0.17 mmol, 0.014 g) was added. Dansyl chloride (0.1 g, 0.042 mmol) was dissolved in 

freshly distilled THF (1 mL) and added dropwise to the reaction mixture. After 2 h the 

THF was concentrated in vacuo and the remaining aqueous reaction mixture was purified 

by reverse phase column chromatography (C18, H2O/MeOH, 100/0"60/40, v/v) followed 

by silica gel column chromatography (CH2Cl2/MeOH, 100/0"90/10, v/v) to afford the 

fluorescent glycoside as an oil (10 mg, 70%). Rf = 0.61 (CH2Cl2/MeOH, 4/1, v/v); αD
20.3 

= -10 (c = 0.1, MeOH); IR (film) 3035, 2931, 2986, 2040, 1719 cm-1; UV-VIS: (MeOH, 

5.70x10-5 M), lAbs max = 331 nm, e = 1684 M-1 cm-1 (3.23); 1H NMR (500 MHz, D2O) 

δ 8.52 (d, 1H, J2,3 = 8.6 Hz, H-2), 8.33 (d, 1H, J7,8 = 8.8 Hz, H-8), 8.28 (d, 1H, J3,4 = 7.4 

Hz, H-4), 7.74 (t, 1H, J3,4 = J2,3 = 7.7 Hz, H-3), 7.71 (t, 1H, J6,7 = J7,8 = 7.7 Hz, H-7), 7.44 

(d, 1H, J6,7 = 7.7 Hz, H-6), 4.07 (d, 1H, J1′′,2′′ = 9.7 Hz, H-1′), 3.88 (d, 1H, J6a′′,6b′′ = 

12.0 Hz, H-6b′′), 3.81 (t, 1H, J1′′,2′′ = J2′′,3′′ = 9.8 Hz, H-2′′), 3.71 (dd, 1H, J6a′′,5′′ = 5.7 Hz, 

J6a′′,6b′′ = 12.3 Hz, H-6a′′), 3.51 – 3.40 (m, 3H, NO-CH2-2′, H-3′′), 3.36 (t, 1H, J4′′,5′′ = J3′′,4′′ 

= 9.3 Hz, H-4′′), 3.32 – 3.25 (m, 1H, H-5′′), 3.18 – 3.09 (m, 2H, H-1′), 2.88 (s, 6H, N-

(CH3)2), 2.30 (s, 3H, CH3 Ac), 1.97 (s, 3H, N-CH3); 13C NMR (125 MHz, D2O) δ 173.9 

(C=O), 150.7 (C-4a), 134.0 (C-5), 130.1 (C-2), 129.5 (C-4), 128.9 (C-7), 128.8 (C-8a, C-

1), 124.0 (C-3), 119.1 (C-8), 116.0 (C-6), 91.4 (C-1′′), 77.3 (C-5′′), 75.2 (C-3′′), 69.8, 

69.6 (C-4′′, C-1′), 60.8 (C-6′′), 52.1 (C-2′′), 44.9 (N-(CH3)2), 41.3 (C-2′), 37.6 (CH3 NAc), 

22.1 (N-CH3); HRMS(ESI) m/z calcd. for [C23H35N4O8S]+: 527.2170, obsd.: 527.2178. 

 

N-(2-Acetamido-2-deoxy-β-D-glucopyranosyl)-N-methyl-O-

methylhydroxylamine (37). N-Acetylglucosamine (1.0 g, 

4.5 mmol) and N,O-dimethylhydroxylamine hydrochloride (1.3 g, 

13 mmol) were dissolved in AcOH/NaOAc buffer (45 mL, 2 M, pH 4.5) at rt. After 24 h, 
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NH4HCO2 was added to the reaction mixture, which was then lyophilised. The crude 

material was purified by silica gel column chromatography (15% MeOH in CH2Cl2, v/v), 

followed by ion exchange (Dowex-OH-) to afford the title compound as a white solid 

(0.77 g, 65%). Rf = 0.26 (MeOH/CH2Cl2, 1:4, v/v); αD
20.1 = -10 (c = 0.1, MeOH); IR 

(film) 3290, 2938, 2895, 1647, 1561, 1035 cm-1; 1H NMR (500 MHz, D2O) δ 4.19 (d, 1H, 

J1,2  = 9.6 Hz, H-1), 3.99 (t, 1H, J1,2 = J2,3 = 9.8 Hz, H-2), 3.93 (dd, 1H, J6a,6b = 12.3 Hz, 
J5,6a = 2.2 Hz, H-6a), 3.75 (dd, 1H, J6b,6a  = 12.3 Hz, J5,6b  = 5.5 Hz, H-6b), 3.52 (dd, 1H, 

J2,3 = J3,4 = 10.0 Hz, H-3), 3.46 (s, 3H, OCH3), 3.45 – 3.40 (m, 2H, H-4, H-5), 2.74 (s, 

3H, NCH3), 2.05 (s, 3H, CH3 Ac); 13C NMR (125 MHz, D2O) δ 173.9 (C=O Ac), 91.2 

(C-1), 77.4 (C-5), 75.3 (C-3), 69.6 (C-4), 60.8 (C-6), 49.3 (OCH3), 52.1 (C-2), 38.1 

(NCH3), 22.2 (CH3 Ac); HRMS(ESI) m/z calcd. for [C10H21N2O6]+: 265.1394, obsd.: 

265.1400. 

 

1,1,1-Tris(mercaptomethyl)ethane (38). Sulfur powder (1.66 g, 

72 mmol) and Na2S.9H2O (4.7 g, 36 mmol) were dissolved in dry DMF 

(50 mL) under argon, forming a dark maroon solution. The mixture was then heated to 

80 ˚C for 1 h, after which it turned deep blue. The reaction mix was then cooled to 40 ˚C 

before adding 52 (6.5 g, 12 mmol). After the addition was complete, the brown reaction 

mixture was heated to 80 ˚C for 16 h. The reaction mixture was then concentrated in 

vacuo, followed by the addition of toluene (50 mL) to the resulting orange paste. Copper 

powder (1.71 g, 27 mmol) was then added to the mixture before heating it to reflux for 

2 h. The black CuS formed during the reaction was then removed by filtration. EtOH 

(50 mL) and zinc powder (2.7 g, 41 mmol) were then added to the filtrate before the slow 

addition of concentrated HCl (20 mL). The resulting mixture was placed under an 

atmosphere of argon and stirred at rt for 16 h. The zinc powder was removed by filtration 

and the filtrate was then extracted with toluene (3 × 20 mL), and the combined organic 

layers washed with water (20 mL) and brine, dried (MgSO4), filtered and concentrated. 

The crude material was purified using silica gel chromatography using petroleum ether 

to yield the title compound as a bright yellow oil with a pungent smell (0.83 g, 42%). Rf 

= 0.79 (PE/EtOAc, 3:1, v/v); IR (film) 2960, 2919, 2554, 1459, 1414 cm-1; 1H NMR (500 

MHz, CDCl3) δ 2.61 (d, JSH,CH2 = 8.8 Hz, 6H, CH2), 1.22 (t, JCH2,SH = 8.8 Hz, 3H, SH), 

1.01 (s, 3H, CH3); 13C NMR (125 MHz, CDCl3) δ 39.2 (Cq), 31. 8 (CH2), 21.5 (CH3); 

HRMS(ESI) m/z calcd. For M-2H-H- [C5H9S3]-: 164.9866, obsd.: 164.9879. 
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O-Methyl-N-(2-(((4-methyl-1,2-dithiolan-4-

yl)methyl)thio)ethyl)hydroxylamine (39). Acrolein 

(0.095 mL, 1.42 mmol) was added dropwise to neat 38 (0.264 g, 

1.57 mmol). 2 mL CH2Cl2 was then added to the mixture. The reaction mixture was 

heated to 40 ˚C o/n. After being cooled to rt, the reaction mixture was diluted with EtOH 

(2.5 mL) before methoxyamine hydrochloride was added (0.14 g, 1.7 mmol). The mixture 

was then stirred at rt o/n. NaCNBH3 (0.13 g, 2.13 mmol) was then added to the mixture 

along with the dropwise addition of ethanolic HCl (5 mL, freshly prepared from AcCl 

and EtOH) and left to stir at rt for 2 h. The crude mixture was then concentrated in vacuo 

and suspended in sat. aq. NaHCO3 before being extracted with CH2Cl2 (3 × 10 mL). The 

combined organic layers were then washed with brine and dried over MgSO4. The crude 

material was purified using silica gel chromatography (PE/EtOAc, 94/6 v/v) to yield 39 

as a yellow oil (99 mg, 27%), as a 2:1 mixture of disulfide:dithiol (dithiol denoted with 

prime ′). Rf =  0.33 (PE/EtOAc, 3:1, v/v); IR (film) 2934, 1458, 1373, 1123 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 3.52 (s, 3H, OCH3), 3.12 (d, JCH2b,CH2a = 11.8 Hz, 2H, H-6a, H-7a), 

3.00 (t, J2,1 = 6.9 Hz, 2H, H-1), 2.89 (d, JCH2a,CH2b = 11.8 Hz, 2H, H-6b, H-7b), 2.76 (s, 

2H, H-4), 2.67-2.58 (m, 2 H, H-3 and H-4′, H-6′, H-7′ from dithiol), 1.82 (m, 2H, H-2), 

1.30 (s, CH3), 1.03 (s, CH3′ from dithiol); 13C NMR (125 MHz, CDCl3) δ 62.0 (OCH3), 

52.0 (C-5), 50.6 (C-1), 49.2 (C-6,7), 42.4 (C-4), 40.2 (C-4′), 39.5 (C-5′), 32.5 (C-6′, C-

7′), 32.0 (C-3), 31.4 (C-3′), 27.5 (C-2), 24.5 (CH3), 22.2 (CH3′); HRMS(ESI) m/z calcd. 

for [C9H20NOS3]+: 254.0702, obsd.: 254.0711.   

 

1,1,1-Tris(bromomethyl)ethane (41). 1,1,1-

Tris(hydroxymethyl)ethane (1.0 g, 8.3 mmol) was dissolved in dry 

pyridine (25 mL) in a dry rond-bottom flask fitted with a reflux condenser, and placed 

under argon. PBr3 (7.8 mL, 83 mmol) was then added dropwise at a very slow rate 

(1 mL/min) to the reaction mixture, producing a yellow suspension. After heating the 

mixture at reflux for 24 h, the mixture was cooled to rt before ice was slowly added to 

quench the reaction. Water was then slowly added (10 mL) before extracting the reaction 

mixture with CH2Cl2 (3 × 20 mL). The combined organic layers were then washed with 

water (10 mL), sat. aq. NaHCO3 and brine, then dried (MgSO4), filtered and concentrated. 

Purification of the crude material by silica gel chromatography using petroleum ether 

produced the title compound as a colourless liquid (357 mg, 27%). Rf = 0.92 (PE/EtOAc, 

3:1, v/v); IR (film) 2971, 1464, 1277, 1029 cm-1; 1H NMR (500 MHz, CDCl3) δ 3.50 (s, 
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6H, CH2), 1.28 (s, 3H, CH3); 13C NMR (125 MHz, CDCl3) δ 39.6 (Cq), 39.0 (CH2), 21.6 

(CH3). 

 

1,4-Butanedithiol (43). 1,4-Dibromobutane (1 g, 4.63 mmol) and 

thiourea (0.78 g, 10.2 mmol) were dissolved in EtOH (5 mL). The 

reaction mixture was then placed under argon and heated to reflux for 3 h. The mixture 

was then cooled for the addition of NaOH (2.5 M, 6 mL) and then heated to reflux once 

more for 2 h. Once the reaction was complete, the mixture was cooled to rt and quenched 

with HCl (1 M, 12 mL). The quenched mixture was then extracted with petroleum ether 

(3 × 20 mL). The combined organic layers were washed with brine and dried over MgSO4 

and concentrated in vacuo to produce 43 as a yellow oil with a strong odour (415 mg, 

73%). The crude material required no further purification. Rf = 0.89 (PE/EtOAc, 3:1, v/v); 

IR (film) 2926, 2851, 1738, 1448 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.54 (m, 4H, H-1, 

H-4), 1.71 (m, 4H, H-2, H-3), 1.35 (t, J1+4,SH = 7.9 Hz, SH) ; 13C NMR (125 MHz, CDCl3) 

δ 32.6 (C-1, C-4), 24.2 (C-2, C-3); HRMS(ESI) m/z calcd. For M-H- [C4H9S2]-: 121.0146, 

obsd.: 121.0151. 

 

1,2,3-Tribromopropane (45). Allylbromide (2 g, 16.5 mmol) was 

dissolved in CCl4 (10 mL). The mixture was cooled on ice before the 

dropwise addition of Br2 (2.2 g, 13.8 mmol). After the addition was complete, the mixture 

was stirred at rt for 1 h. Concentration of the reaction mixture in vacuo yielded 

tribromopropane 45 as a lightly brown-tinged oil which was used without further 

purification (3.8 g, quant.). Rf = 0.83 (PE/EtOAc, 3:1, v/v); IR (film) 2924, 1737, 1448, 

1217 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.37 (m, 1H, H-2), 3.94 (dd, J1b+3b,1a+3a = 

4.3 Hz, J2,1a+3a = 10.9 Hz, 2H, H-1a, H-3a), 3.84 (dd, J1a+3a,1b+3b = 4.3 Hz, J2,1b+3b = 

10.9 Hz, 2H, H-1b, H-3b) ; 13C NMR (125 MHz, CDCl3) δ 48.3 (C-2), 35.0 (C-1, C-3).  

 

1,4-Bis(2-hydroxyethylthio)butane (49). Sodium metal (21 mg, 

0.93 mmol) was dissolved in EtOH (1 mL) under an atmosphere 

or argon. Once the sodium was completely dissolved, 

mercaptoethanol (72.7 mg, 0.93 mmol) was added, followed by 

the dropwise addition of 1,4-dibromobutane (100 mg, 

0.46 mmol). The reaction was left to stir for 1 h before the mixture was concentrated in 

vacuo. The residue was then extracted with CH2Cl2 (3 × 20 mL). The combined organic 
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layers were washed with water (10 mL) and brine before being dried over MgSO4. 

Removal of the solvent afforded the title compound as a light yellow oil, which did not 

require further purification (78 mg, 80%). Rf = 0.31 (PE/EtOAc, 1:1, v/v); IR (film) 3364, 

2918, 2851, 1421, 1044 cm-1; 1H NMR (500 MHz, CDCl3) δ 3.66 (m, 4H, H-2′, H-2′′), 

2.81 (bs, 2H, OH), 2.66 (t, J2′,1′ = J2′′,1′′ = 6.1 Hz, 4H, H-1′, H-1′′) 2.49 (m, 4H, H-1, H-4), 

1.64 (m, 4H, H-2, H-3); 13C NMR (125 MHz, CDCl3) δ 60.2 (C-2′, C-2′′), 35.2 (C-1′, C-

1′′), 31.1 (C-1, C-4), 28.5 (C-2, C-3); HRMS(ESI) m/z calcd. for [C8H18O2S2K]+: 

249.0380, obsd.: 249.0390. 

 

1,4-Bis(2-mercaptoethylthio)butane (50). Concentrated HCl 

(0.4 mL) was added to a mixture of thiourea (59 mg, 0.77 mmol) 

and diol 49 (75 mg, 0.35 mmol). The mixture was then heated to 

reflux for 3 h. The mixture was then cooled before the addition 

of NaOH (94 mg, 2.36 mmol dissolved in 1 mL H2O). After the 

addition was complete, the mixture was heated to reflux once more for 3 h. After the 

reaction was complete, the mixture was cooled to rt and quenched with 1 M HCl (20 mL) 

followed by an extraction using petroleum ether (3 × 20 mL). The combined organic 

layers were washed with water, (10 mL) and brine before being dried over MgSO4. The 

solvent was removed in vacuo to provide the title compound as a yellow oil which did 

not require further purification (42 mg, 50%). Rf = 0.75 (PE/EtOAc, 3:1, v/v); IR (film) 

2918, 2847, 1420, 1187 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.87 (m, 4H, H-2′, H-2′′), 

2.75 (m, 4H, H-1′, H-1′′), 2.56 (m, 4H, H-1, H-4), 1.71 (m, 4H, H-2, H-3); HRMS(ESI) 

m/z calcd. for [C8H22S4N]+: 260.0630, obsd.: 260.0635. 

 

1,1,1-Tris(benzenesulfonylmethyl)ethane (52).  

1,1,1-Tris(hydroxymethyl)ethane 40 (5 g, 0.042 mol) was 

dissolved in dry pyridine (20 mL) under an atmosphere of argon. Once dissolved, the 

mixture was placed in an ice water bath before the dropwise addition of benzenesulfonyl 

chloride (24.3 g, 0.137 mol). The resulting white slurry was then stirred at 40 ˚C for 2 h. 

The slurry was then poured slowly into a vigorously stirring solution of 40 mL 

concentrated HCl, 50 mL water and 100 mL MeOH. The resulting suspension containing 

Tris-benzenesulphonate as a white solid was then cooled on ice, filtered and washed with 

water and cold MeOH to provide the title compound as a white, crystalline solid which 

was used without further purification (19.5 g, 96%). Rf = 0.71 (PE/EtOAc, 1:1, v/v); Mp 
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92.7-96.1 ˚C; IR (film) 3066, 1448, 1361, 1174 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.83 

(d, Jm-Ph,o-Ph = 7.7 Hz, 6H, o-Ph), 7.69 (m, 3H, p-Ph), 7.57 (m, 6H, m-Ph), 3.81 (s, 6H, 

CH2), 0.92 (s, 3H, CH3); 13C NMR (125 MHz, D2O) δ 134.3 (p-Ph), 129.6 (m-Ph), 128.0 

(o-Ph), 70.0 (CH2), 16.2 (CH3); HRMS(ESI) m/z calcd. for [C23H25O9S3]+: 541.0655, 

obsd.: 541.0678. 

 

N-(2-acetamido-2-deoxy-β-D-glucopyranosyl)-

O-methyl-N-(2-(((4-methyl-1,2-dithiolan-4-

yl)methyl)thio)hydroxylamine (56). N-

Acetylglucosamine (0.041 g, 0.184 mmol) and linker 39 (23.5 mg, 0.092 mmol) were 

reacted in 0.196 mL of a mixture of AcOH/NaOAc buffer (2 M, freshly prepared) and 

DMSO in a 1:1 solvent ratio (v/v) at 40 ˚C for 72 h. The crude reaction mixture was 

directly loaded onto a size exclusion column (Bio-Gel P-2, 1200 × 18 mm) and eluted 

with a 0.1 M aq. NH4HCO2 solution. Lyophilisation of the product fractions afforded 

glycoside 56 as an off-white solid (20.6 mg, 49%). Rf = 0.57 (MeOH/CH2Cl2, 1:4, v/v); 

αD
24.0 = -10 (c = 0.1, MeOH); IR (film) 3363, 2970, 1738, 1367 cm-1; 1H NMR (500 MHz, 

D2O) δ 4.31 (d, J2′,1′ = 9.6 Hz, 1H, H-1′), 3.87 (m, 2H, H-2′, H-6a′), 3.73 (dd, J5′,6b′ = 4.6 

Hz,  J6a′,6b′ = 12.3 Hz 1H, H-6b′), 3.52 (m, 1H, H-3′), 3.49 (s, 3H, OCH3), 3.39 (m, 2H, 

H-4′, H-5′), 3.17 (d, J6b+7b,6a+7a = 11.2 Hz, 2H, H-6a, H-7a), 3.03 (m, 2H, H-1), 2.98 (d, 

J6a+7a,6b+7b = 11.2 Hz, 2H, H-6b, H-7b), 2.84 (s, 2H, H-4), 2.67 (m, 2H, H-2), 2.03 (s, 3H, 

CH3 Ac), 1.82 (m, 2H, H-3), 1.28 (s, 3H, CH3); 13C NMR (125 MHz, D2O) δ 176.3 (C=O 

Ac), 92.5 (C-1′), 79.9 (C-5′), 78.0 (C-3′), 72.0 (C-4′), 63.6 (OCH3), 63.3 (C-6′), 54.8 (C-

2′), 53.9 (C-5), 52.7 (C-1), 50.8 (C-6, C-7), 43.4 (C-4), 33.5 (C-2), 29.0 (C-3), 25.6 (CH3), 

24.7 (CH3 Ac); HRMS(ESI) m/z calcd. for [C17H32N2O6S3K]+: 479.1315, obsd.:479.1337. 

 

6.3 Hydrolytic Stability Experiment 

A series of citric acid-Na2HPO4 buffers at various pH (pH 3, 4, 5, 6) and buffer 

concentrations (25, 50, 100, 200 mM), containing 0.1% NaN3, were prepared. To the 

dansylated glycosides 28 and 29 (in separate flasks), a stock solution of internal standard 

30 (0.25 equiv. compared to 28 or 29) in H2O was added and the resulting solutions were 

divided into separate reaction vessels and lyophilized to obtain 2 µmol of dansyl-

glycoside 28 or 29 per reaction vessel. To each reaction vessel, the previously prepared 

buffers (50-800 µL, depending on experiment) were added. The hydrolysis reactions were 
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monitored over time using HPLC-UV analysis (column: BEH300 C18 5 µm, 

4.0 × 150 mm, 35% MeCN in H2O). The integrated chromatograms of glycosides 28 or 

29 were measured against the integral of the internal standard. A line was fitted to the 

data according to the least-squares method, and the half-lives were calculated based on 

the fitted line. In control experiments, an excess of internal standard and NaN3 were 

added. In addition, reactions were performed in PBS at various glycan concentrations 

(12.5, 25, 100, 200µM).  

 

6.4 pKa Determination 

1H NMR spectra were recorded for N-methyl-N-(2-acetamido-2-deoxy-β-D-

glucopyranosyl)-O-methyl-hydroxylamine (37) in D2O at various pD values. A stock 

solution of glycosyloxyamine 37 (10 mg/mL in D2O), and of 3 M DCl, 6 M DCl and 9 M 

DCl in D2O were prepared. To seven individual samples of 0.5 mL of the 

glycosyloxyamine 37 stock solution (10 mg/mL) were added 3 M DCl (50 µL), 6 M DCl 

(50 µL), 9 M DCl (50 µL), conc. DCl (50 µL), conc. DCl (100 µL), conc. DCl (150 µL) 

or conc. DCl (200 µL). One sample contained glycosyloxyamine 37 stock solution only, 

while the final sample contained glycosyloxyamine 37 (5 mg) dissolved in conc. DCl (0.5 

mL), with 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS, 1 mg) as an internal 

standard. 1H NMR spectra were recorded for each sample within 2 minutes of DCl 

addition. The pD of each sample was determined by titration of chloride using Mohr’s 

method.102 Briefly, after NMR spectra were recorded, each sample was titrated against a 

0.1 M solution of AgNO3 using K2CrO4 as the indicator in order to determine the amount 

of Cl- ions in solution, from which the pD was then calculated. The change in chemical 

shift of the NMe, OMe and anomeric proton of glycosyloxyamine 37 relative to DSS 

were each plotted against pD separately. A dose response curve was fitted according to 

equation 5 (derived from equations 6 to 10, Chapter 3) using the least-squares method, 

which provided the pKa value of the protonated glycoside. The final pKa value was taken 

as the average of the pKa values determined for the individual NMR signals. 
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41

Br Br

Br
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2025303540455055606570758085

f1 (ppm)

13C NMR (125 MHz, CDCl3)

41

Br Br

Br



 130 

 
1.01.52.02.53.03.54.04.55.05.56.06.57.0

f1 (ppm)

1H NMR (500 MHz, CDCl3)

43

HS
SH
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202530354045505560657075

f1 (ppm)

13C NMR (125 MHz, CDCl3)

43

HS
SH
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3.53.73.94.14.34.54.74.95.15.35.55.75.96.16.36.56.76.97.17.3

f1 (ppm)

1H NMR (500 MHz, CDCl3)

45

Br Br
Br
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3035404550556065707580

f1 (ppm)

13C NMR (125 MHz, CDCl3)

45

Br Br
Br
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0.61.01.41.82.22.63.03.43.84.24.65.05.45.86.26.67.07.4

f1 (ppm)

1H NMR (500 MHz, CDCl3)

49

S S

OH

OH
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22242628303234363840424446485052545658606264666870727476788082

f1 (ppm)

13C NMR (125 MHz, CDCl3)

49

S S

OH

OH
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1.52.02.53.03.54.04.55.05.56.06.57.0

f1 (ppm)

1H NMR (500 MHz, CDCl3)

50

S
S

SH

SH
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

f1 (ppm)

1H NMR (500 MHz, CDCl3)

52

PhO2SO OSO2Ph

OSO2Ph
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2030405060708090100110120130

f1 (ppm)

13C NMR (125 MHz, CDCl3)

52

PhO2SO OSO2Ph

OSO2Ph
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1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5

f1 (ppm)

1H NMR (500 MHz, D2O)
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30405060708090100110120130140150160170180

f1 (ppm)

13C NMR (125 MHz, D2O)
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