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 Abstract 

 

Over the past few decades, immunologists have begun to try and develop vaccines against 

tumour cells. These vaccines typically contain an antigen that is present only on the tumour, 

which can then activate tumour-specific cytotoxic T-cells. One of several approaches to 

developing an effective vaccine involves targeting a endocytic receptors on antigen-presenting 

cells, which results in enhanced antigen cross-presentation. In these studies, the mannose 

receptor was used as an endocytic receptor. The mannose receptor (MR) can function in two 

ways on antigen-presenting cells; either to enhance general antigen uptake and/or to promote 

cross-presentation of the antigen.  

To date, there is no clear picture of the factors that are important in controlling antigen cross-

presentation. The main aim of this project was to determine which structural parameters of the 

glycoprotein-antigen conjugate resulted in enhanced cross-presentation upon MR-ligation. 

This thesis therefore concerns the chemoenzymatic synthesis of defined glycopeptides and 

glycoproteins as chemical biology tools to help unravel the role(s) of the MR in antigen cross 

presentation. Herein N-glycans were produced either via total or semi-synthesis, and then 

enzymatically or chemically coupled to give homogeneous glycopeptides and glycoproteins. 

Enzymatic degradation of locust bean gum provided a Manβ(1→4)Man disaccharide building 

block which in turn allowed the synthesis of N-glycan disaccharide and tetrasaccharide 

oxazolines. This synthetic route was considerably shorter than all other previously reported 

syntheses of these two compounds. In addition, large N-glycan oligosaccharide oxazolines, 

Man9GlcNAc-high mannose (from soy bean) and sialoglycan-complex (from egg yolk), were 

accessed by semi-synthetic approaches.   
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GlcNAc-Asn and GlcNAz-Asn were employed as model acceptors to represent the minimal 

structure of N-linked glycoproteins; the disaccharide, tetrasaccharide, Man9GlcNAc, and 

sialoglycan oxazolines were all used as donors. The structurally modified GlcNAz acceptor 

(Fmoc-Asn-GlcNAz) was found to be a suitable acceptor substrate for glycosylation catalysed 

by endo-β-N-acetyl-glucosaminidase (ENGase) enzymes, indicating that in future its 

incorporation into larger peptides may provide access to bio-orthogonally tagged antigens and 

allow more detailed investigations of antigen cross-presentation biology. 

Native glycoforms of immunological probe peptides were made by the use of ENGase 

enzymes, which attached sugar oxazolines to a peptide (OVA247-264A5K) containing a GlcNAc 

handle. Non-native glycoforms of the same probes were made by the use of click chemistry, to 

attach sugars to peptides (OVA247-264A5K) which contained a propargyl handle. Finally, 

glycoprotein remodelling of ovalbumin (OVA) was achieved with the N-glycan tetrasaccharide 

oxazoline donor using WT Endo A as catalyst. The synthesis of these glycopeptides and 

glycoproteins in homogenous form should facilitate future analysis to help define the pathway 

taken by an antigen after uptake by the MR.
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Chapter 1 Introduction 

 

1.1 General introduction of immunology 

The immune system is important for the survival of many living organisms, and can recognise 

invaders, such as viruses, bacteria, fungi and yeast, and reacts through a series of steps to 

neutralise these biological attacks (immune response). Moreover, from a carcinogenic 

perspective, the immune system has the capability to abolish malignant cells.  This immunity 

to infection is mediated by two systems: the innate and the adaptive immune systems.1 

Innate immunity is a nonspecific defence system which can respond immediately to the 

presence of antigens in the body. At the same time, the innate system also plays a crucial role 

in alerting the adaptive immune system. The innate system includes complement proteins, 

professional phagocytes and natural killer cells and these cells lack immunological memory.  

The adaptive immune system involves controlling pathogens that show structural variability 

and an ability to mutate inside the host system.2,3 Adaptive immune responses originate under 

the influence of the innate immune system signals provided either directly by circulating 

pathogens or indirectly by pathogen-activated cutaneous or mucosal antigen-presenting cells 

(APCs) migrating to the secondary lymphoid organs.3 The adaptive immune system includes 

T lymphocytes and antibody-producing cells, B lymphocytes and these cells possess 

immunological memory. The main function of B cells is the production of antibodies to clear 

bacterial and viral bodies. T cells can recognise exogenous or endogenous protein fragments 

and can act as a potential killer cells or provide help for the induction of an immune response. 

T cells are divided into two groups: helper T cells and cytotoxic T lymphocytes (CTL) - helper 

T cells identify the extra cellular antigen presented in Major Histocompatibility Complex 

(MHC) class II molecule by the antigen presenting cell (APC) and the CTL recognise the 
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intracellular short antigenic peptide in the MHC Class I, presented by the nucleated cell in the 

body. Initially, immunologists believed that CTL could recognise the native form of protein. 

However, in 1986, Townsend and co-workers reported that CTL recognise the short peptide 

instead of native form of protein.4 Following this work, Rammensee and co-workers found that 

a short peptide containing eight amino acids was recognised by the CTL instead of native form 

of protein where they used acid elution method to remove the peptide from the MHC Class I 

molecule.5   

1.2 Antigen cross-presentation 

Typically, an antigen-presenting cell uses the MHC class II molecule to present exogeneous 

antigens. However, under certain conditions, these proteins are presented by MHC class I 

molecules instead of the MHC class II molecules; this is known as cross-presentation. Cross-

presentation has been recognised as an important process in the immunological system such 

that it acts against viruses that do not infect antigen-presenting cells and tumour cells.6,7,8 

However, the molecular mechanism of cross-presentation is not well understood.9  

Cross-presentation is mainly regulated by the intra-endosomal antigen stability. This stability 

is affected by the lysosomal degradation of antigen.10 In addition, fast degradation of antigen 

produces large number of epitopes before they loaded properly onto the MHC class I molecule 

and this leads to a poor cross-presentation.11 Furthermore, the half-life of the MHC class I-

antigen complex on the cell membrane is lower than the MHC class II-antigen complex. 

Therefore, an extend cross-presentation is important to achieve T cell activation. This can be 

achieved by the long-time storage and  limited  degradation of antigens, which facilitates the 

continuous presentation of MHC-class I-antigen complex on the cell membrane.   
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Dendritic cells (DCs) are the most important type of cross-presenting cells, because of several 

features – firstly, their low level of expression of lysosomal proteases and slows down the 

maturation of endosome which allow the prolong stability of antigen within DCs. Secondly, 

DCs have ability to alkalize their endosomal environment and reduce the pH-dependent 

activation of lysosomal proteases, which facilitate the slow degradation of antigens. Thirdly, 

DCs have ability to express endocytosis receptors which target the non-degradative endosomal 

compartment. For example, scavenger receptors immediately target towards the lysosome, 

which facilitates the quick degradation of peptides and result in poor cross-presentation.12 In 

contrast, the mannose receptor traffics endocytosed cargoes to the early endosome, which 

slows down protein degradation and result in efficient cross-presentation.13   

During the cross-presentation process, internalised antigens can be processed into two 

pathways: the vacuolar pathway and the endosome-to-cytosol pathway.14,15 During the 

vacuolar pathway, once the exogeneous protein is internalised, it is chopped into peptides by 

lysosomal proteases and then presented to MHC class I molecules. The whole process occurs 

within the endosome–lysosomal compartment.16 In the endosome-to-cytosol pathway, an 

internalised antigen is transported from the endosome to the cytosol, where it is then degraded 

by the action of the proteasome.17 Specific transporter proteins (TAP1 and TAP2) then 

transport the processed peptides to the ER or endosome, where they are then loaded onto MHC 

class I molecules (Figure 1.1).18 
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Figure 1.1: Schematic overview of cross-presentation pathways: this picture was adapted from 

Burgdorf et.al .9 

1.3 The Mannose receptor (MR) 

The MR is a carbohydrate-recognising receptor expressed on antigen-presenting cells, such as 

macrophages and dendritic cells.19 This receptor plays several different roles in cells, such as 

in the clearance of endogenous molecules,20 promotion of antigen presentation,21 and the 

modulation of cellular activation and trafficking.22 The MR consists of five distinct regions: a 

cysteine-rich amino terminal domain (CR), a fibronectin type II repeat region, eight calcium-

dependent carbohydrate recognition domains (CRD), a transmembrane domain, and a 

cytoplasmic domain (Figure 1.2).23 The CRDs bind sugars by ligation with calcium 

ions,24whereas the cysteine-rich domain binds sulfated sugars.22  
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Figure 1.2: Domain organisation of the mannose receptor: this picture was adapted from 

Introduction to Glycobiology.25 

The binding affinity of glycans to the MR depends on many factors. One is that the receptor is 

itself glycosylated. It has been shown that altering these glycans affects the glycan binding and 

the uptake properties of receptor.26 For example, sialic acid-containing MRs show higher 

binding affinities to mannosylated carbohydrates than non-sialic acid-containing MRs.26 The 

other factor is that the MR can be expressed in different cells, such as macrophage or dendritic 

cells, which show different sugar binding affinities. A third factor is that MR adopts three 

different conformations depending on the pH of the system: open, closed and half-closed. In 

the closed conformation, the extracellular region of the receptor bends and brings the CR 

domain close to the CRD region (Figure 1.3).27 These conformations have different affinities 

towards various glycoproteins.  
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Figure 1.3: Schematic representation of MR recycling and conformational changes: this 

picture was adapted from Hu et. al.27    

The MR shows varying affinities towards the different glycoproteins which may also result in 

the different routings of respective antigens. Burgdorf and co-workers reported that the MR 

was found to be a potential enhancer of cross-presentation of the soluble glycoprotein 

ovalbumin (where MR-mediated antigens were targeting the late endosome instead of towards 

lysosomes), Even though this was the case, some glycosylated proteins failed to show the cross-

presentation.12 These conflicting results may be due to the different functions relating to 

antigen presentation. This functional difference could be due to differing conformations of the 

MR. To date, there are many things that remain unknown about the MR-mediated cross-

presentation.  

  



Chapter 1 
 

7 

 

1.4 The immunological importance of carbohydrates  

Initially, the roles of carbohydrates were thought to be of a structural purpose, such as chitin 

and cellulose, or as a source of energy, such as glucose.28 However, carbohydrates have been 

shown to play vital roles in biological events such as protein folding and stabilisation,29 cell 

communication,30 and immune defence.31 In the immune system, the structural pattern of 

carbohydrates present on the invaders are recognised as antigens; for example T cell-

independent activation of B lymphocytes, which recognise the repeating unit of glycans as an 

antigen, are found on the surface of bacterial cells.32 Further, the lectin activation pathway 

recognises the carbohydrate pattern present on the surface of the microorganism using pattern 

recognising receptors, such as mannose binding lectin (MBL) and ficolins.33,1 In addition, 

zwitterionic polysaccharides can be processed by the antigen presenting cell and helper T cells 

can recognise this molecule as an antigen presented by MHC Class II molecules.34,35 Beyond 

the pure carbohydrates, glycoconjugates show a great contribution in the immune system. For 

example, glycopeptides which can act epitopes for the T cell activation, are influenced by the 

glycan structure, the position of glycan in the peptide, and structure of peptide.36 

1.5 General introduction of carbohydrates 

Biological macromolecules are large complex molecules; there are four major classes: DNA, 

proteins, carbohydrates, and lipids.25 Carbohydrates are one of the most abundant classes of 

biological macromolecules. Their structural diversity leads to a complexity which is not 

observed in other macromolecules such as DNA and proteins.37 This complexity is due to the 

isomerism resulting from variations of ring size, anomeric configuration, the linkage position 

between monosaccharide units, hydroxyl group stereochemistry, the adoption of either linear 
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or branched sequences, branching positions, modification by sulfation/phosphorylation/ 

acetylation, and the identity of species attached to the reducing terminus of the carbohydrate.  

1.6 The Classification of N-glycans 

The majority of carbohydrates present in cells are covalently linked to proteins or lipids, and 

such ligated species are referred to as glycoconjugates. Natural glycoproteins fall into one of 

two main categories: N-linked glycans are covalently attached to proteins through asparagine 

(Asn) residues via an N-glycosidic bond and O-linked are attached to proteins mainly through 

either serine or threonine residues.25  

N-Glycans make up about 90% of the total glycan mass in eukaryotic cells,38 and are mainly 

found in plasma proteins, thyroglobulins, hormones, enzymes, cell surface receptors, 

immunoglobulins, and lectins. N-Glycans are subdivided into three types: high mannose (five 

to nine mannose attached to chitobiose), complex (with or without a bisecting GlcNAc at the 

mannosyl core or a fucose residue on the innermost GlcNAc), and hybrid (has (at least) one 

antenna corresponding to each of the previous two types) glycans (Figure 1.5).25 They all share 

a common core pentasaccharide structure [Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-

Asn] but differ in the units that branch from this core unit (Figure 1.4).38 

 

Figure 1.4: The core pentasaccharide structure of N-glycans.  
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  (a)        (b) 

  

(c) 

Figure 1.5: Types of N-glycan; (a) high mannose; (b) complex; (c) hybrid.39 

1.7 The importance of N-glycans 

N-Glycans play vital roles in many biological processes, such as the stabilisation of proteins,40 

the folding of newly synthesised polypeptides in the endoplasmic reticulum (ER), controlling 

protein solubility and conformation,38 signal transduction,41 and the control of cell 

development and differentiation.28  Furthermore, N-glycans also play significant roles in innate 

immunity and adaptive immunity.42 
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1.8 N-Glycan biosynthesis  

N-Glycan biosynthesis is a cellular process that takes place in the endoplasmic reticulum (ER) 

and the Golgi apparatus, and is mediated by several enzymes, including glycosyltransferases 

and glycosidases. The biosynthesis of N-glycan starts on the ER membrane with transfer of 

phosphorylated N-acetylglucosamine to dolichol phosphate, producing dolichol pyrophosphate 

N-acetylglucosamine (Dol-P-P-GlcNAc).43 Then  Dol-P-P-GlcNAc is extended to Dol-P-P-

GlcNAc2Man5 and this unit is transferred into the lumenal side of the ER. These extensions are 

catalysed by specific glycosyltransferases. On the lumenal face of the ER membrane, four more 

mannose residues are added to Dol-P-P-GlcNAc2Man5 and this extension is completed with 

the addition of another three glucose residues. The complete precursor is then transferred from 

the dolichol-linked precursor to an asparagine side chain of the growing polypeptide chain by 

the action of a protein complex called oligosaccharyltransferase (OST). Glycosylated 

asparagine residues are present in the consensus sequence Asn-X-Ser or Asn-X-Thr.44,24 

According to literature studies, the second position of the amino acid consensus sequence (X) 

can be any amino acid, except proline.45 The next step involves the removal of several glucose 

residues, and interaction of the remaining glycan with the chaperone proteins, calnexin and 

calreticulin facilitates the correct folding of the protein. When the protein is folded correctly, 

any remaining glucose residues, as well as one mannose, are enzymatically removed from the 

glycoprotein prior to transfer to the Golgi apparatus for further processing by an extensive set 

of glycosidases and glycosyltransferases. Any misfolded proteins are transferred to the 

proteasome for degradation.  

The biosynthesis of hybrid and complex N-glycans is started by the addition of 

N-acetylglucosamine to the core structure of Man5GlcNAc2, and is catalysed by the enzyme 

N-acetylglucosaminyltransferase (GlcNAcT-I). Following this step, two mannose residues are 
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removed by the action of α-mannosidase II, producing GlcNAcMan3GlcNAc2. A second 

addition of N-acetylglucosamine to GlcNAcMan3GlcNAc2 then produces the precursor for all 

biantennary complex N-glycans. Hybrid N-glycans are formed when α-mannosidase II does 

not act on GlcNAcMan5GlcNAc2 precursors after the addition of N-acetylglucosamine (Figure 

1.6).      

The maturation of N-glycans can then be divided into three types.43 One of the main core 

structures can be modified with fucose at the N-acetylglucosamine adjacent to the asparagine 

residue. Alternatively, elongated branches can be made by the addition of a galactose residue 

to the N-acetylglucosamines. And thirdly, the core structure can be elongated with N-

acetylneuraminic acid -galactose disaccharide-capping structure.   

 

 Figure 1.6: Schematic representation of biosynthesis and processing of N-linked 

oligosaccharides: this picture was adapted from Vasconcelos-dos-Santos et al.46 
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1.9 The chemical synthesis of N-glycans 

N-Glycans are very useful for glycobiology studies.47 In nature, N-glycans are found as 

heterogeneous mixtures. The extraction of these sugars and the separation of heterogeneous 

glycan mixtures is difficult, and therefore synthetic strategies are an attractive way to access 

homogenous N-glycans. However, the chemical synthesis of carbohydrates is difficult when 

compared with protein or nucleic acid synthesis which is complicated especially by the fact 

that each glycosylation reaction can give isomeric products varying in both stereo- and 

regiochemistry.  

For a general glycosylation reaction, the glycosyl donor should contain a good leaving group 

at the anomeric center that can be activated by a promoter to produce the glycosyl cation. which 

is trapped by a nucleophilic alcohol of acceptor to produce either an α-glycoside or a β-

glycoside (Scheme 1.1).   

 

Scheme 1.1: General glycosylation reaction scheme. 

The initial concept of glycosylation was developed by Fischer in 1893.48 The first controlled 

glycosylation was established by Koenigs and Knorr using the displacement of α-halides in the 

presence of silver carbonate. However, poor yields were observed with the poorly nucleophilic 
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acceptors.49 Nowadays, glycosylation is achieved efficiently by the use of different glycosyl 

donors (for example trifluoroacetimidates,50 trichloroacetimidates,50 n-pentenyl,51 and 

thioglycosides52) and different promoters (BF3.OEt2, NIS/TMSOTf, NIS/TfOH, TMSOTf, and 

AgOTf). 

During the glycosylation reaction, one of the primary challenges is the access to a single 

hydroxyl group in presence of many others. It is clear that there are several alcohols of similar 

nucleophilicity which may act as the acceptor to afford various isomeric products 1.8 (Scheme 

1.2). This challenge can be resolved by the use of protecting group chemistry. However, careful 

selection of the protecting groups used is important for a successful synthetic route. 

 

Scheme 1.2: A model reaction for regioselectivity. 

The glycosidic linkage formed in the product of any glycosylation reaction has the potential of 

being either α (axial) or β (equatorial) substituents on the anomeric centre as well as the cis or 

trans relationship between the C-1 and C-2 positions (Figure 1.7).  
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Figure 1.7: α and β anomers with 1,2-cis and 1,2- trans stereochemistry. 

During a glycosylation reaction, the formation of the 1,2-trans product can be achieved 

selectively by the use of neighbouring group participation. An acyl group at the C-2 position 

of the donor (e.g. acetate, benzoate, phthalimide or acetamide) can trap the glycosyl 

oxocarbenium ion to form a more stable cyclic oxonium ion. This 1,2-cis cyclic oxonium ion 

can be opened by a suitable nucleophilic acceptor, to stereoselectively produce the 1,2-trans 

glycoside (Scheme 1.3). 

 

Scheme 1.3: Formation of a 1,2-trans glycoside through neighbouring group participation. 

The formation of 1,2-cis glycosides requires non-participating functionalities at the C-2 

position (e.g., azide, benzyl ether, nitrate or allyl ether). Even in this case, 1,2-cis glycoside 

formation is not guaranteed and there are many other factors to be considered including such 

as the leaving group, promoter, solvent effect, long-range participation, intramolecular 
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glycosylation, and steric hindrance (Figure 1.8), all which affect the stereoselectively of 

glycosylation differently.53  

 

Figure 1.8:  Factors influencing the production of 1,2 cis-glycoside. 

Over the past 30 years, significant efforts have been extended towards the laboratory synthesis 

of natural N-glycans. Most synthetic approaches involve the synthesis of a basic disaccharide 

building block, Manβ(1-4)GlcNAc, from the monosaccharide building blocks of glucose donor 

and glucosamine derivatives.54 This basic disaccharide building has been extended at C-3 and 

C-6 position for the synthesis of different types of N-glycans. During the synthesis of the basic 

disaccharide building block, the formation of the Manβ(1-4)GlcNAc and conversion of the 

gluco- configured donor to mannoside are the key steps. Previously, the Fairbanks group has 

used selective and orthogonal protection of OH-2 by ester protection, such as levulinoyl ester, 

which allows selective formation of the β-linkage and subsequent epimerisation.52,55,56 For 

example, these crucial steps were used to synthesise a truncated complex biantennary N-glycan 

oxazoline (Scheme 1.4),52 where, followed by the epimerization process, regioselective 
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deprotection of OH-3 allowed the first glycosylation. Then, reductive ring opening of 4,6 

benzylidene facilitated the second glycosylation at OH-6 using thiol donor. Deprotection of the 

protecting groups (pthalamide, benzyl and p-Methoxyphenyl) and subsequent conversion to an 

acetate group facilitated oxazoline formation. Finally, global deprotection of the oxazoline was 

achieved by Zemplén deacetylation (Scheme 1.4). 

The epimerisation of β-glucosides has also been achieved by direct inversion or reduction of 

ulosides (Scheme 1.5). This approach was demonstrated by Miljkovic et al, where the direct 

inversion of  C-2 epimerisation was achieved by the direct SN2 displacement. However, the 

yield of reaction was limited due to the repulsive electrostatic interactions between the 

incoming nucleophile and one of the oxygen lone pairs within the sugar.57 Then, Fürstner et al 

successfully improved the epimerisation using ultrasound, whereby triflation at OH-2 followed 

by displacement with tetrabutylammonium acetate, produced β-mannoside.58 This method was 

then widely used by various research groups to synthesise the high mannose and complex N-

glycans.52,56,59 
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Scheme 1.4:  (i) MeOTf, t-TBP, 3 Å mol.sieves, DCM, 0 °C to rt, 16h, 91%; (ii) (a) hydrazine 

acetate, MeOH, DCM, rt, 14 h, quant.; (b) (i) Tf2O, py, DCM, 0 °C -rt, 3h; (ii) n-Bu4NOAc, 

toluene, rt, sonication, 16 h, 91% over two steps; (iii)  (a) Ir(COD)(PMePh2)
2+PF6

-, THF, rt, 14 

h; (b) NIS, H2O, rt, 18 h, 86% over two steps; (iv) (a) AgOTf, NIS, 3 Å mol. sieves, DCM, 0 

°C, 1 h, 79% (93% based on recovered); (b)  Et3SiH, PhBCl2, 3 Å mol. sieves, DCM, -78 °C, 

45 min, 91%; (c) AgOTf, NIS, 3 Å mol. sieves, DCM, 0 °C, 1 h, 79% (89% based on 
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recovered); (v) (a) H2, Pd(OH)2, MeOH, THF, rt, 10 days; (b) Ac2O, py, rt, 16 h, 86% over two 

steps; (c) (i) NH2CH2CH2NH2, MeOH, reflux, 16 h; (d) Ac2O, py, rt, 24 h, 76% over two steps; 

(e) (i) CAN, MeCN, H2O, rt, 18 h; (f) Ac2O, py, rt, 16 h, 69% over two steps; (g) TMSBr, 

BF3·OEt2, tri-t-butylpyrimidine, DCE, 40 °C, 6 h, 88%; (vi) NaOMe, MeOH, rt, 40 h, quant.52 

 

 

Scheme 1.5: (i) Epimerisation using direct SN2 displacement57 (ii)  Epimerisation using 

ultrasound58 (iii) Epimerisation using oxidation60 

In some cases, the synthesis of Manβ(1-4)GlcNAc (β-linkage) was achieved by intramolecular 

glycosylation. In particular, Crich’s direct β-mannosylation was used for the synthesis of the 

basic disaccharide building blocks.61,62,63 During this approach, the use of non-participating 

groups on OH-2, OH-3 and 4,6-benzylidene protection allowed for the in situ formation of α-

triflates, which were then followed by direct SN2 displacement to afford β-mannosides (Scheme 

1.6). However, a drawback in this method is that only works well for 2-azido and 2-
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sulphonamido-, rather than 2-acetamido or 2-N-phthalamido-protected acceptors. This 

approach was used by Wang and co-workers for the synthesis of a modified core N-glycan 

tetrasaccharide oxazoline, where they used the intramolecular glycosylation approach to 

synthesise the Manβ(1-4)GlcNAc skeleton, followed by deprotection of OH-3 and OH-6, and 

then facilitating double glycosylation with a specifically protected trichloroacetimidate donor 

(Scheme 1.7). 

 

 

Scheme 1.6: Crich et al. synthesis of β-mannosides61 

In addition to this, β-mannosides can be made by intramolecular aglycon delivery. During this 

process, the acceptor is temporarily linked to the C-2 position of the donor usually via an acetal 

or silicon tether. Then, intramolecular delivery of the alcohol of the acceptor is achieved by 

activation to produce a β-mannoside. For example, in 1995, Ogawa and co-workers used p- 

methoxybenzylidene acetal as the tether for the synthesis of N-glycan core pentasaccharide 

(Scheme 1.8).64 
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Scheme 1.7: (i) BSP, TTBP, Tf2O, CH2Cl2, -60 °C, 67%; (ii) (a) DDQ, CH2Cl2, H2O, 0 °C 

80%. (b) Cu(OTf)2, BH3 ·THF, THF, rt, 73%; (iii) TMSOTf, CH2Cl2, -40 °C, 96%; (iv) (a) 

AcSH, pyridine, CHCl3, rt, 85%; (b) AcCl, CH2Cl2, MeOH, rt, 72%. (c) (i) TsCl, pyridine, rt; 

(ii) NaN3, DMF, 80 °C, 84% (2 steps). (d) MeONa, MeOH, rt, 85%; (v) (a) Pd(OH)2-C, H2, 

MeOH, rt; (b) TfN3, K2CO3, CuSO4, CH2Cl2, MeOH, H2O, rt; (vi) Ac2O, pyridine, rt, 61% (3 

steps); (vii) (a) TMSBr, BF3 · OEt2, 2,4,6-collidine, CH2Cl2, rt, 52%; (b) MeONa, MeOH, rt, 

quant. 
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Scheme 1.8: (i) DDQ. MS 4 Å/CH2Cl2, 69% based on 90% conversion; (ii) MeOTf. DBMP, 

CH2Cl2, 60%; (iii) (a) 1,2-ethylenediamine, EtOH. reflux; (b) Ac2O/MeOH; (c) H2, Pd-

C/MeOH, 80% over 3 steps. 

In addition to the formation of the β-linkage and epimerization, the synthesis of N-glycan 

oxazolines has become an important target for optimisation due to their utility in endo-β-N-

acetylglucosaminidase-catalysed glycosylation.54 Recently, N-glycan oxazolines have been 
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used as donors for the ENGase-catalysed glycosylation reaction which has allowed the 

synthesis biologically-important glycopeptides and glycoproteins.65,66,67 Initially, a fully 

protected form of monosaccharide oxazolines were synthesised using Lewis acids, such as 

FeCl3, SnCl4 and TMSOTf. The drawback behind these approaches is the cleavage of the 

interglycosidic linkage of oligosaccharides, which leads to overall low yields. However, 

TMSOTf in dichloroethane or TMSBr, BF3.OEt2 and 2,4,6-collidine in dichloroethane have 

been demonstrated to be useful reagents for the synthesis of the protected form of 

oligosaccharide oxazolines (Scheme 1.9). In the final synthetic step, the protected form of 

oxazoline substrate must be converted to the unprotected form - a critical step due to the labile 

nature of the sugar oxazoline towards the acidic conditions. Therefore, hydroxy groups needed 

to be protected with the base-labile groups.  

 

Scheme 1.9: (i) TMSBr, BF3.OEt2, 2,4,6-collidine, ClCH2CH2Cl, 40 °C, 1 d, 81%; (ii) 

TMSOTf, ClCH2CH2Cl, 50 °C, 1 d, 74%. 

In 2009, Shoda and co-workers reported new synthetic strategy for the synthesis of sugar 

oxazoline directly from the unprotected sugar, whereby GlcNAc, under aqueous conditions, 
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was treated with 2-chloro-1,3-dimethylimidazolinium chloride (DMC) and triethylamine, 

leading to the formation of oxazoline in high yields (Scheme 1.10).68 This method was also 

applicable to larger oligosaccharides, saccharides containing acid groups, and complex types 

of oligosaccharides.  

 

Scheme 1.10 : Et3N, H2O, 0 °C, 15 min, 95% 

1.10 The semi-synthesis of N-glycans 

N-Glycans not only affect the functions of glycoproteins, but also play many other important 

roles in biology. However, functional studies of these glycans are difficult because of their 

heterogeneity in nature.69 Therefore, the homogeneous form of  N-glycans need to be accessed, 

even though chemical synthesis of large oligosaccharides is complicated because of protecting 

group manipulations and the lengthy routes required.70 Alternatively, complex sugars and their 

ligation to proteins can be achieved by a semisynthetic approach. 

Generally, complex biantennary glycan is extracted from egg yolk71,72 and Man9GlcNAc is 

extracted from soybean flour73,74 (for more details of the isolation processes see chapter 2). 

Kajihara69 and co-workers have developed a method to produce complex-type triantennary 

oligosaccharides from a biantennary oligosaccharide from egg yolk, and Wang and co-workers 

have reported a semisynthetic route for triantennary N-glycans from bovine fetuin.75  
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In addition to the complex-type N-glycans, high mannose N-glycans may also be produced by 

the semi-synthetic methods. Sun et al. reported the semi-synthesis of a Man3GlcNAc oxazoline 

from the egg-yolk sialylglycopeptide (SGP) via enzymatic glycotrimming (Scheme 1.11).71  

Wang and co-workers have also used semi-synthesis to produce Man5GlcNAc and 

Man6GlcNAc glycans from the chicken ovalbumin using protease digestion.76   

 

Scheme 1.11: Semisynthesis of Man3GlcNAc from SGP (egg yolk); (i) Neuraminidase, β-1,4-

galactosidase, N-acetyl-glucosaminidase; (ii) WT Endo A. 
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1.11 Glycoprotein synthesis 

Glycoproteins play a vital role in biological processes as diverse as fertilisation, neuronal 

development, immune surveillance, and inflammatory responses.77,78, 31,79 Because of this 

biological significance, there is a need to understand the functions of glycoproteins, even 

though this is a challenging task because of the heterogeneity of glycoproteins in nature. 

Therefore, access to homogeneous forms of glycoproteins has become an important scientific 

objective in order to prepare therapeutic glycoproteins. The synthesis of homogeneous 

glycoproteins is divided into three main approaches: total synthesis using native chemical 

ligation, chemical protein glycosylation and glycoprotein remodelling (Figure 1.9).80  

 

Figure 1.9: Main approaches for the glycoprotein synthesis; (A) Native Chemical ligation; (B) 

Chemical protein glycosylation; (C) Glycoprotein remodelling.  

Native chemical ligation (NCL) plays a significant role in protein chemistry81 as it allows the 

synthesis of peptides longer than 50 amino acids in length.82  The idea of this approach is to 

couple a series of peptides together83 to form a complete protein.84 Native chemical ligation 

was first reported by Kent and co-workers in the 1990s85 and involves the chemoselective 

reaction of an unprotected peptide thioester and another unprotected peptide containing a 

terminal Cys residue. The coupling proceed initially produces a thioester-linked intermediate 

which undergoes a rapid intermolecular reaction and produces a native peptide linkage 

(Scheme 1.12).85 For example, a glycosylated fragment of RNase B was synthesised by a 

combination of  the solid phase peptide synthesis and native chemical ligation.86    
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Scheme 1.12: Principle of native chemical ligation.  

Another approach for glycoprotein synthesis is chemical protein glycosylation, which can be 

divided into indiscriminate, chemoselective, site-specific, and site-selective glycosylation. 

Indiscriminate protein glycosylation method was frequently used for the synthesis of 

glycoprotein. Although, site-specific glycosylation has increased the selectivity and 

predictability of protein glycosylation compared with the indiscriminate method. This 

selectivity was demonstrated by Flitsch and co-workers in 1991.87 Site-selective glycosylation 

gives one the freedom to select the site of glycosylation on proteins. A combination of site-

directed mutagenesis (SDM) and chemical modification have allowed for full control of 

chemical protein glycosylation. Davis and co-workers demonstrated an example of site-

selective glycosylation using unnatural amino acids (azidohomoalanine (Aha) and 

homopropargyl (Hpg)) as chemical tags.88 Sugars containing a complementary propargyl or 

azide group were then reacted with the modified proteins using the Cu(I)-catalysed 

modification of the Huisgen cycloaddition (CuAAC) to afford a stable triazole linkages 

(Scheme 1.13).89,90  
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Scheme 1.13: Site-selective glycosylation using Glyco-CCHC. 

1.11.1 Glycoprotein remodelling 

Glycoprotein remodelling involves two key steps. The first is enzymatic removal of the 

heterogeneous glycans, leaving one GlcNAc residue at the N-linked glycosylation site; the 

second is the attachment of an N-glycan using a glycosyltransferase or an endoglycosidase.91 

Glycoprotein remodelling will be described in more detail in Chapter 4. Endo-β-N-

acetylglucosaminidases (ENGase) enzymes are the most attractive tool with which to extend 

the glycan chain, rather than the use of glycosyltransferases. This is due to the fact that 

glycosyltransferases can attach only one sugar at a time whereas an ENGases can attach an 

entire N-glycan in a single step. Glycosyltransferases will be discussed in detail in Chapter 3. 

1.11.2 Endo-β-N-acetylglucosaminidases (ENGases)  

ENGases (EC 3.2.1.96)  catalyse the hydrolysis of the chitobiose core of  high mannose, hybrid 

and complex  N-linked glycans, and belong to families GH18 and GH85.92 Endo A (from 

Arthrobacter protophormiae), Endo D (Streptococcus pneumoniae), Endo M (Mucor 

hiemalis), Endo-CC1 (Coprinopsis cinereal), Endo-CC2 (Coprinopsis cinereal), Endo Om 
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(Ogatea minuta) and Endo-CE (Caenorhabditis elegans) all belong to the GH85 family. Endo 

H (Streptomyces plicatus), Endo F1 (F1-Flavobacterium meningosepticum), Endo F2 

(Flavobacterium meningosepticum), Endo F3 (Flavobacterium meningosepticum), Endo S 

(Streptococcus pyogenes) and Endo S2 (Streptococcus pyogenes (M49)) belong to the GH18 

family. The hydrolysis of the substrates by ENGases goes through a two-step mechanism 

involving acid/base catalysis. The family GH85 enzymes typically contain a glutamic acid and 

an asparagine in the active site as the key catalytic residues, whereas enzymes of family GH18 

typically contain glutamic and aspartic acid residues.93  

To date, Endo M and Endo A have been most widely used the synthesis of glycopeptides and 

glycoproteins.94, 56,52,55   The first example of an Endo A-catalysed glycosylation was reported 

by Takegawa et al., in which the native form of RNase B was converted into a Man6GlcNAc2 

glycoform using wild type (WT) Endo A (Figure 1.10).95 Although successful, the yields for 

these reactions using WT enzymes were very low (5-8%) due to competing hydrolysis of the 

product.95 Yields were sometimes improved by the use of organic solvents, but this could not 

be applied universally.96 In 2001, Shoda and co-workers overcame this limitation by using a 

transition state mimic oxazoline as an activated donor (Scheme 1.14).97 Following this 

experimentation, ENGase-catalysed glycosylation was successfully applied to the small 

oligosaccharides, using oxazolines as donors. Again, glycosylation of large size 

oligosaccharides was limited because of complete product hydrolysis.98 
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Figure 1.10: Enzymatic synthesis of neoglycoproteins by Endo A: this picture was adapted 

from Takegawa et.al.95 

 

Scheme 1.14: Glycosylation activity of Endo-type glycosidase for Man-GlcNAc oxazoline 

Mutant enzymes were therefore developed to reduce the rate of product hydrolysis and allow 

successful glycosylation using full-length glycans (Scheme 1.15). Withers99 and Planas100 

developed the first mutant glycosynthase enzymes, where they replaced the catalytic 

nucleophile of retaining glycosidases with a non-participating group, for example alanine.101  

Using a similar strategy, the first ENGase mutant, Endo M-N175A was reported by Wang and 

Yamamoto,102 and showed a successful glycosylation for the full-length N-glycans such as a 

high mannose Man9GlcNAc-oxazoline 2.68, and a biantennary complex-type SGP 2.70 to 

proteins without any hydrolysis of product.67,94 After this success, several different types of 

mutants were produced,102 of which the N175Q Endo M mutant was shown to have particularly 



Chapter 1 
 

30 

 

useful activity: it was shown a better yield with small amount of enzyme.103 Meanwhile, 

Fairbanks and co-workers mutated the catalytic glutamic acid residue of Endo A, producing 

the mutants, E173Q and E173H.104 The E173Q mutant catalysed glycosylation more slowly 

than the E173H and WT Endo A enzymes, but it was completely incapable of product 

hydrolysis.101  The utility of the E173H Endo A was demonstrated  by the glycosylation of 

dRNase B using a tetrasaccharide oxazoline as donor.104 Another interesting mutant, N171A, 

was produced by Wang and co-workers, which also efficiently catalysed glycosylation using 

full-length high mannose oxazolines.105 
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Scheme 1.15: Design of mutant glycosynthases of the ENGases: (a) mutations of the catalytic 

base to alanine (Endo A N171A, Endo M N175A, Endo D N322A, Endo F3 D126A, Endo S 

D233A); (b) mutations of the catalytic base to glutamine (Endo M N175Q, Endo D N322Q, 

Endo CC1 N180Q, Endo F3 D126Q, Endo S D223Q, Endo S2 D184Q); (c) mutation of the 

catalytic acid to glutamine (Endo A E173Q); (d) mutation of the catalytic acid to histidine 

(Endo A E173H).101 

1.12 Aim and objectives 

The aim of this project was to synthesis high mannose N-glycans and to attach them to a 

selection of carrier peptides and proteins to help unravel cross-presentation pathways using a 

chemical biology approach. 
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Chapter 2 describes the synthesis of di- and tetrasaccharide N-glycans and the semi-synthesis 

of high mannose Man9GlcNAc and the complex biantennary sialylglycan (SG). It also 

describes their conversion to the corresponding oxazolines. 

Chapter 3 describes a series of ENGase-catalysed glycosylation reactions that were carried out 

using oxazoline donors that were synthesised in Chapters 2 using both GlcNAc-Asn and 

GlcNAc glycosyl amino acids as acceptors. 

Chapter 4 describes the synthesis of both native and non-natively linked glycopeptides and 

glycoprotein remodelling of ovalbumin (OVA) for immunological studies.      
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Chapter 2 The synthesis and semisynthesis of N-glycans oxazoline 

donors 

2.1  Introduction 

Carbohydrates are one of the most abundant classes of biological macromolecules. The 

majority of carbohydrates present in cells are attached to proteins or lipids. Carbohydrates that 

are covalently linked with proteins or lipids are called glycoconjugates, and are divided into 

three major categories: glycolipids, N-linked glycans, and O-linked glycans.1 O-Glycans 

incorporate a linkage via a serine or threonine side-chain alcohol, whereas N-glycans are 

attached via the amide of asparagine residues. N-Glycans are very useful for glycobiological 

studies,2 one of the most important functions being the promotion of correct folding of 

polypeptides and proteins in the endoplasmic reticulum (ER),3 and they also play an important 

role in adaptive and innate immunity. The synthesis of N-glycans, therefore,  is an important 

goal.4 

In nature, N-glycans are typically found as heterogenous mixtures, except in a few 

circumstances, such as sialylglycopeptide (SGP). Extraction and separation of these 

heterogenous glycan mixtures is difficult, and therefore synthetic strategies are an attractive 

way to access homogenous N-glycans. 

Most synthetic approaches for the synthesis of N-glycans, involve the synthesis of a basic 

disaccharide building block Manβ(1-4)GlcNAc. This basic disaccharide building block has 

then been extended at the 3- and 6-positions using different mannose donors, producing several 

different forms of N-glycans (e.g. high mannose, complex and hybrid).5,6,7 The formation of  

the Manβ(1→4)GlcNAc linkage is the difficult step, as this linkage is difficult to make through 

a direct glycosylation between the D-glucosyl acceptor and D-mannosyl donors, because of the 
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anomeric effect and neighbouring group participation. Recently, Nishimura and co-workers8 

used naturally occurring locust bean gum, containing a repeating unit of a Manβ(1→4)Man 

disaccharide, as a starting material for the synthesis of the Manβ(1→4)GlcNAc linkage. In the 

key transformation, the acetylated mannose disaccharide was first converted into a glycal and 

then underwent an azido nitration reaction (Scheme 2.1). This new approach for the synthesis 

of N-glycans is considerably shorter than other approaches to the Manβ(1–4)GlcNAc (or 

equivalent) disaccharide.7 

 

Scheme 2.1 : (i) (a) Pectinase, sodium acetate (50 mM, pH-5), 48 h, 50 °C; (b)Ac2O, Py, 24 h, 

rt; (ii) (a) HBr, AcOH, DCM, 3 h, rt; (b) Zn, AcOH, CuSO4.5H2O, 2 h, rt; (iii) (a) NaN3, CAN, 

CH3CN, -20 °C; (b) Et4NCl, CH3CN, rt; (c) PhSH, Et4NHSO4, EtOAc, rt. 

During these studies, locust bean gum was used as starting material for the synthesis of 

disaccharide (A) and tetrasaccharide (B), and we attempted to design a new synthetic approach 

to access the tetrasaccharide. For this chemical synthesis,  protecting group chemistry was used 

to control both the stereo- and regiochemistry of reactions. 



 Chapter 2 

42 

 

 

 

2.2 Retrosynthetic analysis of high mannose N-glycans 

The disaccharide oxazoline (A) and tetrasaccharide oxazoline (B) were targets for our 

investigation. 

2.2.1 Retrosynthesis of disaccharide oxazoline (A) from locust bean gum 

During the synthesis of the disaccharide oxazoline donor A, the stereoselective formation of 

azido iodide and conversion into an acetamido group were the major challenges. Building block 

2.2 required specific protection at C-1 (first sugar) and C-2 (first sugar). According to the 

previous studies, the acetamido group was not an attractive protecting group for the C-2 

protection, even though incorporation of acetamide would reduce the number of synthetic 

steps. The anomeric protecting group should be able to survive all reaction conditions. 

Previously, the Fairbanks group has used a para-methoxyphenol group for  anomeric 

protection,9 but this requires an additional step and a selective reagent, ceric ammonium 

nitrate,10 for its removal. In this case, a benzyl group was selected due to its stability and the 

fact that it can be removed easily at the end of the synthesis. Once the acetamide group was 

installed, deprotection would be performed before formation of the oxazoline. The oxazoline 

ring was to be formed using known Shoda et.al conditions to afford the target disaccharide A.11 

Protection of position C-2 (first sugar) would be achieved in a single step from stable 

aminophosphinium salt (Lafont Intermediate) 2.3, a free amino group at C-2 can be produced 

by the treatment with basic Amberlite and sodium methoxide in methanol; subsequent 
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protection of the amino group with acetate would allow access to building block 2.2. Staudinger 

reduction of glycosyl azide 2.4 in the presence of benzyl alcohol could be accompanied by 

[1,2]-rearrangement, presumably via an azirdine intermediate, to yield the β-gluco configured 

phosphonium salt 2.3. Stereoselective incorporation of the azido iodide was to be achieved in 

two steps from glycal 2.5, which could itself be produced from building block 2.6 by 

conversion by bromination, followed by treatment with zinc and acetic acid. The key idea 

during the synthesis was the enzymatic hydrolysis of a natural polysaccharide –locust bean 

gum 2.7, containing a repeating unit of a Manβ(1→4)Man with some galactose residues 

branching from the 6-hydroxyl group (Scheme 2.2). 

   

Scheme 2.2: Retrosynthetic analysis of disaccharide A  
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2.2.2 Retrosynthesis of tetrasaccharide oxazoline (A) from locust bean gum 

Tetrasaccharide oxazoline B could be constructed in a (2 + 1 + 1) approach from a core 

disaccharide 2.2 along with two mannose donors 2.11 (Scheme 2.3). The donor B could be 

produced via a 1+1 regioselective glycosylation (6-OH vs 3-OH). (1→3) and (1→6) 

stereoselective reaction could be facilitated by the presence of the acetate group at position 2 

of the donor 2.11. It was planned to use trichloroacetimidates, as anomeric leaving groups due 

to their high reactivity and reliability.12 Glycosylation at 3-OH could be achieved through 

regioselective ring opening of  2,3-benzylidene protection, followed by the regioselective ring 

opening of 4,6-benzylidine allowing the glycosylation at 6-OH.  The building block 2.13 could 

be produced from building block 2.2, incorporating 2,3-4,6-dibenzylidene protection in the 

second sugar, and the remaining hydroxyl groups at C-3 and C-6 were protected by the benzyl 

group, with the subsequent regioselective ring opening giving free 3-OH. 

Acetate protection can be used at C-2 of building block 2.11 to promote α-mannoside formation 

via anchimeric assistance. Protection of the 3, 4, and 6 positions with benzyl groups allows for 

effective glycosylation by arming the sugar through electron donation by the benzyl groups.13 

The anomeric acetate can be converted into a trichloroacetimidate and glycosylated with 2.10 

and 2.13 using trimethylsilyl triflate (TMSOTf) as an activator. 
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Scheme 2.3: Detailed retrosynthetic analysis of tetrasaccharide B 

2.2.3 Retrosynthesis of compound 2.15 from monosaccharide building blocks  

Synthesis of disaccharide was approached in two different ways. The first route used a mannose 

disaccharide produced by digestion of locust bean gum and requires fewer steps to complete 

since no glycosylation reaction were needed (as described above). The second route was a 

multistep synthesis using monosaccharides as the building blocks.5,14  
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Scheme 2.4: Retrosynthetic analysis of disaccharide A 

The anomeric position of compound 2.16 could be protected with the thioglycoside, which acts 

as a good leaving group by activation under mild conditions. Then 4,6- hydroxy groups could 

be protected with benzylidene, followed by regioselective allylation with allyl ether allowing 

the 2-OH free. The 2-OH can be protected by an ester group, such as a levulinoyl ester. These 

could be selectively deprotected using hydrazine acetate, in the presence of other ester 

protecting groups (e.g. acetate, benzoate), to allow selective access to the C-2 and the 

subsequent epimerisation. 

Building block 2.17 required protection of the anomeric centre. A benzyl ether was chosen 

because of its orthogonality, and its ease of removal by Birch reduction in the final step. N-

Phth protection is used to protect the C-2 position for the effective glycosylation.  Benzyl 

protection of OH-3 and OH-6 leads to a free OH group in the C-4 position that can act as a 

glycosyl acceptor. 

The building block 2.15 could be achieved by the glycosylation of building block 2.16 with 

2.17 using MeOTf as an activator for glycosylation. The β-mannoside linkage of 2.1 was to be 

formed by the same methodology as applied previously by the Fairbanks group,9 via triflation 

of the C-2 alcohol of a β-glucoside followed by SN2 displacement of the triflate. Deprotected 

form of disaccharide could be achieved by the combination of Zemplén deacetylation and 
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catalytic hydrogenolysis in the presence of palladium on carbon.  The oxazoline ring could be 

formed using known shoda et.al conditions to afford the target disaccharide A.11 

2.3 Synthesis of high mannose N-glycan oxazolines donors 

2.3.1 Model studies  

The synthesis of the disaccharide donor A and tetrasaccharide donor B was attempted using 

the semisynthetic approach. To maximize the efficiency of the late stage of the synthesis, the 

following model study was undertaken to investigate the best method for the introduction of 

the NHAc group at the 2-position of the glycal.   

-D-Glucose pentaacetate was treated with 33% HBr in acetic acid to give an intermediate 

glycosyl bromide 2.18, which was then treated with zinc/AcOH to produce glucal 2.19 in a 

satisfactory yield of 65 % (Scheme 2.5). Then, the synthesis of the azido iodide 2.21 was 

attempted from glucal 2.19 in a single step. However, the reaction was not stereoselective. A 

summary of the conditions used to attempt to synthesise compound 2.21 in a stereoselective 

fashion is given below (Table 2.1). Since all efforts to synthesise 2.21 in a single step were 

unsuccessful, it was decided to convert glucal into an intermediate iodoacetate 2.20, which was 

achieved by addition of iodine in the presence of cupric acetate monohydrate in acetic acid at 

80 oC, affording 2.20. Then iodoacetate 2.20 was treated with TMSN3 and TMSOTf , gave 

iodoazide 2.21 in a 89 % yield in a stereoselective fashion. Iodoazide 2.21 was then treated 

with benzyl alcohol in the presence of triphenylphosphine to afford the stable 

aminophosphonium salt 2.22.  Then 2.22 was eluted through an anion exchange column, and 

subsequently treated with sodium and methanol, followed by acetylation with pyridine and 

acetic anhydride, producing 2.23 in 85% yield.   
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Scheme 2.5: (i) HBr/AcOH, 3 h, rt; (ii) Zn, N-methylimidazole, ethyl acetate, 2 h, rt, 65%; (iii) 

I2, Cu(OAc)2.H2O, AcOH, 5 h, 80 °C, 60%; (iv) TMSN3, TMSOTf, DCM, 16 h, 0 °C to rt, 

89%; (v) BnOH, PPh3, DCM, 4 Å MS, 16 h, rt, 80%; (vi) (a) Amberlite column (OH-); (b) Na, 

MeOH, 16 h, rt; (c) Ac2O, Py, 24 h, rt, 85%. 

Table 2.1: summary of conditions used to attempt to produce stereoselective azido iodide 

2.21 from glycal 2.19.  

CONDITIONS  OUTCOME 

I2 and NaN3, CH3CN, 0 °C to rt, 3 h, 

5 h, 8 h, 16 h 

No reaction 

I2 and NaN3, Cu(OAc)2, CH3CN, 

0 °C to rt, 3h, 5 h, 8 h, and 16 h 

No reaction 

I2 and NaN3, AgOTf, CH3CN, 0 °C 

to rt, 3h, 5 h, 8 h, and 16 h 

No reaction 

NIS, NaN3, CH3CN, 0 °C to rt, 10 

min 

α-D- Manno and β-D-Gluco configurations 

(80% and 20%) 

NIS, NaN3, CH3CN, 0 °C, 1 h α-D- Manno and β-D-Gluco configurations 

(80% and 20%) 

NIS, NaN3, CH3CN, -20 °C, 5 h α-D- Manno and β-D-Gluco configurations 

(80% and 20%) 

IN3, CH3CN, 0 °C to rt, 2h α-D- Manno and β-D-Gluco configurations 

(80% and 20%) 
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2.3.2 Synthesis of N-glycan disaccharide oxazoline donor A from locust bean gum  

The synthesis of disaccharide donor A began with the digestion of locust bean gum, which 

contains a repeating Manβ(1–4)Man disaccharide unit and branches of α-galactose residues 

that are attached to OH-6 of some mannoses. This was treated with a pectinase from Aspergillus 

aculeatus, which contains a  mixture of mannosidase and galactosidases,7 to give a mixture of 

disaccharide Man(β1-4)Man and other compounds that was subsequently peracetylated. The 

desired compound β1,4-mannobiose octaacetate 2.6 was then obtained by column 

chromatography purification in 32% yield (Scheme 2.6). Compound 2.6 was treated with 

HBr/AcOH, to give an intermediate glycosyl bromide which was then treated with zinc/AcOH 

to produce glycal 2.5 in a satisfactory yield of  58%.15 For the stereoselective synthesis of azido 

iodide 2.4, glycal 2.5  was converted into iodoacetate 2.24 by the addition of iodine in the 

presence of cupric acetate monohydrate in acetic acid at 80 °C, which gave 2.24 in a  high 85% 

yield as compared to the model reaction. After this, anomeric acetate was converted into an 

azide using TMSN3 and TMSOTf, giving compound 2.4.16  Then, a Staudinger reaction with 

triphenylphosphine caused rearrangement with the substitution of iodine at C-2 to give the 

aminophosphonium salt (called the ‘Lafont intermediate’)17 2.3. This stable intermediate was 

eluted through a basic amberlite column, followed by the addition of sodium and methanol, 

which produced the free amine, and  the subsequent addition of acetic anhydride in pyridine 

gave acetamide 2.2 in a moderate  57% yield.18 To obtain the completely deprotected form, 

global deprotection was then performed using a Birch reduction. Unfortunately, the presence 

of the acetate groups produced undesired side products. A Sephadex column was used in an 

attempt to remove the side products, even though purification showed some difficulties. After 

this attempt, acetamide 2.2 was deacetylated using the  Zemplén deacetylation method, and 

was then catalytically hydrogenated in the presence of palladium on carbon. This removed the 
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benzyl protecting group to give 2.1 in an excellent 85% yield (over 2 steps).  The deprotected 

disaccharide was then converted to the desired oxazoline A by the treatment with DMC and 

triethylamine using the method published by Shoda et al.11 

 

Scheme 2.6: (i) (a) Pectinase, sodium acetate (50 mM, pH-5), 48 h, 50 °C; (b) AC2O, Py, 24 

h, rt, 32%; (ii) (a) HBr, AcOH, DCM, 3 h, rt; (b) Zn, AcOH, CuSO4.5H2O, 2 h, rt, 58%; (iii) 

I2, Cu(OAc)2, 5 h, 80 °C, 85%; (iv) TMSN3, TMSOTf, DCM, 16 h, rt, 93%; (v) BnOH, PPh3, 

4 Å MS, DCM, 16 h, 0 °C to rt, 85%; (vi) (a) Amberlite® IR-45 (OH-) column (2 x OH-), 

ethanol; (b) Na, MeOH, 16 h, rt; (c) Ac2O, Py, 24 h, rt, 57%; (vii) (a) Na, MeOH, 16 h, rt; (b) 

Pd/C, H2, 50% AcOH, 16 h, rt, 85 %; (viii) DMC, Et3N, D2O, 1 h, 0 °C, 74 %. 
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2.3.3 Synthesis of N-glycan tetrasaccharide oxazoline donor (B) from locust bean gum  

After the successful synthesis of the disaccharide donor A,  attention turned to the synthesis of 

the tetrasaccharide oxazoline B. Zemplén deacetylation of disaccharide 2.2, made as described 

above gave glycoside 2.25, which was then treated with camphorsulfonic acid and 

benzaldehyde dimethyl acetal at 60 °C and 240 mbar for 3h, to afford alcohol 2.26 as a mixture 

of endo and exo stereoisomers at the 2-3-O-benzylidene (scheme 2.7) in a good 71% yield.  

 

Scheme 2.7: (i) (a) Na, MeOH, 16 h, rt; (ii) CSA, PhCH(OMe)2, DMF, 240 mbar, 60 °C, 3 h, 

71 %; (iii) BnBr, NaH, DMF, 0 °C to rt, 16 h, 40%.  

Benzylation of 2.26 with sodium hydride and benzyl bromide in DMF afforded 2.14 in a low 

40% yield. This low yield was because the strong basicity of NaH led to the formation of the 

2-benzamide 2.27 as a side product (Scheme 2.8); previous work19 had also showed that 

strongly basic conditions can produce benzamides as a side product. Benzylation can be also 

be achieved under mildly basic conditionss, such as Ba(OH)2 
20/ Ag2O

21 or under acidic 

conditions using benzyl trichloroacetimidate (BnTCA) and triflic acid (TfOH).22 The mildly 

basic conditions using Ba(OH)2were attempted and pleasingly produced the fully protected 

glucosamine derivative 2.14 (Scheme 2.9) in an excellent 78% yield. 
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Scheme 2.8: (i) BnBr, NaH, DMF, 0 °C to rt, 16h, 40%. 

 

Scheme 2.9: (i) BnBr, BaO, Ba(OH)2, DMF, 0 °C to rt, 16 h, 78%; (ii) DIBAL, toluene, -78 

oC, 5 h.  

After the successful synthesis of benzylated di-benzylidene 2.14, attention turned to 

regioselective ring opening of dibenzylidine compound using DIBAL as reported by 

Nishimiura et.al..8 These reaction conditions were optimized with the model compound 2.29, 

which was synthesised from methyl-α-D-mannopyranoside (Scheme 2.10). Compound 2.29 

was treated with  DIBAL at −40 oC, and give two different regioselective products 2.30 and 

2.31 in 3:1 ratio. These optimized reaction conditions were then applied to the compound 2.14, 
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but, unexpectedly, DIBAL reduced the amide group and gave the undesired amine product 2.32 

instead of 2.13 (Scheme 2.11). 

 

Scheme 2.10: (i) PhCH(OMe)2, CSA, DMF, 60 °C, 240 mbar, 3h, 85%; (ii) DIBAL,  

-40 °C to rt, 3h,  87%. 

 

Scheme 2.11: (i) DIBAL, -78 °C, 5h, 50%.  

Unfortunately, it was therefore found that regioselective ring opening could not be achieved 

with DIBAL because of competive amide reduction. This led to our screening a series of 

different reducing agents for the ring opening. Different reaction conditions were tried on the 

model compound 2.29 and 2.33 Initial attempts were made to open the 2,3-O-benzylidine ring 

with different reducing agents (Scheme 2.12), but again these failed to produce the desired 

product 2.30. Instead, these reducing agents opened both the 2-3 and 4-6 dibenzylidene rings. 
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Compound 2.33 contains a mixture of endo and exo benzylidene rings,  and, when treated with 

copper triflate and borane in THF23 at room temperature, gave 2.34 as the major product and 

2.35 as a minor product.23 After this trial reaction, the same conditions were used for 

disacchardie 2.14, but there was no change in the starting material. Next, copper triflate and 

Bu2BOTf in THF24 was investigated for reductive ring opening, and produced a mixture of 

2.36 and 2.34.25 This reducing agent combination was therefore not a promising reagent for the 

regioselective ring opening of the endo / exo mixture. Finally, dichlorophenylborane and 

triethylsilane were investigated for the regioselective ring opening. Normally, these reagents 

are used for the reductive ring opening reactions of 4,6-O-benzylidenes.26,27 In fact there were 

no literature studies regarding their use for 2,3-O-benzylidene ring opening. Compound 2.33 

was therefore treated with dichlorophenylborane and triethylsilane at −78 °C for 30 mins, and 

gave 2.34 as the major product and 2.35 as a minor product. Subsequently, disaccharide 2.14  

was tested with these optimized conditions and gave the desired 3,6-diol 2.37 in a satisfactory 

60% yield (Scheme 2.13). The regiochemistry of benzyl protection was confirmed by NMR 

studies (HMBC) and the acetylation of the free hydroxy groups at  3-OH and 6-OH values were 

shown to have a deshield value compared to the free hydroxy group.    
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Scheme 2.12:  (i) BH3.THF, Cu(OTf), 0 °C to rt, 1h; (ii) BH3.THF, Bu2BOTf, THF, rt, 1h 

(iii) PbBCl2, Et3SiH, DCM, -78 °C, 30min. 

 

Scheme 2.13: (i) PhBCl2, Et3SiH, DCM, 4Å molecular sieves, -78 °C, 30 min, 60%; Ac2O, 

py, rt, 24h, 90%. 

During the search for reducing agents for the ring opening, the conversion of acetamide 

compound 2.14  into the correspsonding amine 2.39 (Scheme 2.14) was also investigated, 

which may facilitate the chance to use the DIBAL. A summary of the conditions used to attempt 
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to convert remove the acetamide of 2.14 and so produce compound 2.39 is given below (Table 

2.2). Despite numerous attempts to selectively remove the acetamide protecting group we 

concluded that the group was simply too stable. Meantime, iodoazido 2.4 was used as starting 

material for the synthesis of acceptor for the synthesis of tetrasacchide (Scheme 2.15).  

Table 2.2: Summary of conditions investigated to convert acetamide 2.14  into amine 2.39   

 

 

 

 

Scheme 2.14: Attempt to convert acetamide to amine. 

 

Scheme 2.15: (i) (a) Na, MeOH, rt, 16 h; (b) PhCH(OMe)2, CAS, 240 mbar, 60 °C, 3h; (ii) 

NaH, BnBr, 0 °C to rt, 16h 

Reaction conditions Result 

4M KOH (reflux) 4h, 16 h No reaction 

Tf2O (3 eq), Py (1.5 eq) (−40 °C to 0 °C), (0 °C to RT) No reaction 

Tf2O (6 eq), Py (4.5 eq) (−40 °C to 0 °C, 2.5 h), (0 °C to RT 

16 h) 

No reaction 

Tf2O (15 eq), Py (30 eq) (−40 °C to 0 °C-2.5 h), (0 °C to RT 

16 h) 

Starting material decomposed 
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After the unsuccessful attempts to cleave the acetamide,  azidoiodide 2.4 was used as starting 

material for formation of a di-benzylidene. It was thought that, the presence of iodide at the C-

2 position could facilitate the 4,6-benzylidine ring opening with DIBAL in selective manner. 

Zemplén deacetylation of compound 2.4, followed by installation of di-benzyilidine protection 

gave diol 2.40 in a low 30% yield (over 2 steps). Protection of the free hydroxyl groups with 

benzyl ethers was attempted with the strong base NaH, led to decompostion of starting material 

instaed of desired product. Subsequently, less basic conditions were used to protect the free 

hydroxyl groups, even though these conditions failed to produced the desired compound 2.41.  

(Scheme 2.14, Table 2.3). 

Table 2.3: Summary of conditions used for benzylation of compound 2.40 

       

 

 

 

 

 

 

 

Afterwards, the successful reductive ring opening gave an acceptor 2.37  for the double 

glycosylation. The double glycosylation of the disaccharide acceptor 2.37 with imidate donor 

2.11 using trimethylsilyl trifluoromethanesulfonate gave a mixture of tri and tetrasaccharide, 

at the same time orthoester produced as a by-product.  

Glycosylations, trichloroacetimidates as anomeric leaving groups were employed due to their 

high reactivity and reliability.12 The synthesis of hemiacetal 2.47 was carried out according to 

Reaction condition Result 

BnBr, NaH, DMF, 16 h Decomposition of starting 

material 

BnBr, BaO, Ba(OH)2, Bu4NI, DMF, 16 h Remain as starting material 

BnBr, Ag2O, DCM, 4 A Ms, 16 h Remain as starting material  
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Schmidt’s procedures.28  D-Mannose was peracetylated using acetic anhydride in pyridine to 

give acetate 2.42 in quantitative yield.29  Orthoester 2.4430 was synthesised by reaction of 2.42 

with HBr/AcOH to give glycosyl bromide 2.43, which was then followed by treatment with 

2,4,6-collidine and methanol. Subsequent Zemplén deacetylation, followed by the addition of 

benzyl bromide and sodium hydride, afforded the benzylated orthoester 2.45.30 It was then 

hydrolysed by treatment with aqueous acetic acid to give a C-2 acetate, followed by the addition 

of pyridine and acetic anhydride to produce the diacetate 2.46.31 Regioselective de-protection 

of the anomeric acetate was achieved by the addition of benzylamine in THF to afford 

compound 2.47,31 which was finally treated with trichloroacetonitrile and catalytic DBU to 

afford donor 2.11 (Scheme 2.16). 

 

Scheme 2.16: (i) Ac2O, py, 0 °C to rt, 16 h, quant; (ii) HBr, AcOH, 3 h, 0 °C to rt; (iii) MeOH, 

2,4,6-Collidine, DCM, 16 h, rt, 66%; (iv) BnBr, NaH, DMF, 16 h, 0 °C to rt, 86%; (v) (a) 

AcOH, H2O, 4 h, rt; (b) py, Ac2O, 11 h, rt, quant; (vi) BnNH2, THF, 24 h, rt, 99%; (vii) CCl3CN, 

DBU, 1 h, 0 °C to rt, 90%. 

After this unsuccessful double glycosylation with trichloroacetamidate donor, the presence of 

the 3,6 free hydroxy group was not a good substrate for the regioselective glycosylation at C-

3. Therefore, regioselective protection at 6-OH was essential and this could enhance the 
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regioselective glycosylation.  A silyl group was considered for selective protection of OH-6. 

The tert-butyldiphenylsilyl (TBDPS) group is relatively stable under acidic conditions,32 but, 

previous studies have found that the  removal of TBDPS was a difficult process.33 Compared 

to TBDPS, removal of  TIPS could be easier and Fairbanks group have previously employed 

the TIPS group with success,which can be removed selectively using BF3.OEt2. Therefore tri-

iso-propylsilyl (TIPS) was considered for protection of OH-6.27 Regioselective silylation of the 

6-hydroxyl group of diol 2.37 gave alcohol 2.48 in a high 94% yield.  

For the trisaccharide synthesis, an armed donor was used because of its greater reactivity.34 

However glycosylation of the disaccharide acceptor 2.48 at the O-3 position with the 

monosaccharide donor 2.49 proved to be troublesome (Scheme 2.16). 

 

Scheme 2.17: (i) TIPSCl, imidazole, THF, 0 °C to rt,16 h, 94%; (ii) TMSOTf/ AgOTf, NIS, -

40 °C to rt, 16 h, 35 %. 
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The known armed donor 2.50, was accessed following published procedures (Scheme 2.18).35 

 

Scheme 2.18: (i) Ac2O, py, 0 °C to rt, 16 h, quant; (ii) EtSH, BF3OEt2, DCM, rt, 16 h, 70 %; 

(iii) Na, MeOH, rt, 16 h, quant; (iv) NaH, BnBr, THF, 60 °C, 16 h, 80%. 

D-Mannose was peracetylated using acetic anhydride in pyridine to give acetate 2.42 in 

quantitative yield.29 α-D-Mannose pentaacetate 2.42 was treated with ethanethiol in the 

presence of BF3.OEt2 in DCM to give α-thioglycoside 2.51. Then Zemplén deacetylation and 

benzyl protection gave the completely protected armed donor 2.50 in an excellent 80% yield.36 

With donor 2.50 in hand, glycosylation of the disaccharide acceptor 2.48 with armed donor 

2.50 using methyl triflate failed to produce the desired product. Alternative activators for 

thioglycosides were therefore assayed. Reactions using N-iodosuccinimide (NIS) and 

trimethylsilyl trifluoromethanesulfonate produced the desired trisaccharide, but as an 

inseparable  α / β mixture of products in 6 to 1 ratio. The reaction temperature and time were 

changed to try and find conditions which would result in  more stereoselective glycosyaltion 

(Table 2.4), but unfortunately, all reaction conditions investigated produced an α and β mixture 

of products. Again, similar results were observed for glycosylation reactions initiated using 

silver trifluoromethanesulfonate and NIS. 
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To overcome this problem, it was realised that acetate protection of O-2 of the donor would 

allow the  formation of the desired -product stereoselectivly via anchimeric assistance. The 

required donor 2.53 was therefore synthesised from benzylated orthoester 2.45 (Scheme 2.19). 

Ring opening of the orthoester was achieved by addition of EtSH in the presence of HgBr2, and 

gave the desired product 2.53 in an acceptable 61% yield. 

 

Scheme 2.19: (i)  EtSH, HgBr2, 60 °C, 16 h, 61%.  

Glycosylation of the disaccharide acceptor 2.48 with thiol donor 2.53 using silver  

trifluoromethanesulfonate and NIS or NIS and trimethylsilyl trifluoromethanesulfonate gave 

the desired product, but in a low 20% yield (Table 2.4). 

 

Scheme 2.20: Donors used to attempt to synthesise the trisaccharide 
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Table 2.4: Summary of conditions used to attempt to synthesise the trisaccharide 

 

 

 

 

 

 

 

Since all efforts to glycosylate acceptor 2.38 with the thioglycoside were unsuccessful, it was 

decided to use a trichloroacetimidate, as imidates are known to be highly reactive glycosyl 

donors. Trichloroacetimidate donor 2.57, was synthesised as shown in Scheme 2.21. 

Commercially available methyl α-mannopyranoside was perbenzylated to afford 2.54.37 

Acetolysis using concentrated sulphuric acid in a mixture of acetic anhydride and acetic acid 

led to simultaneous cleavage of the methyl glycoside and the 6-O-benzyl group and 

acetatylation to afford 2.55 in an acceptable 62% yield.37 The anomeric acetate was selectively 

cleaved with hydrazine acetate to give lactol 2.56,38 which was finally treated with 

trichloroacetonitrile and catalytic DBU to afford the donor 2.57 (Scheme 2.21).  

Donor Reagents & Reaction conditions Product 

2.50 MeOTf, rt, 16h No product 

2.50 TMSOTf , NIS, −40 °C to rt α / β mixture,  (6:1) 

2.50 TMSOTf , NIS, 0 °C for 4hrs to rt α / β mixture 

2.50 TMSOTf , NIS, −40 °C for 7hrs to rt α / β mixture 

2.50 AgOTf , NIS, −40 °C for 7hrs to rt α / β mixture, (7: 3) 

2.53 TMSOTf , NIS, −40 °C to rt α (Low yield, 5 %) 

2.53 AgOTf, NIS, −40 °C to rt α (Low yield, 20 %) 

2.53 TfOH, NIS, −40 °C for 7hrs to rt α (Low yield) 

2.57 TMSOTf (0.1 eq) −78 °C to rt, 16hrs α / β mixture 
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Scheme 2.21: (i) BnBr, NaH, DMF, rt, 16 h, 72%; (ii) AcOH, Ac2O, con H2SO4, 0 °C, 30 min, 

62 %; (iii) Hydrazine acetate, DMF, rt, 2 h, 67%; (iv) Cl3CCN, DBU, DCM, 0 °C to rt, 1 h, 

71%. 

Glycosylation of the alcohol acceptor 2.48 was then attempted using donor 2.57. Activation of 

2.57 using TMS-OTf afforded the trisaccharide  but again as an α and β mixture of products.33 

After this unsuccessful reaction, donor 2.11 was used as a donor for the glycosylation reaction 

(Scheme 2.22); acetate protection at C-2 of donor should result in the stereoselective formation 

of the -product via neighbouring group participation.  

TMSOTf promoted glycosylation of trichloroacetamidate donor 2.11 with the disaccharide 

acceptor 2.48 (−78 °C to rt)  unfortunately produced the orthoester 2.58 as the reaction product, 

rather than the desired trisaccharide 2.59. Lewis acid catalysed conversion of 2.58 to the desired 

trisaccharide was attempted by treatment of 2.58 with BF3.OEt2, but this led to hydrolysis and 

afforded diol 2.37 and the hemiacetal 2.47. Subsequently, the orthoester 2.58 was treated with 

a catalytic amount of TMSOTf and pleasingly this gave the desired trisaccharide 2.59 in a high 

80% yield (Scheme 2.22). 
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Scheme 2.22: (i) TMSOTf, DCM, 4 Å molecular sieves, -78 °C to rt, 16 h, 54%; (ii) BF3OEt2, 

DCM,  0 °C, 1 h; (iii) TMSOTf, DCM, 0 °C to rt, 16 h, 80%. 

Despite this success, we undertook further efforts to find conditions that would produce the 

desired trisaccharide in a single step. Finally it was found that glycosylation of acceptor 2.48 

at the 3-position by TMSOTf promoted glycosylation with the trichloroacetamidate donor 2.11, 

produced the trisaccharide 2.59 in a 64% yield. Moreover this glycosylation occurred with 

complete control of stereochemistry due to neighbouring group participation by the acetate 

group at the 2-position of the donor. Next the TIPS group was removed using BF3.OEt2 to give 

alcohol 2.60 in an 80 % yield.27 Initial glycosylation of alcohol 2.60 with trichloroacetamidate 

donor 2.11 using TMSOTf, starting the reaction at  −40 °C and allowing the mixture to warm 

to rt, again produced a mixture of α and β isomeric products. To overcome this obstacle, the 

reaction was performed at −40 °C for 2 h, before it was allowed to warm up to room 

temperature. This procedure produced 2.9 stereoselectivity, in 51% yield. Global deprotection 

was then performed using a Birch reduction to give the fully deprotected tetrasaccharide 2.8.27 

The tetrasaccharide was then converted to the desired oxazoline B by treatment with DMC and 

triethylamine using the method published by Shoda et al. (Scheme 2.23).11   
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Scheme 2.23: (i) Na, MeOH, 16 h, rt; (b) CSA, PhCH(OMe)2, DMF, 240 mbar, 60 °C, 3 h, 

71%; (ii) BnBr, BaO, Ba(OH)2, DMF, 0 °C to rt, 16 h, 78%; (iii) Et3SiH, PhBCl2, DCM, -78 

°C, 30 min, 60%; (iv) TIPSCl, imidazole, THF, 0 °C to rt, 24 h, 94%; (v) TMSOTf, DCM, -40 

°C (20 min) to rt, 16h, 64%; (vi) BF3.OEt2, DCM, 0 °C, 1 h, 80% ; (vii) TMSOTf, DCM, -40 

°C (2 h) to rt, 16h, 51%; (viii) Na, NH3(l), THF, -78 °C, 1 h, 92%; (ix) DMC, Et3N, 0 °C, D2O, 

1h, 83%. 
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2.3.4 The synthesis of compound 2.15 from monosaccharide building blocks 

Synthesis of deprotected form of disaccharide was planned to synthesize from monosaccharide 

building block and mannose disaccharide (Locust bean gum as a starting material). Finally, 

disaccharide compound A was successfully achieved with locust bean gum  method.     

For the synthesis of disaccharide 2.15, the monosaccharide building blocks 2.16 and 2.17 were 

synthesised.   

2.3.4.1 Synthesis of the glucose building block 2.16 

Scheme 2.24: (i) ethanethiol, BF3·OEt2, DCM, 3 h, rt, 73%; (ii) (a) Na, MeOH, 1 h, rt; (b) 

CSA, PhCH(OMe)2, 3 h, 60 °C, 240 mbar, 76%; (iii) (a) Bu2SnO, MeOH, 3 h, rt; (b) allyl 

bromide, CsF, DMF, 3 d, rt, 65%; (iv) Levulinic acid, DCC, DMAP, DCM, 16 h, rt, 51%.  

β-D-Glucose pentaacetate was treated with ethanethiol in the presence of BF3·OEt2 in DCM to 

give the β-thioglycoside 2.61 in a good 73% yield.39 Zemplén deacetylation followed by the 

addition of camphorsulfonic acid and PhCH(OMe)2 then gave the 4,6-benzylidene acetal 2.62 

in a satisfactory 76% yield.40 Regioselective allylation of the 3-OH to produce compound 2.63 

41 was achieved by the generation of a tin acetal in situ by treatment with dibutyl tin oxide, 

followed by the subsequent addition of allyl bromide. The C-2 alcohol was then protected as a 
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levulinate ester to give the completely protected sugar 2.16 in a moderate 51% yield (Scheme 

2.24). 

2.3.4.2 Synthesis of glucosamine building block 2.17 

 

Scheme 2.25: (i)(a) Na, MeOH, 1 h, rt, Phthalic anhydride, Et3N, 3 d, rt; (b) Ac2O, Py, 24 h, 0 

°C to rt, 36%; (ii) BF3.OEt2, BnOH, DCM, 16 h, 0 °C to rt, 83%; (iii) (a) Na, MeOH, 1 h, rt; 

(b) CSA, PhCH(OMe)2, DMF, 3h, 60 °C, 240 mbar, 78%; (iv) BnBr, NaH, DMF, 4 Å MS, 16 

h, 0 °C to rt, 65%; (v) NaCNBH3, HCl (1M in Et2O), THF, 0 °C to rt, 16 h, 70%. 

Glucosamine hydrochloride was converted into the free base by treatment with sodium 

methoxide in methanol, protected by treatment with with phthalic anhydride, and finally the 

addition of acetic anhydride and pyridine gave compound 2.64 in 36 % yield.42  Compound 

2.64 was then treated with benzyl alcohol in the presence of BF3∙OEt2 to afford the β-glycoside 

2.65 in a good 83% yield.40 Zemplén deacetylation followed by 4,6-benzylidination gave 

alcohol 2.66.40 The free C-3 alcohol was then benzylated to afford the fully protected glycoside 

2.64 in an acceptable 65% yield,43 which was followed by the regioselective ring opening, 

which  produced 2.17 in a good 70% yield (Scheme 2.25).  
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2.3.4.3 Synthesis of the disaccharide building block 2.15 

Glycosylation of thioglycoside 2.16 with the glucosamine acceptor 2.17 by activation with 

methyl triflate44 in the presence of a hindered base (tri-tert-butylpyrimidine) yielded the β-

gluco disaccharide 2.16 in an excellent 80% yield. This synthetic route might be continued in 

future and the yield of the synthetic and semisyntheic route will be compared. 

 

Scheme 2.26: (i) MeOTf, 4Å mol. sieves, DCM, t-TBP, 0 °C to rt, 16 h, 80%. 

2.4 Semi-synthesis of N-glycans oxazoline donors 

The synthesis of larger oligosaccharides is a difficult task, so extraction of these compounds 

from natural sources is sometimes the best option. Larger oligosaccharides may be useful as 

biological probes or substrates for enzymatic synthesis,45 or as ligands for targeted drug 

delivery.46 These valuable properties have led to the development of preparative-scale 

purification procedures of a variety of oligosaccharides over time.47 Initially, libraries of 

complex, hybrid, and high-mannose tyrosinamide oligosaccharides were extracted from bovine 

fetuin,48 porcine fibrinogen,49 hen ovomucoid,50 hen ovalbumin,51 and human orosomucoid52 

using N-glycosidase F. Later glycopeptides were isolated by fractional precipitation or by 

solvent extraction methods, followed by the enzymatic action that produced N-glycans. During 

the research work detailed in this thesis a semisynthetic approach was used to produce the 

Man9GlcNAc oxazoline (C) donor and the sialylglycan oxazoline (D) donor.  
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2.4.1 Extraction of a high-mannose N-glycan (Man9GlcNAc) 2.68 and conversion to 

oxazoline donor (C) 

The Man9GlcNAc decasaccharide (2.68) is a high mannose N-glycan which can be isolated 

from the un-roasted soy bean flour.  The Man9GlcNAc high mannose glycan as drawn 

significant interest in recent years due to its biological importance. In 2004, Wang and co-

workers studied the bind affinity of high mannose type oligosaccharides to a human antibody 

2G12, which can recognize a novel cluster of  high-mannose sugar chains on HIV-1 gp120. 

According to this study, the Man9 high mannose oligosaccharides on HIV is the favourable 

subunit for 2G12 recognition.53 In 2015, the Fairbanks group and collaborators studied 

enhanced targeting of glycopeptides to  human antigen presenting cells (APCs), putatively 

mediated via the mannose receptor.54 These results revealed higher glycopeptide uptake when 

the Man9GlcNAc glycan was attached to the peptide rather than a tetrasaccharide.   

    

Figure 2.1: The structure of Man9GlcNAc. 
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In 1952, Linder et al. used a fractional precipitation method to isolate a glycoprotein from 

defatted soybean flour.55 Then, in 1966, Lis et al. demonstrated a method to release the 

carbohydrate moiety from the protein in the form of glycopeptide using a protease.56 Following 

this publication, in 1978, Lis et al. suggested two different structures for the carbohydrate unit 

of the glycoprotein (Figure 2.2).57 Later, Dorland58 defined the structure of carbohydrate 

moiety using NMR studies (Figure 2.3).  

 

Figure 2.2: Lis et al. proposed structures of the carbohydrate parts of soybean agglutinin. 

 

 

Figure 2.3: Dorland et al. proposed structure of the carbohydrate part of soybean agglutinin. 

The extraction of Man9GlcNAc become an important process because of their contribution in 

chemical biological studies. Initially, Liener and co-workers explained the method for the 

extraction of soybean agglutinin from soybean.55 Later, Lis and co-workers extended this 

methodology to extract Man9GlcNAc using the pronase and endo-β-N-acetylglucosaminidase 
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H.57  During this studies, mainly, extraction of Man9GlcNAc was achieved with Lis and co-

workers methodology. 500 g of soybean flour was treated with glacial acetic acid in saline 

solution, and the pH of the solution was maintained at 4.6. This high ionic strength is thought 

to help break down the protein complex, and maintaining the low pH of the solution prevents 

aggregation of the protein. Then, ammonium sulfate (40% v/v) was added to increase the 

solubility of the protein, and further ammonium sulphate (55% v/v) was added to coagulate the 

protein from the solution. The insoluble residue was recovered, and excess salt was removed 

by dialysis. Then, the protein was hydrolysed into its constituents by treatment with pronase. 

The mixture was purified by size exclusion chromatography (Sephadex 50). The crude material 

was further purified by high performance liquid chromatography (HPLC) to isolate the 

asparagine-linked N-glycan (Figure 2.4).53 Following the isolation of  full-length 

(Man9GlcNAc2), Asn-linked glycan, the oligosacchride was converted into Man9GlcNAc by 

the enzymatic action of WT Endo A, and purification by size exclusion chromatography 

(Sephadex 25). The unprotected Man9GlcNAc (2.68) was then converted to the desired 

oxazoline C by treatment with DMC and triethylamine using the method published by Shoda 

et al. (Scheme 2.27). 
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Scheme 2.27: Extraction of Man9GlcNAc and conversion to an oxazoline donor (C) 
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  (a)       (b) 

 

  (c)       (d) 

Figure 2.4: (a) HPLC UV traces for Man9GlcNAc-Asn; (b) HPLC UV traces for Man9GlcNAc; 

(c) HRMS result for Man9GlcNAc-Asn; (d) HRMS result for Man9GlcNAc. 

2.4.2 Semi-synthesis of a complex bi-antennary oxazoline donor (D) 

Sialylglycopeptide (SGP), a sialic acid terminated bi-antennary complex-type N-glycan is 

attached to a short peptide (H-Thr-Lys-Asn-Ala-Val-Lys-OH,) in which the peptide is attached 

to the sugar through the side chain of the Asn residue (Figure 2.5). Interestingly this 

glycopeptide is one of the components present in hens’ egg yolk.59 SGP has drawn significant 

interest in recent years due to its antiviral and antimicrobial properties.60 

Man9GlcNAc2-Asn- tR 

5.2 min 

 

Man9GlcNAc-tR 5.1 min 

 

MH+ 1997.6915  

MH+ 1680.5823 
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Figure 2.5: The structure of SGP.  

Seko et al. first found that SGP is naturally found in hens’ unfertilized egg yolks and they 

determined the structure of SGP.59 The amount of SGP present was compared with egg yolk 

proteins, phosvitin, α- and β-lipovitellins, and low density lipoprotein (LDL): its relative 

abundance by mass was much lower than for these other yolk proteins. Even so, the molar 

abundance of SGP is actually comparable to these proteins because of the much lower 

molecular weight of SGP as compared with these proteins.59 Other than SGP, different 

structural forms of N-linked sialylglycans linked to glycoprotein have also been found in egg 

yolk, such as riboflavin-binding protein (RBP), immunoglobulin Y (IgY), and phosvitin. It is 

thought that the structural variation of glycans of glycopeptide and glycoprotein is due to the 

different tissues in which they are formed.59, 61 

The original procedure for SGP extraction from the egg yolk was developed by  Seko et al. and 

involved 90% phenol extraction, an ether wash and then repeated size exclusion purification 

and ion exchange chromatography.59 The challenging part of this extraction was unwanted 

emulsification during the precipitation of the unrelated proteins using a 90% solution of 

aqueous phenol . Zou et al. then simplified the final stages of the purification by employing 

porous graphite carbon extraction instead of the previously used multiple gel-filtration 
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procedure.60 In 2012, Sugawara et al. reported the use of water to extract defatted egg yolks, 

and that the supernatant could be consequently treated with organic solvents to precipitate 

SGP.62 However, all these procedures still had the drawbacks of emulsification. Sun et al. then 

used organic solvents for the extraction, which reduced the amount of emulsification.63  

During this studies, extraction of SGP was achieved with Sun et al. methodology, because of 

simplified extraction method for large scale production of SGP.63 Egg yolks were separated the 

whites for 300 fresh chicken’s eggs that purchased from a local supermarket, and the yolks 

were lyophilized. The yolk powder was washed with diethyl ether and 70% aqueous acetone 

solution to remove the lipids present. This removal of lipids reduces the amount of 

emulsification in the later stages. The SGP was then extracted using a 40% aqueous acetone 

solution, and the residual yolk powder was removed by filtration of the extract through Celite®. 

Sun et al. found that 40% aqueous acetone solution was the best solvent combination for the 

extraction of SGP as compared to other combinations of water and acetone.63 The solvent was 

removed under high vaccuo, then the crude SGP was further purified by reverse phase-high 

performance liquid chromatography (RP-HPLC, C18 column) or on a carbon/Celite (2:1) 

column (3 x 20 cm) (Figure 2.6). The purified SGP 2.70 was then hydrolysed  using WT Endo 

M, to produce a sialo-complex-type bi-antennary oligosaccharide with single GlcNAc at the 

reducing terminus (SG, 2.71)(Figure 2.6). The SG was then converted to the desired oxazoline 

D by treatment with DMC and triethylamine using the method published by Shoda et al. 

(Scheme 2.28).11   
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Scheme 2.28: Isolation and synthesis of sialyoligosaccharide oxazoline donor (D) 

 

(a)       (b) 

SGP-tR 9.3 

min 

SG-tR 7.9 min 
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(c)        (d) 

Figure 2.6: (a) HPLC UV traces for SGP 2.70; (b) HPLC UV traces for SG 2.71; (c) HRMS 

result for SGP 2.70; (d) HRMS result for SG 2.71. 

2.5 Conclusions  

In this chapter, a synthetic approach has been used to successfully synthesise the di- and 

tetrasaccharide oxazolines from the locust bean gum, and semi-synthetic approaches have been 

used for  production of Man9GlcNAc and SG oxazolines. In addition, a completely synthetic 

approach has been used for synthesis of the common starting materials for tetrasaccharide 

synthesis. 

The main challenges faced in the disaccharide synthesis were the conversion of the stable 

Lafont intermediate to an acetamide and the final deprotection of the benzyl and acetate 

protecting groups. During the synthesis of tetrasaccharide, the main challenges faced were the 

regioselective ring opening of the di-benzylidenes because of competitive acetamide reduction, 

and glycosylation reactions of the di- and tri-saccharides.  

Using dichlorophenylborane and triethylsilane it was possible to open 2,3;4,6-di-benzylidene 

regioselectively. The synthesis of trisaccharide was tried to achieve using armed donor in the 

presence of different activating agent, but it failed to produce stereoselective product, because 

MH+ 2865.1743 
MH+ 2020.7245 
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of the absences of neighbouring participation. The tri- and tetrasaccharide were synthesised 

using a trichloroacetamidate donor in the presence of TMSOTf as an activator, produced 

stereoselectively due to neighbouring group participation by the acetate group at the 2-position 

of the donor.  

 The oxazoline donors were synthesised as glycosyl donors for endohexosaminidase-catalysed 

glycosylation of glycopeptides and for glycoprotein remodelling. The results from 

endohexosaminidase-catalysed glycosylations using these oxazoline donors with different 

acceptors are detailed in following chapters. 
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Chapter 3 ENGase-catalysed glycosylation using N-GlcNAc and 

N-GlcNAz asparagine as acceptors 

3.1 Introduction 

The  presence of glycans in glycoconjugates modifies their physicochemical properties and is 

involved in a wide range of biological processes such as protein folding and stabilisation,1 

energy storage,2 cell communication,3 and immune defence.4 To study the role of glycans in 

these biological processes requires access to homogeneous glycoconjugates. Therefore, a 

number of chemical and enzymatic methods have been established. Their primary advantage 

is the non-requirement of a protection strategy whilst maintaining high stereo- and 

regioselectivity. Glycosyltransferases and glycosidases have significantly contributed to the 

production of glycosidic bonds.5,6 ,7  

3.2 Glycosyltransferases   

Glycosyltransferases facilitate the synthesis of oligosaccharides, polysaccharides, and 

glycoconjugates by transferring activated nucleoside diphosphate sugars as a donor to an 

acceptor with either inversion or retention of configuration at the anomeric center.8,9 ,10 These 

enzymes produce good yields for the synthesis of oligosaccharides or glycoconjugates, even 

though they are specific in their substrate requirements.11 For example, Leloir 

glycosyltransferases have specificity for a sugar nucleotide phosphate, and non-Leloir 

glycosyltransferases show specificity for non-nucleotide donors. In addition, the enzyme action 

is inhibited by nucleoside diphosphates (NDPs) that are generated during the catalysed 

reaction. However, this problem can be resolved by recycling of sugar nucleotides. 
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3.3 Glycosidases 

3.3.1 Introduction 

Glycosidases play a significant role in biological processes, such as the degradation of 

polysaccharides or glycoconjugates, intestinal digestion, and post-translational modification of 

glycoproteins. At the same time, under controlled conditions, glycosidases can be used as 

biocatalysts for oligosaccharide synthesis.12,13 Glycosidases can be categorised on the basis of 

their substrate specificity, catalytic mechanism and  cleavage site of glycoside bond.14 Based 

on the cleavage site of the glycoside bond, glycosidases can be divided into exo- and 

endoglycosidase: exoglycosidases, which cleave the glycosidic linkage to release the terminal 

monosaccharide residue of an oligosaccharide, and endoglycosidases, which hydrolyse the 

internal glycosidic linkage in an oligosaccharide. Glycosidases can be also divided into 

inverting glycosidases and retaining glycosidases based on the stereochemical outcome of their 

hydrolysis reaction.15,16 These enzymes generally have two carboxylic acids in their active site 

that play an important role in the stereochemical outcome. The difference between retaining 

and inverting is the distance between the carboxylic acids. The distance is typically ~5.5 Å for 

retaining glycosidases and ~10 Å (± 2 Å) for inverting glycosidases.17  

3.3.2 Mechanism of hydrolysis 

Hydrolysis of a glycosidic bond is similar to general acid catalysis. It requires a proton donor 

and a nucleophile.13,16 In both the retaining and the inverting mechanisms, the position of 

proton donor is the same, but the distance between sugar and the nucleophilic catalytic base 

differs, which changes the mechanistic process of hydrolysis.  

 Inverting glycosidase uses a direct displacement mechanism (Figure 3.1); both carboxylic 

acids are positioned so that one deprotonates the water molecule and concomitantly attacks the 
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anomeric carbon. Meanwhile, the second carboxylic acid protonates the glycosidic oxygen and 

promotes the cleavage of the glycosidic bond.  

 

Figure 3.1: Mechanism of an inverting glycosidase 

Retaining glycosidases use a two-step double-displacement mechanism that involves the 

formation of a covalent glycosyl–enzyme intermediate that is subsequently hydrolysed (Figure 

3.2). In the first step, one of the carboxylic acids acts as a nucleophile and attacks the anomeric 

centre, producing a glycosyl-enzyme intermediate. Meanwhile, the second carboxylic acid 

protonates the glycosidic oxygen and promotes the cleavage of the glycosidic bond. In the 

second step, the second carboxylic acid then acts as a base and deprotonates a water molecule. 

Then nucleophilic attack of water at the anomeric carbon centre hydrolyses the glycosyl-

enzyme intermediate.  
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Figure 3.2: Mechanism of a retaining glycosidase 

3.3.3 Glycosidase in the synthesis 

Glycosidases not only cleave glycosidic bonds but can also act as catalysts for synthesis. 

Formation of a glycosidic bond using a glycosidase is possible through either 

thermodynamically or kinetically controlled glycosylation. 

In the thermodynamic approach, synthesis can be favoured over hydrolysis by using an excess 

of substrate, and the formation of the product relies on an excess salt concentration, high 

temperature, and the use of organic solvents.18,19,20 This approach is less expensive than using 

a glycosyltransferase, even though this approach has drawbacks of low yield and low 

stereoselectivity and regioselectvity.   
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The kinetic approach can be used in  the conjunction with retaining glycosidase or inverting 

glycosidase. During this approach, the yield of glycosylation product can be increased by two 

factors. Firstly the rate of hydrolysis must be slower than the rate of glycosylation, which is 

achieved through the use of a high concentration of acceptor. Secondly, the glycosylation 

products should not be a better substrate for the enzyme than the activated donor used. For 

example, activated donors, such as anomeric fluorides and p-nitrophenyl glycosides can 

facilitate glycosylation.21      

3.4 Glycosynthases  

Glycosyltransferases and glycosidases are used for glycoside synthesis, even though specific 

donor requirements for glycosyltransferases and the hydrolytic activity of glycosidases 

enzymes are the drawbacks. Because of these issues, a novel approach towards oligosaccharide 

synthesis has been developed involving the use of genetically engineered glycosidases, which 

contain a non-nucleophilic amino acid instead of the normal carboxylic acid nucleophile in 

their active site.22 Without nucleophilic activity, the covalent glycosyl-enzyme intermediate 

could not be formed and hydrolysis could not take place. Both Planas and Withers investigated 

using α-fluoride substrates as mimics for the covalent glycosyl-enzyme intermediate and they 

found that -fluorides acted as a substrates for this enzyme and glycosylation occurred in an 

inversion of configuration to give β-product (Figure 3.3).23 
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Figure 3.3: General mechanism of a glycosynthase21 

The use of glycosynthases is a promising strategy for oligosaccharide synthesis even though 

despite drawback such as their inability to glycosylate non-glycosidic structures, and that their 

action results in the formation of oligomerized side products.22   

3.5 Endoglycosidases 

Endoglycosidases have the ability to cleave internal glycosidic bonds in an oligosaccharide 

chain or glycoconjugate. Some endo-glycosidases have the ability to catalyse glycosylation 

reactions24,25 and can be used for the synthesis of neoglycopeptides26 and glycoproteins.27. 

3.5.1 Chitinase 

Chitinases catalyse the hydrolysis of chitin, which ranges in size from 20 kDa to about 

90 kDa.28 Chitinases play a varity of roles in plants,29 such as defence against fungal invasion, 

and in bacteria, digesting chitin and utilising it primarily as a carbon and energy source.30   

Chitinases can be divided into five classes based on amino acid similarity, and these are divided 

into two glycosyl hydrolase families. Family 18 chitinases are found in a wide range of 

organisms, including plants, bacteria, animals and fungi, and family 19 chitinases exist 

primarily in plants.31  
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Family 19 chitinases use an inverting mechanism and go through a single displacement 

mechanism. One of the carboxylic acids in this enzyme acts as a base and deprotonates the 

water molecule; the other carboxylic acid protonates the glyosidic leaving group. Overall their 

action gives an inversion of anomeric configuration.31 

Family 18 chitinases use a retaining mechanism via a double step-displacement 

mechanism.32,33 During this process, the oxygen of the glycosidic leaving group is protonated 

by the carboxylic acid. The oxazolinium ion intermediate is formed by nucleophilic attack of 

the acetamido carbonyl group to the anomeric centre. This intermediate is hydrolysed by water 

molecule and produced the hydrolysis product.31 

Under certain reaction conditions, chitinase can facilitate successful glycosylation with 

different donors such as aryl glycosides and glycosyl fluorides. The glyosidic bond is formed 

by reaction between the intermediate and the alcoholic oxygen from another sugar molecule 

instead of water. However, chitinases  not only catalyse glycosylation but can also hydrolyse 

the resultant product.34   

In 1996, Kobayashi et al. established the importance of oxazolines as transition state mimics 

for glycosylation using chitinases.35 This activated substrate lowers the activation energy and 

facilitates glycosylation without hydrolysis. Their hypothesis was for the use of a distorted 

glycosyl substrate close to the transition state to lower the free energy of activation, making 

the glycosylation possible at pH values where hydrolysis could not take place. With the success 

of oxazoline donors as transition state mimics, numerous chitinase catalysed 

transglycosylations have been recently published to construct natural and non-natural chitins.36 
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3.5.2 Endo-β-N-acetylglucosaminidases (ENGases) 

 Endo-β-N-acetylglucosaminidases catalyse the hydrolysis of the diacetylchitobiose core 

([GlcNAcβ(1-4)GlcNAc]) of N-linked glycans between the two N-acetyl glucosamine 

residues.37 A more detailed description of ENGases was discussed in Chapter 1.    

This chapter discuss about  synthesis of model acceptor- Fmoc-Asn-GlcNAc-OH and ENGase 

catalysed glycosylation using two different acceptors such as Fmoc-Asn-GlcNAc-OH and 

Fmoc-Asn-GlcNAc (N3)-OH. 

3.6 Acceptor synthesis 

Natural acceptors for ENGase-catalysed glycosylation reactions generally consist of an 

N-acetylglucosamine (GlcNAc) attached to an asparagine residue (Asn) of varying 

complexity,38 depending on the number of amino acids attached to this Asn.27,39 Once 

glycosylated by a glycosyl donor, the resulting disaccharide corresponds to the chitobiose core 

of N-linked glycoproteins. Endohexosaminidase-catalysed glycosylation has been 

demonstrated with natural and non-natural acceptors, such as p-nitrophenyl 2-acetamido-2-

deoxy--D-glucopyranoside (GlcNAc-OPNP)40, p-formylphenyl 2-acetamido-2-deoxy--D-

glucopyranoside (GlcNAc-OPFP),41 CD52-GlcNAc,27 and a human cytomegalovirus (CMV) 

and tegument 19-mer peptide42. During this study, the simplest acceptor (GlcNAc-Asn) and a 

GlcNAc modified acceptor (GlcNAz-Asn) were used for the ENGase catalysed reaction.  
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3.6.1 Previous synthetic approaches to N-linked glycosyl amino acids 

For ENGase-catalysed glycosylations, GlcNAc-Asn was employed as a model acceptor to 

represent the minimal structure of N-linked glycoproteins. This model system was used to 

optimise the reaction conditions before attempting the synthesis of more complicated and 

biologically important glycopeptides and glycoproteins.43  

In 1961, Marks and Neuberger first synthesised N-linked glycosyl amino acid.44 They used 

DCC to couple a glycosyl amine and protected aspartic acid. This method was popular for 

glycosyl amino acid synthesis45 and is also a straightforward method for the synthesis for 

glycosyl amines,46 even though glycosyl amines are relatively unstable and also readily 

mutarotate to give a mixture of anomers.47  

Later, Inazu and co-workers developed a simple three-component Staudinger-type48 reaction 

for glycosyl amide synthesis using glycosyl azides and amino acids in the presence of a tertiary 

phosphine. Using this method, mutarotation was not observed, and it was used to synthesise 

the GlcNAc-Asn model acceptor.  

Initially, the Fairbanks group used a three-component Staudinger type reaction for the synthesis 

of the GlcNAc-Asn acceptor. Here they used a benzyloxycarbonyl (Cbz or Z) group for the 

protection of the NH2 group, which was also a suitable chromophore for the HPLC analysis.49 

The drawback of this synthesis was the production of a racemic mixture of products during the 

Zemplén deacetylation, where the α hydrogen on Asn was racemised thus formed both L  and 

D isomers. This was resolved by the coupling of the deprotected sugar and amino acid (Scheme 

3.1). Later, they used an Fmoc group for the protection of the NH2 group, which prevented the 

formation of L  and D isomers during the Zemplén deacetylation.50,51 
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Scheme 3.1: (i) AcCl, 16h, rt; (ii) NaN3, NaHCO3, Bu4NHSO4, DCM, 45 min, rt; (iii) (a) Na, 

MeOH, rt; (b) HOBT, DCC, MeCN,Bu3P. 

3.6.2 Synthesis of model acceptor – GlcNAc-Asn 

For the synthesis of the GlcNAc-Asn acceptor, a fluorenylmethyloxycarbonyl-protected amino 

acid was used for coupling with the protected sugar to prevent the racemisation during the 

Zemplén deacetylation.52,53 

 

Scheme 3.2:(i) AcCl, 16h, rt, 66%; (ii) NaN3, NaHCO3, Bu4NHSO4, DCM, 45 min, rt, 90%; 

(iii) (a) Fmoc-asp-OtBu-OH, pentafluorophenol, DCC, EtOAc, 0 °C to rt, 16h; (b) HOAt, 

Me2PPh, THF, rt, 2h, 75%; (iv) 98% HCOOH, rt, 3h, 95%; (v) Na, MeOH, rt, 5min, 91%.  



 Chapter 3 

95 

 

N-Acetylglucosamine was treated with neat acetyl chloride  at room temperature to afford the 

peracetylated α-D-glucopyranosyl chloride 3.2 in a 66% yield.54 Glycosyl azide 3.3 was then 

produced by the SN2 displacement of the α-chloride 3.2 by reaction with sodium azide under 

phase-transfer conditions.52 N2-(Fluorenylmethoxycarbonyl)-N4-(2-acetamido-3,4,6-tri-O-

acetyl-2-deoxy-β-D-glucopyranosyl)-L-asparagine 3.6 was then produced through a 

Staudinger-type reaction of the glycosyl azide 3.3 with protected intermediate Fmoc-Asp-

(OPfp)-OtBu in the presence of  Me2PPh, in a good 75% yield. The intermediate Fmoc-Asp-

(OPfp)-OtBu was itself synthesised by reaction between pentafluorophenol and Fmoc-Asp-

OtBu in the presence of  DCC.55  The tert-butyl ester was then removed by treatment with 98% 

aqueous formic acid at room temperature.56 Finally, deacetylation using Zemplén conditions 

gave the desired triol glycosyl amino acid 3.8, which was to be used as an acceptor for the 

ENGase catalysed glycosylation reactions, in an excellent 91% yield53 (Scheme 3.2).   

3.7 Enzyme-catalysed glycosylation reactions using Fmoc-Asn-

GlcNAc-OH as model acceptor 

After the synthesis of the model acceptor Fmoc-Asn-GlcNAc-OH (3.8), attention was turned 

to ENGase-catalysed glycosylation using different oxazoline donors. This acceptor has been 

used previously by the Fairbanks group to investigate ENGase-catalysed glycosylation using 

different oxazolines.50,51 The presence of Fmoc-Asn facilitates HPLC analysis of the progress 

of the reaction via UV detection. All glycosylation reactions were monitored at 254 nm, and 

reaction yields calculated by integration of HPLC UV absorption spectra of the product and 

the unreacted acceptor.  
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3.7.1 ENGase-catalysed glycosylation of Fmoc-Asn-GlcNAc-OH 3.8 using the 

disaccharide oxazoline donor A 

In 2001 Shoda and co-workers reported ENGase-catalysed glycosylation using disaccharide 

oxazoline as donor and GlcNAcOpNP as an acceptor with different wild type (WT) enzymes: 

Endo A, Endo M, Endo H and Endo F1. Endo A and Endo M catalysed glycosylation reactions 

and produced trisaccharides in a good yields, but there was no product formation for Endo H 

and Endo F1.
57  

Disaccharide oxazoline (A) has since been used as donor for the ENGase-catalysed reaction 

with several different types of acceptor, such as GlcNAcOpNP,57 a GlcNAc-heptapeptide 

derived from HIV-1 gp120, a 34-mer peptide GlcNAc-C34 derived from HIV-1 gp4158 and Z-

Asn-GlcNAc.59 Remarkably, there were no studies reported in the literature relating to 

ENGase-catalysed glycosylation using the Fmoc-Asn-GlcNAc as an acceptor and the 

disaccharide oxazoline as donor.  

ENGase-catalysed glycosylation  was carried out using the model glycosyl amino acid 3.8 as 

the acceptor, and disaccharide oxazoline A as the donor (Scheme 3.3). WT Endo A catalysed 

glycosylation was conducted using three equivalents of donor to one equivalent of acceptor in 

a 100 mM sodium phosphate buffer containing 20% DMSO (v/v) at pH 6.5 at 30 °C, and gave 

product 3.9 (Figure 3.4) in a 95% yield after 4 h (Figure 3.5). Moreover, the yield of the reaction 

was constant at 95% even after 6 h, meaning that the product trisaccharide 3.9 is itself not a 

substrate for hydrolysis catalysed by WT Endo A. This outcome was similar to the initial 

findings of Shoda and co-workers.57  
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Scheme 3.3: (i) ENGase, sodium phosphate buffer (100 mM), pH 6.5, 20 % DMSO (v/v), 30 

°C. 

 

      (a)       (b) 

Figure 3.4: a) HPLC UV traces for ENGase-catalysed glycosylation showing the conversion 

of acceptor 3.8 into product 3.9 using A as donor;  b) HRMS result for product 3.9. 
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Figure 3.5: Time course study of ENGase-catalysed glycosylation of acceptor 3.8 using 

donor A catalysed by WT Endo A. 

3.7.2 ENGase-catalysed glycosylation of Fmoc-Asn-GlcNAc-OH 3.8 using 

tetrasaccharide oxazoline donor B 

After the ENGase-catalysed glycosylation using the disaccharide oxazoline, the next aim was 

to use the tetrasaccharide oxazoline B as the donor and Fmoc-Asn-GlcNAc 3.8 as an acceptor. 

WT Endo A catalysed glycosylation was carried out under the same standard reaction 

conditions (Scheme 3.4), and product 3.10 was formed in a moderate yield of 62% after 1 h. 

However, the use of extended reaction times resulted in product hydrolysis, which means that 

the rate of product hydrolysis exceeded the rate of product formation (Figure 3.7). Fairbanks 

and co-workers50 reported similar yields for glycosylation using donor B with WT Endo A. 

Disaccharide oxazoline was therefore a better donor substrate for glycosylation catalysed by 

WT Endo A than the tetrasaccharide oxazoline; as noted before, the size of the oligosaccharide  

is an important factor in the outcome of ENGase-catalysed glycosylation reactions.59 

When the glycosylation reaction was performed using WT Endo M,  trisaccharide 3.10 was 

produced in a low yield of 18% after 15 min (Figure 3.7). After this time, the product was 
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hydrolysed; this result was similar to previous studies performed by the Fairbanks group.50 The 

fact that Endo M catalysed glycosylation reaction using the tetrasaccharide oxazoline B  as the 

donor gave a much lower yield as compared to using the disaccharide oxazoline A clearly 

indicates the important effect of chain length.  

Endo M N175Q mediated glycosylation, performed under the same standard conditions, 

produced 3.10 in a 65% yield (Figure 3.6, 3.7). Moreover, the yield of the product remained 

constant even after 6h, indicating that the product 3.10 was not a substrate for Endo-M-N175Q 

catalysed hydrolysis.50, 60 According to the above observations, the tetrasaccharide oxazoline 

donor was a good donor for glycosylation catalysed by both WT Endo A and N175Q Endo M, 

but not by WT Endo M. 

 

Scheme 3.4: (i) ENGase, sodium phosphate buffer (100 mM), pH 6.5, 20 % DMSO, 30 °C. 
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(a) Endo M N175Q     (b) HRMS of 3.10 

 

Figure 3.6: (a) HPLC UV traces for ENGase-catalysed glycosylation showing the conversion 

of acceptor 3.8 into product 3.10 using B as donor; (b) HRMS result for product 3.10. 

 

Figure 3.7: Time course study of ENGase-catalysed glycosylation reactions of acceptor 3.8 

using donor B, as catalysed by a variety of enzymes. 
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3.7.3 ENGase-catalysed glycosylation of Fmoc-Asn-GlcNAc-OH 3.8 using the 

Man9GlcNAc oxazoline donor C 

ENGase-catalysed glycosylation was carried out using the model glycosyl amino acid 3.8 as 

the acceptor and Man9GlcNAc oxazoline C as the donor (Scheme 3.5). EndoA-N171A 

catalysed glycosylation was conducted using five equivalents of donor and one equivalent of 

acceptor in a 100 mM sodium phosphate buffer containing 20% DMSO (v/v) at pH 6.5 at 30 

°C, and gave product 3.11 (Figure 3.8) in a 91% yield after 6 h (Figure 3.9). Moreover, the 

yield of the reaction was constant at 91% even after 8 h, meaning that the product 3.11 itself is 

not a substrate for hydrolysis catalysed by EndoA-N171A. This observation was similar to that 

observed by Wang and co-workers.61  

Scheme 3.5: (i) ENGase N171A, sodium phosphate buffer,100 mM, pH 6.5, 20% (v/v) DMSO, 

30 °C.  
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 (a)                                                                        (b) 

Figure 3.8: a) HPLC UV traces for ENGase-catalysed glycosylation showing the conversion 

of acceptor 3.8 into product 3.11 using C as donor;  b) HRMS result for product 3.11. 

 

 

Figure 3.9: Time course study of ENGase-catalysed glycosylation of acceptor 3.8 using 

donor C catalysed by EndoA-N171A. 
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3.8 Enzyme-catalysed glycosylation reactions using Fmoc-Asn-

GlcNAz-OH as model acceptor 

 

Incorporation of  an GlcNAc–asparagine conjugates in a peptide or protein provides an efficient 

handles for the enzymatic attachment of a variety of N-glycan structures.62 As part of a 

collaboration with van Kasteren and co-workers, we planned to use peptide probes that 

contained an N-linked GlcNAz-Asn, may act as bio-orthogonally tagged antigens and allow 

more detailed investigations of antigen cross-presentation biology. Interestingly, there are no 

literature reports of whether a structurally modified GlcNAc acetamide can act as an acceptor 

for ENGase-mediated glycosylation. At this point, a question was whether the incorporation of 

an azide might influence the ability of ENGases to attach N-glycan structures. To find the 

answer to this question, ENGase-catalysed glycosylation reactions were carried out using Asn-

GlcNAz as an acceptor and di-, tetra- Man9GlcNAc and complex bi-antennary oxazolines as 

the donors. Here, Endo A and Endo M were chosen due to their combined range of specificity: 

Endo A is specific for high mannose and hybrid N-glycans63,64 whereas Endo M shows a 

broader hydrolytic and synthetic  activity for all N-glycans. 62  

3.8.1 ENGase-catalysed glycosylation of Fmoc-Asn-GlcNAc (N3)-OH 3.12 using 

disaccharide oxazoline donor A 

Following the above model reaction, the modified GlcNAc glycosyl amino acid 3.12 (it was 

synthesised by M.H.S. Marqvorsen, a postdoctoral research in the research group of Sander 

van Kasteren in Leiden) was used as an acceptor for glycosylation by disaccharide oxazoline 

A as catalysed by WT Endo A, and gave trisaccharide 3.13 in a 94 % yield after 4 h (Scheme 

3.6). A time course study of this reaction was undertaken (Figure 3.12), which showed that the 
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trisaccharide product 3.13 was not susceptible to hydrolysis by WT Endo A. In these studies, 

Fmoc-Asn-GlcNAz 3.12 showed similar behaviour to Fmoc-Asn-GlcNAc 3.8 with WT Endo 

A. After this successful reaction, some selected donors were used with a variety of ENGases 

to test the scope of the ENGase-catalysed glycosylation. 

Glycosylation of acceptor 3.12  with disaccharide oxazoline A as catalysed by WT Endo M 

was performed under identical conditions to those used with WT Endo A, and gave 

trisaccharide 3.13 in a 90% yield after 4 h. This is a very similar result to that observed with Z-

Asn-GlcNAc as the acceptor.59 It was also noted that product 3.13 (Figure 3.10) was not a 

substrate for hydrolysis catalysed by WT Endo M (Figure 3.11).  

There were no literature studies for Endo M-N175Q catalysed glycosylation using a 

disaccharide oxazoline as donor. Glycosylation was performed using mutant Endo M N175Q 

and afforded trisaccharide 3.13 in a 6% yield after 4 h (Figure 3.11). The low yield of the 

reaction may be due to the structural incompatibility.  

 

 

Scheme 3.6: (i) ENGase, sodium phosphate buffer (100 mM), pH 6.5, 20 % DMSO (v/v), 30 

°C. 
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  (a) WT Endo M     (b) WT Endo A   

              

  

                            (c) Endo-M-N-175Q           (d) HRMS of 3.13 

Figure 3.10: HPLC UV traces for ENGase-catalysed glycosylation showing the conversion of 

acceptor 3.12 into product 3.13 using A as the donor; (a) WT Endo M; (b) WT Endo A; 

(c) Endo M N175Q  (d) HRMS result for product 3.13. 
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Figure 3.11: Time course study of ENGase-catalysed glycosylation reactions of acceptor 3.12 

using donor A, catalysed by a variety of enzymes. 

3.8.2 ENGase catalysed glycosylation of Fmoc-Asn-GlcNAz-OH 3.12 using 

tetrasaccharide oxazoline donor B 

After the ENGase-catalysed glycosylation using the disaccharide oxazoline A, the next 

objective was to use the tetrasaccharide oxazoline B as the donor with Fmoc-Asn-GlcNAz 3.12 

as an acceptor. WT Endo A catalysed glycosylation was conducted using the standard reaction 

conditions, and gave product 3.14 in a 63% yield after 15 mins (Scheme 3.7). However, the 

use of extended reaction times (6 h) resulted in product hydrolysis, which means that after a 

certain time the rate of product hydrolysis then exceeded the rate of product formation (Figure 

3.13). Disaccharide oxazoline was therefore a better substrate for  WT Endo A catalysed 

glycosylation than the tetrasaccharide oxazoline; as noted before, the size of the 

oligosaccharide  is an important factor in ENGase-catalysed glycosylation reactions.59  

When the glycosylation reaction was performed using WT Endo M,  the pentasaccharide 3.14 

was produced in a low yield of 16% after 30 min (Figure 3.12). After this time the product was 
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hydrolysed; this result is similar to previous studies performed by the Fairbanks group.50 The 

fact that Endo M catalysed glycosylation reaction using the tetrasaccharide oxazoline B  as the 

donor gave a much lower yield as compared to using the disaccharide oxazoline A clearly 

indicates the important effect of oligosaccharide chain length.  

Endo M N175Q mediated glycosylation, performed under the same standard conditions 

produced 3.14 (Figure 3.12) in a 60% yield (Figure 3.13). Moreover, the yield of the product 

remained constant even after 6h, indicating that the product 3.14 was not a substrate for Endo 

M N175Q catalysed hydrolysis.50, 60 According to the above observations, the tetrasaccharide 

oxazoline donor was a good donor for both WT Endo A and N175Q Endo M catalysed 

glycosylation of acceptor 3.12.65 

 

 

 

 

Scheme 3.7: ENGase, sodium phosphate buffer (100 mM), pH 6.5, 20 % DMSO (v/v), 30 

°C. 
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(a) WT Endo A     (b) WT Endo M 

 

 

(c) Endo M N175Q        (d) HRMS of  3.14 

 

Figure 3.12: HPLC UV traces for ENGase-catalysed glycosylation showing the conversion of 

acceptor 3.12 into product 3.14 using tetrasaccharide oxazoline B as donor; (a) WT Endo A; 

(b) WT Endo M; (c) Endo M N175Q  (d) HRMS result for product 3.14. 
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Figure 3.13: Time course study of ENGase-catalysed glycosylation of acceptor 3.12 using 

donor B catalysed by a variety of enzymes. 

3.8.3 ENGase-catalysed glycosylation of Fmoc-Asn-GlcNAz-OH 3.12 using SG oxazoline 

donor D 

WT Endo A catalysed glycosylation was not attempted using the SG oxazoline D, because of 

the known inability of Endo A to transfer complex N-glycan oxazolines.66 According to the 

previous studies, Endo M has the ability to catalyse glycosylation of Asn-GlcNAc by a complex 

bi-antennary glycan.67,68 WT Endo M mediated glycosylation was investigated under same 

standard conditions reported above, and produced 3.15 (Figure 3.14) in 20% yield if the 

reaction was stopped after 30 mins (Scheme 3.8). After this time it was found that product yield 

decreased, indicating that after longer reaction times the rate of product hydrolysis exceeded 

the rate of product formation (Figures 3.15). This observation was similar to previous studies 

performed by the Fairbanks group.50 
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The SG donor D and Asn-GlcNAz were incubated with Endo M N175Q under standard 

conditions, and 3.15 was formed in 78 % yield (Scheme 3.8). In this case the product yield 

remained constant.50, 69, 70 This indicated that Endo M N175Q was incapable of hydrolysing the 

product 3.15. It can be concluded that Endo M N175Q is a suitable enzyme for the SG 

oxazoline donor using acceptor 3.12.  

 

Scheme 3.8: ENGase, sodium phosphate buffer pH-6.5, 20 % DMSO (v/v), 30 °C. 
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(a) WT-Endo M      (b) Endo-M-N175Q  

 

 

     (c) HMRS of 3.15 

Figure 3.14: HPLC UV traces for ENGase-catalysed glycosylation showing the conversion of 

acceptor 3.12 into product 3.15 using D as donor; (a) WT Endo M; (b) Endo M N175Q (c) 

HRMS result for product 3.15. 

 

Undecasaccharide MH+ 2600.9173 
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Figure 3.15: Time course study of ENGase-catalysed glycosylation of acceptor 3.12 using 

donor D catalysed by a variety of enzymes. 

3.8.4 ENGase-catalysed glycosylation of Fmoc-Asn-GlcNAc(N3)-OH 3.12 using the 

Man9GlcNAc oxazoline donor C 

N175Q Endo M catalysed glycosylation was carried out using glycosyl amino acid 3.12 as the 

acceptor and the high mannose decasaccharide oxazoline C as the donor.  Using the same 

standard reaction conditions (Scheme 3.9), product 3.16 (Figure 3.16) was formed in a low 

yield (29%, Figure 3.17) after 4 hours; the yield remained constant even after 6h, meaning that 

product 3.16 was not a hydrolytic substrate for Endo M N175Q. In the literature, the yield of 

the glycosylation reactions catalysed by Endo M N175Q has been reported to vary with the 

type of acceptor.61,42  

WT Endo M catalysed glycosylation was carried out using the same reaction conditions as 

mentioned above. This reaction failed to produce any of the desired product 3.12, which means 

that probably product hydrolysis was faster than product formation. At this point, WT Endo A 

catalysed glycosylation was not carried out because of the fast hydrolysis of the product.61 It 
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can be concluded that the decasaccharide oxazoline is not a good substrate for Wild-Type 

enzymes.71 

 

Scheme 3.9: (i) ENGase, sodium phosphate buffer,100 mM, pH 6.5, 20%, DMSO, 30 °C. 

 

(a)         (b) 

Figure 3.16: HPLC UV traces for ENGase-catalysed glycosylation showing the conversion 

of acceptor 3.12 into product 3.16 using C as donor; (a) Endo M N175Q (b) HRMS result for 

product 3.16.  



 Chapter 3 

114 

 

 

 

 

 

 

 

 

Figure 3.17: Time course study of ENGase-catalysed glycosylation of acceptor 3.12 using 

donor C catalysed by Endo M N175Q. 

3.9 Conclusions  

Enzymatic glycosylation studies were performed with the two different acceptors, Fmoc-Asn-

GlcNAc and Fmoc-Asn-GlcNAz, using different oxazoline donors. Fmoc-Asn-GlcNAc acted 

as an effective acceptor in accordance with previous work.50-51  Interestingly, the structurally 

modified GlcNAc acceptor (Fmoc-Asn-GlcNAz) was also a suitable substrate for ENGase 

enzymes such as WT Endo A, WT Endo M, and the N175Q Endo M mutant, which means that 

incorporation of an azide group into the acetamide of the acceptor is tolerated by all of the 

enzymes.  

The major side-reaction during enzymatic glycosylation was product hydrolysis.  With the 

disaccharide donor (A) the wild-type enzymes, Endo A and Endo M, produced 3.9 and 3.13 in 

high yields and also the glycosylation was irreversible. However when the size of the donor 

was increased, the yield of the synthetic reaction was lowered since the products were 
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hydrolysed more rapidly; however, this issue was resolved by the use of a mutant enzyme, 

namely Endo M N175Q.   
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Chapter 4 Synthesis of glycopeptide and glycoprotein remodelling 

for immunological studies 

4.1 Introduction 

The immune system performs a most challenging biological function: it needs to eliminate 

biological pathogens at the same time as preventing an accidental immune response against 

healthy self-cells. If this system goes wrong, it can result in either auto-immunity, activity 

against healthy self-cells, or in cancer.1 Later, these become known as immune diseases. In 

many cases,2 adaptive immune cells can selectively recognise tumour cells and eliminate the 

problem. However, after a certain point, cytotoxic T cells become unfunctional due to immune-

dampening signals from the tumour itself.3 In the last two decades, different immunotherapies 

have developed to try and treat cancer. Even though there are some drawbacks, for example, 

the check point antibody, ipilimumab, which blocks the dampening signal of all cytotoxic T-

cells in the body but also reactivates auto immune disease mediating cells.4 Because of these 

disadvantages, vaccination may be the best solution for cancer treatment.5 In such treatments, 

a vaccine consisting of an antigen that is present only on the tumour can activate tumour 

specific cytotoxic T-cells. However, in reality, this is a difficult task to achieve.6 For example, 

if a vaccine activates antibody-producing cells instead of cytotoxic T-cells, there is no response 

against the tumour.7 Therefore, immunologists have focused on developing vaccines, which 

selectively switch on cytotoxic T-cells. One possible approach is to target vaccines to a set of 

endocytic receptors on antigen presenting cells that results in enhanced antigen cross 

presentation. In our studies, the mannose receptor (MR) is considered as a cross presentation 

promoting receptor. There are multiple studies which have investigated MR-mediated cross 

presentation.8,9,10 However, there is still no clear idea about which structural parameters are 

important for cross presentation. Therefore these investigations will use homogenous 
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glycopeptides and glycoproteins for in-vitro analysis to help define the pathway taken by the 

antigen after the uptake by the MR. The synthesis of the required glycopeptides and 

glycoproteins can be achieved via chemoenzymatic or purely synthetic methods (Chapter 1). 

However this chapter mainly focuses on the enzymatic synthesis of glycopeptidse and 

glycoproteins for later immunological studies.   

4.2 Enzymatic synthesis of glycopeptides and glycoproteins  

Protein glycosylation is important in many biological processes, including cell-cell 

signalling,11,12 microbial virulence,13 inflammation14 and immune defence.15,16 Post-

translational modification of proteins by glycosylation can also play a key role in protein 

folding11 and can crucially affect important protein properties, such as conformation and 

stability,17 susceptibility to proteases18 and circulatory lifetime.19  

In nature, glycoproteins are found as different glycoforms, which differ in the structure of 

glycans within same peptide chain. Because of this heterogeneity, different glycoforms exhibit 

a range of biological properties which are difficult to understand.20 Therefore, there is an urgent 

need to access homogenous forms of glycoproteins to help understand the structure-function 

relationships between each glycoform.20 

A homogeneous form of either a glycopeptide or a glycoprotein can be synthesised using 

chemical methods (described in Chapter 1), even though these methods are time consuming 

and involve complicated protection and deprotection reaction schemes.21 Alternatively  

enzymatic methods of glycopeptide and glycoprotein synthesis are attractive because of their 

high stereo- and regioselectivity of the reaction.  
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The enzymatic synthesis of glycopeptides and glycoproteins can be achieved either by glycan 

extension or by glycoprotein remodelling.22 These will be discussed further in the following 

sections.  
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4.2.1 Glycan extension 

Glycan extension can be achieved by the action of glycosyltransferases.23 Because of the strict 

substrate specificity, glycans can be structurally elaborated by linear assembly. This technique 

has been a powerful method used for the assembly functionality rich compounds, such as 

sulfopeptides.24 For example Nishimura and co-workers demonstrated linear assembly of 

glycans using the combination of β-1,3-N-acetylglucosaminyltransferase (LgtA) and β-1,4-

galactosyltransferase in the formation of a library of O-linked lactosaminoglycans (Figure 4.1) 

.25 

 

 

Figure 4.1: Enzymatic synthesis of glycosylated amino acids containing poly-N-

acetyllactosamine: this picture was adapted from the Nishimura et al.25 

4.2.2 Glycoprotein remodelling 

Glycoprotein remodelling is the another technique that has been used to achieve the production 

of homogeneous glycoproteins, wherein a heterogeneous mixture of glycoforms is first 

trimmed down to a single GlcNAc residue which can be subsequently re-glycosylated to form 

a homogeneous protein glycoform. For the de-glycosylation process, ENGases (e.g. Endo A, 

H, M) are often used to cleave the chitobiose core, leaving only a single GlcNAc residue 
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attached to the protein at the N-linked glycosylation sites.26,27 Then, homogenous glycans can 

be attached with to the protein using ENGases. As mentioned above, glycosyltransferases can 

only attach one sugar at a time due to strict substrate specificity. However ENGases can transfer 

large N-glycan structures at a time, making the use of these enzymes useful for the synthesis 

of homogenous glycoproteins.  

In 2012, Wang and Yamamoto reported one pot glycoprotein remodelling using RNase B, 

where WT Endo A was used to cleave the heterogeneous glycans and Endo M N175A catalysed 

a glycosylation reaction between dRNase B and SG oxazoline (D).28 SG is a complex N-glycan 

which can be a substrate for the mutant Endo M N175A not for WT Endo A, because of that, 

there was no possibility for hydrolysis the product RNase C (4.2) (Scheme 4.1).  

Scheme 4.1 : One pot glycoprotein remodelling of RNase B to give sialylated RNase C.28   

ENGases can transfer oligosaccharides to a GlcNAc residue attached to a protein via an Asn 

linkage. Two ENGases that exhibit this ability are Endo A and Endo M. Interestingly, Endo M 

shows broader substrate specificity as compared to Endo A; that is Endo A uses high mannose 

and hybrid glycan structures as substrates. However Endo M can use hybrid, high mannose, 

and complex glycans as substrates.29 Many glycosylation reactions have been demonstrated 
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using Endo A and Endo M.30,31,32 In 2008, Fairbanks and co-workers demonstrated the power 

of ENGases for RNase B remodelling, whereby Endo H was used to trim the heterogeneous 

glycoforms of RNaseB, followed by reglycosylation with a tetrasaccharide oxazoline using 

both WT Endo A and its E173H mutant (Scheme 4.2).33   

 

Scheme 4.2 : Glycoprotein remodelling of RNase B with a tetrasaccharide oxazoline.33 

4.3 Synthesis of glycopeptides using ENGases as biocatalysts 

Glycopeptides can be synthesised by ENGase-catalysed glycosylation and their synthesis in 

homogenous form would allow their fate after uptake by the MR to be studied and correlated 

with glycan structure. In 2015, the Fairbanks group reported that the binding affinity of the 

glycopeptides to APCs was increased by mannosylation, presumably by interaction with the 

MR. Specifically, the binding affinity of a glycopeptide to APCs was affected by the number 

and structure of N-glycans attached to the peptide.34  In these studies, Man3GlcNAc (B) 

Man9GlcNAc oxazoline (C) was selected as donor for the enzymatic studies.  

The glycosylation activities of WT Endo A or Endo M are not suitable for the synthesis of 

glycoconjugates containing large N-glycans, because of their rapid product hydrolysis.35,36 This 

limitation can be resolved by the use of mutant enzymes such as EndoA-N171A, EndoM-

N175A, and EndoM-N175Q. 35,37,34 Yamamoto and co-workers analysed the glycosylation 
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activity of Endo M mutants, mainlyY217F and EndoM-N175A, where they used the 

Man9GlcNAc oxazoline (C) and a glycopeptide derive from HIV-1 gp41 (GlcNAc C34) as a 

substrate for the EndoM-N175A mutant, and achieved product formation in 72% yield. In 

addition, Wang and co-workers studied the catalytic activity of EndoA-N171A using the 

Man9GlcNAc oxazoline (C) as a donor and dRNase B as an acceptor, and the desired product 

was produced in 82% yield. Furthermore, in 2015, Fairbanks and co-workers used the Endo M 

N175Q mutant to glycosylate a 19-mer peptide from the cytomegalovirus (CMV) pp65 protein 

with the same Man9GlcNAc oxazoline (C) giving the desired product in 48% yield (Scheme 

4.3).34 According to the literature studies,  EndoA-N171A was shown to be a better biocatalyst 

compare to other mutants.35 According to this observation, EndoA-N171A mutant was used as 

a biocatalyst for the enzymatic synthesis of glycopeptide. 

 

Scheme 4.3 : ENGase catalysed glycosylation of a 19-mer peptide from the cytomegalovirus 

(CMV) pp65 protein with Man9GlcNAc oxazoline (C)  using Endo M-N175Q.    
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4.3.1 ENGase-catalysed glycosylation of GlcNAc-OVA247-264A5K (H2N-DN(GlcNAc-

)VSGLEQLESIINFEKELAAAAAK-OH) using the Man9GlcNAc oxazoline donor 

C 

The peptide sequence SIINFEKL is an epitope of the Ovalbumin (OVA) protein, that is 

presented by the class I Major Histocompatibility complex (MHC 1) molecule and that has 

been extensively used to detect a CD8+ cytolytic T cell response.38,39 The short SIINFEKL 

peptide is not enough to reveal the process of the cross presentation pathway, because it can be 

loaded onto the MHC without any need for processing. The long peptide-OVA247-264A5K (Figure 

4.2) requires processing by proteases to produce the  8-mer  SIINFEKL peptide before it can 

be loaded onto  MHC I molecules. By using a long peptide, immunologists can restrict the cells 

that can do the presentation to antigen presenting cells, and so prevent background from loading 

of the pre-processed peptide. The long peptide-OVA247-264A5K  was synthesised by M.H.S. 

Marqvorsen, a postdoctoral research in the research group of Sander van Kasteren in Leiden. 

The peptide was synthesised using a peptide synthesiser except for the last two amino acids 

which were attached manually. The C terminal extension is based on the natural sequence in 

ovalbumin, where they exchanged one Glu for the Asn(GlcNAc). The N-terminal extension 

(A5K) was used to allow the synthesis. According to the previous studies, the sugar residue 

should be distant from any epitopes of interest, then only correct processing of epitope is 

possible.34 According to this observation, sugar residue was attached in second amino acid of 

N-terminal peptide. 

 

Figure 4.2: Structure of OVA247-264A5K (4.6) 
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ENGase catalysed glycosylation  was carried out using the long peptide-OVA247-264A5K  4.6 as 

the acceptor, and Man9GlcNAc oxazoline C as the donor (Scheme 4.4). EndoA-N171A 

catalysed glycosylation was conducted using five equivalents of donor to one equivalent of 

acceptor in a 100 mM sodium phosphate buffer at pH 6.5 at 30 °C, and gave product 4.7 in a 

50% yield after 4 h (Figure 4.3). Moreover, the yield of the reaction was constant at 50% even 

after 6 h (Figure 4.4), meaning that the product 4.7 is itself not a substrate for hydrolysis 

catalysed by EndoA-N171A, which showed that the product 4.3 was not susceptible to 

hydrolysis by EndoA-N171A. 

 

Scheme 4.4: (i) EndoA-N171A, sodium phosphate buffer (pH 6.5, 100 mM), 30 °C. 
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  (a)      (b) 

Figure 4.3: a) HPLC UV traces for ENGase-catalysed glycosylation showing the conversion 

of acceptor 4.6 into product 4.7 using C as donor;  b) HRMS result for product 4.7 (expected 

value 4394.9620)  . 

 

 

Figure 4.4: Time course study of ENGase-catalysed glycosylation of acceptor 4.2 using 

donor C catalysed by EndoA-N171A. 
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4.4 Synthesis of glycopeptide using one-pot glycosyl azide 

formation and Click chemistry 

Next a propargyl-containing peptide was attached with glycosyl azide using one-pot click 

chemistry. Immunologists typically study glycan function using artificially coupled glycans on 

peptides of interest, which might alter the effect of the glycan. Because of that, we planned to 

study the glycan function using natural vs. click glycopeptide. Native form of glycopeptide was 

discussed in the previous section. This section will cover the synthesis of non-native 

glycopeptide. 

4.4.1 The Cu-catalysed Azide-alkyne Huisgen Cycloaddition (CuAAC) 

The azide-alkyne Huisgen cycloaddition (AAC) is a 1,3-dipolar cycloaddition between an 

organic azide and an alkyne that gives triazole products.40 In 2001, Barry Sharpless defined 

click chemistry to be a group of reactions that “…must be modular, wide in scope, give very 

high yields, generate only inoffensive by-products that can be removed by non-

chromatographic methods, and be stereospecific (but not necessarily enantioselective). The 

required process characteristics include simpler reaction conditions (ideally, the process should 

be insensitive to oxygen and water), readily available starting materials and reagents, the use 

of no solvent or a solvent that is benign (such as water) or easily removed, and simple product 

isolation. Purification, if required, must be by non-chromatographic methods, such as 

crystallization or distillation, and the product must be stable under physiological conditions.”41 

The classic Huisgen 1,3-dipolar cycloaddition generally lacks good regioselectivity. However 

the development of a copper-catalysed reaction42 led to a major improvement in both 

regioselectivity and the rate of the reaction.43,44 In the CuAAC reaction, the Cu(I) coordinates 

with the π-electrons of acetylene, allowing de-protonation to occur in an aqueous solvent 
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without the addition of any base (Scheme 4.5). This coordination step is then followed by an 

exothermic formation of a Cu(I)-acetylide complex 4.9. The complex 4.9 then coordinates to 

the azide 4.10, which rearranges into a metallocycle 4.11, and then further into the Cu-

metallated triazole 4.12. The Cu-triazole complex then releases the free triazole 4.13 and Cu(I). 

 

Scheme 4.5: Proposed catalytic cycle for the CuAAC reaction.45 

CuAAC has been used to click carbohydrates to a variety of entities,46 where an azide 

containing sugar moiety (1-, 2- or 6-position) reacts with a variety of alkynes and vice versa.47 

Initially, the synthesis of glycosyl triazoles required a five step reaction sequence; that is 

acetylation of glucose, introduction of chloride then azide, followed by deacetylation and the 

final step was CuAAc mediated click chemistry. However in 2014, Fairbanks and co-workers 

developed a protecting-group-free one-pot synthesis of glycosyl triazoles directly from 

reducing sugars with the combined use of 2-azido-1,3-dimethylimidazolinium 

hexafluorophosphate (ADMP) and the CuAAC reaction.48 Here, ADMP acts as an activator 

and also as an azide source which converts the reducing sugar directly into a glycosyl azide.    
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4.4.2 Synthesis of non-native linked peptide 

For the synthesis of the glycosyl azide, Man9GlcNAc (2.68) was treated with ADMP in the 

presence of triethylamine in a D2O-CH3CN mixture. Here, triethylamine was used as base to 

deprotonate the anomeric hydroxyl group and solvent mixture of D2O-CH3CN used to improve 

the solubility of ADMP.49 During the synthesis of the glycosyl azide, oxazoline was formed as 

an side product. Treating the crude mixture with 1M aq. HCl until the solution turned acidic, 

followed by neutralisation of the reaction mixture with sat. aq. sodium bicarbonate led to 

opening of the oxazoline side product to produce the desired glycosyl azide. The peptide 4.14 

was synthesised using an automated synthesiser except for the last two amino acids. Second 

amino acid of proline in N-terminal modified with homopropargyl side chain-propagyl-

OVA247-264A5K (4.14), CuSO4∙5H2O, and L-ascorbic acid were then added, and the mixture was 

heated at 50 °C, which led to the formation of the glycosyl triazole (4.15) in excellent yield 

(90%, Figure 4.5) and with complete stereoselectivity (Scheme 4.6). 

 

Scheme 4.6: (i) (a) ADMP, Et3N, D2O-CH3CN, rt, 6h; (b) CuSO4.5H2O, L-ascorbic acid, 50 

°C, 16 h, 90% (HPLC based). 
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                            (a)             (b) 

 

(b) 

Figure 4.5: a) HPLC UV traces for the one-pot click chemistry using peptide 4.14 and 

Man9GlcNAc 2.68;  b) HRMS result for product 4.15 (expected mass 4215.8939). 

4.5 Glycoprotein remodelling 

4.5.1 De-glycosylation of RNase B  

With the successful synthesis of glycopeptides (4.7 and 4.15), attention turned to glycoprotein 

remodelling. RNase B was used as a model glycoprotein for deglycosylation. It is small 

glycoprotein that contains a single glycosylation site (Asn34) which carries a mixture of high 

mannose type N-glycans (Man5-Man9 GlcNAc2). WT Endo A was used to trim the mixture of 

MH+4216.8925 

(M+3H)3+ 1406.9695 
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glycans, producing a glycoprotein possessing a single GlcNAc residue at the sole glycosylation 

site (termed dRNase B 4.16). Initially, the de-glycosylation of RNase B was monitored by RP-

HPLC using either a C18 (Prodigy (100 Å) /Jupiter (300 Å)) or C4 column.  However, both 

RNase B and dRNase B eluted together as a broad peak. After this undesired observation, the 

reaction was monitored using SDS-PAGE and mass spectrometric  analysis (Figure 4.6)  

 

Scheme 4.7: De-glycosylation of RNase B; (i) WT Endo A, sodium phosphate buffer, pH-

6.5, 37 °C, 1h 

 

 (a)     (b) 

Figure 4.6: a) SDS PAGE for enzymatic de-glycosylation of RNase B; Lane 1-protein 

marker; Lane 2- 0 min, Lane 2-1h; b) HRMS for dRNase B (expected mass 13885 Da). 

1 2 3 
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4.5.2 Ovalbumin (OVA) remodelling 

Ovalbumin (OVA) is a major egg protein glycoprotein that contains a single glycosylation site 

(Asn 293) which carries a mixture of high mannose (Man5-Man9 GlcNAc2) and hybrid-type N-

glycans.50,51,52  Ovalbumin also exist in three different forms, that is either having two (S68 and 

S344) sites, one phosphorylated site or no phosphorylation.53  

Ovalbumin has been used as model antigen in numerous immunological studies and OVA has 

also been used to study MR-mediated cross presentation.10,54 For example, in 2007, Burgdorf 

et al. demonstrated about  ‘Distinct pathways of antigen uptake and intracellular routing in 

CD4 and CD8 T Cell Activation’ where they used ovalbumin as an antigen.54 For this study, 

DCs (MR-deficient and wild type control  mice) was allowed to endocytose the soluble form 

of ovalbumin, where the response of OVA-specific CD4+ T cells was independence of the MR 

and response of OVA-specific CD8+ T cells was depends on MR. To elucidate the pathway of 

antigen, OVA was labelled with fluorochrome alexa647, where small amount of OVA 

internalized by pinocytosis, which were presented to CD4+ cells, at the same time large amount 

of OVA internalized by MR+ DC and it enhanced the cross presentation.  

To understand the cross presentation pathway, producing a homogeneous form glycoprotein-

ovalbumin may give a clear information about the MR uptake and cross presentation pathway 

compare to the heterogeneous mixture of glycoforms of ovalbumin used in previous studies. 

For ovalbumin glycoprotein remodelling, ovalbumin was purchased from Sigma.  It was then 

treated with WT Endo A to trim the heterogeneous mixture of glycoforms back to a single 

GlcNAc handle (Scheme 4.8) to produce a partially de-glycosylated glycoprotein. Initially, the 

de-glycosylation of OVA was monitored by RP-HPLC using either a C18 (Prodigy (100 Å) 

/Jupiter (300 Å)), a C4 column or an anion exchange column. Unfortunately, both OVA and 
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dOVA were found to elute together as a single peak. After this failure, the reaction was 

monitored using SDS-PAGE (Figure 4.7).  

 

Scheme 4.8: Deglycosylation of Ovalbumin; (i) WT Endo A, sodium phosphate buffer, pH-

6.5, 37 °C, 2 hrs. 

  

 

  

Figure 4.7: SDS-PAGE pattern of Ovalbumin (OVA-sigma) and OVA digested with WT 

Endo A; Lane 1: OVA (2.5 µg); lane 2: partially deglycosylated OVA (2.5 µg); Lane 3: OVA 

(5 µg); lane 4: partially deglycosylated OVA (5 µg); Lane 5: OVA (10 µg); lane 6: partially 

deglycosylated OVA; lane 7: Std protein Marker. 

As seen in Fig 4.7, the SDS-PAGE gel revealed multiple bands already in the starting material. 

This may be due to the presence of other glycoproteins (impurities) and different forms of 
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Ovalbumin. After this observation, Ovalbumin was purchased from Worthington and de-

glycosylation (Scheme 4.8) was performed as described above and was monitored by SDS-

PAGE and mass spectrometry (Figure 4.8). SDS-PAGE analysis was done with three different 

amounts of analyst such as 2.5 µg, 5 µg and 10 µg of OVA and dOVA. 2.5 µg native OVA and 

dOVA was loaded in Lane 1 and Lane 2. Other analytes were loaded into Lanes 3, 4, 5, and 6. 

In Lane 2 (dOVA), there were two different bands observed; one had similar molecular weight 

to OVA and a second band was of a higher mobility than the starting material. The second band 

possibly corresponds to the deglycosylated form of ovalbumin.  

In addition, the reaction was tried to monitor through RP-HPLC using either a C18 (Prodigy 

(100 Å) /Jupiter (300 Å)), C4 column or anion exchange column.  However, both dOVA and 

OVA eluted together as a broad peak (Figure 4.9). 

 

 

Figure 4.8: SDS-PAGE pattern of Ovalbumin (OVA) and partially deglycosylated OVA 

(dOVA); Lane 1: OVA (2.5 µg); lane 2: partially deglycosylated OVA (2.5 µg); Lane 3: OVA 

(5 µg); lane 4: partially deglycosylated OVA (5 µg); Lane 5: OVA (10 µg); lane 6: partially 

deglycosylated OVA (10 µg); lane 7-Molecular marker. 
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(a) (b) 

Figure 4.9: HPLC UV traces for the mixture of partially deglycosylated ovalbumin 4.18 and 

ovalbumin 4.17; (a) C18- Jupiter (300 Å); (b) anion exchange column. 

To determine the different forms of N-glycans present in the ovalbumin to help monitor the 

glycoprotein remodelling, mass analysis was used to analyse glycopeptides produced from a 

tryptic digest of the glycoprotein. The idea of this analysis was to monitor changes in the mass 

of the peptide containing the N-linked glycosylation site (Asn293) i.e. compare the masses of 

the peptides derived from the starting material, the de-glycosylated protein and re-glycosylated 

protein, to demonstrate the success of the reaction.  

Trypsin specifically hydrolyses amides, peptides and proteins at the C-terminus side of arginine 

and lysine residues. The whole sequence of Ovalbumin is given below:  

GSIGAASMEF CFDVFKELKV HHANENIFYC PIAIMSALAM VYLGAKDSTR TQINKVVRFD KLPGFGDSIE AQCGTSVNVH 

        

SSLRDILNQ ITKPNDVYSFS LASRLYAEER YPILPEYLQC VKELYRGGLE PINFQTAADQ ARELINSWVE SQTNGIIRNV 

        

LQPSSVDSQT AMVLVNAIVF KGLWEKAFKD EDTQAMPFRV TEQESKPVQM MYQIGLFRVA SMASEKMKIL ELPFASGTMS 

  

MLVLLPDEVS GLEQLESIIN FEKLTEWTSS NVMEERKIKV YLPRMKMEEK YNLTSVLMAM GITDVFSSSA NLSGISSAES 

  

LKISQAVHAA HAEINEAGRE VVGSAEAGVD AASVSEEFRA DHPFLFCIKH IATNAVLFFG RCVSP           
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For this analysis, firstly ovalbumin (200 µg, 50 mM, pH 8, NH4HCO3) was treated with 

dithiothreitol to reduce the disulfide bond (AA C73-Cys120)55 and then the product was reacted 

with iodoacetamide to alkylate the free cysteines (which prevents the disulfides from re-

forming). Finally, the crude product mixture was then incubated with trypsin (4 µg) for 24 h. 

The same protocol was followed for the partially deglycosylated ovalbumin and the reactions 

were monitored by SDS-PAGE (Figure 4.10). SDS-PAGE analysis was done with two different 

amounts of analytes: 5 µg and 10 µg of OVA, dOVA, tryptic digested OVA and tryptic digested 

dOVA. 5 µg of native OVA and tryptic digested OVA were loaded onto Lanes 2 and 3, and 

the other analytes were loaded onto Lanes 4, 5, and 6 (Figure 4.11). In Lanes 3, 5, 7 and 9, 

there were no bands observed in the molecular weight range of OVA or dOVA. This 

observation indicated the success of the tryptic digestion. Mass analyses of tryptic digested 

glycoprotein indicated some mass difference between starting material and de-glycosylated 

ovalbumin. But it was not an obvious result because another glycoprotein was found as an 

impurity - ovomucoid. After this issue, this method was abandoned and then reaction was 

monitored by SDS-PAGE and high resolution mass spectrometry. 
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Figure 4.10: Lane 1: std marker; Lane 2: Native OVA (5 µg); Lane 3: native OVA digested 

with trypsin (5 µg); Lane 4: Native OVA (10 µg); Lane 5 : Native OVA digested with trypsin 

(10 µg); Lane 6: Partially deglycosylated OVA (5 µg); Lane 7: Partially deglycosylated OVA 

digested with trypsin (5 µg); Lane 8 Partially deglycosylated OVA (10 µg); Lane 9: Partially 

deglycosylated OVA digested with trypsin (10 µg); Lane 10 std protein marker.  

Glycoprotein remodelling was done as a one-pot reaction. Ovalbumin (0.1 mg, 2.2 nmol) was 

incubated with WT Endo A, 100 mM in sodium phosphate buffer at pH 6.5, (100 mM, 25 µL) 

at 37 °C for 2 h. Then, 15 mM tetrasaccharide oxazoline (0.16 mg, 25 µL) was added and 

allowed to react for a further 30 mins. This reaction monitored by SDS-PAGE (Figure 4.11) 

and mass spectrometry. In the mass spectrum; 43846.73 (predicted-43844.39-

diphosphorylated), 43758.55 (predicted-43764.395 monophosphorylated) and 43680.43 

(predicted 43684.395 no phosphorylation) were observed which corresponds to the product 

Man3GlcNAc2OVA. For the SDS-PAGE analysis, partially deglycosylated dOVA (5 µg & 10 

µg), reaction mixture in 15 mins (5 µg), reaction mixture in 30 mins (5 µg) were loaded in 

Lanes 2, 3, 4, and 5. Lane 3 (remodelled OVA) was showed a band of lower mobility than the 
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starting material (partially deglycosylated OVA). This indicates successful ovalbumin 

remodelling.  

 

 

Figure 4.11: Lane 1: std marker; Lane 2: Partially deglycosylated OVA (5 µg); Lane 3: 

Partially deglycosylated OVA (10 µg); Lane 4: Remodelling of OVA with tetrasaccharide 

oxazoline (5 µg, 15 mins); Lane 5 : Remodelling of OVA with tetrasaccharide oxazoline (5 µg, 

30 mins). 

After this successful remodelling, and to achieve the homogeneous form of ovalbumin, 

different types of enzymes were employed, such as Endo H, PNGase F and alkaline 

phosphatase. Generally, Endo H is used to trim the heterogeneous mixture of glycoforms back 

to a single GlcNAc handle. Ovalbumin (20 µg) was treated with denaturing buffer (purchased 

from Bio Lab) and heated at 100 °C for 10 mins to denature the glycoprotein.  After this time, 

it was cooled down to room temperature and Endo H was added. This reaction mixture was 

stirred at 37 °C for 24 h. Unfortunately, there was no shift observed in the SDS-PAGE (Figure 

4.12).  

PNGase F was used to cleave GlcNAc-Asn linkages of glycoprotein which may give an idea 

of nature of glycoprotein. Ovalbumin (20 µg) was treated with denaturing buffer (purchased 

from Bio Lab) and heated at 100 °C for 10 mins to denature the glycoprotein.  After this, it was 
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cooled down to room temperature and 1 µL of PNGase F was added. This reaction mixture was 

stirred at 37 °C for 24 h. Again, there was no shift observed in the bands on the SDS PAGE 

gel (Figure 4.12). This kind of result was observed by the Heck et al. and Matsudomi et al .53,56 

According their explanation, the glycosylation site (N292) of ovalbumin is located in the loop 

between an α-helix and a β-strand which may make difficult for PNGase F to approach.   

As mentioned earlier, in ovalbumin, there are different phosphorylation sites are available 

which is also another factor for the heterogeneity of ovalbumin. Dephosphorylation of 

ovalbumin was achieved with alkaline phosphatase, Calf Intestinal (CIP), whereby ovalbumin 

(20 µg) was treated with 1 µL CIP (BioLabsinc) and incubated at 37 °C for 2 h. The completion 

of the reaction was monitored by the SDS-PAGE and mass spectrometry. Dephosphorylated 

ovalbumin showed a clear reduction in molecular mass compared to unprocessed ovalbumin. 

Then, dephosphorylated ovalbumin was treated with WT Endo A and the reaction was 

monitored by SDS-PAGE and mass spectrometry. In the mass spectrometry analysis, mass 

43018.53 Da (predicted 43018.39 Da) was observed which corresponds to the 

dephosphorylated and deglycosylated ovalbumin. SDS-PAGE analysis did not show a single 

band (Figure 4.12), which may due to the presence of other glycoprotein.  In the future, 

dephosphorylated and deglycosylated ovalbumin could be used as a starting material for the 

glycosylation.  
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Figure 4.12: Lane 1: std marker; Lane 2: Native OVA; Lane 3: deglycosylation with WT Endo 

A; Lane 4: deglycosylation with WT Endo H; Lane 5 : deglycosylation with PNGase F; Lane 

6: dephosphorylation with CIP; Lane 7: dephosphorylation with CIP; Lane 8 

dephosphorylation with CIP and deglycosylation with WT Endo A.  

4.6 Conclusion 

A native form of a glycopeptide was synthesised successfully using an ENGase enzyme and 

non-native glycopeptide were made by the use of click chemistry. These peptides, with and 

without glycans, will be used to assess the binding in a lectin binding assay, where DC-SIGN 

and Langerin proteins will be used for their recognition and binding ability. Followed by this 

analysis, the glycopeptide will be used to study how the glycan alters the cross-presentation 

efficiency of the SIINFEKL epitope in the peptide in dendritic cells. Immunological studies 

will be done by M.H.S. Marqvorsen, a postdoctoral research in the research group of Sander 

van Kasteren in Leiden.   

Glycoprotein remodelling of ovalbumin was a challenging approach because of the 

heterogenicity of the protein and the presence of other glycoprotein. PNGase F and Endo H 

failed to produce the deglycosylated ovalbumin. However, WT Endo A partially 
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deglycosylated ovalbumin. Finally, Glycoprotein remodelling of ovalbumin (OVA) was 

achieved with the N-glycan tetrasaccharide oxazoline donor using WT Endo A as catalyst. The 

synthesis of these glycoprotein in homogenous form should facilitate future analysis to help 

define the pathway taken by an antigen after uptake by the MR.  
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Chapter 5 Experimental section 

5.1 General chemical procedures  

Unless otherwise stated, reagents were obtained from commercial sources and used as received. 

Water was purified by reverse osmosis in–house. HPLC–grade solvents were used for reactions 

and in case of moisture–sensitive reactions; solvents were dried by literature procedures and 

freshly distilled as required. Melting points were recorded on an Electrothermal melting point 

apparatus. Thin Layer Chromatography (t.l.c.) was carried out on Merck Kieselgel 60F254 pre-

coated glass-backed plates. Visualisation of the plates was achieved using a UV lamp (max = 

254 or 365 nm), and/or ammonium molybdate (5% in 2 M sulfuric acid), or sulfuric acid (5% 

in ethanol). Flash column chromatography was carried out using Sorbsil C60 40/60 silica.  

Nuclear Magnetic Resonance  

1H and 13C NMR spectra were recorded on Agilent 400–MR and Varian 500 INOVA 

instruments operating for 1H NMR at 400 and 500 MHz, respectively and at 100 and 125 MHz, 

respectively, for 13C NMR. All the 1H NMR spectra recorded in deutrated solvents were 

referenced to the solvent peak and/or TMS: CDCl3, 7.26 ppm; CD3CN, 2.0 ppm; CD3OD, 3.3 

ppm; DMSO, 2.6 ppm. 13C NMR were all referenced to their solvent peaks: chloroform, 77.0 

ppm; acetonitrile, 36.8 ppm; methanol, 49.3 ppm; DMSO, 39.6 ppm. When required, gCOSY, 

1–D TOCSY, HSQC, HSQC “non-decoupled” and HMBC experiments were performed using 

standard pulse sequences.  

Mass Spectrometry 
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Mass Spectrometry Mass spectra were recorded by Dr. Marie Squire, Dr. Amilia and Dr. 

Amanda lnglis on either a DIONEX Ultimate 3000 or Bruker MaXis 4G spectrometer, operated 

in high resolution positive ion electrospray mode. Samples were prepared by dissolving in an 

appropriate solvent at the required concentration.  

Infrared Spectroscopy  

Infrared spectra were recorded on a Bruker FTIR spectrometer with Alpha‟s Platinum ATR 

single reflection diamond where the neat samples were recorded.  

Carbohydrates and derivatives have been named in accordance with IUPAC recommendations 

and numbered according to the carbohydrate convention. The two protons on C-6 are labelled 

H-6 and H-6′. 

Materials 

Chicken ovalbumin was acquired from Sigma-Aldrich and Worthington. PNGase F, Endo H 

and Calf Intestinal Alkaline Phosphatase (CIP) were obtained from New England Biolabs. 

 

5.2 Experimental for chapter 2 

3,4,6- Tri-O-acetyl-D-glucal (2.19) 

 

 

1,2,3,4,6-Penta-O-acetyl-β-D-glucopyranose (5.00 g, 12.8 mmol) was dissolved in DCM 

(30 mL) and the mixture cooled to 0 °C. Hydrogen bromide (1.1 mL of a 33% solution in acetic 

acid) was then added dropwise, and the reaction mixture was stirred at room temperature. After 
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3 h, t.l.c. (petrol: ethyl acetate, 2: 1) indicated the formation of major product (Rf 0.6) and the 

complete consumption of starting material (Rf 0.4). Ice/water (50 mL) was added, and the 

mixture was then extracted with DCM (2 x 200 mL). The combined organic extracts were 

washed with saturated aqueous sodium bicarbonate (2 x 200 mL), dried (MgSO4), filtered, and 

concentrated in vacuo to afford 2,3,4,6-tetra-O-acetyl--D-glucopyranosyl bromide (5.1 g, 

97%) as a yellow oil. The crude bromide (5.10 g, 12.4 mmol) was dissolved in ethylacetate (25 

mL). The resultant mixture was added to a mixture of zinc dust (5.00 g, 74.4 mmol), N-

methylimidazole (0.988 mL, 12.4 mmol) in ethylacetate, and the reaction mixture was then 

heated to 80 °C for 2 h. After this time, t.l.c (petrol: ethyl acetate, 3: 2) indicated complete 

consumption of the bromide (Rf 0.3) and the formation of a major product (Rf 0.4). The reaction 

mixture was filtered through Celite® washed with ethyl acetate (200 mL). The filtrate was 

washed with aqueous hydrochloric acid (1 M, 2 x 200 mL), saturated aqueous sodium 

bicarbonate (2 x 200 mL), brine (200 mL), dried (MgSO4), filtered, and concentrated in vacuo. 

The residue was purified by flash column chromatography (petrol: ethyl acetate, 2: 1) to afford 

3,4,6- tri-O-acetyl-D-glucal (2.19)  (2.27 g, 65 %) as a white crystalline solid; m.p. 50-52 °C 

(EtOH) [lit. 53-54 °C]1 [α]D 
20 -23.4  (c, 1.0 in CHCl3) [lit. [α]D

20 -10.4 (c, 1.0 in MeOH)];1 δH 

(400 MHz, CDCl3)
1 2.05, 2.08, 2.10 (9H, 3 x s, 3 x C(O)CH3), 4.17 (1H, dd, J6, 6’ 12.1, H-6), 

4.23-4.33 (1H, m, H-6’), 4.36 (1H, dd, J4,5 11.9 Hz, J3,4 5.9 Hz, H-4), 4.82 (1H, m, H-5), 5.20 

(1H, at, J 6.5 Hz, H-3), 5.31 (1H, br.s, H-2), 6.44 (1H, d, J1,2 6.3 Hz, H-1). 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-iodo-α-D-mannopyranose (2.20) 
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3,4,6-Tri-O-acetyl-D-glucal (2.19) (0.50 g, 1.84 mmol), cupric acetate hydrate (0.22 g, 2.02 

mmol), iodine (0.56 g, 2.21 mmol) were added to acetic acid (20 mL) and the reaction mixture 

was then stirred at 80 °C for 5 h under nitrogen. After this time, t.l.c (petrol: ethyl acetate, 3: 

2) indicated complete consumption of the starting material (Rf 0.4) and the formation of major 

product (Rf 0.45). The reaction mixture was evaporated to dryness, and diluted with DCM (100 

mL). The organic layer was washed with saturated aqueous sodium bicarbonate (2 x 100 mL), 

saturated aqueous sodium thiosulfate (2 x 100 mL), brine (100 mL), dried (MgSO4), filtered, 

and concentrated in vacuo. The residue was purified by flash column chromatography (petrol: 

ethyl acetate, 2: 1) to afford 1,3,4,6-tetra-O-acetyl-2-deoxy-2-iodo-α-D-mannopyranose (2.20)  

(0.50 g, 60 %) as a syrup; [α]D 
20 +21.6 (c, 1.0 in CHCl3) [lit. [α]D

28 +16.7 (c, 1.04 in CHCl3)];
2 

δH (400 MHz, CDCl3)
3 2.06, 2.10, 2.11, 2.15 (12H, 4 x s, 3 x C(O)CH3), 4.11 (1H, m, H-5), 

4.16 (1H, m, H-6’), 4.21 (1H, dd, J5,6  4.3 Hz, H-6), 4.52 (1H, m, H-2), 4.58 (1H, dd, J2,3 4.7 

Hz, J3,4 9.4 Hz, H-3), 5.44 (1H, at, J 9.6 Hz, H-4), 6.38 (1H, s, H-1). 

 

 

3,4,6-Tri-O-acetyl-2-deoxy-2-iodo-α-D-mannopyranosyl azide (2.21) 

 

 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-iodo-α-D-mannopyranose (2.20) (0.14 g, 0.31 mmol) was 

dissolved in DCM (20 mL). Trimethylsilyl azide (62.0 µL, 0.47 mmol) was added and the 

mixture was stirred under nitrogen at 0 °C. Trimethylsilyl trifluoromethanesulfonate (8.00 µL, 

0.05 mmol) was then added dropwise and the reaction mixture was warmed to room 

temperature and stirred for 16 h. After this time, t.l.c (petrol: ethyl acetate, 3: 2) indicated 
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complete consumption of the starting material (Rf 0.45) and the formation of major product 

(Rf 0.6). The reaction mixture was diluted with DCM (50 mL). The organic layer was washed 

with saturated aqueous sodium bicarbonate (2 x 50 mL), brine (50 mL), dried (MgSO4), 

filtered, and concentrated in vacuo. The residue was purified by flash column chromatography 

(petrol: ethyl acetate, 3: 1) to afford 3,4,6-tri-O-acetyl-2-deoxy-2-iodo-α-D-mannopyranosyl 

azide (2.21)  (0.12 g, 89 %) as a syrup; [α]D 
20 + 86.2 (c, 1.0 in CHCl3) [lit. [α]D

20 + 81.2 (c, 

1.0 in CHCl3)];
4 δH (400 MHz, CDCl3)

5  2.05, 2.07, 2.11 (9H, 3 x s, 3 x C(O)CH3), 4.17-4.26 

(3H, m, H-5, H-6 & H-6’), 4.46-4.51 (2H, m, H-2 & H-3), 5.34 (1H, at, J 9.2 Hz, H-4), 5.70 

(1H, s, H-1). 

Benzyl (3,4,6-tri-O-acetyl-2-aminotriphenylphosphonium-2-deoxy-β-D-glucopyranoside) 

iodide (2.22) 

 

3,4,6-Tri-O-acetyl-2-deoxy-2-iodo-α-D-mannopyranosyl azide (2.21) (0.77g, 1.75 mmol), 

benzyl alcohol (0.27 mL, 2.60 mmol) and 4 Å MS (2 g) were dissolved in anhydrous DCM 

(20 mL) under nitrogen. The reaction mixture was stirred at 0 °C for 30 minutes before a 

solution of triphenylphosphine (0.55 g, 2.10 mmol) in anhydrous DCM (2 mL) was added 

dropwise. The reaction mixture was warmed to room temperature and stirred for 16 h. After 

this time, t.l.c (petrol: ethyl acetate, 3: 2) indicated complete consumption of the starting 

material (Rf 0.6) and the formation of major product (Rf 0). The reaction mixture was filtered 

through Celite®. The filtrate was concentrated and the residue was purified by flash column 

chromatography (petrol: ethyl acetate, 1: 4) to afford benzyl (3,4,6-tri-O-acetyl-2-

aminotriphenylphosphonium-2-deoxy-β-D-glucopyranoside) iodide (2.22) (1.10 g, 80 %) as a 
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yellow foam; [α]D 
20 + 8.7 (c, 1.0 in CHCl3); vmax (neat) 3007 (br, NH) cm-1, 1750 (s, C=O) cm-

1; δH (400 MHz, CDCl3) 1.47, 1.96, 2.00 (9H, 3 x s, 3 x C(O)CH3), 2.93 (1H, m, H-2), 3.98- 

4.05 (2H, m, H-6 & H-5), 4.25 (1H, dd, J6,6’ 12.3 Hz, J5,6’ 5.3 Hz, H-6’), 4.58 (1H, d, J 10.6 

Hz, -CH2Ph), 4.80 (1H, at, J 9.8 Hz, H-4), 4.90 (1H, d, J 10.6 Hz, -CH2Ph), 5.82 (1H, d, J1,2 

7.4 Hz, H-1), 5.86 (1H, dd, H-3) 7.11- 7.26 (5H, m, 5 x Ar-H), 7.50-7.90 (15H, m, 15 x Ar-

H). δP (162 MHz) 40.3. δC (100 MHz, CDCl3) 20.4, 20.6, 20.7 (3 x q, 3 x C(O)CH3), 57.9 (d, 

C-2), 62.1 (t, C-6), 69.3 (d, H-4), 71.1 (d, H-5), 71.7 (t, CH2Ph), 74.9 (d, C-3), 100.4 (d, C-1), 

121.2 (3 x d, Jc,p 103.76 Hz, Cipso), 127.8, 128.1, 128.2 (5 x d, Ar-(c)-H), 129.7 (6 x d, Jc,p 13.0 

Hz, Cmeta), 133.9 (6 x d, Jc,p 10.7 Hz, Cortho), 134.8 (3 x d, Jc,p 3.1 Hz, Cpara), 136.9 (s x Cipso), 

169.0, 170.1, 170.5 (3 x s, 3 x C(O)CH3); HRMS (ESI) Calcd. For C37H39INPO8Na (MNa+) 

806.1356. Found 806.1354.    

Benzyl 2-acetamido-3,4,6- tri-O-acetyl-2-deoxy-β-D-glucopyranoside (2.23) 

 

Benzyl (3,4,6-tri-O-acetyl-2-aminotriphenylphosphonium-2-deoxy-β-D-glucopyranoside) 

iodide (2.22) (0.41 g, 0.52 mmol) was dissolved in ethanol (1 mL) and the solution was eluted 

through an Amberlite ® IR-45 (OH-) column (1 g, 2 x OH- ) using ethanol (250 mL). The 

combined eluents were concentrated, and the residue was dissolved in MeOH (10 mL) added 

and stirred at room temperature under N2. Sodium (1.2 mg, 0.05 mmol) was then. After for 16 

h, the solvent was removed in vacuo, and the residue was dissolved in pyridine (12 mL). The 

resulting solution was cooled to 0 oC and stirred under N2. Acetic anhydride (6 mL) was then 

added slowly and the resulting solution was stirred at room temperature for 24 h. After this 
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time, t.l.c (ethyl acetate) indicated the complete consumption of starting material (2.22) (Rf 

0.2) and the formation of a major product (Rf 0.45). The mixture was concentrated and the 

residue was purified by flash column chromatography (petrol: ethyl acetate, 1: 4) to afford 

benzyl 2-acetamido-3,4,6- tri-O-acetyl-2-deoxy-β-D-glucopyranoside (2.23) (0.19 g, 85 %) as 

a white solid; m.p. 164-166 °C [lit. 168 °C]5 [α]D 
20 – 68 (c, 1.0 in CHCl3) [lit. [α]D

20 - 53.0 (c, 

1.0 in CHCl3)]
5; δH (400 MHz, CDCl3)

5 1.90 (3H, s, NHAc), 2.01, 2.10 (9H, 2 x s, 3 x 

C(O)CH3), 3.69 (1H, m, H-5), 3.96 (1H, m, H-2), 4.16 (1H, m, H-6’), 4.26 (1H, dd, J5,6 4.7 Hz, 

J6,6’ 12.3 Hz, H-6), 4.58-4.63 (2H, m, H-1 & -CH2Ph), 4.89 (1H, d, J 11.7 Hz, -CH2Ph), 5.09 

(1H, at, J 9.4 Hz, H-4), 5.18 (1H, at, J 10.6 Hz, H-3), 5.28 (1H, d, J 9.0 Hz, NHAc) 7.28- 7.35 

(5H, m, 5 x Ar-H). 

2,3,4,6-Tetra-O-acetyl-β-D-mannopyranosyl-(1→4)-1,2,3,6-tetra-O-acetyl-D- 

mannopyranose (2.6) 

 

A solution of locust bean gum (50 g) in sodium acetate buffer (1000 mL, 50.0 mM, pH 5.0) 

was treated with pectinase from Aspergillus aculeatus (5 mL). The reaction mixture was then 

heated at 50 °C for 48 h. After this time, it was heated to reflux for 10 minutes, then cooled, 

poured into ethanol (500 mL), and filtered at room temperature. The filtrate was concentrated 

in vacuo and co-evaporated with toluene (2 x 200 mL). The crude was cooled to 0 °C under 

N2, pyridine (500 mL) and acetic anhydride (500 mL) were added, and resulting mixture was 

allowed to warm to room temperature and stirred for 24 h. After this time, t.l.c (petrol: ethyl 

acetate, 2: 3) indicated complete consumption of the starting material (Rf 0.0) and the 

formation of major product (Rf 0.4). The reaction mixture was then poured onto ice/water (1 

L), and the aqueous layer was extracted with chloroform (4 x 500 mL). The combined organic 
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extracts were washed with water (4 x 500 mL), HCl (2 x 500 mL of a 1 M aqueous solution), 

saturated aqueous sodium bicarbonate (2 x 500 mL), brine (500 mL), dried (MgSO4), filtered, 

and the solvent was removed in vacuo. The residue was then purified by flash column 

chromatography (petrol: ethyl acetate, 2: 1) to afford 2,3,4,6-tetra-O-acetyl-β-D-

mannopyranosyl-(1→4)-1,2,3,6-tetra-O-acetyl-D-mannopyranose (2.6) (25 g, 32%) as a white 

solid and a mixture of anomers (2:1, α: β). δH (400 MHz, CDCl3)
6 1.98, 2.04, 2.06, 2.08, 2.11, 

2.14, 2.15, 2.17 (24H, 8 x s, 8 x C(O)CH3), 3.61- 3.64 (1H, m, H-5b), 3.76 (1/3 H, m, H-5aβ), 

3.95- 4.11 (2+2/3H, m, H-5aα, H-4aβ, H-4aα & H-6’b), 4.21-4.32 (3H, m, H-6aβ, H-6aα, H-

6b, H-6’aα& H-6’aβ), 4.72 (1/3 H, s, H-1bβ), 4.74 (2/3H, s, H-1bα), 5.00-5.05 (1H, m, H-3b), 

5.18-5.25 (2H, m, H-4b, H-2aα & H-3aβ), 5.37-5.42 (2H, m, H-2b, H-2aβ & H-3aα), 5.80 

(1/3H, d, J1aβ,2aβ 0.9 Hz, H-1aβ), 6.01 (1H, d, J1aα,2aα 1.8 Hz, H-1aα).   . 

2,3,4,6-Tetra-O-acetyl-β-D-mannopyranosyl-(1→4)-3,6-di-O-acetyl-D-glucal (2.5)   

 

2,3,4,6-Tetra-O-acetyl-β-D-mannopyranosyl-(1→4)-1,2,3,6-tetra-O-acetyl-D-mannopyranose 

(2.6) (20.0 g, 29.5 mmol) was dissolved in DCM (100 mL) and the mixture cooled to 0 °C 

under N2. Hydrogen bromide (21.1 mL of a 33% in acetic acid solution) was then added 

dropwise, and the reaction mixture was allowed to warm and stirred at room temperature. After 

2 h, t.l.c. (petrol: ethyl acetate, 2: 3) indicated the formation of major product (Rf 0.45) and the 

complete consumption of starting material (Rf 0.4). The reaction mixture was concentrated in 

vacuo, and co-evaporated with toluene (2 x 100 mL). The crude bromide (20.6 g, 29.5 mmol) 

was dissolved in ethylacetate (50 mL), the resultant mixture was added to a suspension of zinc 
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dust (19.3 g, 295 mmol), copper (II) sulphate (1.80 g, 7.38 mmol), and sodium acetate (24.2 g, 

295 mmol) in acetic acid (120 mL), and the reaction mixture was then stirred at room 

temperature for 2 h. After this time, t.l.c (petrol: ethyl acetate, 2: 3) indicated complete 

consumption of the bromide (Rf 0.45), and the formation of a major product (Rf 0.5). The 

reaction mixture was filtered through Celite® eulting with ethyl acetate (300 mL) and water 

(200 mL). The organic extracts were washed with water (2 x 200 mL), saturated aqueous 

sodium bicarbonate (2 x 200 mL), brine (200 mL), dried (MgSO4), filtered, and concentrated 

in vacuo. The residue was purified by flash column chromatography (petrol: ethyl acetate, 3: 

2) to afford 2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl-(1→4)-3,6-di-O-acetyl-D-glucal (2.5) 

(9.5 g, 58%) as a white solid; [α]D 
20 – 38.3 (c, 1.0 in CHCl3); δH (500 MHz, CDCl3)

6 1.99, 

2.04, 2.08, 2.09, 2.11, 2.17 (18H, 6 x s, 6 x C(O)CH3), 3.63-3.66 (1H, m, H-5b), 4.05 (1H, dd, 

J4a,5a 8.1 Hz, J3a,4a 6.0 Hz, H-4a), 4.10 (1H, dd, J6b,6’b 12.3 Hz, J5b,6b 2.6 Hz, H-6b), 4.13-4.16 

(1H, m, H-5a), 4.22 (1H, dd, J6a,6’a 12.2 Hz, J5a,6a 5.4 Hz, H-6a), 4.29 (1H, dd, J5b,6’b 5.7 Hz, 

H-6’b), 4.41 (1H, dd, J5a,6’a 2.9 Hz, H-6’a), 4.78 (1H, dd, J1a,2a 6.2 Hz, J2a,3a 3.2 Hz, H-2a), 4.85 

(1H, s, H-1b), 5.04 (1H, dd, J3b,4b 10.0 Hz, J2b,3b, 3.2 Hz, H-3b), 5.21 (1H, at, J 9.8 Hz, H-4b), 

5.44 (1H, d, H-2b), 5.5 (1H, dd, H-3a), 6.39 (1H, d, H-1a). 

  

1,3,6 -Tri-O-acetyl-4-O-(2, 3,4, 6-tetra-O-acetyl-β-D-mannopyranosyl)-2-deoxy-2-iodo-α-

D-mannopyranose (2.24) 

 

2,3,4,6-Tetra-O-acetyl-β-D-mannopyranosyl-(1→4)-3,6-di-O-acetyl-D-glucal (2.5) (5.44 g, 

9.71 mmol), cupric acetate hydrate (2.13 g, 10.7 mmol), iodine (3.01 g, 11.8 mmol) were added 
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to acetic acid (70 mL), and the mixture was then stirred at 80 °C for 5 h under nitrogen. After 

this time, t.l.c (petrol: ethyl acetate, 2: 3) indicated complete consumption of the starting 

material (Rf 0.5) and the formation of major product (Rf 0.55). The reaction mixture was 

concentrated in vacuo, and DCM was added (100 mL). The organic layer was washed with 

saturated aqueous sodium bicarbonate (2 x 100 mL), water (100 mL), saturated aqueous 

sodium thiosulfate (2 x 100 mL), water (100 mL), brine (100 mL), dried (MgSO4), filtered, 

and concentrated in vacuo. The residue was purified by flash column chromatography (petrol: 

ethyl acetate, 1: 1) to afford 1,3,6 -tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-

mannopyranosyl)-2-deoxy-2-iodo-α-D-mannopyranose (2.24)  (6.1 g, 85 %) as a white solid; 

[α]D 20 +1.7 (c, 1.0 in CHCl3); vmax (neat) 1737 (s, C=O) cm-1; δH (500 MHz, CDCl3) 1.99, 2.05, 

2.10, 2.14, 2.15, 2.17 (21H, 6 x s, 7 x C(O)CH3), 3.68 (1H, ddd, J5b,6b 6.3 Hz, J5b,6’b 6.3 Hz, 

J4b,5b 3.1 Hz, H-5b), 3.99-4.02 (1H, m, H-5a), 4.06-4.11 (2H, m, H-6a & H-4a), 4.23 (1H, dd, 

J6a,6’a 12.3 Hz, J5a,6’a 3.8 Hz, H-6’a), 4.30 (2H, m, H-6b & H-6’b), 4.42 (1H, dd, J2a,3a 4.3 Hz, 

J1a,2a 1.9 Hz, H-2a), 4.66 (1H, dd, J3a,4a 8.5 Hz, H-3a), 4.77 (1H, s, H-1b), 5.05 (1H, dd, J3b,4b 

10.0 Hz, J2b,3b 3.2 Hz, H-3b), 5.19 (1H, at, J 9.3 Hz, H-4b), 5.45 (1H, d, H-2b), 6.32 (1H, d, 

H-1a); δc (125 MHz, CDCl3) 20.5, 20.7, 20.7, 20.8, 20.9, 20.9 (6 x q, 7 x C(O)CH3), 27.9 (d, 

C-2a), 61.8, 62.6 (t, C-6a & C-6b), 65.8 (d, C-4b), 68.4, 68.4 (d, C-3a & C-2b), 70.7 (d, C-3b), 

71.8 (d, C-5a), 72.4 (d, C-5b), 74.4 (d, C-4a), 94.5 (d, C-1a), 98.3 (d, C-1b), 168.3, 169.51, 

169.5, 169.9, 170.3, 170.5, 170.5 (7 x s, 7 x C(O)CH3); HRMS (ESI) Calcd. For C26H35IO17Na 

(MNa+) 769.0817. Found 769.0838.    

3,6 -Di-O-acetyl-4-O-(2, 3,4, 6-tetra-O-acetyl-β-D-mannopyranosyl)-2-deoxy-2-iodo-α-D-

mannopyranosyl azide (2.4) 
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1,3,6-Tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-deoxy-2-iodo-α-D-

mannopyranose (2.24) (1.00 g, 1.34 mmol) was dissolved in DCM (20 mL), trimethylsilyl 

azide (0.27 mL, 2.01 mmol) was added and the mixture was stirred at 0 °C under nitrogen. 

Trimethylsilyl trifluoromethanesulfonate (36.0 µL, 0.20 mmol) was then added dropwise and 

the reaction mixture was stirred at room temperature for 16 h. After this time, t.l.c (petrol: ethyl 

acetate, 2: 3) indicated complete consumption of the starting material (Rf 0.55) and the 

formation of major product (Rf 0.62). The reaction mixture was diluted with DCM (50 mL). 

The organic layer was washed with saturated aqueous sodium bicarbonate (2 x 50 mL), brine 

(50 mL), dried (MgSO4), filtered, and concentrated in vacuo. The residue was purified by flash 

column chromatography (petrol: ethyl acetate, 2: 1) to afford 3,6-di-O-acetyl-4-O-(2,3,4,6-

tetra-O-acetyl-β-D-mannopyranosyl)-2-deoxy-2-iodo-α-D-mannopyranosyl azide (2.4)  (0.90 

g, 93 %) as a white solid; [α]D 20 + 17.4 (c, 0.5 in CHCl3); vmax (neat)  2113 (s, azide) cm-1, 

1737 (s, C=O) cm-1; δH (500 MHz, CDCl3) 1.99, 2.04, 2.10, 2.14, 2.15, 2.17 (18H, 6 x s, 6 x 

C(O)CH3), 3.67-3.70 (1H, m, H-5b), 4.00-4.03 (1H, m, H-4a), 4.06-4.11 (2H, m, H-5a & H-

6a), 4.26-4.30 (2H, m, H-6b & H-6’b), 4.36 (1H, dd, J2a,3a 3.8 Hz, J1a,2a 2.6 Hz, H-2a), 4.39 

(1H, dd, J6a,6’a 12.3 Hz, J5a,6’a 2.3 Hz, H-6’a) 4.67 (1H, dd, J3a,4a 7.9 Hz, H-3a), 4.76 (1H, s, H-

1b), 5.05 (1H, dd, J3b,4b 10 Hz, J2b,3b 3.5 Hz, H-3b), 5.19 (1H, at, J 9.8 Hz, H-4b), 5.44 (1H, d, 

H-2b), 5.64 (1H, d, H-1a); δc (125 MHz, CDCl3) 20.5, 20.7, 20.7, 20.8, 20.9 (5 x q, 6 x 

C(O)CH3), 28.4 (d, C-2a), 61.8, 62.5 (t, C-6a & C-6b), 65.8 (d, C-4b), 68.4, 68.5 (d, C-3a & 

C-2b), 70.6 (d, C-3b), 71.7, 72.4 (d, C-5b & C-5a), 74.7 (d, C-4a), 90.9 (d, H-1a), 98.3 (d, C-

1b), 169.4, 169.5, 169.5, 169.9, 170.2, 170.4, 170.5 (6 x s, 7 x C(O)CH3); HRMS (ESI) Calcd. 

For C24H32IN3O15Na (MNa+) 752.0776. Found 752.0797.    
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[Benzyl 3,6-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-

aminotriphenylphosphonium-2-deoxy-β-D-glucopyranoside] iodide (2.3) 

 

3,6-Di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-deoxy-2-iodo-α-D-

mannopyranosyl azide (2.4) (3.32 g, 4.55 mmol), benzyl alcohol (0.70 mL, 6.83 mmol) and 4 

Å MS (5 g) were dissolved in anhydrous DCM (50 mL) and stirred at 0 °C for 30 minutes 

under nitrogen A solution of triphenylphosphine (1.43 g, 5.46 mmol) in anhydrous DCM (5 

mL) was then added dropwise and the reaction mixture was allowed to warm to rt, and stirred 

for 16 h. After this time, t.l.c (petrol: ethyl acetate, 2: 3) indicated complete consumption of 

the starting material (Rf 0.6) and the formation of major product (Rf 0). The reaction mixture 

was filtered through Celite®. The filtrate was concentrated and the residue was purified by 

flash column chromatography (petrol: ethyl acetate, 1: 4) to afford [benzyl 3,6-di-O-acetyl-4-

O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-aminotriphenylphosphonium-2-deoxy-β-

D-glucopyranoside] iodide (2.3) (4.15 g, 85 %) as a yellow solid; [α]D 
20 -33.1 (c, 1.0 in CHCl3); 

vmax (neat) 2987 (br, NH) cm-1, 1737 (s, C=O) cm-1; δH (400 MHz, CDCl3) 1.63, 1.95, 2.01, 

2.03, 2.07, 2.13 (18H, 6 x s, 6 x C(O)CH3), 2.91 (1H, m, H-2a),  3.59 (1H, at, J 10 Hz, H-4a), 

3.89 (1H, m, H-5b), 4.13 (1H, m, H-5a),  4.20-4.25 (3H, m, H-6a, H-6’a & H-6b), 4.31 (1H, 

m, H-6’b), 4.47 (1H, d, J 11 Hz, -CH2Ph), 4.83 (1H, d, J 10.6 Hz, -CH2Ph), 5.05 (1H, s, H-

1b), 5.09 (1H, dd, J3b,4b 10 Hz, J2b, 3b 2.2 Hz, H-3b), 5.16 (1H, at, J 11.3 Hz, H-4b), 5.29 (1H, 
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brs, H-2b), 5.74 (1H, d, H-1a), 6.12 (1H, at, J 9.4 Hz, H-3a), 7.05- 7.25 (5H, m, 5 x Ar-H), 

7.50-7.70 (15H, m, 15 x P-Ar-H); δP (162 MHz) 39.95; δC (100 MHz, CDCl3) 20.5, 20.5, 20.7, 

20.7, 20.7, 20.8 (6 x q, 6 x C(O)CH3), 58.5 (d, C-2a), 62.3, 63.2 (t, C-6 & C-6b), 65.9 (d, C-

4b), 68.7 (d, C-2b), 69.8 (d, C-3b), 70.9, 71.5, 71.7, (d, C-5a, C-5b & C-3a), 72.1 (t, -CH2Ph), 

76.0 (d, C-4a), 95.3 (d, C-1b), 100.4 (d, C-1a), 121.3 (3 x d, Jc,p 103.76 Hz, Cipso), 127.7, 128.1, 

128.2 (5 x d, 5 x Ar-(C)-H), 129.7 (6 x d, Jc,p 13.7 Hz, Cmeta), 133.9 (6 x d, Jc,p 11.4 Hz, Cortho), 

134.8 (3 x d, Jc,p 3.1 Hz, Cpara), 136.9 (s x Cipso), 169.0, 169.6, 169.7, 170.4, 170.5, 170.5 (6 x 

s, 6 x C(O)CH3); HRMS (ESI) Calcd. For C49H55INPO16Na (MNa+) 1094.2201. Found 

1094.2223.    

Benzyl 2-acetamido-3,6 -di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-

deoxy-β-D-glucopyranoside (2.2) 

 

[Benzyl 3,6-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-

aminotriphenylphosphonium-2-deoxy-β-D-glucopyranoside] iodide (2.3) (3.15 g, 2.94 mmol) 

was dissolved in ethanol (5 mL) and the solution was eluted through an Amberlite ® IR-45 

(OH-) column (2 x OH-) with ethanol (500 mL). The eluent was concentrated, the residue 

dissolved in MeOH (30 mL) and the mixture stirred at room temperature under N2. Sodium 

metal (7 mg, 0.29 mmol) was added, and the mixture stirred for 16 h. The solvent was then 

removed in vacuo, and the crude product was dissolved in pyridine (70 mL). The resulting 

solution was cooled to 0 °C, acetic anhydride (35 mL) was added slowly and the resulting 

solution was stirred at room temperature for 24 h. After this time, t.l.c (ethyl acetate) indicated 



 Chapter 5 

163 

 

the complete consumption of the starting material (Rf 0.31) and the formation of a major 

product (Rf 0.5). The mixture was concentrated and the residue was purified by flash column 

chromatography (petrol: ethyl acetate, 1: 4) to afford benzyl 2-acetamido-3,6 -di-O-acetyl-4-

O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-deoxy-β-D-glucopyranoside (2.2) (1.22 g, 

57 %) as a white solid; [α]D 
20 –31.7 (c, 0.5 in CHCl3); vmax (neat) 2926 (br, NH) cm-1,1738 (s, 

C=O) cm-1; δH (400 MHz, CDCl3) 1.90 (3H, s, NHAc), 1.97, 2.03, 2.07, 2.11, 2.13 (18H, 5 x 

s, 6 x C(O)CH3), 3.55 (1H, m, H-5), 3.60 (1H, m, H-5), 3.84 (1H, at, J 9.2 Hz, H-4a), 4.04 

(1H, d, J1a,2a  9 Hz, H-2a), 4.09 (1H, m, H-6’a), 4.21 (1H, dd, J6a,6’a 12.3 Hz, J5a,6a 4.1 Hz, H-

6a), 4.31 (1H, dd, J6’b,6b 12.3 Hz, J5b,6b 5.3 Hz, H-6b ), 4.41 (2H, m, H-1a, H-6’b), 4.56 (1H, d, 

J 12.1 Hz, CH2Ph), 4.67 (1H, s, H-1b), 4.85 (1H, d, J 12.1 Hz, -CH2Ph), 5.02 (2H, m, H-3a & 

H-3b), 5.18 (1H, at, J 9.8 Hz, H-4b), 5.31 (1H, d, J 9.4 Hz, NHAc), 5.38 (1H, d, J1b,2b 2.3 Hz, 

H-2b),  7.28- 7.35 (5H, m, 5 x Ar-H). δc (100 MHz, CDCl3) 20.5, 20.5, 20.6, 20.6, 20.7, 20.8 

(6 x q, 6 x C(O)CH3), 53.6 (d, C-2a), 62.3, 62.4 (t, C-6a & C-6b), 65.8 (d, C-4b), 68.3 (d, C-

2b), 70.4 (d, C-3a), 70.6 (t, CH2Ph), 72.2, 72.4, 72.5 (d, C-5b, C-5a & C-3b), 74.8 (d, C-4a), 

97.6 (d, C-1b), 99.4 (d, C-1a), 128.0, 128.0, 128.4 (3 x d, 5 x Ar-(C)-H),  136.8 (s x Cipso), 

169.5, 169.8, 170.0, 170.2, 170.4, 170.8 (6 x s, 7 x C(O)CH3); HRMS (ESI) Calcd. For 

C33H44NO17 (MH+) 726.2604. Found 726.2619.   

2-Acetamido-4-O-(β-D-mannopyranosyl)-2-deoxy-β-D-glucopyranoside (2.1) 

 

Benzyl 2-acetamido-3,6-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-

deoxy-β-D-glucopyranoside (2.2) (1.50 g, 2.07 mmol) was dissolved in methanol (30 mL) and 

the solution stirred at room temperature under N2. Sodium metal (10 mg, 0.4 mmol) was then 
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added, and after 16 h, t.l.c. (ethyl acetate) indicated the formation of a major product (Rf 0), 

and the complete consumption of starting material (Rf 0.5). The reaction mixture was 

neutralized by the addition of Amberlite® IR 120 (H+ form, 0.6 g), the mixture filtered, and the 

solvent removed in vacuo. Then the crude was dissolved in 50% aqueous AcOH (20 mL) and 

10 % Pd/C (0.8 g) was added. The resulting mixture was then degassed three times and stirred 

under an atmosphere of H2. After 16 h t.l.c. (dichloromethane: methanol, 3: 2) indicated the 

formation of a major product (Rf 0.1) and the complete consumption of starting material (Rf 

0.3). The mixture was then filtered, and the solvent removed in vacuo. The residue was then 

purified by flash column chromatography (dichloromethane: methanol, 3: 2) to afford 2-

acetamido-4-O-(β-D-mannopyranosyl)-2-deoxy-β-D-glucopyranoside (2.1) (0.67 g, 85%) as a 

white solid7. vmax (neat) 2926 (br, NH) cm-1, 3290 (br, OH) cm-1; δH (400 MHz, D2O) 1.92 (3H, 

s, NHAc), 3.33 (1H, ddd, J5b,6b 9.3 Hz, J5b,6’b 6.7 Hz, J4b,5b 2.3 Hz, H-5b), 3.46 (1H, at, J 9.6 

Hz, H-4a), 3.53 (1H, dd, J3b,4b 3.1 Hz, H-4b), 3.58-3.64 (3H, m, H-2b, H-5a & H-6b), 3.68 (1H, 

m, H-6’b), 3.78-3.82 (4H, m, H-2a, H-3a, H-6a & H-6’a), 3.95 (1H, d, H-3b), 4.59 (1H, s, H-

1b), 5.10 (1H, s, H-1a); δc (100 MHz, CDCl3) 21.8, (q, C(O)CH3), 53.6 (d, C-2a), 60.0, 60.8 

(2 x t, C-6a & C-6b), 66.5 (d, C-4a), 69.1 (d, C-3a), 70.0 (d, C-3b), 70.5 (d, C-4b), 72.7(d, C-

5a), 76.3 (d, C-5b), 79.1 (d, C-2b), 74.88 (d, C-4a), 90.4 (d, C-1b), 100.1 (d, C-1a), 174.3 (s, 

C(O)CH3); HRMS (ESI) Calcd. For C14H26NO11 (MH+) 384.1500. Found 384.1505. 

2-Methyl-[α-D-mannopyranosyl-(1-4)-1,2-dideoxy-α-D-glucopyrano]-[2,1-d]-oxazoline 

(A) 
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2-Acetamido-4-O-(β-D-mannopyranosyl)-2-deoxy-β-D-glucopyranoside (2.1) (10 mg, 26 

mol) was dissolved in D2O and the mixture stirred at 0 °C. Triethylamine (0.1 mL, 0.8 mmol) 

and dimethylimidazolinium chloride (44 mg, 0.26 mmol) were then added. After 1h. aqueous 

sodium hydroxide (1.0 M, 0.6 mL,) was added, it was lyophilised and purified by reverse-

phase high performance liquid chromatography (Prodigy 5µm ODS-3 100A, 250 x 4.6 mm, 

eluent neat water; flow rate 1 ml/min),) and lyophilized to afford homogeneous 2-methyl-α-D-

mannopyranosyl-(1-4)-1,2-dideoxy-α-D-glucopyrano]-[2,1-d]-oxazoline (A) (7 mg, 74%) as a 

white powder; analytical HPLC, tR 10.2 min; δH (400 MHz, D2O)8 1.94 (3H, d, J2a,CH3
 1.2 Hz, 

CH3), 3.28 (1H, ddd, J4b,5b 9.3 Hz, J5b,6b 6.6 Hz, J5b,6′b 2.2 Hz, H-5b), 3.38 (1H, at, J 9.4 Hz, 

H-5a), 3.47 (1H, dd, J3b,4b 9.8 Hz, J4b,5b 2.7 Hz, H-4b), 3.52 (1H, m, H-3b), 3.54 (1H, m, H-6a), 

3.60-3.67 (3H, m, H-4a, H-6b & H-6′a), 3.81-3.86 (2H, m, H-6’b & H-2b), 4.08 (1H, d, H-2a), 

4.26 (1H, m, H-3a), 4.59 (1H, s, H-1b), 5.97 (1H, d, J1a,2a 7.4 Hz, H-1a). 

 

Benzyl (2,3:4,6-di-O-benzylidine-β-D-mannopyranosyl) -(1→4)-2-acetamido-2- 

deoxy-β-D-glucopyranoside (2.26) 

  

Benzyl 2-acetamido-3,6-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-2-

deoxy-β-D-glucopyranoside (2.2) (0.50 g, 0.69 mmol) was dissolved in methanol (10 mL) and 

the mixture stirred at room temperature. Sodium (2 mg, 0.12 mmol) was then added, and after 

16 hrs, t.l.c. (ethyl acetate) indicated the formation of a major product (Rf 0) and the complete 
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consumption of starting material (Rf 0.5). The reaction mixture was neutralized by the addition 

of Amberlite® IR 120 (H+ form, 0.2 g), the mixture filtered, and the solvent removed in vacuo 

and left under high vacuum for 3 h. The crude residue was dissolved in DMF (7 mL, 0.1 M), 

and benzaldehyde dimethyl acetal (0.31 mL, 2.07 mmol) and DL-camphor-10-sulfonic acid 

(0.05 g, 0.21 mmol) were added. The resulting mixture was rotated on a rotary evaporator at 

70 °C under a pressure of 240 mbar. After 3h, t.l.c. (ethyl acetate: petrol, 4: 1) indicated the 

formation of a major product (Rf 0.2) and complete consumption of starting material (Rf 0). 

The reaction was quenched by the addition of saturated aqueous sodium bicarbonate (2 mL) 

and the solvent removed in vacuo.  The residue was dissolved in DCM (100 mL), washed with 

water (2 x 100 mL) and brine (2 x 100 mL), dried (MgSO4), filtered, and concentrated in vacuo. 

The crude product was purified by flash column chromatography (ethyl acetate: petrol, 4: 1) to 

afford benzyl (2,3:4,6-di-O-benzylidine-β-D-mannopyranosyl)-(1→4)-2- acetamido -2-deoxy-

β-D-glucopyranoside (2.26) (0.32 g, 71% over two steps)  as a white powder (diastereomeric 

mixture of endo and exo isomers in a 2: 1 ratio), vmax (neat) 3277 (br, OH) cm-1, 2878 (br, NH) 

cm-1,1741 (s, C=O) cm-1; δH (400 MHz, CDCl3) Endo isomer 1.98 (3H, s, NHAc), 3.3 (1H, m, 

H-5b), 3.53-3.63 (2H, m, H-2a & H-5a), 3.66-3.79 (3H, m, H-4a, H-6’a & H-6a), 3.86 (1H, m, 

H-6b), 3.98 (1H, at, J 10.6 Hz, H-3b), 4.23 (1H, dd, J3a,4a 10.0 Hz, J2a,3a 7.2 Hz, H-3a), 4.32-

4.37(1H, m, H-6’b), 4.39-4.48 (2H, m, H-2b & H-4b)  4.57 (1H, d, J 12.1 Hz, -CH2Ph), 4.71 

(1H, d, J1a,2a 7.8 Hz, H-1a), 4.86 (1H, d, J 12.1 Hz, -CH2Ph), 5.11 (1H, d, J1b,2b 2.3 Hz, H-1b), 

5.54 (1H, s, H-CPh), 5.96 (1H, s, H-CPh), 7.29- 7.55 (15H, m, Ar-H); δC (100 MHz, CDCl3) 

23.4 (q, C(O)CH3), 57.3 (d, C-2a), 60.8 (t, C-6a), 65.4 (d, C-5a), 68.8 (t, C-6b), 71.1 (t, CH2Ph), 

72.1 (d, C-3b), 73.9 (d, C-2b), 74.6 (d, C-5b), 76.2 (C-4b), 78.4 (d, C-3a), 80.1 (d, C-4a), 99.2 

(d, C-1a), 99.4 (d, C-1b), 101.4 (d, CH-Ph), 104.6 (d, -CH-Ph), 126.2, 126.2, 126.2, 126.8, 

127.9, 128.0, 128.2, 128.2, 128.4, 128.5, 128.9, 129.1, 129.3, 129.5 (14 x d, 15 x Ar-(C)-H),  

136.4, 136.9, 137.1 (3 x s, 3 x Ar-C), 171.4 (s, C(O)CH3); Exo  isomer 1.98 (3H, s, NHAc), 
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3.42-3.46 (1H, m, H-5b), 3.53-3.63 (3H, m, H-2a & H-5a), 3.66-3.79 (2H, m, H-4a & H-6a), 

3.86 (2H, m, H-6’a & H-6b), 3.98 (1H, at, J 10.6 Hz, H-3b), 4.23 (1H, dd, J 10.0 Hz, 7.2 Hz, 

H-3a), 4.32-4.37 (1H, m, H-6’b), 4.39-4.48 (1H, m, H-2b), 4.57 (2H, m, -CH2Ph & H-4b), 4.71 

(1H, d, J1a,2a 7.8 Hz, H-1a), 4.86 (1H, d, J 12.1 Hz, -CH2Ph), 5.08 (1H, d, J1b,2b 2.0 Hz, H-1b), 

5.59 (1H, s, H-CPh), 6.27 (1H, s, H-CPh), 7.29-7.55 (15H, m, Ar-H). δC (100 MHz, CDCl3) 

23.4 (q, C(O)CH3), 57.1 (d, C-2a), 60.8 (t, C-6a), 65.4 (d, C-5a), 68.8 (t, C-6b), 71.1 (t, CH2Ph), 

72.1 (d, C-3b), 73.9 (d, C-2b), 74.8 (d, C-5b), 76.8 (C-4b), 78.4 (d, C-3a), 80.6 (d, C-4a), 99.6 

(d, C-1a), 99.9 (d, C-1b), 101.6 (d, CH-Ph), 105.0 (d, -CH-Ph), 126.2, 126.2, 126.2, 126.8, 

127.9, 128.0, 128.2, 128.2, 128.4, 128.5, 128.9, 129.1, 129.3, 129.5 (14 x d, 15 x Ar-(C)-H),  

136.4, 136.9, 137.1 (3 x s, 3 x Cipso), 171.4 (s, C(O)CH3); HRMS (ESI) Calcd. For C35H40NO11 

(MH+) 650.2601 Found 650.2621.    

Benzyl (2,3:4,6-di-O-benzylidine-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2- 

acetamido -2-deoxy-β-D-glucopyranoside (2.14) 

 

A mixture of BaO (0.95 g, 6.16 mmol) and Ba(OH)2 (0.97 g, 3.08 mmol) and benzyl bromide 

(0.36 mL, 3.1 mmol) in DMF (10 mL) was added to benzyl (2,3:4,6-di-O-benzylidine-β-D-

mannopyranosyl)-(1→4)-2- acetamido -2-deoxy-β-D-glucopyranoside (2.26) (0.5 g, 0.77 

mmol) at 0 °C. The mixture was allowed to warm to room temperature, and stirred for 16 h, 

after which time t.l.c. (ethyl acetate: petrol, 3: 2) indicated the formation of a major product (Rf 

0.5) and the complete consumption of starting material (Rf 0). The reaction mixture was filtered 
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then concentrated in vacuo. The crude product was purified by flash column chromatography 

(chloroform: Methanol, 40: 3) to afford benzyl (2,3:4,6-di-O-benzylidine-β-D-

mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2- acetamido -2-deoxy-β-D-glucopyranoside (2.14) 

(0.49 g, 78%) as as a white powder (as a diastereomeric mixture of endo and exo isomers in 2: 

1 ratio); vmax (neat) 3262 (s, CH), 2880 (br, NH) cm-1, 1650 (s, C=O) cm-1; δH (400 MHz, 

CDCl3) Endo isomer 1.64 (3H, s, NHAc), 3.14 (1H, m, H-5b), 3.31-3.41 (2H, m, H-5b & H-

6’b), 3.80-3.84 (3H, m, H-5a, H-6’a & H-6a), 3.82-3.92 (3H, m, H-2a, H-3b & H-4a), 4.06 

(1H, m, H-3a), 4.16 (1H, at, J 5.9 Hz, H-6b), 4.21(1H, m, H-2b), 4.34 (1H, at, J 7.6 Hz, H-4b)  

4.45 (1H, d, J 11.7 Hz, -CH2Ph), 4.54 (1H, d, J 12.1 Hz, -CH2Ph), 4.62 (1H, d, J 12.1 Hz, -

CH2Ph), 4.70 (1H, m, -CH2Ph), 4.79-4.82 (2H, m, H-1a & CH2Ph), 4.88 (1H, d, J 12.1 Hz, -

CH2Ph), 5.0 (1H, s, H-1b), 5.31 (1H, s, H-CPh), 5.94 (1H, s, H-CPh), 7.26- 7.55 (25H, m, 25 

x Ar-H); δC (100 MHz, CDCl3) 23.0 (q, C(O)CH3), 52.6 (d, C-2a), 65.0 (d, C-5b), 69.0,  69.1 

(2 x t, C-6a & C-6b), 70.6 (t, CH2Ph), 72.6 (t, CH2Ph), 73.5 (t, CH2Ph), 74.4( d, C-5a), 75.3 (d, 

C-3a), 75.5 (d, C-2b), 76.2 (d, C-4b), 76.5 (d, C-3b), 79.2 (d, C-4a), 97.6 (d, C-1a), 99.3 (d, C-

1b), 101.5 (d, CH-Ph), 104.9 (d, CH-Ph), 126.1, 126.2, 126.7, 127.5, 127.6, 127.8, 127.9, 128.0, 

128.2, 128.2, 128.3, 128.3, 128.4, 129.1, 129.5  (15 x d, 15 x Ar-(C)-H), 136.5, 136.9, 137.6, 

137.8, 138.3 (5 x s x Cipso), 170.2 (s, C(O)CH3; Exo isomer 1.83 (3H, s, NHAc), 3.26-3.32 

(1H, m, H-5b), 3.54 (1H, at, J 10.4 Hz, H-6’b), 3.73 (1H, m, H-5a), 3.79-3.84 (3H, m, H-2a, 

H-6a & H-6’a) 3.93 (1H, m, H-3b), 4.11(1H, m, H-2b), 4.15 (1H, dd, J 10.2 Hz, 5.1 Hz, H-6b), 

4.33-4.47 (2H, m, H-4b & -CH2Ph)  4.45-4.63 (2H, m, 2 x -CH2Ph), 4.71 (1H, d, J 11.3 Hz, -

CH2Ph), 4.79-4.90 (3H, m, H-1a & 2 x -CH2Ph), 4.92 (1H, s, H-1b), 5.47 (1H, s, H-CPh), 6.20 

(1H, s, H-CPh), 7.26- 7.55 (25H, m, Ar-H); δC (100 MHz, CDCl3) 23.3 (q, C(O)CH3), 55.8 (d, 

C-2a), 65.0 (d, C-5b), 69.0, 69.1 (2 x t, C-6a & C-6b), 70.6 (t, CH2Ph), 72.6 (t, CH2Ph), 73.5 

(t, CH2Ph), 74.4 ( d, C-5a), 75.3 (d, C-3a), 75.5 (d, C-2b), 76.2 (d, C-4b), 76.5 (d, C-3b), 79.2 

(d, C-4a), 98.8 (d, C-1b), 99.2 (C-1a) 101.8 (d, CH-Ph), 104.0 (d, CH-Ph), 126.1, 126.2, 126.7, 



 Chapter 5 

169 

 

127.5, 127.6, 127.8, 127.9, 128.0, 128.2, 128.2, 128.3, 128.3, 128.4, 129.1, 129.5 (15 x d, 15 x 

Ar-(C)-H), 136.5, 136.9, 137.6, 137.8, 138.3 (5 x s, 5 x Cipso), 170.2 (s, C(O)CH3; HRMS 

(ESI) Calcd. For C49H53NO11 (MH+) 830.3540. Found 830.3568.    

Methyl (S), (R)-2,3:4,6-di-O-benzylidene-α-D-mannopyranoside (2.28) and methyl(R), 

(R)-2,3:4,6-di-O-benzylidene-α-D-mannopyranoside (2.29). 

 

Methyl α-D-mannopyranoside (10.0 g, 51.5 mmol) was dissolved in DMF (100 mL), and 

benzaldehyde dimethyl acetal (23.2 mL, 155 mmol) and DL-camphor-10-sulfonic acid (3.58 

g, 15.4 mmol) were added. The resulting mixture was rotated on a rotary evaporator at 70 °C 

under a pressure of 240 mbar. After 3h, t.l.c. (petrol: ethyl acetate, 3: 1) indicated the formation 

of a major product (Rf 0.8) and complete consumption of starting material (Rf 0). The reaction 

was quenched by the addition of saturated aqueous sodium bicarbonate (20 mL), and the 

solvent removed in vacuo.  The residue was dissolved in DCM (200 mL), washed with water 

(2 x 200 mL) and brine (2 x 200 mL), dried (MgSO4), filtered and concentrated in vacuo. The 

crude product was purified by recrystallization (ethyl acetate/petrol) to afford the exo-

dibenzylidine compound 2.29 (6.6 g, 35%) as a white crystalline solid; mp 174–175 °C; [lit. 

mp 171–173 °C ]9; [α]D
20 -3.3 (c, 1.0, CHCl3) [lit. [α]D

24 -7.3 (c, 1.0, CHCl3)]
9; δH (400 MHz, 

CDCl3)
9 3.41 (3H, s, OCH3), 3.83–3.94 (3H, m, H-4, H-5 & H-6), 4.16 (1H, d, J2,3 5.5 Hz, H-

2), 4.37 (1H, d, J5,6’ 5.5 Hz, H-6’), 4.63 (1H, dd, J3,4 7.8 Hz, H-3), 5.02 (1H, s, H-1), 5.64 (1H, 

s, -CHPh), 6.29 (1H, s, -CHPh), 7.36–7.59 (10H, m, 10 x Ar-H). 
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The mother liquor was concentrated in vacuo and the resulting residue was purified by 

recrystallization (ethanol) to give the endo-dibenzylidene derivative 2.28 (8.5 g, 50%) as a 

white crystalline solid; mp 97–98 °C [lit. mp 94–95 °C]9; [α]D 20 -60 (c, 1.0, CHCl3); [lit. [α]D
24  

- 58 (c, 1.0 in CHCl3)]
9; δH (400 MHz, CDCl3)

9 3.44 (3H, s, OCH3), 3.73–3.86 (3H, m, H-4, 

H-5 & H-6), 4.31 (1H, d, J2,3 6.2 Hz, H-2), 4.33 (1H, dd, J5,6 4.2 Hz, J6,6’ 9.8 Hz, H-6’), 4.49 

(1H, at, J 6.6 Hz, H-3), 5.10 (1H, s, H-1), 5.54 (1H, s, -CHPh), 5.99 (1H, s, -CHPh), 7.27–7.57 

(10H, m, 10 x Ar-H). 

Methyl-2-O-benzyl-4,6-di-O-benzylidene-α-D-mannopyranoside (2.30) 

 

Exo-dibenzylidene methylmannopyranoside (2.29) (1.5 g, 4.0 mmol) was dissolved in dry 

toluene (20 mL), and cooled at 0 °C under a nitrogen atmosphere. Di-isobutylaluminium 

hydride (10 mL, 10 mmoL of 1 M solution in toluene) was slowly added to the mixture and 

then the mixture was slowly allowed to warm to rt. After this, t.l.c. (petrol: ethyl acetate, 2: 1) 

indicated complete consumption of starting material (Rf 0.8) and formation of two products (Rf 

0.5 and 0.3). Methanol was added drop wise to quench the reaction and concentrated in vacuo. 

Purification with flash chromatography (petrol: ethyl acetate, 4: 1) yielded methyl-2-O-benzyl-

4,6-di-O-benzylidene-α-D-mannopyranoside (2.30) (0.3, 22 %), first as white crystalline solid; 

m. p. 44-46 °C (petrol/ethyl acetate) (lit.[23] 43-45 °C); [α]D
20 + 3.4 (c, 1.0 in CHCl3) (lit.[α]D

25 

+ 2.8 (c, 0.5 in CHCl3); δH (400 MHz, CDCl3): 3.31 (3H, s, OMe), 3.69-3.80 (3H, m, H-2, H-

3 & H-5), 3.86 (1H, at, J 9.4 Hz, H-4), 4.05 (1H, dd, J 9.9 Hz, J 3.5 Hz, H-6), 4.23 (dd, 1H, J 

9.4 Hz, J 4.0 Hz, H-6’), 4.60-4.75 (3H, m, H-1, 2 x CH2Ph), 5.57 (1H, s, CHPh), 7.26-7.50 

(10H, m, 10 x Ar- H); methyl-3-O-benzyl-4,6-di-O-benzylidene-α-D-mannopyranoside 2.31 
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(0.9 g, 65%) as colourless oil; [α]D
20 + 57.7 (c, 1.0 in CHCl3) (lit [α]D

25 + 54.0 (c, 0.5 in CHCl3); 

δH (500 MHz, CDCl3); 2.67 (1H, bs, OH), 3.39 (3H, s, OMe), 3.79–3.93 (3H, m, H-3, H-5 & 

H-6), 4.06 (1H, at, J 3 Hz, H-2), 4.10 (1H, at, J 9.2 Hz, H-4), 4.29 (dd, 1H, J66’ 9.5 Hz, J6’5 4.1 

Hz, H6’), 4.78 (1H, s, H-1), 4.72, 4.86 (2H, ABq, J 11.6 Hz, -OCH2Ph), 5.62 (s, 1H, PhCH), 

7.27–7.53 (m, 10H, Ar – H). 

Methyl 2,4-di-O-benzyl-α-D-mannopyranoside (2.34) 

 

A 1 M solution of BH3.THF complex in THF (1.5 mL, 1.5 mmol) was added to a dibenzylidene 

methylmannopyranoside (2.33) (55 mg, 0.15 mmol) at room temperature under nitrogen. The 

mixture was stirred for 10 minutes, and Cu(OTf)2 (14.5 mg, 0.045 mmol) was then added to 

the solution. The mixture was stirred at room temperature for 5h, after which time t.l.c. (ethyl 

acetate: petrol, 3: 2) indicated the formation of a major product (Rf 0.2) and the complete 

consumption of starting material (Rf 0.5).  The mixture was cooled to 0 °C, and the reaction 

was quenched by the addition of triethylamine (5 µL) and methanol (0.1 mL). The mixture was 

then concentrated in vacuo and the crude product purified by flash column chromatography 

(ethyl acetate: petrol, 1: 4) to afford methyl 2,4-di-O-benzyl-α-D-mannopyranoside (2.34) (34 

mg, 60%) as a colourless oil; [α]D 25 +21.0 (c, 1.0 in CHCl3), [α]D 28 +21.5 (c, 1.1 in CHCl3). 

δH (400 MHz, CDCl3) 3.32 (3H, s, OCH3), 3.60–3.55 (1H, m, H-5), 3.68 (1H, t, J3,4 9.6 Hz J4,5 

9.6 Hz, H-3), 3.73 (1H, dd, J1,2 1.6 Hz, J2,3 3.2 Hz, H-2), 3.77 (1H, dd, J5,6’ 4.4 Hz, J6,6’ 11.6 Hz 

H-6’), 3.86 (1H, dd, J5,6 3.2, Hz, 6a-H), 3.99 (1H, dd, 3-H), 4.92–4.59 (4 H, m, 2 x CH2Ph), 

4.75 (1H, d, H-1), 7.40–7.25 (10H, m, 10 x Ar-H). 
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Methyl 3,4-di-O-benzyl-α-D-mannopyranoside (2.36) 

 

Exo-Dibenzylidene mannopyranoside 2.33 was (0.1 g, 0.27 mmol) dissolved in dry DCM (2 

mL), and transferred into a flame-dried round bottom flask containing activated 4 Å molecular 

sieves (0.2 g). The mixture was then stirred under N2 for 30 min. before it was cooled to -78 

°C. Triethylsilane (129 µL, 0.81 mmol) was then added, followed by the dropwise addition of 

dichlorophenylborane (110 µL, 0.81 mmol, 1.2 M), and the reaction mixture was stirred -78 

°C for 30 minutes. After this time, t.l.c. (petrol: ethyl acetate, 2: 1) indicated the formation of 

major product (Rf 0.2) and the complete consumption of the starting material (Rf 0.6). 

Triethylamine (2 mL) and methanol (2 mL) were then added, reaction was diluted with DCM 

(20 mL) and filtered thgrough a pad of Celite®. The filtrate was washed with saturated aqueous 

sodium bicarbonate (2 x 50 mL), brine (50 mL), dried (MgSO4), filtered, and the solvent was 

removed in vacuo. The residue was then purified by flash column chromatography (petrol: 

ethyl acetate, 1: 1) to afford methyl 3,4-di-O-benzyl-α-D-Mannopyranoside (2.36) (85 mg, 85 

%) as a colourless oil. [α]D
20 +64.9 (c, 1.0 in CHCl3) [lit. [α]D +54.8 (c, 1.0 in CHCl3)]

10 δH 

(400 MHz, CDCl3)
10 3.34 (3H, s, OCH3), 3.63–3.65 (1H, m, H-5), 3.81-3.84 (2H, m, H-6 & H-

6’), 3.86-3.88 (2H, m, H-3 & H-4), 4.02 (1H, dd, J1,2 2.0 Hz, H-2), 4.67 (1H, d, J 11.3 Hz, -

CH2Ph), 4.69 (2H, s, 2 x -CH2Ph), 4.76 (1H, s, H-1), 4.89 (1H, d, J 11.3 Hz, -CH2Ph),  7.26–

7.37 (10H, m, 10 x Ar-H).    
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Benzyl (2,4-di-O-benzyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-

deoxy-β-D-glucopyranoside (2.37) 

 

 

Benzyl (2,3:4,6-di-O-benzylidine-β-D-mannopyranosyl) -(1→4)-3,6-di-O-benzyl-2- 

acetamido-2-deoxy-β-D-glucopyranoside (2.14) (0.2 g, 0.24 mmol) was dissolved in DCM (2 

mL) and transferred into a flame-dried round bottom flask containing activated 4 Å molecular 

sieves (0.2 g). The reaction mixture was stirred under N2 for 30 min., then was and then cooled 

to -78 °C. Triethylsilane (115 µL, 0.72 mmol) was then added, followed by the drop-wise 

addition of dichlorophenylborane (98 µL, 0.72 mmol, 1.2 M). The reaction mixture was stirred 

-78 oC for 30 min.. After this time, t.l.c. (petrol: ethyl acetate, 2: 3) indicated the formation of 

major product (Rf 0.2) and the complete consumption of the starting material (Rf 0.5). 

Triethylamine (2 mL) and methanol (2 mL) were added, and the mixture was diluted with 

DCM, and filtered through a pad of Celite® The filtrate was washed with saturated aqueous 

sodium bicarbonate (2 x 50 mL), brine (50 mL), dried (MgSO4), filtered, and the solvent was 

removed in vacuo. The residue was then purified by flash column chromatography (petrol: 

ethyl acetate, 2: 3) to afford benzyl (2,4,-di-O-benzyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-

benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.37) (121 mg, 60 %) as a white foam; [α]D 

20 –27.1 (c, 1.0 in CHCl3); vmax (neat) 3474 (br, OH) cm-1, 2961 (br, NH) cm-1, 1650 (s, C=O) 

cm-1;  δH (400 MHz, CDCl3) 1.77 (3H, s, NHAc), 3.14 (1H, m, H-5b), 3.43-3.51 (4H, m, H-2a, 

H-3b, H-4b & H-6b), 3.59-3.80 (5H, m, H-5a, H-6’b, H-6a, H-6’a & H-2b), 3.91 (1H, at, J 8.0 

Hz, H-4a), 4.17 (1H, at, J 8.4 Hz, H-3a), 4.49 (1H, d, J 12.1 Hz, -CH2Ph), 4.56-4.62 (5H, m, 

H-1b & 4 x -CH2Ph), 4.66 (1H, J 12.1 Hz, -CH2Ph)  4.84 (1H, d, J 11.3 Hz, -CH2Ph), 4.89 (1H, 
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J 11.7 Hz, -CH2Ph), 4.95-4.99 (3H, m, H-1a & 2 x -CH2Ph), 5.70 (1H, d, J 7.8 Hz, NHAc), 

7.26-7.35 (25H, m, 25 x Ar-H); δC (100 MHz, CDCl3) 23.3 (q, C(O)CH3), 56.2 (d, C-2a), 62.1 

(t, C-6b), 68.8 (t, C-6a), 70.8 (t, CH2Ph), 73.6 (t, CH2Ph), 74.0 (d, C-3b), 74.6 (d, C-5a), 74.9 

(t, CH2Ph), 75.3 (t, CH2Ph), 75.3 (d, C-5b), 76.4 (d, C-4b), 77.5 (d, C-3a), 77.9 (d, C-4a), 78.3 

(d, C-2b), 98.9 (d, C-1a), 101.1 (d, C-1b), 127.5, 127.6, 127.8, 127.8, 127.8, 127.9, 127.9, 

128.0, 128.0, 128.3, 128.3, 128.4, 128.5, 128.5, 128.6 (15 x d, 25 x Ar-(C)-H), 137.4, 137.6, 

138.0, 138.2, 138.6 (5 x s, 5 x Cipso), 170.8 (s, C(O)CH3); HRMS (ESI) Calcd. For C49H56NO11 

(MH+) 834.3853. Found 834.3889. 

   

 Benzyl (3,6-acetyl-2,4, -di-O-benzyl-β-D-mannopyranosyl) -(1→4)-3,6-di-O-benzyl-2- 

acetamido -2-deoxy-β-D-glucopyranoside (2.38) 

       

Benzyl (2,4,-di-O-benzyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-

deoxy-β-D-glucopyranoside (2.37) (40.0 mg, 0.05 mmol) was dissolved in pyridine (1 mL) and 

stirred under N2. at 0 °C. Acetic anhydride (1 mL) was then added, and the resulting solution 

was allowed to warm to room temperature and stirred for 24 h. After this time, t.l.c (petrol: 

ethyl acetate, 2: 3) indicated the complete consumption of starting material (Rf 0.3) and the 

formation of a major product (Rf 0.7). The reaction mixture was then poured onto ice/water (10 

mL), and the aqueous layer was extracted with DCM (2 x 20 mL). The combined organic 

extracts were washed with HCl (2 x 20 mL of a 1 M aqueous solution), saturated aqueous 

sodium bicarbonate (2 x 20 mL), dried (MgSO4), filtered, and the solvent was removed in 
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vacuo. The residue was then purified by flash column chromatography (petrol: ethyl acetate, 

1: 1) to afford benzyl (3,6-acetyl-2,4,-di-O-benzyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-

benzyl-2- acetamido-2-deoxy-β-D-glucopyranoside (2.38) (40 mg, 90%.) as a colourless oil 

[α]D 
20 +43 (c, 1.0 in CHCl3); vmax (neat) 2864 (br, NH) cm-1, 1656 (s, C=O) cm-1;  δH (400 

MHz, CDCl3) 1.70 (3H, s, NHAc), 1.91, 1.92 (6H x 2 x s, 2 x C(O)CH3), 3.35-3.38 (1H, m, H-

5b), 3.68-3.74 (3H, m, H-2a, H-5a & H-6a), 3.80-3.87 (2H, m, H-4b & H-6’a), 3.93 (1H, at, J 

8.0 Hz, H-4a), 3.98 (1H, at, J 8.4 Hz, H-2b), 4.04 (1H, at, J 7.0 Hz, H-3a), 4.20 (2H, m, H-6b 

& H-6’b), 4.48-4.67 (8H, m, H-1b & 7 x -CH2Ph), 4.75-4.79 (2H, m, H-3b & -CH2Ph), 4.84-

4.89 (3H, m, H-1a & 2 x -CH2Ph), 5.70 (1H, d, J 7.4 Hz, NHAc), 7.26- 7.35 (25H, m, Ar-H); 

δC (100 MHz, CDCl3) 20.7, 20.9, 23.3 (3 x q, 3 x C(O)CH3), 54.3 (d, C-2a), 63.1 (t, C-6b), 

69.2 (t, C-6a), 70.5 (t, CH2Ph), 72.8 (d, C-4b), 73.2 (d, C-5b), 73.4 (t, CH2Ph), 74.8 (t, -CH2Ph), 

74.9 (t, CH2Ph), 75.1 (d, C-5a), 75.8 (d, C-3b), 76.0 (d, C-4a), 77.5 (d, C-3a & C-2b), 99.1 (d, 

C-1a), 100.7 (d, C-1b), 127.4, 127.6, 127.7, 127.7, 127.7, 127.8, 127.9, 128.01, 128.2, 128.3, 

128.4 (11 x d, 25 x Ar-(C)-H),  137.5, 137.7, 137.8, 138.1, 138.9 (5 x s, 5 x Cipso), 170.0, 

170.1, 170.6 (3x s, C(O)CH3); HRMS (ESI) Calcd. For C53H61NO13 (MH+) 918.4059. Found 

918.4105. 
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Benzyl (2,4-di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-

benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.48) 

 

 Benzyl (3,6-acetyl-2,4,-di-O-benzyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2- 

acetamido-2-deoxy-β-D-glucopyranoside (2.37) (0.40 g, 0.48 mmol) was dissolved in dry THF 

(10 mL) and imidazole (98 mg, 1.4 mmol) was added. The reaction mixture was stirred under 

N2 at 0 °C, and chloro tri-iso-propylsilane (206 µL, 0.96 mmol) was then added drop-wise. The 

mixture was allowed to warm to room temperature, and stirred for 24h. After this time, t.l.c. 

(petrol: ethyl acetate, 2: 3) indicated the formation of major product (Rf 0.6), and the complete 

consumption of the starting material (Rf 0.2). The reaction was diluted with DCM (50 mL), 

and the organic extracts were washed with saturated aqueous ammonium chloride (2 x 50 mL), 

dried (Na2SO4), filtered, and concentrated in vacuo. The residue was then purified by flash 

column chromatography (petrol: ethyl acetate, 1: 1) to give benzyl (2,4-di-O-benzyl-6-O-tri-

iso-propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-

glucopyranoside (2.48) (0.45 g, 94%) as a colourless oil; [α]D 
20 –16.6 (c, 1.0 in CHCl3); vmax 

(neat) 2964 (br, NH) cm-1, 1656 (s, C=O) cm-1;  δH (400 MHz, CDCl3) 1.04-1.07 (21H, m, -

CH(CH3)2), 1.67 (3H, s, NHAc), 3.24 (1H, m, H-5b), 3.63-3.65 (2H, m, H-4b & H-5a), 3.75 

(1H, br s, H-2b), 3.79-3.90 (4H, m, H-6a, H-6’a, H-6b & H-3b), 3.94-3.96 (2H, m, H-2a & H-

6’b), 4.05 (2H, m, H-3a & H-4a), 4.47-4.74 (8H, m, H-1b & 7 x -CH2Ph ), 4.88-4.91 (3H, m, 

H-1a & 2 x -CH2Ph ), 4.97 (1H, d, J 11.3 Hz, -CH2Ph ), 7.26- 7.35 (25H, m, Ar-H); δC (100 

MHz, CDCl3) 11.9 (d, CH(CH3)2), 18.0 (q, CH(CH3)2), 23.1 (q, C(O)CH3), 52.2 (d, C-2a), 63.0 

(t, C-6b), 69.7 (t, C-6a), 70.4 (t, CH2Ph), 72.4 (t, CH2Ph), 73.5(t, CH2Ph), 74.2 (d, C-5a), 74.5 
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(t, CH2Ph), 75.0 (d, C-3b), 75.2 (d, C-5a), 76.2 (d, C-3a & C-4a), 76.6 (d, C-4b), 78.3 (d, C-

2b), 99.2 (d, C-1a), 101.2 (d, C-1b), 127.2, 127.5, 127.6, 127.7, 127.7, 127.8, 127.8, 128.1, 

128.2, 128.3, 128.4, 128.5 (12 x d, 25 x Ar-(C)-H),  137.7, 137.9, 138.1, 138.5, 138.8 (5 x s, 5 

x Cipso), 169.9 (s, C(O)CH3); HRMS (ESI) Calcd. For C58H77NO11Si (MH+) 990.5182. Found 

990.5170. 

1,2,3,4,6-Penta-O-acetyl-D-mannopyranoside (2.42)  

 

 

D (+)-Mannose (10.0 g, 128 mmol) was dissolved in pyridine (200 mL). The resulting solution 

was cooled to 0 °C, acetic anhydride (130 mL) was added slowly, and the resulting solution 

was stirred at room temperature under N2 for 24 h. After this time, t.l.c (petrol: ethyl acetate, 

1: 1) indicated the complete consumption of starting material (Rf 0.0) and the formation of a 

major product (Rf 0.4). The reaction mixture was then poured onto ice/water (200 mL), and the 

aqueous layer was extracted with DCM (2 x 200 mL). The combined organic extracts were 

washed with HCl (2 x 200 mL of a 1 M aqueous solution), saturated aqueous sodium 

bicarbonate (2 x 200 mL), dried (MgSO4), filtered, and the solvent was removed in vacuo. The 

residue was then purified by flash column chromatography (petrol: ethyl acetate, 2: 1) to afford 

1,2,3,4,6-penta-O-acetyl-D-mannopyranoside (2.42) (10.1 g, quant.) as a pale yellow solid and 

a mixture of anomers (6: 1, α: β). δH (400 MHz, CDCl3)
11 α anomer: 1.97, 2.02, 2.06, 2.14, 

2.19 (15H, 5 x s, 5 x OC(O)CH3), 4.02-4.05 (1H, m, H-5), 4.07-4.09 (1H, m, H-6), 4.25 (1H, 

dd, J5,6’ 4.7 Hz, J6,6’ 12.1 Hz, H-6’), 5.23 (1H, at, J 2.2 Hz, H-2), 5.31-5.32 (2H, m, H-3 & H-

4), 6.05 (1H, d, J1,2 2.0 Hz, H-1); β anomer: 1.97, 2.02, 2.06, 2.14, 2.19 (15H, 5 x s, 5 x 

OC(O)CH3), 3.80 (1H, ddd, J5,6’ 2.7 Hz, J5,6 5.1 Hz, J4,5 7.4 Hz, H-5), 4.11-4.15 (1H, m, H-6), 
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4.29-4.33 (1H, m, H-6’), 5.11 (1H, dd, J2,3 3.1 Hz, J3,4 10.0 Hz, H-3) , 5.32 (1H, m, H-4) , 5.47 

(1H, d, H-2), 5.83 (1H, s, H-1). 

2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyl bromide (2.43) 

1,2,3,4,6-Penta-O-acetyl-D-mannopyranoside (2.42) (50.0 g, 128 mmol) was dissolved in 

DCM (250 mL) and the mixture stirred at0 °C under N2. Hydrogen bromide (93 mL of a 33% 

in acetic acid solution) was then added dropwise, and the reaction mixture was allowed to 

warm to room temperature. After 3 h, t.l.c. (petrol: ethyl acetate, 1: 1) indicated the formation 

of major product (Rf 0.45) and the complete consumption of starting material (Rf 0.40). 

Ice/water (500 mL) was added, and the mixture was then extracted with DCM (2 x 200 mL). 

The combined organic extracts were washed with saturated aqueous sodium bicarbonate (2 x 

200 mL), dried (MgSO4), filtered, and concentrated in vacuo to afford 2,3,4,6-tetra-O-acetyl-

α-D-mannopyranosyl bromide (2.43) (51.0 g, 97%) as a pale yellow oil which was used directly 

without further purification. δH (400 MHz, CDCl3)
12 2.01, 2.07, 2.10, 2.17 (12H, 4 x s, 4 x 

OC(O)CH3), 4.14 (1H, dd, J5,6 2.2 Hz, J6,6’ 12.3 Hz, H-6), 4.23 (1H, ddd, J4,5 10.2 Hz, J5,6’ 4.9 

Hz, H-5), 4.33 (1H, dd, H-6’), 5.37 (1H, at, J 10.2 Hz, H-4), 5.45 (1H, dd, J1,2 1.6 Hz, J2,3 3.5 

Hz, H-2), 5.72 (1H, dd, J3,4 10.2 Hz, H-3), 6.30 (1H, s, H-1). 
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3,4,6-Tri-O-acetyl-1,2-O-(1-exo-methoxyethylidene)-β-D-mannopyranoside (2.44) 

 

Crude 2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl bromide (2.43) (51.0 g, 124 mmol) was 

dissolved in DCM (250 mL) and the solution stirred at rt. Methanol (9.40 mL, 161 mmol) and 

2,4,6-collidine (32.8 mL, 249 mmol) were then added, and the reaction mixture was then 

heated to 60 °C for 16 h. After this time, t.l.c (petrol: ethyl acetate, 1: 1) indicated complete 

consumption of the bromide (Rf 0.45) and the formation of a single product (Rf 0.5). The 

reaction mixture was then cooled to rt, diluted with water (250 mL), and extracted with DCM 

(2 x 300 mL). The combined organic extracts were washed with saturated aqueous sodium 

bicarbonate (2 x 200 mL), brine (200 mL), dried (MgSO4), filtered, and concentrated in vacuo. 

Recrystallisation (EtOH) afforded 3,4,6-tri-O-acetyl-1,2-O-(1-exo-methoxyethylidene)-β-D-

mannopyranoside (2.44) (30.5 g, 66 %) as a white crystalline sold, m.p. 109-110 °C (EtOH) 

[lit. 112-113 °C]13; [α]D
20 –22.7 (c, 1.0 in CHCl3) [lit. [α]D

25  –26.8 (c, 1.0 in CHCl3)]
13; δH 

(400 MHz, CDCl3)
14 1.73 (3H, s, CCH3), 2.04, 2.06, 2.11 (9H, 3 x s, 3 x OC(O)CH3), 3.27 

(3H, s, CH3), 3.69 (1H, m, H-5), 4.13 (1H, dd, J6,6’ 12.1 Hz, H-a), 4.23 (1H, dd, H-6’), 4.60 

(1H, at, J 2.9 Hz, H-2), 5.13 (1H, dd, J3,4 9.6 Hz, J2,3 3.7 Hz, H-3), 5.30 (1H, at, J 9.7 Hz, H-

4), 5.50 (1H, d, J1,2 2.3 Hz, H-1). 

 

 

 



 Chapter 5 

180 

 

3,4,6-Tri-O-benzyl-1,2-O-(1-exo-methoxyethylidene)-β-D-mannopyranoside (2.45) 

3,4,6-Tri-O-acetyl-1,2-O-(1-exo-methoxyethylidene)-β-D-mannopyranoside (2.44) (22.3 g, 

61.7 mmol) was dissolved in methanol (200 mL) and stirred under N2 at room temperature. 

Sodium metal (0.43 g, 18.5 mmol) was then added, and after 30 min, t.l.c. (petrol: ethyl acetate, 

1: 1) indicated the formation of a major product (Rf 0) and the complete consumption of starting 

material (Rf 0.5). The solvent was removed in vacuo and the product was dried under high 

vacuum for 2 hrs. The residue was then dissolved in DMF (300 mL) and the mixture stirred at 

0 0C under N2. 
 Benzyl bromide (33.0 mL, 278 mmol) was added, followed by the slow addition 

of sodium hydride (14.8 g, 370 mmol). The mixture was allowed to warm to room temperature 

and stirred under nitrogen. After 2h, t.l.c. (petrol: ethyl acetate, 1: 1) indicated the formation 

of major product (Rf 0.75) and the complete consumption of the starting material (Rf 0). The 

reaction was quenched by the slow addition of methanol (100 mL). The reaction mixture was 

concentrated in vacuo, and DCM (300 mL) was added. The solution was washed with water 

(2 x 300 mL), brine (300 mL), dried (MgSO4), filtered, and concentrated in vacuo. The residue 

was then purified by flash column chromatography (petrol: ethyl acetate, 3: 1) to afford to a 

white solid, which was recrystallized (ethyl acetate/petrol) to afford 3,4,6-tri-O-benzyl-1,2-O-

(1-exo-methoxyethylidene)-β-D-mannopyranoside (2.45) (26.9 g, 86 %) as a white crystalline 

solid, m.p. 71-73 °C [lit. 76-78°C]13; [α]D
20 +30.9 (c, 1.0 in CHCl3) [lit. [α]D

19  + 34.4 (c, 6.0 

in CHCl3)]
13; δH (400 MHz, CDCl3)

15 1.73 (3H, s, CCH3), 3.28 (3H, s, CH3), 3.43 (1H, m, H-

5), 3.69-3.76 (3H, m, H-3, H-6 & H-6’), 3.94 (1H, at, H-4), 4.40 (1H, m, H-2), 4.56 (1H, d, 

CH2Ph), 4.59 (1H, d, CH2Ph), 4.62 (1H, d, CH2Ph), 4.78 (2H, d, 2 x CH2Ph), 4.89 (1H, d, J 11 

Hz, CH2Ph), 5.34 (1H, d, J1,2 1.3 Hz, H-1), 7.22-7.40 (15H, m, 15 x Ar-H). 
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1,2-Di-O-acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (2.46) 

 

3,4,6-Tri-O-benzyl-1,2-O-(1-exo-methoxyethylidene)-β-D-mannopyranoside (2.45) (0.5 g, 

0.99 mmol) was dissolved in a mixture of glacial acetic acid (15 mL) and water (10 mL), and 

the mixture was stirred at room temperature. After 4 h, t.l.c. (petrol: ethyl acetate, 1: 1) 

indicated the formation of major product (Rf 0.6) and the complete consumption of starting 

material (Rf 0.75). The reaction mixture was concentrated in vacuo, and diluted with DCM 

(100 mL). The organic layer was washed with saturated aqueous sodium bicarbonate (2 x 200 

mL), dried (MgSO4), filtered, and concentrated in vacuo. The crude was dissolved in pyridine 

(5 mL) acetic anhydride (5 mL) was then added slowly and the resulting solution was stirred 

at room temperature under N2 for 11 h. After this time, t.l.c (petrol: ethyl acetate, 1: 1) indicated 

the complete consumption of starting material (Rf 0.6) and the formation of a major product 

(Rf 0.8). Water (100 mL) was added, and the aqueous layer was extracted with DCM (2 x 50 

mL). The combined organic extracts were washed with HCl (2 x 50 mL of a 1 M aqueous 

solution), saturated aqueous sodium bicarbonate (2 x 50 mL), dried (MgSO4), filtered, and the 

solvent was removed in vacuo. The residue was then purified by flash column chromatography 

(petrol: ethyl acetate, 2: 1) to afford 1,2-di-O-acetyl-3,4,6-tri-O-benzyl-D-mannopyranose 

(2.46) (0.4 g, quant.) as a pale yellow oil and mixture of anomers (3: 1, α: β). δH (400 MHz, 

CDCl3)
15 α anomer: 2.07, 2.17 (6H, 2 x s, 2 x C(O)CH3), 3.69-4.02 (5H, m, H-3, H-4, H-5, H-

6 & H-6’), 4.50-4.53 (2H, m, 2 x PhCH2), 4.56 (1H, d, J 11.3 Hz, PhCH2), 4.68 (1H, d, J 12.1 

Hz, PhCH2), 4.73 (1H, d, J 11.3 Hz, PhCH2), 4.87 (1H, d, J 10.6 Hz, PhCH2), 5.37 (1H, at, J 

2.1 Hz, H-2), 6.13 (1H, d, J1,2 2.0 Hz, H-1), 7.14-7.37 (15H, m, 15 x Ar-H); β anomer: 2.09, 



 Chapter 5 

182 

 

2.22 (6H, 2 x s, 2 x C(O)CH3), 3.58 (1H, m, H-5), 3.69-4.02 (4H, m, H-3, H-4, H-6 & H-6’), 

4.48-4.53 (3H, m, 3 x PhCH2), 4.68 (1H, d, J 12.1 Hz, PhCH2), 4.73 (1H, d, J 11.3 Hz, PhCH2), 

4.86 (1H, d, J 10.8 Hz, PhCH2), 5.62 (1H, d, J 3.1 Hz, H-2), 5.74 (1H, s, H-1), 7.14-7.37 (15H, 

m, 15 x Ar-H). 

2-O-Acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (2.47) 

1,2-Di-O-acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (2.46) (0.50 g, 0.94 mmol) was 

dissolved in dry THF (15 mL) and benzylamine (0.2 mL, 1.9 mmol) was added. The reaction 

mixture was stirred at room temperature. After 20 h, t.l.c. (petrol: ethyl acetate, 1:1) indicated 

formation of major (Rf 0.4) and minor (Rf 0.3) products, and complete consumption of starting 

material (Rf 0.6). The reaction was quenched by the addition of hydrochloric acid (15 mL of a 

1 M aqueous solution), and stirred for a further 10 min. The reaction mixture was extracted 

with DCM (2 x 50 mL). The combined organic layers were washed with brine (2 x 50 mL), 

dried (MgSO4), filtered and concentrated in vacuo. The residue was purified by flash column 

chromatography (petrol: ethyl acetate, 1: 1) to give 2-O-acetyl-3,4,6-tri-O-benzyl-D-

mannopyranose (2.47) (0.45 g, 99%) as a colourless oil and a mixture of anomers (:, 7:1). 

δH (400 MHz, CDCl3)
15  anomer: 2.15 (3H, s, COCH3), 3.62-3.79 (3H, m, H-4, H-6, H-6′), 

4.02-4.08 (2H, m, H-3, H-5), 4.47, 4.87 (2H, ABq, J 11.0 Hz, 2 x PhCH2), 4.53, 4.64 (2H, 

ABq, J 11.9 Hz, 2 x PhCH2), 4.55, 4.71 (2H, ABq, J 11.3 Hz, 2 x PhCH2), 5.25 (1H, br. s, 

H-1), 5.40 (1H, m, H-2), 7.15-7.36 (15H, m, 15 x Ar-H);  anomer: 2.21 (3H, s, COCH3), 3.62-

3.65 (1H, m, H-3), 3.62-3.79 (2H, m, H-5 & H-6), 4.02-4.08 (1H, m, H-6′), 4.46-4.56 (3H, m, 

3 x PhCH2), 4.65 (1H, d, J 1.9 Hz, PhCH2), 4.76 (1H, d, J 11.1 Hz, PhCH2), 4.81 (1H, d, J 9.4 

Hz, PhCH2), 5.31 (1H, d, J1,2 1.2 Hz, H-1), 5.5 (1H, m, H-2), 7.15-7.36 (15H, m, 15 x Ar-H). 
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2-O-Acetyl-3,4,6-tri-O-benzyl-α-D-mannopyranosyl trichloroacetimidate (2.11) 

 

2-O-Acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (2.47) (0.72 g, 1.46 mmol) and 1,1,1-

trichloroacetonitrile (1.46 mL, 14.6 mmol) were dissolved in dry DCM (15 mL) and the 

mixture stirred at 0 °C under N2. 1, 8-Diazabicyclo [5.4.0] undec-7-ene (44.0 µL, 0.29 mmol) 

was then added dropwise, and the reaction mixture was allowed to warm to room temperature. 

After 1.5 h, t.l.c. (petrol: ethyl acetate, 2: 1) indicated the formation of major product (Rf 0.6) 

and the complete consumption of starting material (Rf 0.3, 0.4). The reaction mixture was 

filtered through Celite,® and concentrated in vacuo. The residue was purified by flash column 

chromatography (petrol: ethyl acetate, 3: 1) to give 2-O-acetyl-3,4,6-tri-O-benzyl-α-D-

mannopyranosyl trichloroacetimidate (2.11) (0.84 g, 90%) as a colourless oil. [α]D
20 +43 (c, 

1.0 in CHCl3) [lit. [α]D
20 +45 (c, 1.0 in CHCl3)]

16; δH (400 MHz, CDCl3)
16 2.19 (3H, s, CH3), 

3.72 (1H, dd, J5,6 1.6 Hz, J6,6′ 11.0 Hz, H-6), 3.84 (1H, dd, J5,6′ 3.5 Hz, H-6′), 3.99-4.05 (3H, 

m, H-3, H-4 & H-5), 4.51, 4.68 (2H, ABq, J 12.1 Hz, 2 x PhCH2), 4.54, 4.87 (2H, ABq, J 10.6 

Hz, 2 x PhCH2), 4.59, 4.74 (2H, ABq, J 11.3 Hz, 2 x PhCH2), 5.50 (1H, at, J 2.4 Hz, H-2), 

6.31 (1H, s, H-1), 7.18-7.37 (15H, m, 15 x Ar-H), 8.68 (1H, s, NH). 
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Ethyl 2,3,4,6-tetra-O-acetyl-1-thio-α-D-mannopyranoside (2.51)  

 

1,2,3,4,6-Penta-O-acetyl-D-mannopyranose (2.42) (10.0 g, 25.6 mmol) was dissolved in dry 

DCM (150 mL) the mixture was stirred at rt under nitrogen. Ethanethiol (2.90 mL, 38.5 mmol) 

was added, followed by the dropwise addition of BF3.OEt2 (4.70 mL, 38.5 mmol) After 16 h, 

t.l.c. (petrol: ethyl acetate, 1: 1) indicated the formation of a single product (Rf 0.6) and the 

complete consumption of the starting material (Rf 0.4). The reaction was quenched by the 

addition of saturated aqueous NaHCO3 (100 mL), and the mixture was stirred for 30 min. The 

organic phase was separated, dried (MgSO4), filtered, and concentrated in vacuo. The residue 

was purified by flash column chromatography (petrol: ethyl acetate, 2: 1) to give ethyl 2,3,4,6-

tetra-O-acetyl-1-thio-α-D-mannopyranoside (2.51) (7.02 g, 70%) as a white crystalline solid; 

mp 101-103 °C; [lit. mp 107-108 °C]17; [α]D
20 +94.6 (c, 1.0 in CHCl3) [lit. [α]D

20 +104 (c, 0.88 

in CHCl3)]
17a;  δH (400 MHz, CDCl3)

17a 1.30 (3H, t, J 7.4 Hz, CH2CH3), 1.98, 2.04, 2.08, 2.15 

(12H, 4 x s, 4 x OC(O)CH3), 2.57-2.69 (2H, m, CH2CH3), 4.09 (1H, dd, J5,6 2.0 Hz, J5,6’ 12.1 

Hz H-6), 4.31 (1H, dd, J5,6’ 5.5 Hz, H-6’), 4.37-4.41 (1H, m, H-5), 5.23-5.33 (4H, H-1, H-2, 

H-3 & H-4). 
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Ethyl 1-thio-α-D-mannopyranoside (2.52) 

 

Ethyl 2,3,4,6-tetra-O-acetyl-1-thio-α-D-mannopyranoside (2.51) (2.0 g, 6.8 mmol) was 

dissolved in methanol (20 mL), and the mixture stirred at room temperature under N2. Sodium 

metal (78 mg, 3.4 mmol) was then added, and after 16 hr, t.l.c. (petrol: ethyl acetate, 1: 1) 

indicated the formation of a major product (Rf 0.0) and the complete consumption of starting 

material (Rf 0.6). The reaction mixture was neutralized by the addition of Amberlite® IR 120 

(H+ form, 0.2 g), the mixture filtered, and the solvent removed in vacuo to afford ethyl 1-thio-

α-D-mannopyranoside (2.52) (1.5 g, quant.) as a golden foam which was used directly without 

further purification; δH (400 MHz, CDCl3)
18 1.28 (3H, t, J 7.4 Hz, CH2CH3), 2.57-2.71 (2H, 

m, CH2CH3), 3.63-3.66 (2H, m, H-3 & H-4), 3.72 (1H, dd, J5,6 5.9 Hz, J6,6’ 11.6 Hz,  H-6), 3.81 

(1H, dd, J5,6’ 2.3 Hz, H-6’), 3.89 (2H, m, H-2 & H-5), 5.24 (1H, s, H-1). 

Ethyl 2,3,4,6-tetra-O-benzyl-1-thio-α-D-mannopyranoside (2.50) 

 

Ethyl 1-thio-α-D-mannopyranoside (2.52) (1.50 g, 6.84 mmol) was dissolved in THF (50 mL) 

and sodium hydride (1.6 g, 41 mmol of a 60 % dispersion in mineral oil) was added portion-

wise. The reaction mixture was stirred under N2 at room temperature, and benzyl bromide (6.50 
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mL, 54.7 mmol) was then added dropwise. The mixture was then heated to 60 °C for 16h. After 

this time, t.l.c. (petrol: ethyl acetate, 9: 1) indicated the formation of major product (Rf 0.75) 

and the complete consumption of the starting material (Rf 0.0). The reaction was cooled, and 

quenched by the slow addition of methanol (30 mL). The reaction mixture was concentrated in 

vacuo, and DCM (100 mL) was then added. The organic phase was separated and washed with 

water (2 x 100 mL), brine (100 mL), dried (MgSO4), filtered, and concentrated in vacuo. The 

residue was then purified by flash column chromatography (petrol: ethyl acetate, 19: 1) to 

afford ethyl 2,3,4,6-tetra-O-benzyl-1-thio-α-D-mannopyranoside (2.50) (3.2 g, 80 %) as a 

yellow oil. [α]D
20 +82.3 (c, 1.0 in CHCl3) ) [lit. [α]D

22 +65 (c, 2.1 in CHCl3)]
19 δH (400 MHz, 

CDCl3)
18 1.28 (3H, t, J 7.4 Hz, CH2CH3), 2.57-2.71 (2H, m, CH2CH3), 3.74 (1H, dd, J5,6 2.0 

Hz, J5,6’ 11.1 Hz H-6), 3.83-3.87 (3H, m, H-2, H-4 & H-6’), 4.01 (1H, at, J  9.8 Hz, H-3), 4.14 

(1H, m, H-5), 4.52-4.60 (4H, m, 4 x -CH2Ph), 4.68-4.77 (3H, m, 3 x -CH2Ph), 4.91(1H, d, J 11 

Hz, -CH2Ph), 5.43 (1H, s, H-1), 7.19-7.42 (20H, m, 20 x Ar-H). 

Ethyl 2-O-acetyl-3,4,6-tetra-O-benzyl-1-thio-α-D-mannopyranoside (2.53) 

 

 

3,4,6-Tri-O-benzyl-1,2-O-(1-exo-methoxyethylidene)-β-D-mannopyranoside (2.45) (2.2 g, 4.3 

mmol) was dissolved in dry CH3CN (20 mL) and transferred into a flame-dried round bottom 

flask containing activated 4 Å molecular sieves  (2 g) and the mixture was stirred under N2 for 

1 h. Ethanethiol (1.2 mL, 17.2 mmol) and HgBr2 (0.3 g, 0.8 mmol) were then added, and the 

mixture was heated to 60 °C overnight. After this time, t.l.c. (petrol:ethyl acetate, 3: 1) indicated 

the formation of major product (Rf 0.5) and the complete consumption of the starting material 
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(Rf 0.3). The reaction mixture was cooled, filtered through a pad of Celite® washing with 

EtOAc, and the filtrate was concentrated in vacuo. The residue was then purified by flash 

column chromatography (petrol: ethyl acetate, 9: 1) to afford ethyl 2-O-acetyl-3,4,6-tetra-O-

benzyl-1-thio-α-D-mannopyranoside (2.53) (1.4 g, 61 %) as a colourless oil. [α]D
20 +71.7 (c, 

1.0 in CHCl3) [lit. [α]D
25 +74.5 (c, 1.1 in CHCl3)]

20 δH (400 MHz, CDCl3)
20 1.28 (3H, t, J 7.4 

Hz, CH2CH3), 2.16 (3H, s, COCH3), 2.55-2.68 (2H, m, CH2CH3), 3.68 (1H, dd, J5,6’ 1.8 Hz, 

J6,6’ 10.6 Hz, H-6’), 3.83 (1H, dd, J5,6 3.9 Hz, H-6), 3.91-3.95 (2H, m, H-3 & H-4), 4.15 (1H, 

m, H-5), 4.46-4.53 (3H, m, 3 x -CH2Ph), 4.68 (2H, m, 2 x CH2Ph), 4.85 (1H, d, J 11 Hz, 

CH2Ph), 5.32 (1H, d, J1,2 1.5 Hz,  H-1), 5.43 (1H, d, H-2), 7.19-7.42 (15H, m, 15 x Ar-H). 

Methyl 2,3,4,6-tetra-O-benzyl-α-D-mannopyranoside (2.54) 

 

Methyl α-D-mannopyranoside (2 g, 10.3 mmol) was dissolved in DMF (50 mL), and sodium 

hydride (3.2 g, 82 mmol of a 60 % dispersion in mineral oil) was added portion-wise. The 

reaction mixture was stirred under N2 at room temperature for 20 min. Benzyl bromide (10 mL, 

82 mmol) was then added dropwise, and the mixture was stirred for 16h. After this time, t.l.c. 

(petrol: ethyl acetate, 4: 1) indicated the formation of major product (Rf 0.4), and the complete 

consumption of the starting material (Rf 0). The reaction was quenched by the slow addition of 

methanol (30 mL). The reaction mixture was then concentrated in vacuo, and DCM (300 mL) 

was added. The solution was washed with water (2 x 300 mL), brine (300 mL), dried (MgSO4), 

filtered, and concentrated in vacuo. The residue was then purified by flash column 

chromatography (petrol: ethyl acetate, 23: 1) to afford methyl 2,3,4,6-tetra-O-benzyl-α-D-

mannopyranoside (2.54) (4.0 g, 72 %) as a colourless oil; [α]D
20 +28.7 (c, 1.0 in CHCl3) [lit. 
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[α]D
22 +29.2 (c, 1.59 in CHCl3)]

21 δH (400 MHz, CDCl3)
21 3.32 (3H, s, OCH3), 3.74-3.79 (4H, 

m, H-2, H-4, H-6 & H-6’), 3.80 (1H, dd, J5,6 3.1 Hz, J5,6’ 9.6 Hz H-5), 3.97 (1H, at, J 9.0 Hz, 

H-3), 4.51 (1H, d, J 10.6 Hz, CH2Ph), 4.57 (1H, d, J 12.1 Hz, -CH2Ph), 4.62 (2H, m, 2 x -

CH2Ph), 4.68 (1H, d, J 12.1 Hz, -CH2Ph), 4.74 (2H, m, 2 x -CH2Ph), 4.77 (1H, s, H-1), 4.89 

(1H, d, -CH2Ph), 7.16-7.36 (20H, m, 20 x Ar-H). 

 

1,6-Di-O-acetyl-2,3,4-tetra-O-benzyl-α-D-mannopyranoside (2.55) 

 

Methyl 2,3,4,6-tetra-O-benzyl-α-D-mannopyranoside (2.54) (2.0 g, 3.6 mmol) was dissolved 

in a mixture of acetic acid and acetic anhydride (1:1, 19 mL)., and the mixture was stirred at 0 

oC under N2, Concentrated sulphuric acid (0.2 mL) was then added drop-wise. After 30 min, 

t.l.c. (petrol: ethyl acetate, 2: 1) indicated the formation of a major product (Rf 0.3) and the 

complete consumption of starting material (Rf 0.4). The reaction mixture was diluted with 

DCM (20 mL), and the organic phase was separated and washed with saturated aqueous sodium 

bicarbonate (2 x 200 mL), ice water (2 x 200 mL), dried (MgSO4), filtered, and concentrated 

in vacuo. The residue was then purified by flash column chromatography (petrol: ethyl acetate, 

7: 2) to afford 1,6-di-O-acetyl-2,3,4-tetra-O-benzyl-α-D-mannopyranoside (2.55) (1.4 g, 62 %) 

as a white solid; [α]D
20 +29.6 (c, 1.0 in CHCl3) [lit. [α]D

22 +31.3 (c, 1.0 in CHCl3)]
21 δH (400 

MHz, CDCl3)
21 2.02, 2.05 (6H, 2 x s, 2 x C(O)CH3), 3.73 (1H, br. s,  H-2),  3.86 (2H, m, H-3 

& H-5), 3.98 (1H, at, J 9.4 Hz, H-4), 4.31 (2H, m, H-6 & H-6’), 4.60 (3H, m, 3 x -CH2Ph), 
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4.76 (2H, m, 2 x -CH2Ph), 4.94 (1H, d, J 11.0 Hz, -CH2Ph), 6.17 (1H, s, H-1), 7.29-7.40 (15H, 

m, Ar-H). 

6-O-Acetyl-2,3,4-tetra-O-benzyl-α-D-mannopyranose (2.56) 

1,6-Di-O-acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (2.55) (0.20 g, 0.37 mmol) was 

dissolved in dry DMF (15 mL) and stirred at room temperature under N2., Hydrazine acetate 

(52 mg, 0.56 mmol) was then added. After 2 h, t.l.c. (petrol: ethyl acetate, 1: 1) indicated the 

formation of major (Rf 0.2) products, and the complete consumption of starting material (Rf 

0.4). The reaction mixture was diluted with DCM, and the organic layer was separated, washed 

with water (2 x 50 mL), brine (2 x 50 mL), dried (MgSO4), filtered, and concentrated in vacuo. 

The residue was purified by flash column chromatography (petrol: ethyl acetate, 2: 1) to give 

6-O-acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (2.56) (0.12 g, 67%) as a colourless oil; δH 

(400 MHz, CDCl3)
21 [major α anomer quoted] 2.04 (3H, s, C(O)CH3), 3.82 (1H, s, H-2), 3.91 

(1H, at, J 9.3 Hz, H-4), 4.00 (1H, dd, J2,3 3.3. Hz, J3,4 9.2 Hz, H-3), 4.03 (1H, m, H-5), 4.26 

(1H, dd, J6,6’ 11.8 Hz, J5,6 5.3 Hz, H-6), 4.38 (1H, m, H-6’), 4.58-4.78 (5H, m, 5 x -CH2Ph), 

4.94 (1H, J 10.6 Hz, -CH2Ph), 5.24 (1H, s, H-1), 7.25-7.35 (15H, m, 15 x Ar-H). 
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6-O-Acetyl-2,3,4-tri-O-benzyl-α-D-mannopyranosyl trichloroacetimidate (2.57) 

 

6-O-Acetyl-2,3,4-tri-O-benzyl-D-mannopyranose (2.56) (0.10 g, 0.20 mmol) and 1,1,1-

trichloroacetonitrile (0.2 mL, 2.0 mmol) were dissolved in dry DCM (15 mL) and the mixture 

stirred at 0 °C under N2. 1, 8-Diazabicyclo [5.4.0] undec-7-ene (6 µL, 0.04 mmol) was then 

added dropwise, and the reaction mixture was allowed to warm to room temperature. After 1 

h, t.l.c. (petrol: ethyl acetate, 2: 1) indicated the formation of major product (Rf 0.6) and the 

complete consumption of starting material (Rf 0.2). The reaction mixture was filtered through 

Celite® and concentrated in vacuo. The residue was purified by flash column chromatography 

(petrol: ethyl acetate, 4: 1) to give 6-O-acetyl-3,4,6-tri-O-benzyl-α-D-mannopyranosyl 

trichloroacetimidate (2.57) (85 mg, 71%) as a colourless oil. [α]D
20 +32 (c, 1.0 in CHCl3) [lit. 

[α]D
22 +34 (c, 1.0 in CHCl3)]

22; δH (400 MHz, CDCl3)
22 2.03 (3H, s, CH3), 3.87 (1H, s, H-2), 

3.95 (1H, dd, J2,3 2 Hz, J3,4 9.1 Hz,  H-3), 3.90 (1H, m, H-5), 4.02 (1H, at, J 9.8. Hz, H-4), 4.29 

(1H, dd, J6,6’ 12 Hz, J5,6 4.7 Hz, H-6), 4.35 (1H, m, H-6’), 4.59-4.62 (3H, m, 3 x -CH2Ph), 4.75 

(2H, m, 2 x -CH2Ph), 4.94 (1H, d, J 10.6 Hz, -CH2Ph), 6.32 (1H, s, H-1), 7.24-7.42 (15H, m, 

15 x Ar-H), 8.55 (1H, s, NH). 
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Benzyl 2,3,4,6-tetra-O-benzyl--D-mannopyranosyl-(1→3)-(2,4-di-O-benzyl-6-O-tri-iso-

propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-

glucopyranoside (2.49) 

 

Benzyl (2,4-di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-

benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.48) (0.1 g, 0.10 mmol) and ethyl -O-

acetyl-3,4,6-tetra-O-benzyl-1-thio-α-D-mannopyranoside (2.50) (88 mg, 0.15 mmol) were 

dissolved in dry Et2O (2 mL), and the mixture transferred to a flame-dried round-bottomed 

flask containing activated 4Å molecular sieves (0.4 g). The solution was then cooled to -40C, 

and stirred under an atmosphere of N2. NIS (41 mg, 0.18 mmol) and TMSOTf (8.1 l, 45 mol) 

were added and the mixture allowed to warm to rt. After 16 h, t.l.c. (petrol: ethyl acetate, 2: 1) 

indicated the formation of a major product (Rf 0.5) and complete consumption of benzyl (2,4-

di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl) -(1→4)-3,6-di-O-benzyl-2-

acetamido-2-deoxy-β-D-glucopyranoside (2.48)  (Rf 0.2). Triethylamine (20 l) was then 

added, and the solution stirred for a further 10 min. The reaction mixture was then filtered 

through Celite,® and concentrated in vacuo. The residue was then purified by flash column 

chromatography (petrol: ethyl acetate, 3: 1) to afford benzyl 2,3,4,6-tetra-O-benzyl--D-

mannopyranosyl-(1→3)- (2,4-di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl)-

(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.49) (55 mg, 35%) as 

colourless oil, [α]D
20 +3.1 (c, 1.0 in CHCl3); vmax (neat) 2863 (br, NH) cm-1, 1656 (s, C=O) cm-

1; δH (400 MHz, CDCl3) 0.95-0.97 (21H, m, -CH(CH3)2), 1.54 (3H, s, NHAc), 3.10-3.17 (2H, 
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m, H-5a & H-5b), 3.66-3.96 (15H, m, H-2b, H-2c, H-3a, H-3b, H-3c, H-4a, H-4b, H-4c, H-5c, 

H-6a, H-6’a, H-6b, H-6’b, H-6c & H-6’c), 4.05 (1H, m, H-2a), 4.34-4.70 (15H, H-1b & 14 x -

CH2Ph), (5H, H-1a & 4 x CH2Ph), 5.22 (1H, s, H-1c), 7.17-7.37 (45H, m, 45 x Ar-H); 

δC (100 MHz, CDCl3) 11.9 (d, CH(CH3)2), 18.0 (q, CH(CH3)2), 23.1 (q, C(O)CH3), 50.9 (d, 

C-2a), 62.7 (t, C-6b), 69.5 (t, C-6a & C-6c), 69.9 (t, CH2Ph), 70.2 (t, CH2Ph), 72.1 (t, CH2Ph), 

72.3 (t, CH2Ph), 72.4 (t, CH2Ph), 72.8 (d, C-2b), 73.3 (t, CH2Ph), 73.3 (t, CH2Ph), 73.4 (t, 

CH2Ph), 74.3 (t, CH2Ph), 74.6 (d, C-3a), 74.7, 74.8, 75.3 (3 x d, C-3b, C-3c & C-4c), 75.8 (C-

2c), 76.2 (d, C-4a), 76.3 (2 x d, C-5a & C-5b), 74.5 (t, CH2Ph), 78.7 (d, C-4b), 79.7 (d, C-5c), 

80.5 (d, C-5b), 99.2 (d, C-1a), 100 (d, C-1c), 101.2 (d, C-1b), 126.8, 126.8, 127.2, 127.2, 127.3, 

127.3, 127.4, 127.4, 127.4, 127.5, 127.5,127.5, 127.5, 127.6, 127.6, 127.6, 127.7, 127.7, 127.7, 

127.7, 127.8, 128.1, 128.1, 128.1, 128.2, 128.2, 128.2, 128.2, 128.3,128.3, 128.3, 128.3, 128.3, 

128.4, 128.4 (35 x d, 45 x Ar-(C)-H),  137.8, 138.1, 138.3, 138.4, 138.4, 138.4, 138.6, 138.6, 

138.7 (9 x s, 9 x Cipso), 169.8 (s, C(O)CH3); HRMS (ESI) Calcd. For C92H111NO16Si (MH+) 

1512.7588. Found 1512.7661. 

Benzyl 3,4,6-tri-O-benzyl-β-D-mannopyranosyl-(1→3)- (2,4-di-O-benzyl-6-O-tri-iso-

propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-

glucopyranoside-3-yl orthoacetate (2.58) 

 

Benzyl (2,4-di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-

benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.48) (50 mg, 0.05 mmol) and 2-O-acetyl-
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3,4,6-tri-O-benzyl-α-D-mannopyranosyl trichloroacetimidate (2.11)  (50 mg, 0.07 mmol) were 

dissolved in dry DCM (2 mL), and the mixture transferred to a flame-dried round-bottomed 

flask containing activated 4 Å molecular sieves (0.4 g). The solution was then cooled to -78 

C, and stirred under an atmosphere of N2. TMSOTf (1.5 l, 7.9 mol) were added, and the 

mixture allowed to warm to rt. After 16 h, t.l.c. (petrol: ethyl acetate, 2: 1) indicated the 

formation of a major product (Rf 0.4) and complete consumption of benzyl (2,4-di-O-benzyl-

6-O-tri-iso-propylsilyl-β-D-mannopyranosyl) -(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-

β-D-glucopyranoside (2.48) (Rf 0.2). Triethylamine (10 l) was then added, and the solution 

stirred for a further 10 min. The reaction mixture was then filtered through Celite,® and 

concentrated in vacuo. The residue was then purified by flash column chromatography (petrol: 

ethyl acetate, 5: 2) to afford benzyl 3,4,6-tri-O-benzyl-β-D-mannopyranosyl-(1→3)-(2,4-di-O-

benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl) -(1→4)-3,6-di-O-benzyl-2-acetamido-2-

deoxy-β-D-glucopyranoside-3-yl orthoacetate (2.58) (40 mg, 54%) as colourless oil, vmax (neat) 

2863 (br, NH) cm-1, 1656 (s, C=O) cm-1; δH (400 MHz, CDCl3) 0.99-1.33 (21H, m, -

CH(CH3)2), 1.48 (3H, s, NHAc), 1.80 (3H, s, CH3) 3.30 (1H, m, H-5b), 3.40 (1H, m, H-5c), 

3.61 (1H, m, H-5a), 3.71-3.78 (3H, m, H-6a, H-6c & H-6’c), 3.85-3.91 (7H, m, H-6’a, H-6b, 

H-6’b, H-3b, H-4b, H-3c & H-4c), 4.01 (1H, m, H-2b), 4.05 (2H, m, H-3a & H-4a), 4.17 (1H, 

m, H-2a), 4.36-4.66 (14H, m, H-1b, H-2c & 12 x -CH2Ph), 4.72-4.98 (5H, m, H-1a & 4 x -

CH2Ph ), 5.29 (1H, d, J1,2 2 Hz, H-1c), 6.32 (1H, d, J 8.4 Hz, NHAc), 7.26-7.35 (40H, m, 40 x 

Ar-H);  δC (100 MHz, CDCl3) 11.9 (d, CH(CH3)2) 18.0 (q, CH(CH3)2), 22.8 (q, NHCOCH3), 

25.9 (q, CH3), 50.2 (d, C-2a), 63.0 (t, C-6b), 68.9 (t, C-6c), 70.1 (t, C-6a), 70.2 (t, CH2Ph), 71.8 

(t, CH2Ph), 72.0 (t, CH2Ph), 73.1 (t, CH2Ph), 73.3 (t, CH2Ph), 73.4 (t, CH2Ph), 74.1 (d, C-4c), 

74.1 (d, C-5c), 75.1 (d, C-4a), 75.1 (d, CH2Ph), 75.2 (t, CH2Ph & C-4b), 75.6 (d, C-3b),  75.9 

(d, C-3a), 76.2 (d, C-2c), 76.3 (d, C-3c), 76.4 (d, C-5b), 78.6 (d, C-5a), 79.3 (d, C-2b), 97.5 (d, 

C-1c), 99.4 (d, C-1a), 100.9 (d, C-1b), 124.3 (s, C(OMe)CH3), 127.2, 127.4, 127.4, 127.5, 
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127.5, 127.6, 127.6, 127.6, 127.7, 127.7, 127.7, 127.8, 127.8, 127.8, 127.9, 127.9, 128.0, 128.1, 

128.1, 128.1,128.1, 128.2, 128.2, 128.2, 128.2, 128.3,128.3, 128.3, 128.3, 128.3, 128.4, 128.4, 

128. (33 x d, 40 x Ar-(C)-H), 137.6, 137.8, 138.1, 138.1, 138.3, 138.6, 138.8 (7 x s, 8 x Cipso), 

169.8 (s, C(O)CH3); HRMS (ESI) Calcd. For C87H107NO17Si (MH+) 1464.7225 Found 

1464.7297. 

2-O-Acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (2.47) & benzyl (2,4-di-O-benzyl-β-D-

mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside 

(2.37) 

 

Benzyl 3,4,6-tri-O-benzyl-β-D-mannopyranosyl-(1→3)-(2,4-di-O-benzyl-6-O-tri-iso-

propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-

glucopyranoside-3-yl orthoacetate (2.58) (0.05 g, 0.03 mmol) was dissolved in dry DCM (2 

mL) and transferred into a flame dried round bottom flask under N2. The mixture was stirred 

and cooled to 0 oC. BF3.OEt2 (8.3 µL, 0.07 mmol) was then added and the mixture was stirred 

at 0 oC for 1 h. After this time, t.l.c. (petrol: ethyl acetate, 2: 1) indicated the formation of major 

products (Rf 0.1 & 0.3) and complete consumption of benzyl 3,4,6-tri-O-benzyl-β-D-

mannopyranosyl-(1→3) (2,4-di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl) -

(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside-3-yl orthoacetate (2.58) 

(Rf 0.4). The reaction mixture was diluted with DCM (10 mL) and washed with saturated 

aqueous sodium bicarbonate (2 x 10 mL), dried (MgSO4), filtered, and the solvent removed in 

vacuo. The residue was purified by flash column chromatography (petrol: ethyl acetate, 5: 2) 

to afford 2-O-acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (2.47) (13 mg, 87%) and benzyl 
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(2,4-di-O-benzyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-

glucopyranoside (2.37) (20 mg, 80%) as colourless oil; 

 

Benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-(1→3)-(2,4-di-O-benzyl-6-O-

tri-iso-propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-

D-glucopyranoside (2.59) 

 

Benzyl 2,4-di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl-(1→4)-3,6-di-O-benzyl-

2-acetamido-2-deoxy-β-D-glucopyranoside (2.48) (400 mg, 0.40 mmol) and 2-O-acetyl-3,4,6-

tri-O-benzyl-α-D-mannopyranosyl trichloroacetimidate (2.11)  (385 mg, 0.61 mmol) were 

dissolved in dry DCM (10 mL), and the mixture transferred to a flame-dried round-bottomed 

flask containing activated 4 Å molecular sieves (0.1 g). The solution was then cooled to -40 

C, and stirred under an atmosphere of N2. TMSOTf (18 l, 0.1 mmol) was added, and after 

20 min, the mixture was allowed to warm to rt. After 16 h, t.l.c. (petrol: ethyl acetate, 2: 1) 

indicated the formation of a major product (Rf 0.4) and complete consumption of benzyl (2,4-

di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl) -(1→4)-3,6-di-O-benzyl-2-

acetamido-2-deoxy-β-D-glucopyranoside (2.48) (Rf 0.2). Triethylamine (80 l) was then 

added, and the solution stirred for a further 10 min. The reaction mixture was then filtered 

through Celite,® and concentrated in vacuo. The residue was then purified by flash column 

chromatography (petrol: ethyl acetate, 5: 2) to afford benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--
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D-mannopyranosyl-(1→3)-2,4-di-O-benzyl-6-O-tri-iso-propylsilyl-β-D-mannopyranosyl-

(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.59) (366 mg, 64%) as 

white foam, [α]D
20 – 24 (c, 1.5 in CHCl3); vmax (neat) 2820 (br, NH) cm-1, 1740 (s, C=O), 1656 

(s, C=O, NHAc) cm-1; δH (400 MHz, CDCl3) 0.89-1.01 (21H, m, -CH(CH3)2), 1.57 (3H, s, 

NHAc), 2.08 (3H, s, C(O)CH3), 3.19 (1H, m, H-5a), 3.61-3.68 (2H, m, H-6b & H-6’b), 3.73-

3.75 (2H, m, H-4b & H-6c), 3.82-3.86 (7H, m, H-6a, H-6’a, H-6c, H-2b, H-3b, H-5b & H-3a), 

3.91 (1H, dd, J2c,3c 3.1 Hz, J3c,4c 8.6 Hz, H-3c), 3.96-4.01 (3H, m, H-4c, H-5c & H-4a), 4.07 

(1H, m, H-2a), 4.36-4.46 (5H, m, 5 x -CH2Ph), 4.55-4.63 (5H, m, H-1b & 4 x -CH2Ph), 4.68-

4.72 (2H, m, 2 x -CH2Ph), 4.75-4.89 (6H, m, H-1a & 5 x -CH2Ph ), 5.22 (1H, s, H-1c), 5.49 

(1H, br.s, H-2c), 6.23 (1H, d, J 8.4 Hz, NHAc), 7.12-7.40 (40H, m, 40 x Ar-H);  δC (100 MHz, 

CDCl3) 11.9 (d, CH(CH3)2) 18.0 (q, CH(CH3)2), 20.9 (q, C(O)CH3), 22.9 (q, NHCOCH3), 50.7 

(d, C-2a), 62.0 (t, C-6a), 68.6 (d, C-2c), 68.9 (t, C-6b), 69.9 (t, C-6c), 70.2 (t, CH2Ph), 71.8 (2 

x t, 2 x CH2Ph), 72.0 (d, C-3b), 72.3 (t, CH2Ph), 73.4 (2 x t, 2 x CH2Ph), 73.4 (d, C-5b), 74.1 

(d, C-4c), 74.6 (d, C-5c), 74.8 (t, CH2Ph), 74.9 (d, C-3a), 75.3 (t, CH2Ph), 76.2 (d, C-4a), 77.0 

(d, C-5a), 77.9 (d, C-3c),  78.4 (d, C-2b), 80.0 (d, C-4b), 99.2 (d, C-1a), 99.4 (d, C-1c), 101.1 

(d, C-1b), 127.2, 127.4, 127.4, 127.4, 127.5, 127.5, 127.6, 127.6, 127.7, 127.7, 127.8, 128.1, 

128.2, 128.2, 128.2, 128.3, 128.3, 128.3, 128.4, 128.4, (20 x d, 40 x Ar-(C)-H), 137.7, 138.0, 

138.1, 138.4, 138.4, 138.7, (6 x s, 8 x Cipso), 169.8 (s, NHC(O)CH3), 170.0 (s, C(O)CH3); 

HRMS (ESI) Calcd. For C87H106NO17Si (MH+) 1464.7225. Found 1464.7287. 
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Benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-(1→3)-(2,4-di-O-benzyl-6-O-

tri-iso-propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-

D-glucopyranoside (2.59) 

 

Benzyl 3,4,6-tri-O-benzyl-β-D-mannopyranosyl-(1→3)-(2,4-di-O-benzyl-6-O-tri-iso 

propylsilyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-

glucopyranoside-3-yl orthoacetate (2.58) (300 mg, 0.20 mmol) was dissolved in dry DCM (5 

mL) and transferred into a flame dried round bottom flask under N2. The mixture was stirred 

and cooled to 0 °C. TMSOTf (3.6 µL, 20 µmol) was then added, and the mixture was allowed 

to stir at rt for 16 h. After this time, t.l.c. (petrol: ethyl acetate, 2: 1) indicated the formation of 

a major product (Rf 0.4 ) and complete consumption of starting material (Rf 0.4). Triethylamine 

was added (32 µL) and the solvent was removed in vacuo. The residue was purified by flash 

column chromatography (petrol : ethyl acetate, 5: 2) to afford benzyl 2-O-acetyl-3,4,6-tri-O-

benzyl--D-mannopyranosyl-(1→3)-2,4-di-O-benzyl-β-D-mannopyranosyl-(1→4)-3,6-di-O-

benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.59) (210 mg, 80%) as a white foam. 
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Benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-(1→3)-2,4-di-O-benzyl-β-D-

mannopyranosyl-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside 

(2.60) 

Benzyl 2-O-acetyl-3,4,6-tri-O-benzyl-β-D-mannopyranosyl-(1→3)-2,4-di-O-benzyl-6-O-tri-

iso-propylsilyl-β-D-mannopyranosyl-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-

glucopyranoside (2.59) (300 mg, 0.20 mmol) was dissolved in dry DCM (5 mL) and the 

mixture was cooled to 0 °C under N2.  BF3.OEt2 (0.25 mL, 2.05 mmol) was then added, and 

the mixture was stirred at 0 °C for 2h. After this time, t.l.c. (petrol: ethyl acetate, 1: 1) indicated 

the formation of a major product (Rf 0.1 ) and complete consumption of starting material (2.59) 

(Rf 0.8). The reaction mixture was diluted with DCM (20 mL) and washed with saturated 

aqueous sodium bicarbonate (2 x 10 mL), dried (MgSO4), filtered, and the solvent removed in 

vacuo. The residue was purified by flash column chromatography (ethyl acetate: petrol, 4: 1) 

to afford benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-(1→3)-2,4-di-O-benzyl-

β-D-mannopyranosyl-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside 

(2.60) (210 mg, 80%) as a white foam; [α]D
20 -11 (c, 0.75 in CHCl3); vmax (neat) 3281 (br, OH), 

2867 (br, NH) cm-1, 1657 (s, C=O, NHAc), 1742 (s, C=O) cm-1; δH (400 MHz, CDCl3) 1.73 

(3H, s, NHAc), 2.09 (3H, s, C(O)CH3), 3.05 (1H, m, H-5b), 3.45 (1H, m, H-6b), 3.54-3.62 (7H, 

m, H-2a, H-6a, H-6’a, H-6’b, H-5a, H-3b & H-6c), 3.70-3.72 (1H, m, H-6’c), 3.78-3.86 (5H, 

m, H-5c, H-4c, H-4b, H-2b & H-4a), 3.90-3.93 (1H, dd, J2c,3c 3.1 Hz, J3c,4c 9.0 Hz, H-3c), 4.10 

(1H, at, H-3a), 4.39-4.49 (5H, m, 5 x CH2Ph), 4.53-4.64 (6H, m, H-1b & 5 x CH2Ph), 4.71-

4.75 (2H, m, 2 x CH2Ph), 4.82-4.92 (5H, m, H-1a & 4 x CH2Ph), 5.17 (1H, s, H-1c), 5.47 (1H, 

br.s, H-2c), 5.65 (1H, d, J 8.4 Hz, NHAc), 7.12-7.34 (40H, m, 40 x Ar-H); δC (100 MHz, 
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CDCl3) 20.9 (q, C(O)CH3), 22.3 (q, NHCOCH3), 55.2 (d, C-2a), 61.7 (t, C-6a), 68.6 (d, C-2c), 

68.9, 69.1 (2 x t, C-6b/6c), 70.6 (t, CH2Ph), 71.8 (t, CH2Ph), 72.3 (d, H-5c), 73.4 (2 x t, 2 x 

CH2Ph), 73.4 (t, CH2Ph), 73.6, 74.2 (2 x d, C-4c/4b), 74.8 (2 x t, 2 x CH2Ph), 74.8 (t, CH2Ph), 

74.9 (d, H-5a), 75.1 (d, C-5b), 75.6 (d, C-3a), 77.2 (d, C-4a), 77.9 (d, C-3c), 78.3 (d, C-2b), 

80.1 (d, C-3b), 98.9 (d, C-1a), 99.5 (d, C-1c), 100.8 (d, C-1b), 127.4, 127.5, 127.5, 127.6, 127.6, 

127.6, 127.6, 127.7, 127.7, 127.8, 127.8, 128.0, 128.2, 128.3, 128.3, 128.3, 128. (17 x d, 40 x 

Ar-(C)-H), 137.5, 137.7, 137.7, 137.8, 138.0, 138.3, 138.4, 138.6, (8 x s, 8 x Cipso), 170.6 (s, 

NHC(O)CH3), 170.0 (s, C(O)CH3); HRMS (ESI) Calcd. For C78H86NO17 (MH+) 1308.5890. 

Found 1308.5955.  

Benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-(1→3)-[2-O-acetyl-3,4,6-tri-

O-benzyl--D-mannopyranosyl-(1→6)]-2,4-di-O-benzyl-β-D-mannopyranosyl-(1→4)-

3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.9) 

 

Benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-(1→3)-2,4-di-O-benzyl-β-D-

mannopyranosyl-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.60) 

(150 mg, 0.11 mmol) and 2-O-acetyl-3,4,6-tri-O-benzyl-α-D-mannopyranosyl 

trichloroacetimidate (2.11)  (110 mg, 0.17 mmol) were dissolved in dry DCM (6 mL), and the 

mixture transferred to a flame-dried round-bottomed flask containing activated 4 Å molecular 

sieves (0.6 g). The solution was then cooled to -40 C, and stirred under an atmosphere of N2. 

TMSOTf (5.4 l, 30 µmol) was added, and the temperature allowed to rise to 0 C after 2 h. 
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After 16 h, t.l.c. (petrol: ethyl acetate, 1: 1) indicated the formation of major product (Rf 0.4) 

and complete consumption of benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-

(1→3)-2,4-di-O-benzyl-β-D-mannopyranosyl-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-

β-D-glucopyranoside (2.60) (Rf 0.1). Triethylamine (40 l) was then added, and the solution 

stirred for a further 10 min. The reaction mixture was then filtered through Celite,® and 

concentrated in vacuo. The residue was then purified by flash column chromatography (petrol: 

ethyl acetate, 1: 1) to afford benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-

(1→3)-[2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-(1→6)]-2,4-di-O-benzyl-β-D-

mannopyranosyl-(1→4)-3,6-di-O-benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.9) 

(99 mg, 51%) as white foam; [α]D
20 + 51 (c, 0.25 in CHCl3);  vmax (neat) 2863 (br, NH) cm-1, 

1748 (s, C=O), 1656 (s, C=O, NHAc) cm-1; δH (400 MHz, CDCl3) 1.53 (3H, s, NHAc), 2.07, 

2.11 (6H, 2 x s, 2 x C(O)CH3), 3.23 (1H, br d, J6d,6′d 10.6 Hz, H-6d), 3.32 (1H, m, H-5b), 3.41 

(1H, dt, J2a,3a 9.2 Hz, J 7.8 Hz, H-2a), 3.57 (2H, m, H-6’d & H-5a), 3.63-3.76 (9H, m, H-6a, 

H-6b, H-6c, H-6’a, H-6’b, H-6’c, H-5a, H-3b & H-5d), 3.81-3.84 (3H, m, H-4b, H-5c & H-

4d), 3.89-3.92 (3H, m, H-3d, H-4c, & H-2b), 3.94 (1H, dd, J2c,3c 3.8 Hz, J3c,4c 8.8 Hz, H-3c), 

4.01 (1H, at, J 7.8 Hz, H-4a), 4.10 (1H, at, J 8.2 Hz, H-3a), 4.30-4.34 (2H, m, CH2Ph), 4.40-

4.49 (7H, m, CHPh), 4.52-4.57 (3H, m, CHPh), 4.60-4.66 (4H, m, H-1b & CHPh ), 4.75-4.81 

(3H, m, CHPh), 4.86-4.91 (4H, m, H-1d & CHPh), 4.95-4.99 (2H, H-1a & CHPh), 5.20 (1H, 

s, H-1c), 5.27 (1H, d, J 8.4 Hz, NHAc), 5.39 (1H, br.s, H-2d), 5.51 (1H, br.s, H-2c), 7.12-7.36 

(55H, m, 55 x Ar-H);  δC (100 MHz, CDCl3) 21.01, 21.07 (2 x q, 2 x OC(O)CH3), 23.25 (q, 

NHCOCH3), 55.88 (d, C-2a), 66.58 (t, C-6b), 68.56 (t, C-6d), 68.74 (t, C-6a), 68.83 (t, C-6c), 

69.03 (d, C-2c), 69.09 (d, C-2d), 70.83 (t, CH2Ph), 71.48 (d, C-5d), 71.73 (t, CH2Ph), 71.90 (2 

x t, 2 x CH2Ph), 72.36 (d, C-5c), 73.27 (d, C-2b), 73.47 (t, CH2Ph), 73.49 (2 x t, 2 x CH2Ph), 

73.75 (t, CH2Ph), 74.20 (d, C-4b), 74.52 (d, C-4d), 74.64 (d, C-5b), 74.89 (d, C-5a), 75.30 (2 

x t, 2 x CH2Ph), 75.38 (t, CH2Ph), 77.28 (d, C-4a), 78.04 (d, C-3c), 78.15 (d, C-4c), 78.35 (d, 
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C-3d),  80.70 (d, C-3b), 97.75 (d, C-1d), 99.26 (d, C-1a), 99.67 (d, C-1c), 100.55 (d, C-1b), 

127.22, 127.40, 127.44, 127.50, 127.56, 127.60, 127.64, 127.67, 127.71, 127.75, 127.78, 

127.90, 128.04, 128.08, 128.22, 128.26, 128.28, 128.30, 128.37, 128.43, 128.54 (21 x d, 55 x 

Ar-(C)-H), 137.72, 137.80, 137.92, 138.01, 138.05, 138.10, 138.43, 138.49, 138.51, 138.78, 

139.26 (11 x s, 11 x Cipso), 170.06, 170.09 (2 x s, 2 x C(O)CH3), 170.31 (s, NHC(O)CH3); 

HRMS (ESI) Calcd. For C107H116NO23 (MH+) 1782.7933. Found 1782.7969. 

The stereochemistry of the anomeric linkages was confirmed by obtaining the H1-C13  

coupling constants from C-coupled HSQC experiments. These were as follows: JC(1a)-  

H(1a) 164 Hz; J(C1b)-H(1b) 157 Hz; JC(1c)-H(1c) 175 Hz; JC(1d)-H(1d) 174 Hz. 

α-D-Mannopyranosyl-(1→3)-[α-D-mannopyranosyl-(1→6)]-β-D-mannopyranosyl-(1→4)-

2-acetamido-2-deoxy-D-glucopyranose (2.8) 

 

Benzyl 2-O-acetyl-3,4,6-tri-O-benzyl--D-mannopyranosyl-(1→3)-[2-O-acetyl-3,4,6-tri-O-

benzyl--D-mannopyranosyl-(1→6)]-2,4-di-O-benzyl-β-D-mannopyranosyl-(1→4)-3,6-di-O-

benzyl-2-acetamido-2-deoxy-β-D-glucopyranoside (2.9) (40 mg, 0.02 mmol) was dissolved in 

THF (5 mL). NH3 (g) was passed into the reaction mixture at -78 °C and the minimum amount 

of sodium for the mixture to turn deep blue colour was then added to stirred mixture. After 1h 

min, MeOH (4 mL) was added, the mixture was stirred for one further hour, warmed to rt, and 

the solvent was concentrated in vacuo. The residue was purified using a Sephadex G 10 column 
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(eluting with 0.01% aqueous NH3) to afford α-D-mannopyranosyl-(1→3)-[α-D-

mannopyranosyl-(1→6)]-β-D-mannopyranosyl-(1→4)-2-acetamido-2-deoxy-D-

glucopyranose (2.8) (14 mg, 92%) as a white solid, identical to the material previously 

described;23 δH (400 MHz, D2O) 1.94 (3H, s, NHAc), 3.50-3.96 (22H, m, H-2a, H-2b, H-2c, 

H-2d, H-3b, H-3c, H-3d, H-4b, H-4c, H-4d, H-5a, H-5b, H-5c, H-5d, H-6a, H-6’a, H-6b, H-

6’b, H-6’c, H-6c, H-6d & H-6’d), 4.12 (2H, m, H-3a & H-4a), 4.78 (1H, s, H-1a), 4.80 (1H, s, 

H-1b), 4.97 (1H, s, H-1d), 5.0 (1H, m, H-1c).  

2-Methyl-[-D-mannopyranosyl-(1→3)-[-D-mannopyranosyl-(1→6)]--D-

glucopyranosyl-(1→4)--D-glucopyrano]-[2,1-d]-oxazoline (B) 

α-D-Mannopyranosyl-(1→3)-[α-D-mannopyranosyl-(1→6)]-β-D-mannopyranosyl-(1→4)-2-

acetamido-2-deoxy-D-glucopyranose (2.8) (5 mg, 7 µmol) was dissolved in D2O (300 µL)  and 

the mixture was stirred at 0 °C. Triethylamine (90 µL, 0.6 mmol) and dimethylimidazolinium 

chloride (36 mg, 0.2 mmol) were then added. After 1 h, the reaction mixture was purified by 

size exclusion chromatography (Sephadex G 10 column, gel volume-2 cm x 60 cm, flow rate 

0.75 mL/min) using 0.01% aqueous NH3 as mobile phase, and the product was lyophilized to 

afford homogeneous 2-methyl-[-D-mannopyranosyl-(1→3)-[-D-mannopyranosyl-(1→6)]-

-D-glucopyranosyl-(1→4)--D-glucopyrano]-[2,1-d]-oxazoline (B) (4 mg, 83%) as a white 

powder, identical to the material previously described;24 H (500 MHz, D2O) 1.93 (3H, s, CH3), 

3.28 (1H, m, H-5a), 3.50 (1H, m, H-5b), 3.53-3.72 (11H, m, H-3b, H-4a, H-4b, H-4c, H-4d, 

H-5c, H-5d, H-6a, H-6c, H-6d, H-6′a), 3.74-3.83 (5H, m, H-6b, H-3d, H-3c, H-6’c & H-6’d), 
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3.88 (1H, dd, H-6′b), 3.93 (2H, m, H-2c & H-2d), 4.10-4.12 (2H, m, H-2a & H-2b), 4.25 (1H, 

dd, J 1.6 Hz, J 3.0 Hz, H-3a), 4.65 (1H, s, H-1b), 4.82 (1H, s, H-1d), 4.96 (1H, s, H-1c), 5.96 

(1H, d, J1a,2a 7.4 Hz, H-1a).  

Ethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (2. 61) 

 

1,2,3,4,6-Penta-O-acetyl-β-D-glucopyranose (50.0 g, 128 mmol) was dissolved in DCM 

(250 mL). Ethanethiol (14.2 mL, 192 mmol) was added, followed by the dropwise addition of 

BF3.OEt2 (15.8 mL, 128 mmol) and the mixture was stirred at rt under nitrogen. After 4 h, t.l.c. 

(petrol: ethyl acetate, 1: 1) indicated the formation of a single product (Rf 0.6) and the complete 

consumption of the starting material (Rf 0.5). The reaction was quenched by the addition of 

triethylamine (20 mL), and the mixture was poured into water (400 mL). The aqueous phase 

was extracted with DCM (3 x 200 mL), and the combined organic extracts were washed with 

sodium hydroxide (2 x 200 mL of a 1 M aqueous solution), brine (100 mL), dried (MgSO4), 

filtered, and concentrated in vacuo. The residue was then recrystallized (petrol/ethyl acetate) 

to afford ethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (2.61) (36.5 g, 73%) as a 

white crystalline solid, m.p. 82-83 °C [lit. 81-82 °C]17a; [α]D 20 –24 (c, 1.0 in CHCl3) [Lit. [α]D 

23 –28 (c, 1.0 in CHCl3)]
17a; δH (400 MHz, CDCl3)

17a 1.25 (3H, t, J 7.4 Hz, CH2CH3), 1.99, 

2.01, 2.04, 2.06 (12H, 4 x s, 4 x OC(O)CH3), 2.69 (2H, m, CH2CH3), 3.69 (1H, ddd, J4,5 10.2 

Hz, J5,6 2.3 Hz, J5,6’ 5.1 Hz H-5), 4.12 (1H, dd, J6,6’ 12.5 Hz, H-6), 4.23 (1H, dd, J5,6’ 5.1 Hz, 

H-6’), 4.48 (1H, d, J1,2 9.8 Hz, H-1), 5.02 (1H, at, J 10.2 Hz, H-2), 5.07 (1H, at, J 9.8 Hz, H-4), 

5.21 (1H, at, J 9.4 Hz, H-3).  
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Ethyl 4,6-O-benzylidene-1-thio-β-D-glucopyranoside (2.62) 

 

Ethyl 2,3,4,6-tetra-O-acetyl-1-thio--D-glucopyranose (2.61) (22.1 g, 56.3 mmol) was 

dissolved in methanol (200 mL) and stirred at room temperature. Sodium (130 mg, 5.63 mmol) 

was then added and after 1 hr, t.l.c. (petrol: ethyl acetate, 1: 1) indicated the formation of a 

major product (Rf 0) and the complete consumption of starting material (Rf 0.6). The reaction 

mixture was neutralized by the addition of Amberlite® IR 120 (H+ form, 2 g), the mixture 

filtered, and the solvent removed in vacuo. The crude residue was dissolved in DMF (300 mL), 

and benzaldehyde dimethyl acetal (25.4 mL, 169 mmol) and DL-camphor-10-sulfonic acid 

(3.90 g, 16.9 mmol) were added. The resulting mixture was rotated on a rotary evaporator at 

60 °C under a pressure of 240 mbar. After 3h, t.l.c. (petrol: ethyl acetate, 1: 1) indicated the 

formation of a major product (Rf 0.4) and complete consumption of starting material (Rf 0). 

The reaction was quenched by the addition of triethylamine (20 mL) and the solvent removed 

in vacuo.  The residue was dissolved in ethyl acetate (100 mL), washed with water (2 x 100 

mL) and brine (2 x 100 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude 

product was recrystallised (petrol/ethyl acetate) to afford ethyl 4,6-O-benzylidene-1-thio-β-D-

glucopyranoside (2.62) (13.3 g, 76% over two steps) as a white crystalline solid, m.p. 130-133 

°C [lit. 129-130];25 [α]D 20 –66 (c, 1.0 in CHCl3) [lit. [α]D 25 – 61 (c, 1.05 in CHCl3)],
17a δH (400 

MHz, CDCl3)
25 1.32 (3H, t, J 7.4 Hz, CH2CH3), 2.68-2.79 (2H, m, CH2CH3), 3.47-3.53 (2H, 

m, H-2 & H-5), 3.57 (1H, at, J 9.4 Hz, H-3), 3.76 (1H, at, J 10.2 Hz, H-6), 3.84 (1H, at, J 8.8 

Hz, H-4), 4.34 (1H, dd, J5,6’ 4.9 Hz, J6,6’ 10.4 Hz, H-6’), 4.46 (1H, d, J1,2 9.8 Hz, H-1), 5.53 

(1H, s, PhCH(O)), 7.37-7.51 (5H, m, 5 x Ar-H). 
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Ethyl 3-O-allyl-4,6-O-benzylidene-1-thio-β-D-glucopyranoside (2.63) 

Ethyl 4,6-O-benzylidene-1-thio-β-D-glucopyranoside (2.62) (0.50 g, 1.60 mmol) was dissolved 

in methanol (10 mL) and dibutyltin oxide (0.48 g, 1.92 mmol) was added. The mixture was 

stirred at room temperature for 3 h, and the resulting solution was then concentrated in vacuo. 

The crude product was dissolved in DMF (10 mL), and allyl bromide (0.25 mL, 2.88 mmol) 

and cesium fluoride (0.32 g, 2.08 mmol) were then added. The reaction mixture was stirred at 

room temperature for 3 days under an atmosphere of nitrogen. After this time, t.l.c, (petrol: 

ethyl acetate, 1: 1) indicated the formation of a major product (Rf 0.8) and a small amount of 

remaining starting material (Rf 0.3). The solvent was then removed in vacuo. The residue was 

dissolved in DCM (20 mL) and washed with 1N aqueous HCl (50 mL), distilled water (20 mL) 

and brine (50 mL), dried (MgSO4), filtered, and concentrated in vacuo. The crude product was 

recrystallised (petrol/ethyl acetate) to afford ethyl 3-O-allyl-4,6-O-benzylidene-1-thio-β-D-

glucopyranoside (2.63) (0.35 g, 65% over two steps) as an amorphous white solid, m.p. 133-

137 °C [lit. 137-141 °C]2 [α]D 20 –54.5 (c, 1.0 in CHCl3) [lit. [α]D 19 –53 (c, 1.1 in CHCl3)];
2 δH 

(400 MHz, CDCl3)
26 1.32 (3H, t, J 7.4 Hz, CH2CH3), 2.58 (1H, s, OH), 2.75 (2H, m, CH2CH3), 

3.48-3.66 (4H, m, H-2, H-3, H-4 & H-5), 3.76 (1H, at, J 10.2 Hz, H-6), 4.29 (1H, m, 

OCHH’CH=CH2), 4.34 (1H, dd, J5,6’ 5.1 Hz, J6,6’ 10.6 Hz, H-6’), 4.42 (1H, m, Jvic 5.5 Hz, Jgem 

1.2 Hz, OCHH’CH=CH2), 4.47 (1H, d, J1,2 9.8 Hz, H-1), 5.19 (1H, dd, Jvic 10.2 Hz, 

CH=CHHZ), 5.31 (1H, dd, Jvic 17.2 Hz, Jgem 1.6 Hz, CH=CHHE), 5.55 (1H, s, PhCH(O)), 5.96 

(1H, m, OCH2CH=CH2), 7.36-7.49 (5H, m, 5 x Ar-H).  
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Ethyl 3-O-allyl-4,6-O-benzylidene-2-O-levulinoyl-1-thio-β-D-glucopyranoside (2.16) 

 

Ethyl 3-O-allyl-4,6-O-benzylidene-1-thio-β-D-glucopyranoside 2.63 (0.50 g, 1.412 mmol) was 

dissolved in DCM (15 mL). Levulinic acid (0.29 mL, 2.84 mmol), dicyclohexylcarbodiimide 

(0.59 g, 2.84 mmol) and DMAP (0.02 g, 1.7 mmol) were added, and the mixture was stirred at 

rt under an atmosphere of nitrogen. After 24 h, t.l.c. (petrol: ethyl acetate, 2:1) indicated 

formation of a single product (Rf 0.60) and complete consumption of starting material (Rf 0.55). 

The reaction mixture was filtered and the and the filtrate was diluted with DCM (100 mL), 

washed with water (2 x 100 mL), sodium hydrogen carbonate (2 x 100 mL of a saturated 

aqueous solution), and brine (100mL), dried (MgSO4), filtered, and concentrated in vacuo. The 

product was then recrystallised (petrol/ethyl acetate) to afford ethyl 3-O-allyl-4,6-O-

benzylidene-2-O-levulinoyl-1-thio-β-D-glucopyranoside (2.16) (0.31 g, 51%) as an amorphous 

white solid, m.p. 97-98.5 °C [lit. 98-100 °C]27; m.p. [α]D 20 – 52.2 (c, 1.0 in CHCl3); [lit. [α]D 

18 – 51.3 (c, 0.5 in CHCl3) ]
27; δH (400 MHz, CDCl3)

27 1.26 (3H, t, J 7.4Hz, CH2CH3), 2.20 

(3H, s, CH3), 2.62-2.86 (6H, m, 3 x CH2), 3.47-3.51 (1H, m, H-5), 3.65-3.69 (2H, m, H-3, H-

4), 3.77 (1H, at, J 10.4 Hz, H-6), 4.15 (1H, dd, Jvic 6.1 Hz, Jgem 13.1 Hz, OCHH’CH=CH2), 

4.32-4.38 (2H, m, H-6’ OCHH’CH=CH2), 4.49 (1H, d, J1,2 10.2 Hz, H-1), 4.99-5.04 (1H, m, 

H-2), 5.16 (1H, d, Jvic 10.4 Hz, CH=CHHZ), 5.24 (1H, dd, Jgem 1.2 Hz, Jvic 17.2 Hz, 

CH=CHHE), 5.55 (1H, s, PhCH(O)), 5.85-5.91 (1H, m, CH=CH2), 7.36-7.40 (3H, m, 3 x Ar-

H), 7.46-7.49 (2H, m, 2 x Ar-H). 
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1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranose (2.64) 

 

D-Glucosamine hydrochloride (50.0 g, 232 mmol) was suspended in methanol (1 L). Sodium 

metal (5.33 g, 232 mmol) was added, and the reaction mixture stirred at room temperature for 

1 h. Phthalic anhydride (34.4 g, 232 mmol) and triethylamine (64.6 mL, 464 mmol) were then 

added and the mixture stirred at room temperature for a further 3 days. The solvent was then 

removed in vacuo, and the crude product was dissolved in pyridine (700 mL). The resulting 

solution was cooled to 0 °C, acetic anhydride (650 mL) was added slowly of, and the resultant 

solution was stirred at room temperature for 20 h. After this time, t.l.c (petrol: ethyl acetate, 

1:1) indicated the complete consumption of starting material (Rf 0.0) and the formation of a 

major product (Rf 0.3). The reaction mixture was then poured onto ice/water (1 L), and the 

aqueous layer was extracted with DCM (4 x 500 mL). The combined organic extracts were 

washed with HCl (4 x 500 mL of a 1 M aqueous solution), saturated aqueous sodium 

bicarbonate (2 x 500 mL), dried (MgSO4), filtered and the solvent was removed in vacuo. The 

residue was then purified by flash column chromatography (petrol: ethyl acetate, 1: 2) and 

recrystallized (petrol/diethyl ether) to afford 1,3,4,6-tetra-O-acetyl-2-deoxy-2-phthalimido-β-

D-glucopyranoside (2.64) (40.0 g, 36.% over three steps) as a white crystalline solid, m.p. 80-

85 °C [lit. 78-81];2 [α]D 20 +52 (c, 1.0 in CHCl3) [lit. [α]D 22 +64 (c, 1.0 in CHCl3)];
2 δH (400 

MHz, CDCl3)
28  1.84, 1.97, 2.01, 2.08 (12H, 4 x s, 4 x OC(O)CH3), 4.00 (1H, m H-5), 4.11 (1H, 

m, H-6), 4.34 (1H, dd, J5,6 4.3 Hz, J6,6’12.5 Hz, H-6’), 4.44 (1H, at, J 11 Hz, H-2), 5.18 (1H, 

at, J 9.6 Hz, H-4), 5.86 (1H, at, J 10 Hz, H-3), 6.48 (1H, d, J1,2 9 Hz, H-1), 7.72-7.85 (4H, m, 

4 x Ar-H). 
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Benzyl 3,4,6-tri-O-acetyl-2-deoxy 2-phthalamido-β-D-glucopyranoside (2.65) 

 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranose (2.64) (19.4 g, 40.6 mmol) 

was dissolved in CH2Cl2 (200 mL), BnOH (8.50 mL, 81.3 mmol) was added and the mixture 

was stirred at rt under nitrogen. BF3OEt2 (15.1 mL, 122 mmol) was then added dropwise and 

the reaction mixture was stirred for 24 h. After this time, t.l.c. (petrol: ethyl acetate, 1: 2) 

indicated complete consumption of starting material (Rf 0.7) and the formation of a major 

product (Rf 0.6). The mixture was diluted with CH2Cl2 (100 mL) and organic layer was washed 

with saturated aqueous sodium bicarbonate (3 × 200 mL), dried (MgSO4), filtered, and 

concentrated in vacuo. Purification by flash column chromatography (Petrol: ethyl acetate, 7: 

3) afforded benzyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalamido-β-D-glucopyranoside (2.65) 

(16.1 g, 83%) as a white solid. m.p. 100-105 °C [lit. 106 °C]3 [α]D 20 -6.7 (c, 1.0 in CHCl3) [lit. 

[α]D
21 -11.2 (c, 1.0 in CHCl3)];

3 δH (400 MHz, CDCl3)
3 1.84 (3H, s, COCH3), 2.01 (3H, s, 

COCH3), 2.12 (3H, s, COCH3), 3.85 (1H, d, J 10.2 Hz, H-5), 4.18 (1H, m, H-6), 4.31–4.38 

(2H, m, H-2 & H-6’), 4.52 (1H, d, J 12.1 Hz, CH2Ph), 4.83 (1H, d, J 12.1 Hz, CH2Ph), 5.17 

(1H, at, J 9.6 Hz, H-4), 5.36 (1H, d, J1,2 8.6 Hz, H-1), 5.76 (1H, at, J 10.2 Hz, H-3), 7.04–7.15 

(5H, m, 5 x Ar-H), 7.72-7.77 (4H, m, 4 x Ar-H). 
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Benzyl 4,6-O-benzylidene-2-deoxy-2-phthalamido-β-D-glucopyranoside (2.66) 

 

Benzyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalamido-β-D-glucopyranoside (2.65) (1.14 g, 2.17 

mmol) was dissolved in MeOH/CH2Cl2 solvent mixture (3:2, 20 mL), and resulting solution 

was cooled to −10 °C. A 0.3 M solution of NaOMe in MeOH (4.6 mL) was then added. The 

reaction mixture was stirred at room temperature for 2h after which time t.l.c (petrol: ethyl 

acetate, 1:2) indicated the complete consumption of the starting material (Rf 0.6) and the 

formation of a major product (Rf 0.0). The reaction mixture was neutralized with Amberlite ® 

IR 120 (H+ form, 1 g), the mixture filtered, the solvent removed in vacuo, and the residue co-

evaporated with toluene (3 x 50 mL). The residue was suspended in CH3CN (50 mL), and 

benzaldehyde dimethyl acetal (0.65 mL, 4.35 mmol) and camphorsulfonic acid (0.20 g, 8.69 

mmol) were added. The mixture was then stirred for 3h at room temperature, after which time 

t.l.c (petrol: ethylacetate, 1:1), indicated the complete consumption of starting material (Rf 0.0) 

and the formation of a major product (Rf 0.75). The reaction was quenched by the addition of 

Et3N (5 mL) and the solvent removed in vacuo. The residue was then purified by flash column 

chromatography (petrol: ethyl acetate, 3:1) to afford benzyl 4,6-O-benzylidene-2-deoxy-2-

phthalamido-β-D-glucopyranoside (2.66) (0.82 g, 78%) as a white solid. m.p. 180-183 °C [lit. 

186 °C]3; [α]D 20 -70 (c, 1.0 in CHCl3) [lit. [α]D
21 -81.1 (c, 1.0 in CHCl3) )]

3; δH (400 MHz, 

CDCl3)
3 3.62–3.66 (2H, m, H-4 & H-6), 3.83–3.88 (1H, m, H-6’), 4.29 (1H, dd, J1,2 8.4 Hz, J2,3 

10.4 Hz, H-2), 4.42 (1H, dd,  J4.3, 10.6 Hz, J4,5 4.3 Hz, H-5), 4.51 (1H, d,  J 12.1 Hz, CH2Ph), 

4.64 (1H, dd, J2,3 10.6 Hz, J3,4 8.2 Hz, H-3), 4.84 (1H, d, J 12.5 Hz, CH2Ph), 5.27 (1H, d,  J1,2 



 Chapter 5 

210 

 

8.2 Hz, H-1), 5.57 (1H, s, PhCH(O), 7.02-7.08 (5H, m, 5 x Ar-H), 7.36-7.50 (5H, m, 5 x Ar-

H), 7.70-7.78 (4H, m, 4 x Ar-H). 

Benzyl 3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-β-D-glucopyranoside 

(2.67)  

Benzyl 4,6-O-benzylidene-2-deoxy-2-phthalamido-β-D-glucopyranoside (2.66) (0.50 g, 1.02 

mmol) was dissolved in DMF (10 mL) and the mixture stirred at 0 °C under N2.  Benzyl 

bromide (0.3 mL, 2.1 mmol) was added, followed by the slow addition of sodium hydride (0.06 

g, 1.53 mmol). The mixture was allowed to warm to room temperature and stirred under 

nitrogen. After 16 hr, t.l.c. (petrol: ethyl acetate, 7: 3) indicated the formation of major product 

(Rf 0.7) and the complete consumption of the starting material (Rf 0.4). The reaction was 

quenched by the slow addition of methanol (10 mL). The reaction mixture was then 

concentrated in vacuo, and DCM (100 mL) was added. The solution was washed with water (2 

x 100 mL), brine (100 mL), dried (MgSO4), filtered, and concentrated in vacuo. The residue 

was then purified by flash column chromatography (petrol: ethyl acetate, 7: 3) to afford to 

afford benzyl 3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-β-D-glucopyranoside 

(2.67) (0.37 g, 65 %) as an oil,  [α]D
20 -90 (c, 1.0 in CHCl3) [lit. [α]D

21  - 95.6 (c, 1.55 in 

CHCl3)]
29; δH (400 MHz, CDCl3)

29 3.62-3.68 (1H, m, H-4), 3.80-3.92 (2H, m, H-6 & H-6’), 

4.26 (1H, dd, J1,2 8.4 Hz, J2,3 10.4 Hz, H-2), 4.39-4.45 (2H, m, H-5 & H-3), 4.48 (2H, d,  J 12.1 

Hz, 2 x -CH2Ph), 4.79 (2H, d,  J 12.1 Hz, 2 x -CH2Ph), 5.20 (1H, d, H-1), 5.63 (1H, s, -CHPh), 

6.84- 7.10 (10H, m, 10 x Ar-H),  7.36-7.51 (5H, m, 5 x Ar-H), 7.71-7.86 (4H, m, 4 x Ar-H). 
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Benzyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (2.17) 

To a dry round bottom flask containing activated 4 Å molecular sieves (200 mg), p benzyl 3-

O-benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-β-D-glucopyranoside (2.67) (200 mg, 

0.46 mmol), THF (10 mL) and sodium cyanoborohydride (352 mg, 5.60 mmol) were added. 

The reaction mixture was cooled down to 0 °C and hydrochloric acid (1 M in diethyl ether) 

added dropwise until gas ceased to evolve. The reaction mixture was stirred at 0 °C. After 2.5 

h, t.l.c. (petrol: ethyl acetate, 3:1) indicated formation of a major product (Rf 0.2) and complete 

consumption of starting material (Rf 0.35). Water (20 mL) and DCM (20 mL) were added, and 

the organic layer washed with sodium bicarbonate (2 x 50 mL) and brine (2 x 50 mL), dried 

(MgSO4), filtered and concentrated in vacuo. The residue was purified by flash column 

chromatography (petrol: ethyl acetate, 3: 1) to give p-methoxyphenyl 3,6-di-O-benzyl-2-

deoxy-2-phthalimido-β-D-glucopyranoside 2.17 ( 120mg, 62 %) as a clear oil. [α]D
22 +63 (c, 

1.0 in CDCl3); δH (400 MHz, CDCl3) 3.72-3.77 (1H, m, H-5), 3.80-3.88 (2H, m, H-6 & H-6′), 

3.91 (1H, dat, J 1.8 Hz, J 9.0 Hz, J 9.0 Hz, H-4), 4.31 (1H, dd, J2,3 10.8 Hz, J3,4 8.3 Hz, H-3), 

4.41 (1H, dd, J1,2 8.3 Hz, H-2), 4.57, 4.78 (3H, m, -CH2Ph), 4.59, 4.65 (2H, ABq, J 11.9 Hz, -

CH2Ph), 4.84 (1H, d, J 12.5 Hz, CH2Ph), 5.20 (1H, d, H-1), 6.84- 7.10 (10H, m, 10 x Ar-H),  

7.36-7.51 (5H, m, 5 x Ar-H), 7.71-7.86 (4H, m, 4 x Ar-H). 
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Extraction of a high-mannose type N-glycan (Man9GlcNAc2Asn) (2.69) from soybean 

flour 

 

Soybean flour (500 g) was treated with saline solution (4.5 L, 0.91% (m/v)), and the pH of 

solution was adjusted to 4.6 using glacial acetic acid, and the mixture was kept overnight in a 

fridge at 4 °C. The resulting mixture was then centrifuged at 9000 rpm, at 4 °C for 15 minutes. 

Supernatant solution was collected and subjected to further process. Saturated aqueous 

ammonium sulphate (40% v/v, 3.2 L) was added to the supernatant solution and the mixture 

was kept for 24 h in a fridge at 4 °C, and then centrifuged again (9000 rpm, at 4 °C for 15 

minutes). The supernatant solution was separated, and treated with further with saturated 

ammonium sulphate (55% v/v, 2.8 L). The resulting mixture was then centrifuged at 9000 rpm, 

at 4 oC for 15 minutes. The insoluble residue was dissolved in water (400 mL) dialyzed for 12 

h in 12,000–14,000 MWCO tubing, and then lyophilized to give ~10g of crude soybean 

agglutinin. A portion of crude soybean agglutinin (5 g) was treated with 0.1 M aqueous HCl 

(50 mL) and the mixture was heated for 15 minutes at 50 °C. The mixture was cooled and the 

pH was then adjusted with to 8.5 by the addition of 1 M aqueous NaOH. The mixture was 

treated with pronase (16 mg) in tris buffer (50 mM, 8 mL) and it was stirred at 50 °C for 24 h. 

Then, the mixture was treated with pronase (16 mg) in tris buffer (50 mM, 6 mL) and it was 
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stirred at 37 °C for 24 h.  The mixture was then centrifuged (9000 rpm, 15 min), the supernatant 

was collected and filtered through hydrophilic filter membranes (0.2 µm), and then lyophilized. 

The residue was then dissolved in water (80 mL) and by purified by size exclusion 

chromatography (Sephadex G-50, gel volume-5 cm x 90 cm, flow rate-2.0 mL/min) using 

acetic acid (0.1 M) as mobile phase. Collected fractions (5 mL) were tested with the 

phenol/sulfuric acid test for the presence of carbohydrate and their optical density at 490 nm. 

According to optical density, fractions were pooled, filtered (0.2 µm), and lyophilized. The 

crude product was  then purified by reverse-phase high performance liquid chromatography 

(ODS column, solvent -water, isocratic: 1 % acetonitrile containing 0.05% TFA, flow rate 1 

ml/min; retention time 5.25- 5.60 min) and lyophilized to afford homogeneous 

Man9GlcNAc2Asn (2.69) (6 mg) as a white powder; tR 5.2 min; δH (400 MHz, D2O) 1.84, 1.90 

(6H, 2 x s, GlcNAc1, GlcNAc2), 3.85 (1H, m, H-2ManB), 3.91 (3H, m, H-2ManD1, H-2ManD2, 

H-2ManD3), 3.94 (2H, m, H-2ManC, H-2ManA), 4.01 (1H, m, H-2Man4`), 4.07 (1H, m, H-

2Man3), 4.71 (1H, m, H-1Man4`), 4.89 (3H, m, H-1ManD1, H-1ManD2 and H-1ManD3), 4.98 

(1H, m, H-1ManB), 5.15 (1H, m, H-1ManC), 5.17 (1H, m, H-1Man4), 5.24 (1H, m, H-

1ManA); HRMS (ESI): calculated for C74H125N4O58 1997.6949. Found 1997.6915 (MH+), 

999.3533 (M+2H)2+. 

 

 

 

 

 

 



 Chapter 5 

214 

 

Man9GlcNAc (2.68) 

 

Man9GlcNAc2Asn (2.69) (6 mg) in ammonium acetate buffer (25 mM, pH 6.0) was incubated 

with WT Endo A (20 µL, 3 µg/µL) at 37 °C for 24 h. The reaction mixture was purified by size 

exclusion chromatography (Sephadex G 10 column using 0.01% aqueous NH3 as mobile phase 

and fractions were tested with the phenol/sulfuric acid test for the presence of carbohydrate. The 

sugar containing fractions were pooled and lyophilized to afford homogeneous Man9GlcNAc 

(2.68) (3 mg) as a white powder; HRMS (ESI) Calcd. For C62H106NO51 (MH+) 1680.5726 

Found 1680.5799.30 
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Man9GlcNAc oxazoline (C) 

 

Man9GlcNAc (1.68) (4.0 mg, 2.3µmol) was dissolved in D2O ( 300 µL) the mixture was stirred 

at 0 °C. Triethylamine (48 µL, 0.3 mmol) and dimethylimidazolinium chloride (19 mg, 0.1 

mmol) were then added. After 1h, the reaction mixture was purified on a purified by size 

exclusion chromatography (Sephadex G 10 column, gel volume-2 cm x 60 cm, flow rate 0.75 

mL/min) using 0.01% aqueous NH3 as mobile phase and the product was lyophilized to afford 

homogeneous Man9GlcNAc oxazoline (C) (3 mg, 79 %) as a white powder; HRMS (ESI) 

Calcd. For C62H104NO50 (MH+) 1662.5615. Found 1662.5714. 
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Extraction of sialylglycopeptide (SGP) (2.70) from egg yolks 

 

Three hundred egg yolks were collected, homogenised, and then freeze dried to obtain 2.1 kg 

of egg yolk yolk powder. The powder was washed with diethyl ether (2 x 6 L) and aqueous 

acetone (70%, v/v, 6 L). Aqueous acetone (40% v/v, 3 L x 2) was added with vigorous mixing, 

mixture was filtered through Celite® and concentrated in vaccuo. Then residue was freeze dried 

to give ~25 g of yolk extract powder.  

Method 1: 

A portion of the powder (3 g) was dissolved in water (1 mL), and purified by an active carbon 

/ Celite® column chromatography (3 g: 3 g) which was washed with water containing 0.1% 

TFA, 5% of acetonitrile containing 0.1% TFA, 10% acetonitrile containing 0.1 % TFA and 

25% of acetonitrile containing 0.1% acetonitrile.   The fractions are tested with 5% phenol (400 

µL) / H2SO4 (2 mL) and collected, lyophilized to afford 170 mg of the sialyglycopeptide (SGP, 

2.70) as a white powder; δH (400 MHz, D2O)31 0.84 (6H, d, γ CH3 of Val), 1.04 (3H, d, γ CH3 

of Thr), 1.25 (3H, d, β CH3 of Ala), 1.31 (2H, m, γ CH2 of Lys), 1.52-1.64 (3H, m, δ CH2 of 

Lys, H-3axNeuAc7, H-3axNeuAc7`), 1.75 (2H, m, β CH2of Lys), 2.54 (1H, m, H-3eqNeuAc7, 
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H-3eqNeuAc7`), 2.70 (2H, m, β CH2 of Asn), 2.87 (2H, t, ε CH2 of Lys), 4.33 (2H, d, H-1Gal-

6, H-1Gal6`), 4.47 (3H, m, H-1GlcNAc2, H-1GlcNAc5, H-1GlcNAc5`), 4.63 (1H, m, H-

1Man3), 4.82 (1H, m, H-1Man4`), 4.91 (1H, d, H-1GlcNAc1), 5.00 (1H, m, H-1Man-4);2 

HRMS (ESI): calcd. For C112H190N15O70 2865.1763. Found 2865.1561(MH+), 1433.5831 

(M+2H)2+. 

Method 2: 

A portion of powder (2g) was dissolved in water (10 mL) and purified by RP-HPLC on a 

Prodigy C18 column (4.6 x 250 mm) eluting with an isocratic water solution containing 0.1% 

TFA for 10 min, and then a linear gradient of 0–10% acetonitrile for an additional 20 min. The 

SGP containing peak was identified by HRMS. Then SGP containing fractions were combined 

and lyophilized to afford SGP (2.70) as a white powder (100 mg); tR 9.3 min, HRMS (ESI+) 

Calcd. For C112H190N15O70 (MH+) 2865.1763. Found 2865.1743 (MH+), 1433.5922 (M+2H)2+, 

956.0638 ((M+3H)3+.   

Sialo-complex-type glycan (2.71) 
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 The purified SGP (25 mg) was dissolved in sodium phosphate buffer (pH 6.5, 100 mM, 1.7 

mL), and then incubated with WT Endo M (16 mU) at 37 °C for 24 h. The reaction was 

monitored by RP-HPLC (Prodigy C18 column (4.6 x 250mm) at 40 °C, eluting with an isocratic 

water solution containing 0.1% TFA for 10 min, and then a linear gradient of 0–10% 

acetonitrile for an additional 20 min) and the crude material was purified using RP-HPLC using 

above method. SG containing factions were identified by HMRS which were combined and 

lyophilized to afford SG (2.71) as a white power (4 mg, 24 %); tR 7.9 min, HRMS (ESI+) Calcd. 

For C76H127N5O57 (MH) 2020.7109. Found 2020.7245 (MH+), 1010.8667 (M+2H)2+, 674.2451 

((M+3H)3+. 

SG-Oxazoline (D) 

 

SG (2.71) (4.0 mg, 1.5 µmol) was dissolved in D2O (300 µL) and the mixture was stirred at 0 

oC. Triethylamine (31 µL, 0.2 mmol) and dimethylimidazolinium chloride (13 mg, 75 µmol) 

were then added. After 1h, the reaction mixture was purified by size exclusion chromatography 

(Sephadex G 10 column, gel volume-2 cm x 60 cm, flow rate 0.75 mL/min) using 0.01% 

aqueous NH3 as mobile phase and lyophilized to afford homogeneous SG oxazoline (C) (1.7 
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mg, 60 %) as a white powder. HRMS (ESI) Calcd. For C76H124N5O56 (MH+) 2002.7003. Found 

2002.6998 (MH+), 1001.8538 (M+2H)2+. 

 

5.3 Experimental for chapter 3 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranosyl chloride (3.2) 

 

Acetyl chloride (45.0 mL, 632 mmol) was added slowly through an air condenser into a flask 

containing 2-acetamido-2-deoxy-D-glucose (25.0 g, 105 mmol). Then reaction mixture was 

stirred at room temperature under N2 for 16 h. After this time, t.l.c. (ethyl acetate: petrol, 2: 1) 

indicated the formation of a major product (Rf 0.4), a minor product (Rf 0.2) and the complete 

consumption of starting material (Rf 0). The reaction mixture was diluted with DCM (200 mL) 

and poured into ice /water (200 mL). The organic phase was washed with saturated aqueous 

sodium bicarbonate (2 x 200 mL), dried (MgSO4), filtered, and concentrated in vacuo. The 

residue was then purified by flash column chromatography (ethyl acetate: petrol, 3: 2) to afford 

2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranosyl chloride (3.2) (25 g, 66 %) as a 

white solid; m.p. 121-123 °C (ethyl acetate/petrol) [lit. 120-122 °C];32 [α]D
23 +121 (c, 1.0 in 

CHCl3) [lit. [α]D
26 +120.6 (c, 1.03 in CHCl3)];

33 δH (400 MHz, CDCl3)
32 1.93, 1.96, 2.03 (12H, 

3 x s, 4 x COCH3), 4.05-4.08 (1H, m, H-6), 4.19-4.24 (2H, m, H-5, H-6′), 4.49 (1H, ddd, J1,2 

3.9 Hz, J2,3 10.1 Hz, J2,NH 8.9 Hz, H-2), 5.14 (1H, at, J 9.7 Hz, H-4), 5.28 (1H, at, J 10.1 Hz, 

H-3), 6.13 (1H, d, H-1). 
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2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl azide (3.3) 

 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranosyl chloride (3.2) (25.0 g, 

70.0 mmol) was dissolved in DCM (100 mL). A solution of sodium azide (13.6 g, 210 mmol) 

in sodium bicarbonate (20 mL of a saturated aqueous solution) and tetra-butylammonium 

hydrogen sulfate (24.0 g, 70.0 mmol) were added to the reaction mixture, which was stirred 

vigorously under an atmosphere of N2 at room temperature. After 75 min, t.l.c. (ethyl acetate: 

petrol, 2: 1) indicated formation of a single product (Rf 0.3) and complete consumption of 

starting material (Rf 0.4). The organic phase was washed with water (2 x 100 mL), dried 

(MgSO4), filtered, and concentrated in vacuo. The residue was purified by flash column 

chromatography (ethyl acetate: petrol, 2: 1) to give 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-

D-glucopyranosyl azide (3.3)  (23.3 g, 90%) as a white crystalline solid, m.p. 161-163 °C (ethyl 

acetate/petrol) [lit. 159-161 °C];34 [α]D
23 –41 (c, 1.0 in CHCl3) [lit. [α]D

25 –40.0 (c, 1.0 in 

CHCl3)];
35 δH (400 MHz, CDCl3)

36 1.97, 2.02, 2.03, 2.09 (12H, 4 x s, 4 x COCH3), 3.76-3.80 

(1H, m, H-5), 3.91 (1H, ddd, J1,2 9.2 Hz, J2,3 10.6 Hz, J2,NH 9.1 Hz, H-2), 4.16 (1H, dd, J5,6 

2.2 Hz, J6,6′ 7.5 Hz, H-6), 4.26 (1H, dd, J5,6′ 4.9 Hz, H-6′), 4.75 (1H, d, H-1), 5.09 (1H, at, J 

9.7 Hz, H-4), 5.24 (1H, dd, J3,4 9.4 Hz, H-3), 5.70 (1H, d, NH). 
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N4-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl)-N2-(9-

fluorenylmethoxycarbonyl)-L-asparagine tert-butyl ester (3.6) 

 

Fmoc-Asp-OtBu (13.2 g, 32.2 mmol), pentafluorophenol (14.8 g, 80.5 mmol) and N,N’- 

dicyclocarbodiimide (8.60 g, 41.8 mmol) were dissolved in  EtOAc (500 mL) and the mixture  

was stirred at 0 °C for 2h under N2. Then the reaction mixture was allowed warmed to room 

temperature.  After 16 h, t.l.c. (ethyl acetate) indicated the formation of a major product (Rf 

0.9) and the complete consumption of starting material (Rf 0). The reaction mixture was filtered 

through a pad of Celite®, washed with EtOAc (2 x 250 mL) and the filtrate concentrated in 

vacuo. 

Fmoc-Asp-(OPfp)-OtBu (32.2 mmol) was dissolved in THF (500 mL). Then 2-acetamido-

3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl azide (3.5) (10.0 g, 26.8 mmol), HOAt (4.40 g, 

32.2 mmol) and dimehtylphenylphosphine (4.90 mL, 32.8 mmol) were added and the mixture 

was stirred at room temperature for 2h under N2. After this time, t.l.c. (ethyl acetate) indicated 

the formation of a major product (Rf 0.5) and the complete consumption of starting material 

(Rf 0.4). The reaction mixture was diluted with EtOAc (300 mL) and the organic extracts were 

washed with water (2 x 400 mL), saturated aqueous sodium bicarbonate (2 x 400 mL), brine 

(2 x 400 mL), dried (MgSO4), filtered and the solvent was removed in vacuo. The residue was 

purified by flash column chromatography (ethyl acetate: petrol, 7: 3) to give N4-(2-acetamido-

3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl)-N2-(9-fluorenylmethoxycarbonyl)-L-

asparagine tert-butyl ester (3.6)  (14.8 g, 75%) as a white crystalline solid, m.p. 211-213 °C 
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[lit. 214-215 °C];37 [α]D
23 –1.5 (c, 1.0 in DMSO) [lit. [α]D

27 –1.3 (c, 0.92 DMSO)];37 δH (400 

MHz, DMSO-D6)
36 1.34 (9H, s, -C(CH3)3), 1.72 (3H, s, -NH(CO)CH3), 1.88, 1.94, 1.97 (9H, 

3 x s, 3 x COCH3), 2.38-2.64 (2H, m, Asn-β-CH2), 3.81-3.93 (3H, m, H-2, H-5 & Fmoc-CH), 

4.13-4.31 (5H, m, Asn-α-CH, H-6a, H-6’a & Fmoc-CH2), 4.79 (1H, at, J 9.8 Hz, H-4), 5.06-

5.11 (2H, m, H-1, H-3), 7.31 (2H, t, J 7.6 Hz, Fmoc-Ar), 7.39 (2H, t, J 7.4 Hz, Fmoc-Ar), 7.56 

(1H, d, J 8.2 Hz, urethane-NH), 7.68 (2H, d, J 7.6 Hz, Fmoc-Ar), 7.85-7.94 (3H, m, GlcNAc-

NHAc, Fmoc-Ar), 8.34 (1H, d, J 9 Hz, GlcNAc-NH-).  

N4-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl)-N2-(9-

fluorenylmethoxycarbonyl)-L-asparagine (3.7) 

  

 

N4-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl)-N2-(9-

fluorenylmethoxycarbonyl)-L-asparagine tert-butyl ester (3.6) (10.0 g, 13.5 mmol ) was 

dissolved in 98% formic acid stirred at room temperature for 2 h under N2. After this time, t.l.c. 

(CHCl3: MeOH, 9 : 1) indicated the formation of a major product (Rf 0.2) and the complete 

consumption of starting material (Rf 0.6). Then reaction mixture was concentrated in vacuo. 

The residue was purified by flash column chromatography (CHCl3: MeOH, 9 : 1) to give N4-

(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl)-N2-(9-

fluorenylmethoxycarbonyl)-L-asparagine (3.7)   (8.5 g, 95%) as a white crystalline solid,  ,  

m.p. 206-208 °C [lit. 210 °C];37 [α]D
23 +1.3 (c, 1.0 in DMSO) [lit. [α]D

27 +1.4 (c, 1.18 

DMSO)];37 δH (400 MHz, DMSO-D6)
36 1.71 (3H, s, -NH(CO)CH3), 1.88, 1.93, 1.97 (9H, 3 x 
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s, 3 x COCH3), 2.38-2.61 (2H, m, Asn-β-CH2), 3.35 (1H, br s, COOH), 3.80-3.94 (3H, m, H-

2, H-5 & Fmoc-CH), 4.13-4.25 (5H, m, Asn-α-CH, H-6a, H-6’a & Fmoc-CH2), 4.80 (1H, at, 

J 9.8 Hz, H-4), 5.06-5.17 (2H, m, H-1 & H-3), 7.31 (2H, t, J 7.6 Hz, Fmoc-Ar), 7.39 (2H, t, J 

7.4 Hz, Fmoc-Ar), 7.56 (1H, d, J 8.2 Hz, urethane-NH), 7.69 (2H, d, J 7.0 Hz, Fmoc-Ar), 7.87 

(3H, m, GlcNAc-NHAc, Fmoc-Ar), 8.43 (1H, d, J 9 Hz, GlcNAc-NH-)  

 N4-(2-Acetamido-2-deoxy-β-D-glucopyranosyl)- N2-(fluorenylmethoxycarbonyl)-L-

asparagine (3.8)  

 

N4-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl)-N2-(9-

fluorenylmethoxycarbonyl)-L-asparagine (3.7)   (0.10 g, 0.15 mmol) was dissolved in 

methanol (10 mL) and stirred at room temperature under N2. Sodium metal (3 mg, 0.15 mmol) 

was added, and after 5 min, t.l.c. (ethyl acetate) indicated the formation of a major product (Rf 

0) and the complete consumption of starting material (Rf 0.4). The reaction mixture was 

neutralized by the addition of Amberlite® IR 120 (H+ form, 0.1 g), the mixture filtered, and the 

solvent removed in vacuo. The crude material was purified by flash chromatography 

(chloroform: methanol, 4:1) to afford N4-(2-acetamido-2-deoxy-β-D-glucopyranosyl)- N2-

(fluorenylmethoxycarbonyl)-L-asparagine (3.8) (74 mg, 91%) as a white solid; m.p. 243-245°C 

[lit. 240°C];38 analytical HPLC (ODS column, eluent- water and acetonitrile; flow rate 1 

ml/min), tR 12.92 min; δH (400 MHz, DMSO)38 1.83 (3H, s, C(O)CH3), 2.42 (2H, m, Asn-β-

CH2 ), 3.10 (2H, m, H-1 & H-3 ),  3.43-3.63 (3H, m, H-2, H-5 & Fmoc-CH), 4.28-4.30 (5H, 

m, Asn-α-CH, H-6a, H-6’a & Fmoc-CH2), 4.69 (1H, at, J 9.7 Hz, H-4), 7.32 (2H, at, 7.5 Hz, 
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Fmoc-Ar), 7.41 (2H, at, J 7.5 Hz, Fmoc-Ar), 7.72 (2H, d, 7.4 Hz, Fmoc-Ar), 7.88 (2H, d, J 7.4 

Hz); HRMS (ESI) Calcd. For C27H32N3O11 (MH+) 558.2082. Found 558.2079.    

N4--D-Mannopyranosyl-(1→4)-2-acetamido-2-deoxy--D-glucopyranosyl-(1→4)-2-

acetamido-2-deoxy--D-glucopyranosyl-1-N2-(fluorenylmethoxycarbonyl)-L-asparagine 

(3.9) 

   

Disaccharide oxazoline (A) (0.3 mg , 0.8 µmol) and glycosyl amino acid acceptor (3.8) (0.15 

mg, 0.26 µmol) were incubated with WT Endo M (2.0 µL, 2 mU) in sodium phosphate buffer 

(84 µL,100 mM, pH 6.5) containing 20% v/v DMSO (21 µL) at 30 °C. After 4h, HPLC analysis 

revealed that 90% of the glycosyl amino acid acceptor (3.8) (tR 14.0 min) had been converted 

to the trisaccharide product (3.9) (tR 11.9 min).HRMS (ESI) Calcd. For C41H55N4O20 (MH+) 

923.3404. Found 923.3422. 

N4--D-Mannopyranosyl-(1→4)-2-acetamido-2-deoxy--D-glucopyranosyl-(1→4)-2[(2-

azidoacetyl)amino]-2-deoxy--D-glucopyranosyl-N2-(fluorenylmethoxycarbonyl)-L-

asparagine  (3.13) 

Method 1: Using WT Endo A 
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Disaccharide oxazoline (A) (0.3 mg , 0.8 µmol) and glycosyl amino acid acceptor  (3.12) (0.15 

mg, 0.26 µmol) were incubated with WT Endo A (1.0 µL, 20 µg) in sodium phosphate buffer 

(84 µL, 100 mM, pH 6.5) containing 20% v/v DMSO (21 µL) at 30 °C. After 4 h, HPLC analysis 

revealed that 94 % of  the glycosyl amino acid acceptor  (3.12)  (tR 14.0 min) had been converted 

to the trisaccharide product (3.13) (tR 12.7 min). The product was purified by RP-HPLC and 

characterized by NMR and HRMS; δH (400 MHz, D2O) 1.91 (3H, s, C(O)CH3), 2.37 (2H, m, 

Asn-β-CH2 ), 3.06 (2H, m, H-3a & H-5a), 3.30-3.80 (15H, m, H-2a, H-2b, H-3b, H-3c, H-4a, 

H-4b, H-4c, H-5b, H-6a, H-6b, H-6c, H-6′a, H-6’b, H-6’c & Fmoc-CH), 3.92 (1H, br s, H-2c), 

4.11-4.22 (3H, m, Asn-α-CH & Fmoc-CH2), 4.22 (2H, m, CH2-N3), 4.51 (1H, s, H-1b), 4.68 

(1H, s, H-1c), 4.94 (1H, d, J1a,2a 9.4 Hz, H-1a), 7.32 (2H, at, 7.0 Hz, Fmoc-Ar), 7.37 (2H, at, J 

7.8 Hz, Fmoc-Ar), 7.59 (2H, d, 7.0 Hz, Fmoc-Ar), 7.79 (2H, d, J 7.0 Hz); HRMS (ESI) Calcd. 

For C41H54N7O20 (MH+) 964.3418. Found 964.3455. 

Method 2: Using WT Endo M 

Disaccharide oxazoline (A) (0.3 mg , 0.8 µmol) and glycosyl amino acid acceptor (3.12) (0.15 

mg, 0.26 µmol) were incubated with WT Endo M (2.0 µL, 2 mU) in sodium phosphate buffer 

(84 µL,100 mM, pH 6.5) containing 20% v/v DMSO (21 µL) at 30 °C. After 4h, HPLC analysis 

revealed that 90% of  the glycosyl amino acid acceptor (3.12) (tR 14.0 min) had been converted 

into the trisaccharide product (3.13) (tR 12.7 min). 

Method 3: Using Endo-M-N175Q  

Disaccharide oxazoline (A) (0.3 mg , 0.8 µmol) and glycosyl amino acid acceptor (3.12) (0.15 

mg, 0.26 µmol) were incubated with Endo M N175Q (2.0 µL, 2 mU) in sodium phosphate buffer 

(84 µL,100 mM, pH 6.5) containing 20% v/v DMSO (21 µL) at 30 °C. After 4h, HPLC analysis 

revealed that 6% of  the glycosyl amino acid acceptor (3.12) (tR 14.0 min) had been converted 

to the trisaccharide product (3.13) (tR 12.7 min). 
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N4--D-Mannopyranosyl-(1→3)-[-D-Mannopyranosyl-(1→6)-]--D-mannopyranosyl-

(1→4)-2-acetamido-2-deoxy--D-glucopyranosyl-(1→4)-2-acetamido-2-deoxy--D-

glucopyranosyl-1-N2-(fluorenylmethoxycarbonyl)-L-asparagine (3.10) 

 

Method 1: Using Endo A 

Tetrasaccharide oxazoline (B) (0.2 mg, 0.3 µmol) and glycosyl amino acid acceptor (3.8) (56 

µg, 0.1 µmol) were incubated with WT Endo A (1 µL, 20 µg) in  sodium phosphate buffer (32 

µL, 100 mM, pH 6.5) containing 20% v/v of DMSO (8 µL) at 30 °C.  After 15 min, 62 % of 

glycosyl amino acid acceptor, (3.8) (tR 12.5 min) had been converted to the pentasaccharide 

product (3.10) (tR 11.3 min). The product was purified by RP-HPLC and characterized by 

HRMS (ESI) Calcd. For C53H75N4O30 (MH+) 1247.4461. Found 1247.4461. 

 

Method 2: Using WT Endo M 

Tetrasaccharide oxazoline (B) (0.2 mg, 0.3 µmol) and glycosyl amino acid acceptor (3.8)  (56 

µg, 0.1 µmol) were incubated with WT Endo M (10 µL, 10 mU) in  sodium phosphate buffer (32 

µL, 100 mM, pH 6.5) containing 20% v/v of DMSO (8 µL) at 30 °C. After 15 min, HPLC analysis 

revealed that 18 % of glycosyl amino acid acceptor, (3.8) (tR 12.5 min) had been converted to 

the pentasaccharide product (3.10) (tR 11.3 min). 
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Method 3: Using Endo-M-N175Q 

Tetrasaccharide oxazoline (B) (0.2 mg, 0.3 µmol) and glycosyl amino acid acceptor  (3.8) (56 

µg, 0.1 µmol) were incubated with Endo-M-N175Q (10 µL, 10 mU) in  sodium phosphate buffer 

(32 µL, 100 mM, pH 6.5) containing 20% v/v of DMSO (8 µL) at 30 °C. After 15 min, HPLC 

analysis revealed that 65% of the glycosyl amino acid acceptor, (3.8) (tR 12.5 min) had been 

converted to the pentasaccharide product (3.10) (tR 11.3 min). 

N4--D-Mannopyranosyl-(1→3)-[-D-Mannopyranosyl-(1→6)-]--D-mannopyranosyl-

(1→4)-2-acetamido-2-deoxy--D-glucopyranosyl-(1→4)-2[(2-azidoacetyl)amino]-2-

deoxy--D-glucopyranosyl -1-N2-(fluorenylmethoxycarbonyl)-L-asparagine (3.14) 

 

 

Method 1: Using Endo A 

Tetrasaccharide oxazoline (B) (0.6 mg, 0.9 µmol) and glycosyl amino acid acceptor (3.12)  (0.2 

mg, 0.3 µmol) were incubated with WT Endo A (1 µL, 20 µg) in sodium phosphate buffer (96 

µL, 100 mM, pH 6.5) containing 20% v/v DMSO (24 µL) at 30 °C.  After 15 min, HPLC analysis 

revealed that 63% of the glycosyl amino acid acceptor (3.12) (tR 14.0 min) had been converted 

to the pentasaccharide product (3.14) (tR 12.1 min). The product was purified by RP-HPLC 
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and characterized by HRMS (ESI) Calcd. For C53H74N7O30 (MH+) 1288.4475. Found 

1288.4489. 

Method 2: Using WT Endo M 

Tetrasaccharide oxazoline (B) (0.6 mg, 0.9 µmol) and glycosyl amino acid acceptor (3.12)  (0.2 

mg, 0.3 µmol) were incubated with WT Endo M (2 µL, 2mU) in sodium phosphate buffer (96 

µL, 100 mM, pH 6.5) containing 20% v/v DMSO (24 µL) at 30 °C. After 30 min, HPLC analysis 

revealed that 16% of the glycosyl amino acid acceptor (3.12) (tR 14.0 min) had been converted 

to the pentasaccharide product (3.14) (tR 12.1 min). 

Method 3: Using Endo-M-N175Q 

Tetrasaccharide oxazoline (B) (0.6 mg, 0.9 µmol) and glycosyl amino acid acceptor (3.12)  (0.2 

mg, 0.3 µmol) were incubated with Endo-M-N175Q (2 µL, 2mU) in sodium phosphate buffer 

(100 mM, pH 6.5) containing 20% of  DMSO at 37 °C. After 30 min, HPLC analysis revealed 

that 60% of the glycosyl amino acid acceptor (3.12) (tR 14.0 min) had been converted to the 

pentasaccharide product (3.14) (tR 12.1 min). 
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SG-GlcNAc-Fmoc-Asn-GlcNAc-(N3) (3.15) 

 

 

Method 1: Using WT Endo M 

Complex bi-antennary oxazoline (D) (0.30 mg, 0.15 µmol) and glycosyl amino acid acceptor 

(3.12)  (0.2 mg, 0.3 µmol) were incubated with WT Endo M (2 µL, 2mU) in sodium phosphate 

buffer (16 µL, 100 mM, pH 6.5) containing 20% v/v DMSO (4 µL) at 37 °C. After 30 min, HPLC 

analysis revealed that 20% of the glycosyl amino acid acceptor (3.12) (tR 14.0 min) had been 

converted to the undecasaccharide product (3.15) (tR 10.8). The product was purified by RP-

HPLC and characterized by HRMS (ESI). Calcd. For C103H154N11O66 (MH+) 2600.9027. Found 

2600.9173. 
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Method 2: Using Endo M-N175Q 

Complex bi-antennary oxazoline (D) (0.30 mg, 0.15 µmol) and glycosyl amino acid acceptor 

(3.12) (0.2 mg, 0.3 µmol) were incubated with Endo-M-N175Q (2 µL, 2mU) in sodium 

phosphate buffer (16 µL, 100 mM, pH 6.5) containing 20% v/v DMSO (4 µL) at 37 °C. After 30 

min, HPLC analysis revealed that 78% of the glycosyl amino acid acceptor (3.12) (tR 14.0 min) 

had been converted to the undecasaccharide product (3.15) (tR 10.8). 

 

Man9GlcNAc- Fmoc-Asn-GlcNAc -(N3)-OH (3.16) 

 

Method 1: Using WT Endo M 

Man9GlcNAc oxazoline (C) (0.5 mg, 0.3 µmol) and glycosyl amino acid acceptor (3.12) (65 

µg, 0.1 µmol) were incubated with WT Endo M (10 µL, 10 mU) in  sodium phosphate buffer (32 

µL, 100 mM, pH 6.5) containing 20% v/v of DMSO (8 µL) at 30 °C. HPLC analysis revealed that 

there was no formation of undecasaccharide product (3.16) (tR 11.2). 
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Method 2: Using Endo-M-N175Q 

Man9GlcNAc oxazoline (C) (0.5 mg, 0.3 µmol) and glycosyl amino acid acceptor (3.12)  (65 

µg, 0.1 µmol) were incubated with Endo-M-N-175Q (10 µL, 10 mU) in  sodium phosphate buffer 

(32 µL, 100 mM, pH 6.5) containing 20% v/v of DMSO (8 µL) at 30 °C. After 4h, HPLC analysis 

revealed that 30 % of glycosyl amino acid acceptor (3.12) (tR 14.0 min) had been converted to 

undecasaccharide product (3.16) (tR 11.2). The product was purified by RP-HPLC and 

characterized by HRMS (ESI) Calcd. For C89H134N7O60 (MH+) 2260.7644. Found 2260.7634. 

Man9GlcNAc- Fmoc-Asn-GlcNAc (3.11) 

 

Man9GlcNAc oxazoline (C) (3 mg, 1.8 µmol) and glycosyl amino acid acceptor (3.8)  (200 µg, 

0.35 µmol) were incubated with Endo-A-N171A (1 µL) in  sodium phosphate buffer (70 µL, 100 

mM, pH 6.5) containing 20% v/v of DMSO (8 µL) at 30 °C. After 6h, HPLC analysis revealed 

that 91 % of glycosyl amino acid acceptor (3.8) (tR 12.47 min) had been converted to 

undecasaccharide product (3.11) (tR 10.07 min). The product was purified by RP-HPLC and 

characterized by HRMS (ESI) Calcd. For C89H135N4O60 (MH+) 2219.7630. Found 2219.7845. 
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5.4 Experimental for chapter 4 

OVA247-264A5K-Man9GlcNAc2 (4.7) 

 

 

 

Man9GlcNAc oxazoline (C) (1 mg, 0.6 µmol) and glycosyl amino acid acceptor (4.6)  (0.3 mg, 

0.12 µmol) were incubated with Endo-A-N171A (1 µL) in  sodium phosphate buffer (33 µL, 100 

mM, pH 6.5) at 30 °C. After 6h, HPLC analysis revealed that approximately 50 % of glycosyl 

amino acid acceptor (4.6) (tR 11.11 min) had been converted to undecasaccharide product (4.7) 

(tR 8.66 min). The product was purified by RP-HPLC and characterized by LC-MS (ESI) Calcd. 

For C181H300N31O93 (MH+) 4395.9693. Found 1465.6440. 

OVA247-264A5K (4.15) 

 

Man9GlcNAc  2.68 (1.4 mg, 0.83 μmol) and triethylamine (11 μL, 83.3 μmol) were dissolved 

in D2O (28 μL). 2-Azido-1,3-dimethylimidazolinium hexafluorophosphate (9 mg, 32 μmol) 
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dissolved in MeCN (7 μL) was added and the reaction mixture was incubated at rt for 6 h, at 

which time, 1.2 M HCl (33 μL) was added until the solution was acidic (pH 2), followed by 

sat. NaHCO3 (9 μL). Then, peptide 4.10 (1 mg, 0.39 μmol) dissolved in water (20 μL), 

CuSO4.5H2O (109 μg, 0.44 μmol), and L-ascorbic acid (77 μg, 0.44 μmol) were added and the 

reaction mixture was stirred at 50 °C for 16 h, after which time, HPLC analysis revealed that 

80 % of  the peptide (4.14)  (tR 19.480 min) had been converted to the click product (4.15) (tR 

18.223 min). The product was purified by RP-HPLC and characterized by LC-MS Calcd. For 

C174H286N32O87 (MH+) 4216.8973 Found 4216.8925. 

Preparation of deglycosylated RNase B (dRNase B, 4.16)  

 

RNase B (0.1 mg, 6.6 nmol) was incubated with WT Endo A (1 µL 1 µg) in  sodium phosphate 

buffer (100 mM, pH 6.5, 100 µL) at 37 °C for 1h.  The reaction was analysed by SDS page, Mass 

and RP-HPLC on a Jupiter C18 column (4.6 x250mm) at 40°C with a gradient (25-95% MeCN 

containing 0.1% TFA in 20 min, flow rate 1 ml/min). After 1h, RNase B (tR 13.200 min) was 

converted to dRNase B 4.16 (tR 13.590 min); HRMS (ESI) Calcd. 13 886 Found 13885.3867. 
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Preparation of deglycosylated Ovalbumin (dOVA 4.18)  

 

Ovalbumin (0.1 mg, 2.2 nmol) was incubated with WT Endo A (1 µL 1 µg) in  sodium 

phosphate buffer (100 mM, pH 6.5, 100 µL) at 37 °C for 1h.  The reaction was analysed by SDS 

PAGE and Mass spectrometry. After 2h, ovalbumin was converted to partially deglycosylated 

ovalbumin 4.18; HRMS (ESI); Calcd. 43155.39 Found 43155.71. 

Tryptic digestion of Ovalbumin (OVA) 

Ovalbumin (200 µg) was dissolved in 50 mM ammonium bicarbonate buffer, pH 8 (24 µL), 

then 500 mM DTT (1 µL) was added to the protein sample to a final concentration of 20 mM 

for the disulphide bond reduction and mixture was denatured by heating in 95 °C for 10 min. 

The reaction mixture was cool down to room temperature, then 1M  IAA solution (1 µl) was 

added to the protein sample to a final concentration 40 mM and it was incubated in dark for 30 

mins at room temperature. The reaction was quenched by the addition of 500 mM DTT solution 

to a final concentration of 10 mM. Finally trypsin solution was added to the sample to a final 

protease to protein ratio of 1:50 and it was incubated at 37 °C for 24hrs. The completion of the 

reaction was monitored using the SDS PAGE analysis.     

Tryptic digestion of deglycosylated Ovalbumin (dOVA) 

Deglycosylated Ovalbumin (200 µg) in sodium phosphate buffer, pH 6.5 (200 µL) was diluted 

with 50 mM ammonium bicarbonate buffer, pH 8 (200 µL), then 500 mM DTT solution (17 
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µL) was added to the protein sample to a final concentration of 20 mM for the disulphide bond 

reduction and mixture was denatured by heating in 95 °C for 10 min. The reaction mixture was 

cool down to room temperature, then 1M  IAA solution (17 µl) was added to the protein sample 

to a final concentration 40 mM and it was incubated in dark for 30 mins at room temperature. 

The reaction was quenched by the addition of 500 mM DTT solution (13 µL) to a final 

concentration of 10 mM. Finally trypsin solution was added to the sample to a final protease 

to protein ratio of 1:50 and it was incubated at 37 °C for 24hrs. The completion of the reaction 

was monitored using the SDS PAGE analysis.   

Deglycosylation ovalbumin using PNGase F 

Ovalbumin (20 µg) was dissolved in 9 µL DI water and 1 µL of denaturing buffer (10 X) and 

then the reaction mixture was heated at 100 °C for 10 mins to denature the glycoprotein. The 

denatured glycoprotein was allowed to cool down to room temperature. After this, 2 µl 

GlycoBuffer 2 (10X), 2 µl 10% NP-40 and 6 µl DI water were added into the reaction mixture. 

Finally, the glycoprotein was incubated with PNGase F (Biolab) (1 µL) at 37 °C for 24h. The 

completion of the reaction was monitored by the SDS PAGE analysis.       

Deglycosylation ovalbumin using Endo H 

Ovalbumin (20 µg) was dissolved in 9 µL DI water and 1 µL of denaturing buffer (10 X) and 

then the reaction mixture was heated at 100 °C for 10 mins to denature the glycoprotein. The 

denatured glycoprotein was allowed to cool down to room temperature. After this, 2 µL of 10X 

GlycoBuffer 3, 3 µL H2O water were added into the reaction mixture. Finally, the glycoprotein 

was incubated with Endo H (BioLabsinc) (5 µL) at 37 °C for 24h. The completion of the reaction 

was monitored by the SDS PAGE. 
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Dephosphorylation of ovalbumin using CIP 

Ovalbumin (20 µg) was dissolved in 17 µL DI water and 2 µL of CutSmart®  Buffer (10X), 

and 1 µL CIP (BioLabsinc) were added into the reaction mixture. Finally, the glycoprotein was 

incubated at 37 °C for 2h. The completion of the reaction was monitored by the SDS PAGE 

and HRMS (ESI); Found 44419.54, 44174.78, 44012.57. 

Dephosphorylation and deglycosylation of ovalbumin 

Ovalbumin (20 µg) was dissolved in 17 µL DI water and 2 µL of CutSmart®  Buffer (10X), 

and 1 µL CIP (BioLabsinc) were added into the reaction mixture. Finally, the glycoprotein was 

incubated at 37 °C for 2h. After this, 20 µL of sodium phosphate buffer (100 mM, pH 6.5, 100 

µL)  was added and incubated with WT Endo A (1 µg) 37 °C for 24h.  The completion of the 

reaction was monitored by the SDS PAGE and HRMS; ESI-MS: calculated MS 43 018.39; 

Found, 43018.53.  

Glycoprotein remodelling of ovalbumin 

Ovalbumin (0.1 mg, 2.2 nmol) was incubated with WT Endo A (1 µL 20 µg) in  sodium 

phosphate buffer (100 mM, pH 6.5, 25 µL) at 37 °C for 2h. Then, 15 mM tetrasaccharide 

oxazoline (0.16 mg, 25 µL) was added and allowed to stirred further 30 mins. Aliquots were 

removed at certain intervals, which were loaded onto 12% SDS-PAGE gels for SDS-PAGE 

analysis. The product Man3GlcNAc2OVA was characterised by mass spectrometry: ESI-MS: 

calculated MS 43844.39 (diphosphorylated), 43764.395 (monophosphorylated), 43684.395(no 

phosphorylation); Found, 43846.73 (diphosphorylated), 43758.55 (monophosphorylated), 

43680.43 (no phosphorylation).  
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