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Abstract 

 

Nature facilitates glycosylation of proteins heterogeneously such that most biologically 

expressed glycoproteins are obtained as a mixture of glycoforms. This heterogeneity 

complicates the purification and analysis of expressed glycoproteins. It hinders understanding 

of how activity is mediated at molecular level. A number of chemical and biological methods 

have been explored to allow access to glycoproteins of a defined structure. The most efficient 

protocol thus far involves a chemical assembly of a polypeptide linked to N-acetyl glucosamine 

(GlcNAc). The monosaccharide is then extended enzymatically to the target oligosaccharide. 

Major limitations of the protocol are encountered in the assembly of the polypeptide-GlcNAc 

conjugate as a number of steps are required which often lowers the overall yield of the 

conjugate.  

 

In this thesis, a semi-synthetic procedure towards a protein-GlcNAc conjugate is pursued. The 

method utilises cleavable auxiliaries to facilitate the ligation of GlcNAc to the side chain of 

peptide and protein thioesters.  

 

 

 

Sugar-linked auxiliaries were synthesised and employed in native chemical ligations (NCL) 

with peptide thioesters at the C-terminus and on the side chains of aspartic and glutamic acids 

in model studies. A sugar-linked auxiliary anticipated to yield a native peptide-GlcNAc linkage 

failed to mediate the ligation. This was due to the inherent hemiaminal linkage which is 

unstable and caused its fragmentation. The hemiaminal linkage was extended with a methylene 

stabiliser which allowed the new sugar-linked auxiliaries to mediate ligations of GlcNAc to 

peptide thioesters at the C-terminus and on the side chains. Side-chain peptide thioesters were 

constructed by Fmoc solid phase peptide synthesis (SPPS) using Fmoc amino acid hydrazides. 

The hydrazides were converted to the thioesters post SPPS and cleavage. The Fmoc amino acid 

hydrazides were obtained by a novel regioselective ring opening of amino acid anhydrides 

method.  
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A sperm whale myoglobin side-chain thioester was obtained by bacterial protein expression 

through incorporating an unnatural amino acid (thioD) at a defined site. An orthogonal 

Methanosarcina barkeri pyrrolysyl-tRNA synthetase (MbPylRS)/ tRNACUA pair was utilised 

in the expression. The model protein thioester was ligated to the methylene extended sugar-

linked auxiliary and approximately 30% conversion to the desired protein-GlcNAc conjugate 

was observed. Incomplete reaction may have been caused by slow ligation rates and side 

reactions such as oxidation of thiols. Slow ligations result due to the low reactivities of 

auxiliaries and the protein alkyl thioester (myoglobin thioD) in facilitating NCL. Alternative 

methods such as employing protein hydrazides which are converted to more reactive aryl 

thioesters in situ are currently being explored. The new method has enabled the semi-synthesis 

of protein- and peptide-GlcNAc neoglycoconjugates with the natural linkage extended by a 

methylene group.  
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1 Introduction 

 

 

The flow of information from genes to proteins constitutes the basis of cellular life. A process 

highly regulated and governed by a complex network of enzymes that ensures high fidelity of 

genetic transfer.1 The transfer of information from a genome occurs through DNA replication, 

transcription and translation. All  three processes are dependent on complementarity. In DNA 

replication and transcription, the incoming nucleotide is complementary to the parent DNA 

template and in translation, the anticodon of the incoming transfer RNA (tRNA) is 

complementary to the codon of the messenger RNA (mRNA).2 Therefore, fidelity in protein 

synthesis allows only proteins complementary to the template (i.e. genetic code) to be 

expressed. However, it is estimated that there are 250 000 – 300 000 proteins in the human 

proteome, encoded from 20 000 – 25 000 genes.3 This difference is largely due to gene splicing, 

protein splicing and posttranslational modifications (PTMs) of proteins. Some common 

complex co- and posttranslational modifications are ubiquitination, phosphorylation, lipidation 

and glycosylation. They augment the information of a genome which result in enhancing or 

altering the functions of proteins.4  

 

Glycoproteins are products of protein glycosylation which is one of the most common 

modifications that is estimated to be present in more than half of all proteins and is as essential 

to life as a genetic code.5 The introduction of an oligosaccharide (“glycan”) moiety alters the 

physical and chemical properties of a protein which often leads to changes of its function.6 The 

added glycans can provide structural and modulatory roles or a means for recognition and 

interaction with other molecules such as glycan-binding proteins (GBPs).  

 

The glycocalyx (also known as pericellular matrix) is a heavily glycosylated coat covering 

many animal cells and functions as a physical barrier between a cell and its surroundings.7 It 

also has glycoproteins that serve as mediators for cell-to-cell interactions. For example, the 

endothelial glycocalyx contains glycoproteins that mediate cell adhesion, coagulation, 

fibrinolysis and homeostasis.8,9 Mucins are heavily glycosylated proteins present on many 

epithelial cell surfaces such as the inner lining of the stomach. It’s well known that gastric 

mucins are prophylactic against gastric ulcers and gastric microbial infections.10,11 Altering the 

backbone of mucins can have fatal consequences such as inflammation and carcinogenesis as 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 16 

demonstrated by Xia and co-workers who showed increased susceptibility to colitis and 

colorectal tumours in mice lacking core 3-derived O-glycans.12,13 In their studies, they 

engineered  mice lacking -1,3-N-acetylglucosaminyltransferase (C3GnT), an enzyme known 

to be important in the synthesis of core 3-derived glycans, by knocking out the C3GnT gene. 

As a result, the mice showed a discrete lack of oligomeric mucin gel-forming (MUC2) proteins 

and displayed increased permeability of the intestinal barrier which further reinforced the 

requirement of core-3 derived O-glycans in resistance to colonic diseases.  

 

Glycosylation is also known to influence the proper folding of proteins. Studies by Gibson et 

al. on the effect of glycosylation and expression temperature on virion formation of vesicular 

stomatitis viruses (VSV) demonstrated the requirement of glycosylation for effective folding 

of the viral G-protein.14 In their studies, they employed an antibiotic tunicamycin to inhibit the 

enzyme responsible for the synthesis of N-acetylglucosaminylpyrophosphorylisoprenol which 

inhibited glycosylation of the G-protein. They then conducted temperature sensitive studies on 

the assembly of the virion and in all their studies, deglycosylation of the G-protein decreased 

virion formation. Non-glycosylated proteins of VSV required lower temperature (30 ℃) to 

facilitate virion formation. The non-glycosylated proteins were also insoluble in triton-X-100. 

O-mannosylation and O-fucosylation are common modifications of proteins in the 

endoplasmic reticulum (ER) and have been reported to facilitate the proper folding of 

proteins.15,16 N-glycosylations have been long known to affect protein folding efficiency 

through calnexin and/or calreticulin mediated folding and the ER-associated degradation of 

proteins that results from improper folding.17  

 

Glycan-recognition sites have been discovered which play critical biological roles in 

intercellular signalling18 and adhesion,19 cell-cell and cell-matrix interactions20 and even in 

fertilisation and reproduction.21 An interesting study by Wang et al. on the effect of disrupting 

the -1,6 fucosylation (Fut8) in mice led to severe growth retardation and death within 3 d or 

a developmental of emphysematous changes to the lungs.22 The lungs of mice without Fut8 

were larger and their respiratory per minute volume and rate were higher relative to those with 

Fut8 which demonstrated a direct correlation between Fut8 and ventilation.  The conclusion 

drawn was that loss of fucosylation resulted in down regulation of several receptor-mediated 

signalling pathways such as inhibition of the transforming growth factor-1 (TGF-1) receptor. 

The TGF-1 receptor-mediated signalling pathway is important for expression of extracellular 
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matrix proteins and matrix metalloproteinase which sustain normal lung architecture. Indeed, 

the introduction of a glycan moiety to a protein can facilitate simple transformations such as 

enhancing water solubility and stability to mediating complex biological processes such as 

signal transduction which if altered, can be fatal.  

 

1.1 . Types of protein glycosylation 

 

The formation of a sugar-amino acid bond is the defining reaction in the biogenesis of 

glycoproteins. The reaction is catalysed by specific enzymes and sets into motion a complex 

series of enzymatic steps responsible for oligosaccharide extension. Thirteen  monosaccharides 

and eight amino acids are involved in these linkages such that at least 31 sugar-amino acid 

linkages exist. N-,  O-, C-linked glycosylations, glypiation and phosphoglycosylations have 

been reported.23 N-glycosylations are characterised by a covalent attachment of the 

carbohydrate moiety to the side chain of an asparagine residue of a protein (Figure 1.1). 

Different types of N-glycosylations have been reported however, the most common one is 

characterised by an N-linkage between the side chain of Asn and an N-acetylglucosamine 

(GlcNAc1-Asn). O-glycans are characterised by a covalent linkage between amino acids with 

a hydroxyl functional group in their side chain (i.e., Ser, Thr and Tyr) with glycans. 

 

 

Figure 1.1: Types of protein glycosylation  

 

 The most common type of O-glycosylation is prevalent in mucins and is characterised by an 

-O-linkage between N-acetylgalactosamine and serine or threonine (GalNAc--Ser/Thr) 

(Figure 1.1).24 C-glycosylation (also known as C-mannosylation) is less common. It is 

characterised by a carbon-carbon -bond between C-1 of mannose and C-2 of the indole ring 

of tryptophan (Figure 1.1). Glypiation is a glycan-protein linkage facilitated through a 

glycosylphosphatidylinositol (GPI) anchor. Phosphoglycosylation has been reported to occur 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 18 

in parasites and moulds. It is characterised by the linkage between glycans and proteins via a 

phosphodiester bond.25 The biological synthesis of glycoproteins occurs in the ER and the 

Golgi apparatus. The extension of the carbohydrate chain is facilitated by enzymes which are 

cell type and specie specific and  eventually leads to mature glycoproteins. Since this thesis 

explores the synthesis of N-linked glycoproteins, only the biological synthesis of N-linked 

glycoproteins will be  briefly introduced.  

 

1.2. Synthesis of N-linked glycoproteins 

 

N-linked glycosylation involves a covalent linkage of a carbohydrate moiety to the asparagine 

residue of a polypeptide chain with a consensus sequence Asn-X-Ser/Thr where X is any amino 

acid except proline. The GlcNAc--Asn linkage is the most widely distributed carbohydrate-

peptide linkage and serves as a site for attachment for complex oligosaccharides. This linkage 

is present in a vast array of proteins including enzymes, hormones, plasma proteins, cell surface 

receptors, lectins and antibodies.26,27 All N-linked glycans have a common core sugar sequence, 

Manα1–6(Manα1–3)Manβ1–4GlcNAcβ1–4GlcNAcβ1-Asn-X-Ser/Thr. Extra  

monosaccharides added to the core determines the type of N-glycan. There are three types of  

N-glycans namely: (1) oligomannose, where only mannose residues are attached to the core, 

(2) complex type, in which ‘antennae’ beginning with  -GlcNAc residues are attached to the 

core and (3) hybrid, where two mannose residues are attached to the Manα1–6 arm of the core 

and an ‘antenna’ beginning with  -GlcNAc attached to the Manα1–3 arm (Figure 1.2) .  

 

 

Figure 1.2: The three types of N-glycans.28 
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The biological synthesis of N-linked glycans begins on the cytoplasmic face of the ER with the 

transfer of phosphate-linked GlcNAc moiety  to the membrane bound lipid-like linker dolichol 

phosphate. This is followed by enzymatic addition of one GlcNAc and five mannose residues 

to the complex. The new lipid-linked oligosaccharide (LLO) complex is then transferred to the 

lumenal side of the ER where other saccharides are added enzymatically and sequentially. The 

tetradecasaccharide  (Glc3Man9GlcNAc2) formed is then transferred en bloc to the asparagine 

side chain forming an N-glycosidic bond between the C1 carbon of the LLO and the Asn of a 

consensus sequence Asn-X-Ser/Thr (Figure 1.3).  

 

 

Figure 1.3.   The biosynthesis of N-linked glycoproteins. 

 

N-glycosylation is catalysed by a multisubunit oligosaccharyltransferase (OST) enzyme. The 

structure of the active site of the enzyme is responsible for the strict consensus sequence N-X-

S/T.  The serine or threonine at the +2 position of the peptide (N-X-S/T) forms important 

hydrogen bonds with the ‘WWD’ motif in the active site of the enzyme. The ‘WWD’ motif is 

conserved in all OST enzymes and therefore, responsible for the substrate specificity and the 

preferred sequon in N-glycosylations.29 The active site is also responsible for activating the 

amide nitrogen of Asn for nucleophilic attack on the anomeric carbon (C1). When a peptide 
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binds to the active site, residues D56 and E319 are optimally positioned (through coordination 

with the divalent cation Mn2+ present in the active site) to form hydrogen bonds with the amide 

protons of the acceptor asparagine (Figure 1.4). To form such hydrogen bonds, the N-C bond 

is rotated which abolishes the conjugation of the nitrogen lone pair with the carbonyl group 

(Figure 1.4). This results in an sp3 hybridised nitrogen with a reactive lone pair. Polarisation 

of the N-H bonds also increases the electron density on the nitrogen. Nucleophilic attack of the 

activated sp3 hybridised nitrogen on C1 results in glycosylation generating an N-glycosidic 

bond.  

 

 

Figure 1.4: The catalytic site of a model OST enzyme and the mechanism of amide nitrogen activation.29 

 

The N-glycan formed is subjected to further trimming and remodelling in the last stages of ER 

and in the Golgi. The early processing steps are conserved in all eukaryotes and play key roles 

in regulating the efficiency of glycoprotein folding. Trimming of two terminal glucose 

residues, catalysed by glucosidases I and II, allow the monoglycosylated N-glycan to be 

recognised by lectin-like chaperones (calnexin and calreticulin) (Figure 1.3).   Calnexin and 

calreticulin (CNX and CRT) binds to  the exposed hydrophobic patches of misfolded proteins 

until proper folding occurs.30  Proper folding involves the formation of secondary structures, 

burying of the hydrophobic residues to the interior of a protein and formation of disulfide 

bonds. Chaperones retain  the protein in the ER which is a highly specialised environment that 

promotes protein folding.  Its high oxidising environment enables disulfide bond formation. 

The ER also has the UDP-Glc:glycoprotein glucosyltransferase (UGGT) enzyme which 

reglucosylates the glycan terminus if improper folding had occurred. Unfolded and/or 

misfolded proteins are translocated into the cytoplasm were they are destroyed by N-

deglycosylations and proteasomal degradations.31 Therefore, glycosylation is a co-translational 

process that ensures the proper folding of a protein.  Further remodelling of the terminal 

carbohydrate residues by glycosidases and glycosyl transferases in the Golgi results in a mature  
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glycoprotein. However,  glycosidases and glycosyltransferases responsible for glycan 

remodelling are cell and species specific which therefore accounts for the observed 

microheterogeneity in glycosylations.32,33  

 

Glycoproteins often share the same peptide backbone but differ in the structures of the pendant 

glycans. Thus, a biologically synthesised protein, originally encoded by a single gene, can exist 

in numerous glycoforms, each effectively a distinct molecular species.34 This considerable 

heterogeneity complicates the purification and analysis of glycoproteins.  Chromatographic 

methods are very labour intensive in resolving glycoprotein microheterogeneity.35 Sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) shows multiple bands for 

biologically synthesised glycoproteins which makes the structural analysis a difficult task. 

Glycoproteins have important applications as diagnostics, vaccines and as therapeutics.36,37 In 

order to attribute a particular biological activity to a particular glycoprotein ‘glycoform’,  

homogeneous glycoproteins are essential. Often, glycoproteins are obtained from in vivo 

expression systems as heterogenous mixtures. Therapeutic glycoproteins are largely produced 

using expensive tissue culture protocols and are expensive as a result. Chemical and synthetic 

strategies provide an alternative and hopefully a more commercially viable route that produces 

glycopeptides and glycoproteins of defined structures. 

 

1.3. Semi-synthesis of N-linked glycoproteins 

 

Many approaches for glycoprotein synthesis have been devised but only a few yield 

homogenous glycoproteins. Some approaches allow incorporation of unnatural amino acids 

which can be important for therapeutic use or biological studies. Semi-synthetic routes enable 

controlled reactions and site-selective manipulations of glycoproteins (Figure 1.5). The most 

common semi-synthesis route is the peptide-glycopeptide ligation. This route involves linking 

a monosaccharide or an oligosaccharide to an amino acid or a peptide using enzymes or 

chemically by convergent coupling methods. Oligosaccharides are often isolated from 

biological samples and then modified by chemical methods to substrates essential for coupling 

to peptides.  Once a short glycopeptide is formed, it is then extended by either solid-phase 

peptide synthesis (SPPS) or by ligation methods to a full-length homogenous glycoprotein 

(Figure 1.5). An alternative approach involves remodelling isolated heterogenous 

glycoproteins using enzymes. Heterogenous pendent glycans are enzymatically cleaved 
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leaving a homogenous core. The homogenous core is then extended by glycosyltransferases to 

a large and homogenous glycoprotein (Figure 1.5).   

 

 

Figure 1.5: Semi-synthetic approaches towards homogenous glycoproteins.37 

 

1.4. Peptide-glycopeptide ligation  

 

In the past two decades, peptide-glycopeptide ligation has witnessed tremendous progress and 

has led to the construction of N-linked glycoproteins of various sizes and functions. The 

method involves intermediate steps which yield fragments and intermediates that are 

eventually joined by NCL to achieve full-length glycoproteins. Progress in peptide-

glycopeptide ligations  is largely due to the enhancement of intermediate steps through the 

discovery of effective routes that allow access to building blocks which were possibly 

inaccessible before. The most powerful method in peptide-glycopeptide ligation is the native 

chemical ligation.  

 

1.4.1 Native chemical ligation  

 

Native chemical ligation was discovered as a result of efforts by various researchers. Initial 

efforts by Wieland in his investigation of peptide bond formation using 𝛼-amino acid thioesters 

in biomimetic conditions led to the realisation that such couplings were efficient at pH > 7 and 
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cysteine was more effective in couplings in comparisons to other amino acids.38–40 The same 

group reported intramolecular acyl transfer of S-acetyl cysteamine to N-acetyl cysteamine.41  

The core principles of NCL i.e., the selective capture and intramolecular acyl transfer were 

further established by the works of Kemp,42 Kent43 and Tam.44 Kent introduced NCL in 1994 

as a method to construct  peptides and proteins and the conditions essential for the 

transformation.45 This significant innovation allows a chemoselective coupling of two 

unprotected peptide fragments yielding native amide bonds (Scheme 1.1). One peptide bearing 

a C-terminal thioester and the other an N-terminus cysteine residue.46 In the original method, 

the nucleophilic thiol of cysteine reacts with a thioester functionality in a reversible trans-

thioesterification reaction to yield a thioester intermediate. The intermediate is in a favourable 

geometry for a rapid irreversible S→ N acyl shift via a five-membered ring intermediate to 

form a  ‘native’ amide bond (Scheme 1.1).  

 

 

Scheme 1: General mechanism of NCL by Kent et al.45 

 

Since its introduction, NCL has transcended its initial scope leading to the construction of over 

700 proteins of biological relevance.47 It is attractive due to its favourable mild reacting 

conditions (aqueous solvent usually phosphate buffer pH 7.0 and room temperature) and the 

ability of achieving high levels of chemoselectivity in the presence of other nucleophiles. 

However, one limitation of the original NCL concept by Kent is the reliance of the trans-

thioesterification step on low abundant cysteine (1.8% abundance) which limits ligation sites 

in many proteins and peptides and even if there is a high number of cysteines in a protein, they 

are often not suitably positioned for ligations. Alternative methods have been developed to 

abrogate the reliance of an N-terminal cysteine residue and allow ligations at other sites not 

bearing a cysteine.  

 

One method involves the use of thiolated amino acids as surrogates of Cys at the N-terminus. 

They are synthesised by substituting one C-H linkage with a C-SH and the C-SH is converted 
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to the proteogenomic amino acid by a desulfurisation  reaction post ligation. Thiolated amino 

acids at the -, 𝛾- and 𝛿-positions have been synthesised and used in ligations thus extending 

NCL to other sites (Figure 1.6). Ligation at Leu,48 Phe,49,50 Val,51,52 Asp,53 Glu,54 Lys,55 Trp,56 

Gln,54 Thr57 and Pro58 have all been reported. In most reports, thiolated amino acids 

successfully mediated ligations within 10 min – 48 hrs when peptide thioesters bearing 

unbranched or less bulky C-terminal amino acids were employed. When bulky amino acids 

such as Val, Thr, Ile or Pro were at the C-terminus, ligation rates were prohibitively slow.  

 

 

Figure 1.6: Thiolated amino acid auxiliaries developed to aid NCL. 

 

Thiolated amino acids can be difficult to synthesise. Most synthetic procedures require multiple 

and stereoselective steps which often affords products in very low yields. For example, 

mercapto-L-lysine was synthesised in a 19-step reaction sequence starting from L-aspartic acid 

in less than 10% overall yield.59 Post ligation, the thiol functionality is removed by a 

desulfurisation reaction. Initial desulfurisations were achieved by Dawson and co-workers who 

demonstrated reductive cleavage of the sulfhydryl moiety of cysteine generating an alanine 

residue by hydrogenation with Pd/Al2O3 or with raney nickel (Scheme 2).  

 

 

Scheme 2: Metal catalysed desulfurisation of cysteine to alanine by Dawson et al.45 
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The desulfurisation with metal reagents enabled access to more challenging proteins 

however,60 difficulties in separating the metal from the protein products were reported. Nickel 

catalysed desulfurisations employ large excess of metal catalyst which often leads to 

undesirable side reactions with other side chain functionalities. In some cases, epimerisation 

of secondary alcohols and reduction of thiols, thioesters and thioethers were observed.61,62  

Palladium on Al2O3 was also found to be incompatible with other functionalities such as 

thiazolidine group (an ideal N-terminal masking group).63  These challenges led to the 

development of a milder non-metal desulfurisation protocol. A metal free radical 

desulfurisation was reported by Danishefsky and co-workers and is facilitated by the radical 

initiator 2,2ʹazobis[2(2-imidazolin-2-yl)propane]dihydro chloride (VA044) together with 

tris(2carboxyethyl) phosphine hydrochloride (TCEP) and a hydrogen atom source such as a 

thiol additive to effect desulfurization (Figure 1.7).63 This desulfurisation protocol has been 

reported to be compatible with many functional groups with the exceptions of 𝛾-thiol Glu  and 

often desulfurised products are obtained in higher yields relative to metal desulfurisations.  

 

Figure 1.7: Mechanism of radical desulfurization of Cys to Ala using TCEP and VA-044 

All the desulfurisation protocols developed thus far are not selective and result in the global 

desulfurisation of thiols in the protein.  Often a protection and deprotection strategy of other 

thiol functionalities in the native sequence is important for selectivity.  These extra steps can 

complicate the synthesis of larger polypeptides and glycopeptides. Selenolated amino acids 

have also been developed to eliminate the need for desulfurisation post ligation by rather 

employing TCEP to mediate radical deselenisation.46,64,65 Selenols are interesting as 

alternatives of thiols due to their increased nucleophilicity which increases reactivity in 

ligations by enhancing the rate of thiol-selenol exchange and thus facilitates NCL-like 
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transformations faster.66 The application of selenolated amino acids is promising however, 

progress is hindered by the need of developing efficient and economical synthetic 

stereoselective procedures for these amino acid derivatives.67 In addition, selenium has a low 

reduction potential and compounds containing selenium moiety readily oxidises in air which 

makes them difficult to handle in bench reactions.68 This can be unappealing to many scientists.  

 

Another interesting approach used to reduce the reliance of cysteine in NCL is the use of thiol-

based auxiliaries appended to the 𝛼-amino group at the N-terminus (Scheme 1.3). The auxiliary 

mimics cysteine in the trans-thioesterification step and S→ N acyl shift. It is cleaved post 

ligation by the treatment of the ligation product with a specific chemical leaving the ligated 

peptides. 

 

 

Scheme 1.3: N-terminal auxiliary mediated native chemical ligation 
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of unhindered junctions mainly X-Gly peptide bonds.  Challenges in auxiliary cleavage post 

ligation can also be encountered which can affect yield or isolation of the ligated product.  

 

The first 2-mercaptobenzyl auxiliary was introduced by Dawson and Offer, it was modelled 

from the Hmb auxiliary, initially reported by Kemp, through substitution of phenol with 

thiophenol (Figure 1.8 – Gen 1).42,69–71 

 

 

Figure 1.8: Generations of 2-mercaptobenzyl auxiliaries 

 

The auxiliary was utilised in ligation reactions at X-Gly and Gly-X sites in the absence of thiol 

additives in good yields within 0.5 to 5 hrs.69  Ligations at a sterically demanding site (Ala-

Ala) were only observed at high peptide concentrations and took 48 hrs to reach completion.  

The slow reactivity of the initial 2-mercaptobenzyl auxiliary and its uncleavable nature led to 

introducing substituents to the phenyl ring to enable its cleavage and also increase the rate of 

ligations. Introducing methoxy substituents at the para position tailors the acid lability of the 

auxiliary and introducing methoxy substituents at position 5, tunes the pKa of the thiol which 

consequently, enhances the rate of ligations. Aimoto et al. introduced methoxy groups at 

positions 5 and 6 of the ring which increased the rate of ligations and the auxiliary was cleaved 

in TFA (Figure 1.8 – Gen 2).72 The most acid labile trimethoxy benzyl auxiliary was later 

introduced by Offer and Dawson (Figure 1.8 – Gen 3).73  The auxiliary mediated ligations at 

low-mM concentrations. Macmillan and Anderson demonstrated ligations with the 
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glycopeptide GlyCAM-1.74 However, they also reported that the auxiliary failed to deliver 

ligation products at Leu-Gly and Ser-Gly sites. Danishefsky and co-workers also constructed 

complex N-linked glycopeptides via peptide-glycopeptide ligation using the 

trimethoxymercaptobenzyl auxiliary.75 The main challenge observed was rearrangement of the 

ligated product back to the thioester intermediate during acid cleavage of the auxiliary post 

ligation.76 Mild Lewis acid/TFA combinations have also been reported to decompose the 
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glycans of the glycoprotein.77 An auxiliary thiol methylation protocol prior to cleavage has 

been developed to circumvent the forementioned challenges.75,77 An alternative photocleavable 

auxiliary was developed by Nadler et al.  to avoid the acid required in the cleavage of 

mercaptobenzyl auxiliaries.  The auxiliary successfully mediated ligations at Gly-Gly and Ala-

Gly junctions in excellent yields between 82 – 91%. However, ligations at Gly-Ala, Gly-Leu 

and Ala-Ala were poor with conversions between 5 – 13% observed.  

 

Kent and co-workers were first to report the application of N-2-mercaptoethyl auxiliaries and 

N-2-mercaptoethyloxy auxiliaries (N-ethanethiol and N-oxyethanethiol) in ligations.78 Kent 

demonstrated ligations with N-oxyethanethiol auxiliary (structure shown in Scheme 1.3) at 

Gly-X and X-Gly sites in excellent yields.78 The auxiliary was  also employed in a successful 

cyclisation of 19 mer.79 However, the auxiliary required cleavage with harsh conditions  of 

Zn/H+. Due to the fragile nature of some proteins and glycoproteins, the auxiliary was 

unpopular. In 2016, Weller et al. introduced an aromatic-thiol mediated N-O bond cleavage 

which enabled access to the expected proteins without side reactions.80 The auxiliary was 

cleaved in the presence of high MPAA concentration at neutral and aerobic conditions.  

 

The 2-mercaptoethyl auxiliaries have received tremendous applications since their introduction 

by Kent et al.78 Their initial auxiliary (Figure 1.9 – Gen 1) was successful in ligations but with 

the disadvantage that it is non-cleavable. 

 

Figure 1.9: Generations of 2-mercaptoethyl auxiliaries 
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Efforts by Botti and co-workers led to the synthesis of the acid cleavable mercaptoethyl 

auxiliary (Figure 1.9 – Gen 3) through the introduction of an 𝛼-para-methoxy phenyl 

substituent.81 The auxiliary had similar reactivities at X-Gly and Gly-X junctions as the initial 

auxiliary by Kent. However in some reports, the introduction of an 𝛼-para-methoxy phenyl 

substituent introduced a chiral centre to the auxiliary and coupling a chiral auxiliary to a chiral 

peptide formed diastereoisomers which splits product peak on HPLC and proved difficult to 

purify.82 An impressive benchmark in the application of a phenyl substituted N-2-

mercaptoethyl auxiliary in ligations was the semi-synthesis of a full-length protein  cytochrome 

b562 using N-1-(4-methoxyphenyl)-2-mercaptoethyl by Low and co-workers.83 The auxiliary 

was cleaved in HF and the polypeptide was folded into a functional protein. The dimethoxy 

equivalent of the auxiliary was recently employed to join Gly-Gly junctions in the chemical 

synthesis of polyubiquitin chains.84 Acidolytic cleavage of auxiliaries post ligation is usually a 

limiting factor in biological systems and has led to the development of alternative auxiliaries. 

Kawakami  and Dawson et al. synthesised photocleavable N-2-mercaptoethyl auxiliaries 

(Figure 1.9 – Gen 4).85,86 The auxiliaries mediated ligations at Gly-Gly and Ala-Gly junctions 

however, inefficient S→N acyl transfer was reported when the Gly was substituted with Ala. 

 

A significant advance in the utilisation of 2-mercaptoethyl auxiliaries was by Seitz and co-

workers who developed a 2-mercapto-2-phenethyl auxiliary that facilitated ligations beyond 

the common Gly-Gly junctions (Figure 1.9 – Gen 5).87 The auxiliary enabled ligations at Gly-

Gly, Leu-Gly, Gly-Asn, His-Asp and His-Gly when peptide alkyl thioesters were employed in 

77 – 99% yields. Ligations were often completed in hours rather than days. Ligations at Leu-

Arg, Phe-Met and Ser-Glu were also achieved when peptide phenyl thioesters were employed. 

The auxiliary is cleaved in basic conditions of TCEP and morpholine. This can be important 

as acidic environments are known to facilitate the reverse N→S acyl transfer reaction lowering 

the final yield of ligated product.  Seitz and co-workers also synthesised a base labile 4-

mercaptobutyrate N-auxiliary which was demonstrated in ligations at Gly-Gly towards the 

synthesis of a 47 aa long antimicrobial domain of Dermicidine-1L (Figure 1.9 – Gen 6).88 

 

There are few examples in literature where auxiliaries are employed in peptide-glycopeptide 

ligations perhaps due to their less reactive nature in comparisons to cysteine. However, both 

the utilisation of thiolated amino acids coupled with desulfurisation and the application of 
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cleavable auxiliaries has extended NCL beyond cysteine.  Apart from cysteine and cysteine 

surrogates, other components just as important in NCLs are peptide thioesters.   

 

1.4.2 Peptide thioesters  

 

Peptide thioesters are the cornerstone of many biological processes including protein splicing 

and ubiquitin-like protein conjugations.89,90  The thioester is  the electrophile to many addition 

reactions allowing access to many relevant biological conjugates. NCL is dependent on peptide 

thioesters to react with a thiol in the chemoselective thiol-thioester  exchange step. The special 

reactivity of peptide thioesters has enabled many ligations to be carried out towards proteins 

and glycoproteins. However, the increased reactivity of thioesters especially towards nitrogen-

based nucleophiles also constraints their synthesis since peptides and proteins are constructed 

possessing such reactive functional groups. A number of strategies have been designed towards 

the synthesis of peptide thioesters.  

 

1.4.2.1  Synthesis of peptide thioesters by SPPS  

 

Solid phase peptide synthesis (SPPS) is a standard automated technique used to assemble 

peptide chains of various lengths through successive acylation reactions of amino acids on an 

insoluble support. Peptides are constructed from the C-terminus towards the N-terminus using 

N-protected amino acids. The method was initially introduced by Merrifield in 1963 who 

constructed a tetrapeptide using Cbz as the 𝛼-amino protecting group and 

dicyclohexylcarbodiimide (DCC) coupling agent.91 The peptide was liberated from the support 

through HBr mediated cleavage or by saponification. The method was later on modified to 

utilise Boc as the N-protection and employ HF in the cleavage from the insoluble support.92,93  

 

In SPPS, the C-terminus of the first amino acid is covalently attached to an insoluble resin and 

the  N-terminus is protected by a specific protecting group such as Boc or Fmoc (Scheme 1.4). 

In Boc SPPS protocol, the Boc protecting group is removed with TFA unmasking the reactive 

𝛼-amino group. Side-chain protecting groups that are stable to TFA such as benzyl (Bzl) are 

usually utilised. In Fmoc SPPS, the Fmoc deprotection is achieved by a base such as piperidine.  

The amine is then coupled to the amino acid carboxyl group using specific coupling reagents 

such as DCC to activate the carboxyl terminals. Repetitive deprotections and couplings extends 
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the peptide chain length from the C-terminus to the N-terminus. In Boc SPPS, the peptide is 

ultimately cleaved from the resin through treatment with HF whereas in Fmoc SPPS by TFA. 

The acid also cleaves side-chain protecting groups leaving the unprotected peptide.  

 

 

Scheme 1.4: Standard solid phase peptide synthesis 

 

In 1970, Carpino introduced Fmoc protection for the  N-amine as an alternative to the Boc 

method. The Fmoc requires moderate bases such as piperidine to be deprotected which offered 

a milder deprotection method relative to the acid deprotection of the Boc method.94 The Fmoc 

peptide synthesis protocol is the most widely used and preferred relative to the initial Merrifield 

method due to the less harsh reagents used for the removal of protecting groups.  Boc protected 

synthesis utilises the highly toxic hydrogen fluoride (HF) for deprotection of permanent groups 

and cleavage of the peptide from the resin.91,95,96 HF requires specialised apparatus in its 

handling and therefore is less favourable for many laboratories. However, both protocols have 

been employed in the construction of peptide thioesters.  

 

Fmoc SPPS is the main and preferred method  used to access peptide thioesters. Boc protocols 

are also utilised is certain situations with the advantage that the thioester can be installed at the 

start or in the middle of peptide however, Boc protocols are becoming less common and will 

not be reviewed. Fmoc SPPS requires a base which often is incompatible with the thioester. 

Thus, in Fmoc SPPS, the thioester can be introduced in a peptide after peptide elongation with 

the advantage that the thioester functionality is not exposed to the harsh conditions or 

alternatively, it can be introduced at the beginning of SPPS in a protected form and must endure 

the base conditions. The former method is the most common. It is facilitated through activation 

of carboxylic acids and through the use of linkers that yield peptide thioesters. The carboxylic 
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acid activation methods used to introduce a thioester post peptide synthesis are depicted in 

Scheme 1.5.  

 

 

Scheme 1.5: Activation of peptide acid and coupling with a thiol towards peptide thioesters 

 

A backbone anchoring linker (BAL) was introduced by Alsina et al.97,98  The growing peptide 

is attached to the solid support through covalent linkage to the backbone nitrogen. Thus, the C-

terminal carboxyl group is not involved in the anchoring of the peptide to the resin which 

allows it to be modified to the thioester. During Fmoc peptide extension, the carboxyl group is 

allyl protected. After peptide synthesis, the allyl protection is selectively removed followed by 

coupling of the carboxylic acid to a presynthesized amino acid thioester using a coupling agent 

yielding a peptide thioester. The resin is then cleaved with TFA resulting in the expected 

peptide thioester. The side-chain anchoring protocol is similar to the BAL method however, 

the peptide is attached to resin through the side chain of amino acids such as the side-chain 

carboxyl group of aspartic or glutamic acid. The method was demonstrated by Wong and co-

worker in the synthesis of a 28 aa long N-glycopeptide thioester which was further extended to 

a fragment of glycoprotein erythropoietin  (EPO) (Scheme 1.6).99  
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Scheme 1.6: Side-chain anchoring strategy towards EPO glycopeptide thioester. 

 

Alternatively, a peptide thioester can be synthesised by direct conversion of a protected peptide 

C-terminal carboxylic acid obtained by SPPS to the corresponding thioester.100 The peptide is 

constructed on a 2-chloro trityl resin, followed by mild acidic cleavage from the resin and then 

coupling of the otherwise fully protected peptide to a thiol using coupling reagents such as 

PyBOP. 

 

Linkers that can be converted to the corresponding thioester post peptide synthesis can be 

utilised to obtain peptide thioesters for NCL.  Reports by Ingenito et al. and Shin et al. explored 

the use Kenner-safety catch sulfonamide linker (Scheme 1.7).101–104 
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N-Acyl sulfonamides are acidic (pKa ~2.5) and therefore are deprotonated at basic pH 

conditions usually employed in peptide synthesis. Thus, the linker is stable during peptide 

coupling due to the negative charge on the nitrogen delocalising into the carbonyl decreasing 

its electrophilicity.101,105 The sulfonamide  is activated after peptide assembly through N-

alkylation or N-acylation. Ingenito et al. activated  the sulfonamides with diazomethane or 

iodoacetonitrile followed with thiolysis to produce thioesters in excellent yields.103 Cleavage 

of the resin and full deprotections are achieved in TFA. In situ activation of N-methyl N-

sulfonamides with thiol MPAA followed with NCL were reported by Burlina and co-workers 

which removed the thioester conversion steps and thereby shortening the procedure. The 

ligation rates were comparable to those of native chemical ligation.106  A Mitsunobu N-

alkylation reaction with a protected 2-mercaptoethanol derivative which facilitates 

intramolecular N→S acyl transfer to the thioester was also reported by Melnyk and co-

workers.105 The method is advantageous as the thioester is formed on an insoluble support 

which allows purification of products by washing.  

 

Imide linkers that allow access to thioesters have also been developed. Electrophilic imides are 

formed by intramolecular acylations and undergo thiolysis to yield thioesters (Scheme 1.8a).  

 

 

Scheme 1.8: a) Thiolysis via imide linkers. b) Thiolysis via the diaminobenzoyl linker by Dawson et al.104 
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The most common and widely applied imide linker towards peptide thioesters is the 

diaminobenzoyl linker developed by Dawson and co-workers (Scheme 1.8b).107,108 The O-

aminoanilide was constructed by Fmoc SPPS and acylated with p-nitrophenylchloroformate. 

The introduced functionality enabled intramolecular acyl transfer to the N-acyl urea. The N-

acyl urea peptides were converted to their corresponding aryl thioesters by thiolysis with 

MPAA. The method was demonstrated in the synthesis of a 29 aa long peptide thioester derived 

from rabies virus glycoprotein (Rvg) and was ligated with a 33 aa cysteinyl peptide  to yield a 

polypeptide in 70% yield. The common challenge encountered when using the linker is the 

acylation of the aniline during repetitive SPPS couplings.109  To circumvent the problem, 

similar type of linkers which take advantage of side-chain carboxylic acid or alcohol 

functionalities that are activated to form a cyclic urethane leaving group  have also been 

reported.110,111  

 

Thioesters can also be obtained through thiolysis of acyl azides and benzonitriles (Scheme 

1.9). The methods involve an oxidation step which yields intermediate azides or benzonitriles 

that undergo thiolysis with alkyl or aryl thioesters. The main advantage of the protocols is that 

the oxidation step is chemoselective when performed at low pH which therefore eliminates the 

need of protecting groups in the activation step.   

 

 

Scheme 1.9: a) Synthesis of peptide thioester by thiolysis  of a) peptide azides and b) peptide 

benzotriazoles.  

 

The concept of activating hydrazines to good leaving groups towards peptide thioesters was 

initially introduced by Camarero and co-workers who employed a hydrazine linker during 
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Fmoc SPPS. The linker was activated via oxidation of the hydrazide with N-bromosuccinimide 

(NBS) to a reactive acyl diazene which was employed in thiolysis with alkyl thioesters towards 

peptide alkyl thioesters.112 The oxidation and thiolysis steps were conducted to a fully protected 

peptide. The method was later modified  and improved by Liu and co-workers who 

demonstrated the conversion of a fully deprotected peptide hydrazide to the corresponding 

thioester via diazotisation with sodium nitrite followed with thiolysis.113 They demonstrated 

the method in the synthesis of a protein 𝛼-synuclein 8 (140aa long) through the synthesis of 

peptide segments that were employed in NCL.114 The peptide hydrazides were synthesised on 

a 2-Cl-(Trt)-NH-NH2 resin by Fmoc peptide synthesis in moderate yields. Oxidation of the 

hydrazides  were conducted with sodium nitrite in phosphate buffer containing guanidinium 

hydrochloride (Gn∙HCl) at -15℃. Low temperatures during oxidation are essential to avoid the 

Curtius rearrangement. Thiolysis of the peptide azide intermediate yielded thioesters which 

were employed in ligations with cysteinyl peptides. Since its introduction, the hydrazide 

method has become one of the most utilised method in the synthesis of peptide thioesters due 

to the ease of the synthesis of peptide hydrazides by Fmoc SPPS.47 An alternative method of 

activating peptide hydrazides via an acyl pyrazole intermediate was reported by Dawson and 

co-workers (Scheme 1.10).115 The hydrazide is condensed with acetyl acetone (acac) in acidic 

pH which generates an intermediate acyl pyrazole that is then displaced with thiols to generate 

a peptide thioester.   

 

 

Scheme 1.10: Activation of peptide hydrazides with acetyl acetone and thiolysis towards MPAA peptide 

thioester.115 

 

Thiolysis  of benzotriazoles is complementary to the hydrazide activation method. The method 

was introduced by Liu and co-workers in 2015. It involves the activation of o-aminoanilide 

peptides obtained from Fmoc SPPS by sodium nitrite to a benzotriazole followed with thiolysis 

to generate a thioester. O-aminoanilides are constructed on a Dbz resin (Scheme 1.9b).  

 

Peptide thioesters can also be constructed by N→S and O→S acyl transfer. N-(2-sulfanyethyl) 

amides and (2-sulfanyethyl) esters that rearrange to thioesters via a transient thioester 

intermediate in water have been reported (Scheme 1.11).116,117 The thiol employed in the 
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thioester exchange is usually in excess to shift the equilibrium towards the thioester since the 

reaction is in equilibrium with the reverse reaction. The N→S acyl transfer reactions are usually 

conducted in acidic conditions to deactivate the nitrogen via protonation and thereby 

minimizing the reverse reaction. The thermodynamic stability differences between esters and 

thioesters are smaller than those of amides and thioesters which enables O→S acyl transfer 

reactions to be conducted in a wide range of conditions ranging from acidic to mild basic 

environments. 

 

 

Scheme 1.11: Synthesis of peptide thioesters via N,S and O,S acyl shifts 

 

The most common systems utilising N→S acyl shift towards peptides thioesters employ the 

bis(2-sulfanylethyl) amido (SEA)  and the SEAlide.118,119 Melnyk constructed SEA peptides 

by Fmoc peptide synthesis on a polystyrene Trt resin followed with air oxidation to the 

disulfides SEA.119,120 The SEA peptides were treated with TCEP and mercaptopropionic acid 

(MPA) allowing equilibration and formation of peptide thioesters which were isolated in 62 – 

87% yields (Scheme 1.12).  

 

 

Scheme 12: Utilisation of SEA peptides to generate peptide thioester via N→S acyl shift  

 

Zheng and co-workers initially demonstrated the O→S acyl transfer towards peptide and 

glycopeptide thioesters.121 They constructed peptide alkyl oxo-esters by Fmoc SPPS and 

employed them in O→S acyl transfer followed with thioester exchange towards peptide aryl 

thioesters. The method was demonstrated in the construction of an O-linked glycopeptide 

thioester that can be employed in NCL towards mature glycoproteins. 
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1.4.2.2  Synthesis of peptide and protein thioesters by recombinant expression  

 

Recombinant methods have been used to produce protein and peptide thioesters that have been 

widely applied in ligations generating large proteins and glycoproteins of interests.  The most 

common recombinant method for protein thioester synthesis utilises inteins.  Inteins are protein 

elements that employ enzyme like mechanisms to excise themselves from precursor proteins 

and ligate the flanking peptides (exteins) such that two mature peptides are produced (Scheme  

1.13).122  The process is a biological reaction known as protein splicing and often yields 

proteins of smaller mass relative to the predicted outcome from the gene sequence. 

 

 

Scheme 1.13: The mechanism of protein splicing.122 

 

The mechanism of protein splicing consists of four key steps directed by the intein. The key 

amino acids usually at the excision junctions are Ser/Thr/Cys which facilitates nucleophilic 

displacements. Initially, a Ser/Thr or Cys at the N-terminal junction undergoes N to S/O acyl 

transfer which converts the amide at the N-terminal splice junction to a thioester or an ester 

respectively. A Ser/Thr or Cys then displaces the thioester via a transthioesterification step 

forming a branched intermediate. The intein’s Asn at the C-terminal junction then undergoes 

cyclisation which cleaves off the branched exteins. S→N acyl transfer of the branched 

intermediate generates the native amide bond. As of the amino succinimide formed, it slowly 

hydrolyses to regenerate Asn (Scheme 1.13). Mechanistically, the process only produces C-

terminal thioesters. Several inteins, such as the Mth RIR, Mxe GyrA and Sce VMA have been 
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engineered to facilitate protein thioester synthesis via thiolysis of the corresponding intein 

fusions.  This is achieved by fusing the C-terminal amino acid of the protein of interest with a 

cysteine at the N-terminus of the intein. The cysteine facilitates N →S acyl transfer generating 

a thioester in similar fashion to the first step of protein splicing. Incubation of this splicing 

intermediate with thiols such as MESNa or MPAA facilitates thioester synthesis via a thiol-

thioester exchange step (Scheme 1.14).  

 

 

Scheme 1.14: Intein mediated protein thioester synthesis.  

 

The protein thioester obtained can be employed in expressed protein ligations (EPL) with 

cysteinyl peptides or glycopeptides generating larger proteins or glycoproteins of various 

lengths and functions.123–125 EPL has been applied in the synthesis of proteins including 

enzymes,126 antibodies127 and ion channels.128 Despite the success of EPL, the method can 

suffers from low overall efficiency due to the complications associated with the generation of 

the protein thioester.129–131 For example, intein fusions are susceptible to premature extein 

cleavage which can lower the yield of the intein fusion needed in the thiolysis step. Also, 

cleaved exteins require to be separated from the inteins usually by chromatography which is 

often difficult for large proteins. The thiolysis step can also be slow and inefficient.  Split DnaE 

inteins have been introduced as alternatives of the common inteins employed in EPL. They are 

two discrete polypeptides which only catalyse  splicing after association thus avoiding 

premature cleavage of intein fusions. One intein polypeptide is attached to solid resin which 

enables purification by washing after splicing as the associated inteins remain attached to a 

solid support.  It has been reported that Split DnaE inteins catalyse the splicing  step in seconds 

rather than hours as commonly observed with other inteins.132 They drive the N→S acyl step 

more efficiently due to a “hyperactivated” N-terminal splice junction.133 In 2013, Muir and co-

workers constructed and purified protein-𝛼-thioesters from cell lysates efficiently using the 

split DnaE inteins which were employed in the semi-synthesis of different protein histones and 

antibodies.132 The application of recombinant thioesters in NCL or EPL towards N-linked 

glycoproteins is very limited. Tong and Albeit reported a ligation of a 392 aa long recombinant 
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protein-𝛼-thioester to an N-cysteinyl dipeptide with  a singly attached N-glycan towards an N-

linked glycoprotein.134  

 

Most EPL strategies towards N-linked glycoproteins utilise recombinant proteins with N-

terminal cysteines which are ligated to synthetic N-linked glycopeptide thioesters.  Proteins 

with N-terminal cysteines can be obtained using inteins. An impressive work of the application 

of EPL towards the synthesis of an N-linked glycoprotein was by Unverzagt and co-workers 

who synthesised ribonuclease C which is a 15 kDa enzyme with 4 disulfides and a complex 

type N-linked glycan.135 A sequential NCL protocol was implemented (Scheme 1.15).  

 

 

Scheme 1.15: Sequential assembly of RNase N-linked glycoprotein by Unverzagt.135 

 

In their protocol, the RNase 40 – 124 cysteinyl peptide was constructed by intein based 

recombinant expression protocol and was ligated to the thioester of N-glycopeptide RNase 26 

– 39 which was constructed on SPPS. 

Protein thioester can also be obtained by incorporation of unnatural amino acid thioesters into 

proteins. The use of nonsense codon suppression technology has broadened native protein 

biosynthesis and enabled the incorporation of unnatural amino acids into peptides. The concept 

takes advantage of the fact that anticodon-codon recognition between mRNA and tRNA is 
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independent of the structure of the amino acid linked to the 3'- end of the tRNA.136 Hecht and 

Schultz demonstrated the use of acylated tRNAs  to incorporate acetyl amino acids into proteins 

in response to amber stop codon TAG.137,138 Schultz evolved an orthogonal tRNA synthetase 

to accept and supply p-acetylphenylanine residues in response to amber stop codon TAG and 

thus incorporate the unnatural residue into a  growing peptide at a defined position.138  The 

nonsense codon suppression technology has been developed further to enable the incorporation 

of unnatural amino acids into proteins.  Noren et al. incorporated synthetic amino acids into an 

enzyme -lactamase using a chemically acylated suppressor tRNA that incorporated the amino 

acid in response to amber stop codon.139 The same method was utilised by Li et al. to indirectly 

generate C-terminal protein thioesters by incorporating an -hydroxy amino acid into a 

recombinant protein.140 In their studies, a mutated wild type M. mazei pyrrolysyl-tRNA 

synthetase (PylRS) was employed to acylate the 3'- end of its cognate tRNA. Hydrazinolysis 

of the protein oxo-ester generated a C-terminal hydrazide which was then employed in ligations 

with cysteinyl peptides via activation of the hydrazide with NaNO2 and thiolysis  of the azide  

intermediate with MPAA in one pot (Scheme 1.16).  

 

Scheme 1.16: Incorporation of an -hydroxy amino acid into a recombinant protein and its activation to 

the thioester.140   

Even more impressively, recently, Xuan and Collins demonstrated the incorporation of an 

unnatural amino acid thioester (thioD) into a recombinant protein sfGFP at position 151 

generating a protein side chain thioester (Scheme 1.17).141 The protein thioester was ligated to 

a cysteinyl glycan forming a neoglycoprotein.  
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Scheme 1.17: Site specific incorporation of thioD into a recombinant protein and ligation of the protein 

thioester with a cysteinyl linked N-glycan.141,142 

 

1.4.3 Formation of peptide-glycan N-linkage  

 

Peptide-glycopeptide ligation requires the construction of N-linked glycopeptide fragments 

that can be employed in ligations. The formation of an amide bond between asparagine and 

GlcNAc is the key step (Scheme 1.18).  

 

 

Scheme 1.18: Glycopeptide formation.  

 

The formation of an amide bond can prove challenging if favourable conditions for its 

formation are not met. When acids and amines are mixed together, the equilibrium is shifted 

to the formation of a stable salt rather than the required aminolysis product (Scheme 1.19). 

Aminolysis is very slow and almost impossible to achieve. This is overcome by activating the 

carboxylic acid to an acyl conjugate which is electrophilic and therefore susceptible to 

aminolysis. Several methods have been developed to activate the carboxylic functionality 

including the use of coupling reagents utilised in convergent couplings. Other (direct) methods 

such as converting the carboxylic acid into an ester, a thioester (thioester method), an azide 

(azide method) or an acyl halide have also been utilised.  
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Scheme 1.19: Activation of a carboxylic acid 

 

Convergent coupling is a condensation reaction of oligosaccharyl amines with aspartic acid 

side chain forming a native amide bond (Scheme 1.20). The reaction involves activation of 

aspartic side chain using an appropriate coupling reagent. The intermediate formed is then 

displaced by the glycosyl amine forming an amide bond. 

 

 

Scheme 1.20: General method for convergent glycopeptide synthesis 

 

The method relies on a protection scheme for the N-amino and C-carboxyl functions of the 

aspartic derivative. Protection of the glycosyl amine may also be required depending on the 

complexity of the synthesis. Glycopeptide synthesis by convergent coupling was first 

demonstrated by Anisfeld and Lansbury in the 1990s who outlined the reagents required to 

facilitate efficient coupling.143,144 Anisfeld and Lansbury synthesised minimally protected 

peptides with free aspartic side chains which were then coupled with glycosyl amines and 

yielded the expected glycopeptides. 3-[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-

oxide hexafluorophosphate (HBTU) was employed as the coupling reagent and 

(hydroxybenzotriazole) HOBt as an additive. Convergent coupling combined with SPPS is the 

most common method used to access glycopeptides for NCL. One recent example of 

convergent coupling in the total synthesis of an N-linked glycoprotein is by Danishefsky and 

co-workers who demonstrated a linear assembly of a -subunit of the human follicle 

stimulating hormone (hFSH) glycoprotein.145  A complex-type biantennary oligosaccharide 

was constructed chemically by a 24-step synthetic procedure previously reported by the same 
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group.146 The amino glycan was coupled to the side chain of aspartic acid of a small peptide 

(hFSH 20 – 27) constructed by Fmoc peptide synthesis in 27% yield (Scheme 1.21). The 

isolated glycopeptide was employed in NCL with a peptide thioester and a cysteinyl peptide to 

produce a full-length glycopeptide.  

 

 

Scheme 1.21: Synthesis of glycopeptide hFSH (20-27) thioester.145 

 

Convergent coupling requires glycosyl amines that are coupled to side-chain carboxylic acids. 

The glycan chains can range from monomers to complex oligosaccharide chains. The glycosyl 

amines can be accessed by stepwise carbohydrate synthesis as demonstrated by Danishefsky.146 

However, stepwise synthesis of large glycans is difficult and is labour intensive as it requires 

multiple chemoselective reactions which are often low yielding. In attempt to solve the 

challenge, Meinjohanns and co-workers reported the preparation of di- and triantennary 

complex-type oligosaccharide via hydrazinolysis of naturally occurring oligosaccharides.147  

 

Convergent synthesis suffers from a few drawbacks. Glycosylation rates often varies as they 

are dependent on the peptide sequence. Glycosylation of peptides is slow relatively to 

glycosylation of amino acids. Therefore, a potent route is needed in order to achieve high-

yielding reactions.148 The main challenge of convergent coupling is aspartimide  formation 

during peptide elongation or during coupling of a glycosyl moiety.149 Basic conditions 

employed can lead to deprotonation of the backbone amide nitrogen forming a nucleophilic 

amidate anion.  Aspartimides results when the amidate specie attacks the activated carbonyl 

carbon of the Asp side chain. Lansbury aspartylation leads to the aspartimide side product 

(Scheme 1.22).144  
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Scheme 1.22: Lansbury aspartylation leads to glycopeptide and the aspartimide side product. 

Aspartamide formation is dependent on the conditions used in the reactions and on the 

neighbouring residue of the aspartate carboxyl.150,151 Employing weaker bases such piperazine 

(pKa = 9.73) during deprotections has been reported to reduce aspartamide formation.152 Other 

strategies such as employing backbone protecting group N-(2-hydroxy-4-methoxybenzyl) 

(Hmb),153 using additives such as 2,4-dinitrophenol and employing bulky protecting groups on 

Asp side-chain have all been utilised in the suppression of aspartamide formation.154–156 One 

notable strategy was developed by Unverzagt and co-workers who reported a convergent 

synthesis of N-glycopeptides facilitated by pseudoprolines at the consensus sequence Ser/Thr 

residues.157 They constructed peptides with pseudoproline at Ser/Thr residue position in a 

consensus sequence Asn-X-Ser/Thr (Scheme 1.23).  

Scheme 1.23: Suppression of aspartimide formation using  Asp-X-pseudoproline peptides in convergent 

coupling 

The Asp side chain was initially protected with allyl ester and deprotected with palladium 

catalyst. Convergent coupling of the activated Asp side-chain with glycosyl amine led to 
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majority glycopeptide product. In most reactions, less that 5% of the aspartamide product was 

observed. The oxazolidine ring is labile to trifluoroacetic acid  (TFA) which allows the native 

amino acid (Thr or Ser) to be generated during cleavage. Another challenge in convergent 

couplings is the requirement of  a protection scheme which favours selective deprotection of 

the aspartyl  side-chain protecting group whilst other protecting groups remain intact. Various 

methods have been developed to abrogate this problem. Albericio’s group synthesised N-linked 

glycopeptides using the allyl side chain protected amino acid.158 They selectively deprotected 

the allyl ester protecting group using Pd(0) catalysis. This technique has been employed in a 

number of couplings including the generation of glycopeptide libraries and convergent 

couplings by Unverzagt.159  

 

The most significant route towards peptide-N-glycans was reported by Kajihara and co-

workers and avoids convergent coupling. Kajihara et al. isolated an Asp linked biantennary 

sialylundecasaccharide (NeuAc-α-2,6-Gal-β-1,4-GlcNAc-β-1,2-Man-α-1,6/1,3-)2-Man-β-1,4-

GlcNAc-β-1,4-GlcNAc-β-1-asparagine from egg yolk and was treated with HCl to cleave 

terminal NeuAc residues,  Fmoc protected and employed in SPPS towards larger glycopeptides 

that were then used in NCLs.160 They demonstrated the methods in the total synthesis of an N-

linked glycoprotein sialylglycopeptide CTLA-4.161 Extension of a glycopeptide or glyco-

amino acid  by SPPS has obvious advantages: after each coupling, reagents and protecting 

groups can be removed by washing and filtration with organic solvents such as DMF and/or 

DCM leaving the peptide chain on the resin for the next step. The process can be automated 

which saves time and labour cost. Unfortunately, employing bulky glycosylated amino acids 

in SPPS can lower product yields. Also, different deprotection methods have to be devised for 

each SPPS reaction which further complicate matters.37 Alternatively, convergent coupling of 

one GlcNAc residue to Asn followed with enzymatic extension to a larger oligosaccharide is a 

potential semi-synthesis route.162 

 

Other (direct) methods of activating carboxylic acids such as converting the carboxylic acid 

into an ester, a thioester (thioester method), an azide (azide method) or an acyl halide followed 

with coupling with saccharides have also been reported. In the 1970s, Kemp’s group reported 

the coupling of activated C-terminal peptide esters such as p-nitrophenyl ester with the N-

terminus of other peptides to construct amide bonds.163 Reactions were conducted in organic 

solvents such as DMF and gave ligated products in good yields. In 2016, Guo reported the 

synthesis of N-linked glycopeptides using a similar aminolysis protocol (Scheme 1.24).164  
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Scheme 1.24: Synthesis of N-linked glycopeptides via aminolysis by Guo.164 

 

In their studies both oxoesters and thioesters were investigated in aminolysis with glycosyl 

amines. Aminolysis of thioesters employing two or more equivalents of the glycosyl amine 

achieved higher yields. In 2020, the same group improved the protocol by employing peptide 

selenoesters with six times enhanced reaction rates relative to the equivalent thioesters.165 N-

glycopeptides were isolated in higher yields up to 93%. The selenoester mediated glycosylation 

protocol was used in the synthesis of N-linked glycopeptides with a complex-type glycan. 

Garner and co-workers reported Cu(II)-HOBt mediated ligations of glycosyl amines and 

unprotected peptide thioacids towards N-linked glycopeptides.166 Most direct aminolysis 

reactions use organic solvents to minimise peptide thioester hydrolysis. This is an advantage 

but also limits the protocol if reagents are very polar.  

 

Peptide-glycan linkage can also be formed using glycosyl isothiocyanates. In the past, 

anomeric isothiocyanates have been coupled to activated aspartic acids forming amide linkages 

(Scheme 1.25).  An interesting application of the protocol was by Kunz et al. in the synthesis 

of -mannosyl-chitobiosyl-Asp conjugate.167  

 

 

Scheme 1.25: Synthesis of N-linked glycopeptides using glycosyl isothiocyanates. 

 

Glycosyl azides have widely been applied in direct couplings with aspartic acids towards N-

linked glycopeptides. The most common method is via the Staudinger ligation first reported by 

Raines  and co-workers (Scheme 1.26).168–171  
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Scheme 1.26: Traceless Staudinger reaction. 

 

Mechanistically, phosphine  alkyl  thiols are  initially acylated. The nucleophilic phosphine 

then reacts with the azide to yield a thioester aza-ylide equivalent (Scheme 1.27). S→ N acyl 

transfer forms the amide bond and hydrolysis of the phosphinemethanethiol cleaves the 

phosphanemethanethiol oxide leaving a native amide product. This method has been utilised 

in the construction of interesting peptides including the synthesis of tetra and pentapeptides by 

Liskamp and co-workers,172 the synthesis of 7-9 membered lactams by Maarseveen and co-

workers173 and the synthesis of bioconjugates including protein and DNA labelling.174,175 

 

 

Scheme 1.27: The mechanism of traceless ligation of phosphinothioesters with glycosyl azides. 

 

Staudinger ligations were mainly used in the 1990s and early 2000s in two and three-

component synthesis of glycosyl amides.69,176–178 However, anomerisation and isolation of 

products in isomeric mixtures were the major problems encountered.179,180  Kiessling and co-

workers reported the first traceless Staudinger ligation in the synthesis of  -N-glycosyl amides. 

Phosphinothioesters were ligated to glycosyl azides following the mechanistic path in Scheme 

1.27.171,181 The reactions were conducted at room temperature in organic solvents such as DMF, 

THF and dichloromethane. Reactions conducted in DMF gave the best yields and only  -N-

glycosyl amides were isolated.   Bernadi and Bianchi used  a similar method in the synthesis 

of  glycosyl amides.182  They synthesised diphenylphosphanyl-phenyl  esters  to mediate 

ligations which were air stable and only required low reacting temperatures. Their reactions 

were also conducted in polar organic solvents (DMF) giving improved yields relative to 

dichloromethane.   Guo and co-workers synthesised a short N-linked glycopeptide by coupling 

a polysaccharide azide with amino acid phosphinothioester using the traceless ligation  
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method.183  Their reactions were also conducted in DMF.  A water-soluble ligation protocol is 

essential to extend this method to the synthesis of more polar and larger glycoproteins. Also, 

the phosphinomethanethioester is susceptible to oxidation which makes an inert environment 

a requirement for the reaction to be viable.171 Oxygen-free conditions can be difficult to 

maintain. 

 

A thioacid-azide ligation (TAL) initially reported by Chu and co-workers can also be used to 

form N-linkages between peptide thioacids and glycosyl azides.184 The reaction proceeds via a 

proposed mechanism by Williams et al. (Scheme 1.28).185 The reaction proceeds via path 1 if 

the substituents of the azide are electron withdrawing and path 2 if the azide substituents are 

electron donating.  

 

 

Scheme 1.28: Proposed mechanism of TAL by Williams.185 

 

The same group reported TAL between unprotected -glycosyl azides and thioacetic acid in 

aqueous sodium bicarbonate at 60 ℃ for 36% hours in excellent yields which was further 

improved by Wong and co-workers through the use of RuCl3 catalyst.178,186 The method was 

employed in the synthesis of N-linked glycoamino acids by Rohmer and co-workers.187 

 

Glycosyl hydroxylamines have been reported in the synthesis of glycopeptides through 𝛼-

ketoacid/hydroxylamine ligation (KAHA) initially reported by Bode et al.188 Unverzagt and 

co-workers demonstrated the application of glycosyl hydroxylamines in KAHA ligations with 

side-chain aspartic ketoacids towards N-linked glycopeptides (Scheme 1.29).189  The reactions 

were conducted in DMF/pyridine with mild heating within 24 - 48 h and products with -N-

linkages were isolated. 
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Scheme 1.29: Proposed mechanism of KAHA by Bode.185 

 

The application of acyl azide or acyl halides in the synthesis of N-linked glycoproteins has not 

been reported thus far. Potential problems of direct couplings are the lack of selectivity in some 

methods and the possibility of isomerisation. However, the process is less complicated and 

allows access to glycopeptides that can further be extended by NCL protocols. NCL has indeed 

enabled access to glycoproteins of different sizes and functions. However, the ligation of large 

glycoproteins, especially when the bulky glycans are near the ligation junctions, can lead to 

poor yields.190 Enzymatic and chemoenzymatic strategies are emerging as alternative 

approaches towards homogenous glycoproteins via glycoprotein remodelling.   

 

1.5 Glycoprotein remodelling  

 

Glycoprotein remodelling using enzymes is emerging as an attractive method that 

complements NCL in the  synthesis of N-linked glycoproteins. The method takes advantage of 

endoglycosidases to mediate the trimming of the heterogenous glycans of a natural or 

recombinant glycoprotein leaving a protein attached only to a single GlcNAc residue. The 

protein-GlcNAc conjugate can also be obtained by NCL strategies as described in section 1.4. 

The sugar chain is then extended by enzymes to the target glycoprotein (Scheme 1.30).  
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Scheme 1.30: Glycoprotein remodelling towards homogenous N-linked glycoprotein.  

 

Glycosidases are a large family of enzymes that hydrolyse glycosidic bonds of glycans and 

glycoconjugates. They also facilitate transglycosylation if an alternative acceptor is present in 

the active site. Their mechanism of actions were first reported by Koshland in 1953 (Scheme 

1.31).191  

 

 

Scheme 1.31: Mechanisms of hydrolysis and transglycosylation by glycosidases. a) retaining -glycosidase 

catalysis via double displacement. b) 𝜶-glycosidase catalysis via direct displacement. c)  ENGase catalysis 

via substrate-assistance.191 
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Glycosidases mediates hydrolysis or transglycosylation of glycosides via the double 

displacement (Scheme 1.31a), the single displacement (Scheme 1.31b) or the substrate-

assisted displacement (Scheme 1.31c). In the double displacement, a nucleophilic residue in 

the active site attacks the activated anomeric carbon forming an enzyme-substrate intermediate. 

An acidic or basic residue also activates the OH of water or of the acceptor substrate.  The 

activated OH attacks the anomeric carbon of the acyl enzyme intermediate generating a 

hydrolysed product or a transglycosylated product. In the single displacement mechanism, an 

activated OH of either water or the acceptor directly attacks the anomeric carbon displacing 

the anomeric OR and thereby forming a new bond.192  

 

In the substrate-assisted mechanism, the 2-acetamido group activates the anomeric carbon by 

mediating cyclisation which generates an oxazolinium ion intermediate. The intermediate is 

then attacked by an activated OH of either water or the acceptor resulting in hydrolysis or 

transglycosylation (Scheme 1.31c). One limitation of transglycosylation is that it suffers from 

hydrolysis of the product since the product can serve as a substrate for the enzyme.193,194 To 

compensate, excess donor is usually employed in the reactions.195 Recently, novel glycosidase 

mutants that do not facilitate product hydrolysis have been reported.196–199 An early example 

of transglycosylation was by Wither and co-workers who  extended the glycan chains of 

glycopeptides obtained from SPPS and also applied the method in the synthesis of 

neoglycoproteins.200,201 A number of enzymes that mediate glycosynthesis have been expressed 

over the years through mutations of the active sites of glycosidases by removing the 

nucleophilic residue. However, the method is only viable if the nucleophile is provided by the 

enzymes. Thus, mutation of the nucleophilic residue would not work for substrate-assisted 

displacement enzymes such as the endo--N-acetylglucosaminidases (ENGase). The ENGase 

derived glycosynthases are the most employed enzymes in the extension of N-linked 

glycopeptides and N-linked glycoproteins. ENGase remove glycans from glycoproteins by 

cleaving the GlcNAcβ1–4GlcNAc bond of the core. They also possess transglycosylation 

properties. Their main advantage over other glycosyltransferases is their ability to transfer large 

intact oligosaccharides to the GlcNAc residue of the preassembled polypeptide-GlcNAc 

substrate structure.202,203 The first ENGase-based glycosynthase was by Wang and co-workers 

through mutations N175A and N175Q of the Endo-M glycosidases.202 The N175 residue 

promotes oxazolinium ion intermediate formation. The mutations hindered  the formation of 

oxazolinium ion intermediate and therefore, the mutant enzyme could not facilitate hydrolysis 
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of the product. Synthetic glycan oxazoline substrates were employed as the donors for the 

glycosylations. The same concept of mutating a residue that promotes oxazolinium ion 

intermediate has been applied to other ENGases including Endo-A, Endo-D and Endo-CC.203–

205  

ENGase-catalysed glycosylation is becoming increasingly common in the synthesis of large N-

linked glycoproteins. The common limitations of ENGase-catalysed glycosylations are product 

hydrolysis, the requirement of only natural N-glycopeptides as acceptor substrates and low 

transglycosylation yield.32,192 Over the past decade, these limitations have been minimised 

through the introduction of glycosyl oxazolines as donors and thereby expanding substrate 

availability, increasing transglycosylation rates, discovery of new efficient and substrate 

specific enzymes and minimising hydrolysis of the product through the generation of novel 

glycosynthase mutants.  

 

A classic example of the glycan remodelling strategy using an ENGase-catalysed glycosylation 

method is the synthesis of ribonuclease B glycoprotein by Wang and co-workers.206 In their 

studies, they employed Endo-H to cleave off external glycans of natural ribonuclease B leaving 

only a GlcNAc residue (Scheme 1.32). The cleavage was effected in 80% yield. The  GlcNAc-

protein conjugate was then extended with Endo-A to a homogenous pentasaccharide 

glycoprotein.   

 

 

Scheme 1.32: Remodelling of ribonuclease B using Endo-H and Endo-A.206 

 

Some interesting applications of ENGase in the synthesis of N-linked glycopeptides include 

the synthesis of homogeneous HIV-1 glycopeptides by Wang and co-workers207,208 and the 
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synthesis of CD52 and CMV antigens by Wang et al. and Fairbank et al.209,210 Combining 

ENGase mediated glycosylations and chemical methods have been utilised towards the 

synthesis of homogenous N-linked glycoproteins. Nakahara and co-workers constructed 

Sapocin C carrying a complex-type N-glycan.211 The polypeptide with GlcNAc residue was 

constructed by SPPS and NCL. Endo-M was then employed in the coupling of a complex-type 

oligosaccharide oxazoline to the GlcNAc residue of the polypeptide. Recently, Wang et al. 

constructed erythropoietin (EPO), a therapeutic glycoprotein that carries three N-glycans.212 A 

mixture of EPO glycoforms with Fuc-𝛼1-6-GlcNAc linkages were obtained from protein 

engineering and expression system. Endo-H was employed in trimming the external glycans 

such that the EPO protein with three Fuc𝛼1-6-GlcNAc moieties attached to the protein were 

left.  An Endo-F3 mutant was employed in the glycosylations thereby extending the GlcNAc 

residues to complex-type oligosaccharides.  

 

Direct enzymatic glycosylation is an alternative route towards N-linked glycoproteins. The 

method involves direct attachment of GlcNAc to the side chain of asparagine. Thus far, this 

has been effected by an oligosaccharyl transferase single-subunit of campylobacter lari (PglB) 

which facilitates N-linked glycosylations in bacteria.213,214 PglB has low substrate specificity 

and thus can transfer  polysaccharides to Asn forming protein-polysaccharide complexes.215  

Even though it mediates glycosylations, PglB requires an extended glycosylation sequon (D/E-

X-N-X-S/T) which limits its applicability. Also, the enzyme has low activity on folded 

proteins.216 Since mammalian OST enzymes facilitates the en bloc transfer of  the tetradeca 

saccharide  to the side chain of asparagine forming a glycosidic bond, OST enzymes have been 

investigated in in vitro glycosylations.217,218 However, their utility in direct glycosylations 

remain to be fulfilled due to the instability of the enzymes and the inability to glycosylate 

folded proteins.217 

 

1.6 Neoglycoproteins  

 

The difficulty associated with isolating and synthesising native homogenous glycoproteins 

propelled the synthesis of neoglycoproteins. Neoglycoproteins are homogenous  carbohydrate 

modified proteins with the distinct difference from native glycoproteins in that the protein-

glycan linkage is unnatural. Since their introduction, neoglycoproteins have found many 

applications. They have been utilised in probing protein-carbohydrate interactions.219 For 
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example, bovine serum albumin (BSA) modified with various monosaccharides has been used 

to determine receptors for carbohydrates, such as the receptor of mammalian liver cells that 

was identified through binding to Gal and GalNAc residues of  BSA neoglycoprotein.220,221 In 

studies conducted by Lee et al., the BSA protein was coupled to glycosides by amidation and 

diazo couplings followed with studies of its binding affinity to the rabbit liver membranes.221  

These early studies of protein-carbohydrate interactions using neoglycoproteins revealed 

important aspects of lectins such as, only terminal monosaccharides are recognised in binding 

and that the binding potency  of the neoglycoprotein increased with the increase in the sugar 

density.222,223 Neoglycoproteins can also be used in affinity chromatography to purify 

carbohydrate binding proteins.224 They are used as immunodiagnostics and  as therapeutics.223 

Several polysaccharide-protein conjugate vaccines such as HIBTiter and Prevnar are routinely 

used to prevent bacterial infections.225 Glycoconjugate vaccines against cancer are also being 

researched.226 Gunilla et al. explored tuberculosis  vaccines through the conjugation of 

arabinomannan carbohydrates to mycobacterial protein antigens.227 The conjugate vaccines 

showed good protective efficacy in mice and guinea pigs.  Even though neoglycoproteins are  

unnatural, they have found many applications in different areas of science from analytical to 

medicine and can indeed be just as important as native glycoproteins.  

 

1.6.1 Preparation of neoglycoproteins 

 

Proteins have various sites on the side chain amenable for modifications. The common 

functionalities usually exploited to introduce carbohydrates to proteins include the  휀-amino 

group of lysine, the carboxyl group of acidic residues, the thiol of cysteine  and  the hydroxyl 

group of tyrosine, threonine or serine.228 In the early stages of the introduction of 

neoglycoproteins, reductive amination of reducing sugars and amine functional groups of a 

protein was mainly used (Scheme 1.33).  

 

 

Scheme 1.33: Reductive amination of reducing sugar with protein amines.  

 

This transformation was initially pursued by Gray, who demonstrated reductive amination of 

lactose monohydrate with amino groups of BSV protein.229 Sodium cyanoborohydride was the 
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common reductant of the Schiff base to the amine as minimal reduction of the reducing sugar 

aldehyde to the alcohol was observed. Weaker and less toxic borane complex reducing agents 

were also introduced by Feeney et al.  to facilitate similar reductions.230 Reductive amination 

protocol is one of the gentlest and simple method of attaching sugars to proteins.  However, it 

can suffer from low efficiency due to low concentration of reducing sugars (the reactant 

aldehyde) in the acyclic form. Yields of this reaction were recently improved by Gildersleeve 

et al.  by increasing the reaction temperature and time, and through addition of sodium sulfate 

salt to the reactions.231  The method was demonstrated in the conjugation of high mannose 

complexes to BSA protein. The main disadvantage of reductive amination is that it converts 

the reducing terminus to an acyclic form.228 Also, the reaction is not selective and result in the 

global glycosylation of amines.  

 

Cysteine is another common functionality often used to conjugate carbohydrates to proteins 

towards neoglycoproteins. Flitsch and David synthesised iodoacetamide GlcNAc residues and 

coupled them to cysteines in a protein (Scheme 1.34).232  

 

 

Scheme 1.34: Selective glycosylation of protein side-chain thiols with iodoacetamide sugars by Flitsch and 

David.232 

 

The reactions were conducted in an aqueous buffer at pH 8.0 and interestingly, were selective 

for cysteine thiols even though other protein nucleophiles were present.  The success of the 

method enabled them to generate a BSA neoglycoprotein whose linkage was structurally 

similar to the GlcNAc--Asp linkage with the exception that it was extended by a -CH2-S- 

group. The same method was also demonstrated in the glycosylation of BSA by Wong et 

al.232,233 Zhang et al.  selectively coupled cysteine -93 residue of bovine haemoglobin (Hb) to 

lactose using maleimide-lactose which generated a high oxygen affinity Hb-based oxygen 

carrier.234 Even more impressively, Kajihara and Macmillan constructed biologically active 

EPO analogues having two to three complex type oligosaccharides at positions N24, N38 and 

N83 linked using the cysteine-haloacetamide conjugation protocol.235,236   
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Disulfide bridges between carbohydrates and  proteins have also been reported. Boons and co-

workers coupled glycosyl thiols to BSA cysteines forming neoglycoproteins joined by a 

disulfide link.237  Due to the low abundance of cysteine in proteins, Jones and co-workers 

combined site directed mutagenesis and chemical modification towards neoglycoproteins 

joined by a disulfide.238 Site directed mutagenesis was utilised to introduce cysteine at specific 

positions of a Subtilisin Bacillus Lentus (BSL) protein. The cysteine residues were then 

coupled to various synthetic glycosyl thiols. Carbohydrates can also be derivatised with linkers 

to facilitate conjugation. This allows the introduction of functionalities which enable selective 

bioconjugations such as the Cu(I)-catalyzed azide-alkyne cylcoadditon and the Staudinger 

ligation.170,239  

 

1.7 Concluding remarks 

  

The global market for bioengineered protein drugs is rapidly increasing.240 There is a growing 

trend in the use of protein drugs. Half of all biologically produced proteins undergo 

glycosylation with N-linked glycosylation being the most prevalent. Some common drugs such 

as EPO, interferon--1a (INF--1a) and interleukins all possess this modification. The main 

challenge is that recombinant N-glycoproteins are expressed as a mixture of glycoforms and 

therefore it is difficult to attribute function to a particular glycoform. For example, the 

physiological function of INF--1a glycans are unknown however, their absence greatly affect 

the potency of the drug.241 Chemical methods allow access to glycoproteins of a defined 

structure where structure activity relations (SAR) can be attributed.  

 

The development of NCL by Kent emerged as a powerful tool in accessing polypeptides and 

proteins of various sizes and functions.45 It enabled short peptides constructed on SPPS to be 

joined towards polypeptides which can be folded into proteins. Glycan moieties can be 

introduced to short peptides or to amino acids on the side chain. This is usually facilitated by 

convergent coupling of glycosyl amines with carboxylic acids forming the N-glycan-amino 

acid linkages. Direct couplings of glycosyl azides to the side chain of asparagine have also 

been reported. The glycopeptides or glycoamino acids are then extended by NCL. One 

limitation of the original NCL was its reliance on low abundant cysteine in the ligations.  Since 

its introduction, other strategies such as utilisation of thiolated amino acids combined with 
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desulfurisation protocols and the application of cleavable auxiliaries have enabled ligations to 

be conducted beyond cysteine junctions. Stepwise synthesis of N-linked glycoproteins by NCL 

involve many steps and as a result hasn’t been applied industrially. Chemoenzymatic strategies 

are also powerful methods towards N-linked glycoproteins through employing enzymes to 

remodel glycoproteins. Glycosidases that cleave heterogenous glycans of biologically 

expressed glycoproteins have been engineered allowing access to proteins linked to GlcNAc. 

The protein linked GlcNAc conjugate can be extended to a homogenous oligosaccharide using 

glycosyltransferases. ENGases are emerging as the most  powerful enzymes to mediate this 

transformation. Various methods have also been developed towards homogenous 

neoglycoproteins that mimics native N-linked glycoproteins and have been utilised in many 

areas of sciences including analytical and medicinal sciences. Even though hundreds of 

functional glycoproteins have been developed by chemical and semi-synthetic methods, there 

remains a need for a shorter and high yielding method that can be applied in the synthesis of 

homogenous native or neo-N-linked glycoproteins industrially.   

 

1.8 Project Aims   

 

The scope and complexity of the subject of glycoproteins prompts new thinking and new 

experimental designs. Of the methods developed thus far towards homogenous N-linked 

glycoproteins, the most favourable combine chemical synthesis and chemoenzymatic 

strategies. Chemical methods are applied in the synthesis of a protein linked to a GlcNAc 

moiety (GlcNAc-protein conjugate). ENGase enzymes are then employed to extend the glycan 

moiety to a large oligosaccharide. The main drawbacks of the protocol are encountered in the 

construction of GlcNAc-protein conjugate. The assembly of the conjugate requires many steps 

which are labour intensive, low yielding and wasteful. We envisioned combining genetic 

engineering, protein expression and NCL chemistry towards a GlcNAc-protein conjugate. The 

method would avoid SPPS and thus become shorter and efficient.  

 

Our strategy involves producing a full-length protein bearing a side-chain thioester by 

engineering  and expression methods. An unnatural amino acid thioester can be incorporated 

at a specific position by site specific incorporation of an unnatural amino acid using nonsense 

suppressor tRNA/aminoacyl-tRNA synthetase (tRNA/aaRS) pair as previously demonstrated 

by Schultz and co-workers in their expression of model proteins with thioD.141 The thioester 
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would provide a suitable handle for chemoselective modification. Based on a single example 

in literature, we envisioned employing an auxiliary mediated NCL protocol to link a GlcNAc 

residue to the protein at the thioester site (Scheme 1.35).242 

 

 

 

Scheme 1.35: Auxiliary mediated ligation of GlcNAc to a protein thioester followed by ENGase facilitated 

extension of the monosaccharide to a complex type sialyloligosaccharide. 

 

The auxiliary is cleaved post ligation leaving the GlcNAc – protein conjugate which is then 

extended by ENGases to a complex type sialyloligosaccharide. Our target N-glycoprotein was 

the Interferon--1a which is 166 aa long and has a complex type oligosaccharide attached at 

asparagine 80. It exhibits antitumor and antiviral  properties, and is currently used to treat 

multiple sclerosis (MS).243,244 
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2 The synthesis of sugar-linked auxiliaries and their ligations 

to a model peptide-C𝛼-thioester 

 

2.1  Introduction  

 

As introduced in Chapter 1, the application of cleavable auxiliaries in native chemical ligation 

like transformations was driven by the low abundance of cysteine in proteins. The success of 

the method led to the construction of peptides, glycopeptides and proteins of various sizes and 

functions. Cleavable auxiliaries are incorporated at the N-terminus of peptides and facilitate 

the chemoselective capture and acyl transfer steps forming peptide bonds (Scheme 2.1). 

 

 

Scheme 2.1: Auxiliary mediated ligation of two peptide fragments 

 

An extension of this method was demonstrated by Liu and co-workers who reported an 

auxiliary mediated ligation of glycosyl amines with peptide thioesters towards the synthesis of 

N-linked glycopeptides.242 Prior work on auxiliary mediated ligations is applied in joining 

peptide fragments forming peptide bonds rather than joining peptides to sugars towards N-

linked glycopeptides. Thus, the new method represented a promising approach towards 

accessing native glycopeptides and glycoproteins.  

 

We aimed to investigate the auxiliary mediated ligations of peptide thioesters with glycosyl 

amines. Initial studies were to be conducted at the C-terminus of a model peptide thioester. The 

C-terminus provides the least hindered site for ligations especially if a less sterically hindered 

amino acid like glycine is at the C-terminus. Studies at the C-terminus would provide a clearer 

perspective to whether auxiliary mediated ligations of peptide thioesters and sugar amines are 

possible. The success of the ligations at the less hindered site would give us confidence that 

ligations on a more hindered site such as the side chain of a peptide would be feasible.  
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Chapter 2 describes our efforts to emulate and build on Liu and co-workers work towards 

synthesising natural N-linked glycopeptides. It describes the challenges encountered during the 

synthesis of sugar-linked auxiliaries, the complications encountered during ligations with a C-

terminal peptide thioester and how extending the hemiaminal linkage of a sugar-linked 

auxiliary with an extra methylene group affected the transformation.  

 

2.2  Prior work – Liu and Co-workers 

 

Liu and co-workers reported auxiliary mediated ligations of glycosyl amines and peptide 

thioesters in 2016.242 In their studies, the trimethoxy N-2-mercaptobenzyl auxiliary (Tmb)  

was employed to mediate ligations. They synthesised Tmb in a 6-step reaction sequence in 

62% overall yield. The thiol functionality was protected with a paramethoxybenzyl (PMB) 

group. The  auxiliary benzaldehyde was then linked to a glycosyl amine by a reductive 

amination protocol. Reductive aminations of glycosyl amines and auxiliary aldehydes were 

conducted in 2% AcOH and dichloromethane within 15 to 30 min reaction time using sodium 

triacetoxyborohydride as the reducing agent. The PMB group was then exchanged with the 3-

nitro-2-pyridinesulfenyl (Npys) group forming an Npys protected unsymmetrical disulfide, 

which was then employed in ligations with peptide phenyl thioesters under reducing conditions 

(Scheme 2.2).  

 

 

Scheme 2.2: Liu’s auxiliary mediated ligations between glycosyl amines and peptides thioesters.242  

 

N-terminal peptide phenyl thioesters were constructed by SPPS using a Boc protocol on 

MBHA resin. Yields of the ligations, monitored by analytical HPLC, showed excellent 
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conversions of up to 94%. The auxiliary was cleaved in 5% triisopropylsilane (TIPS) in TFA 

in 52% yield.  Interestingly, the authors did not observe any of the well documented 

complications associated with such process including glycosyl amine hydrolysis, 

epimerisations or aspartamide formation in the peptide compound. 

 

2.3  Results and discussion 

 

2.3.1  Synthesis of mercaptobenzyl auxiliaries   

 

In our studies, we initially looked to employ a similar yet faster ligating auxiliary and 

investigate ligations with a model peptide-C𝛼-thioester. Two mercaptobenzyl auxiliaries (3 and 

4) were synthesised. Tmb 3 is identical to the auxiliary used by Liu and therefore, the ligation 

rates were expected to be equivalent. 2-hydroxy-3,4-dimethoxy-6-(4-

methoxybenzylthio)benzaldehyde (hdmb salicylaldehyde)  4 was also synthesised with the aim 

of increasing the ligation rates. Offer suggested that an ortho positioning of the hydroxyl 

functionality in hdmb salicylaldehyde would assist S→N acyl transfer via hydrogen bonding 

as well as intramolecular proton transfer in the ligation mechanism.84,245,246 A 3-step synthetic 

literature procedure for 4 was followed (Scheme 2.3).84 

 

 

Scheme 2.3: Synthesis of mercaptobenzaldehyde  auxiliaries 3 and 4.84 

 

2,3,4-trimethoxy benzaldehyde 1 was selectively nitrated at position 6 to yield 

nitrobenzaldehyde 2 in 62% yield. The reaction was conducted at low temperature to facilitate 

the observed selectivity. The nitro group of 2 was then substituted with paramethoxybenzyl 

thiol (PMBSH) to yield thioether 3 in 48% yield. The two-steps yielded  3 in 30% yield which 

is lower compared to Liu’s method (60%).  However, the procedure is significantly shorter 
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allowing access to 3 in hours rather than days. Regioselective demethylation of the methoxy 

group at position 2 adjacent to the carbonyl was then attempted. Boron tribromide (BBr3) is a 

highly reactive Lewis acid often employed for ether cleavage of aryl ethers.247 In the 

demethylation, boron tribromide dimethyl sulphide complex was stirred with 3 in 

dichloromethane at room temperature. The reaction was monitored by TLC and after 3 h, 

complete consumption of 3 was observed. The crude mixture was purified by column 

chromatography. 1H NMR and mass spectrometry analysis of the purified fractions indicated 

cleavage of only one of the three methyls (Figure 2.1). Selectivity is achieved through 

stabilisation of the boron complex by the carbonyl oxygen which allows it to interact and 

demethylate the methoxy at position 2 faster than the other two methoxy groups.248 Auxiliary 

4 was obtained in 60% yield. 

 

Figure 2.1: H1 NMR spectra of Tmb and Hdmb salicylaldehyde auxiliaries. 

 

2.3.2  Synthesis of glycosyl amines    

 

Two glycosyl amines were synthesised. The acetylated glycosyl amine 8 and the deacetylated 

glycosyl amine 10. We aimed to link both monosaccharides to the auxiliaries and compare their 

ligation rates.  Ligation rates can differ due to the deactivating effect of the acetyl protecting 

groups of the nucleophilic glycosyl amine. The acetylated glycosyl amine 8 was synthesised 

from N-acetyl glucosamine using the procedure previously reported by the Macmillan group 
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(Scheme 2.4).249  

 

 

Scheme 2.4:  Synthesis of acetylated -glycosyl amine 8 and deacetylated -glycosyl amine 10. 

 

Initially, N-acetyl glucosamine 5 was treated with acetyl chloride resulting in the acetylation 

of all the hydroxy groups. The excess HCl produced in the reaction allows the anomeric 

hydroxy to be substituted with the chloride anion to form the -glycosyl chloride  6. The 

reaction took 24 h to reach completion and a poor  yield of 18% was obtained. The -anomer 

is favoured due to the anomeric effect. The -glycosyl chloride 6 was converted to the -

glycosyl azide 7 by an SN2 substitution of the anomeric chloride with the nucleophilic azide.  

The reaction is conducted in a biphasic mixture of H2O and CH2Cl2, and tetrabutylammonium 

hydrogen sulphate (TBAHS) is employed as a counter ion of N3
- to enable phase transfer of 

the anion  from the aqueous to the organic phase where the substitution takes place. The azide 

7 was isolated in 66% yield. An inversion of C1-substituent from -Cl to -N3 was observed 

from 1H NMR analyses of the products. The H1 coupling constant of the azide  was 9.5 Hz 

whereas that of the chloride was 3.8 Hz. This confirmed that the reaction follows an SN2 

mechanistic path. Hydrogenation of the glycosyl azide with platinum (IV) oxide catalyst 

yielded the -glycosyl amine 8 in 95% yield. Palladium catalyst (Pd/C) was also employed as 

an alternative to platinum (IV) oxide in some hydrogenations and similar high yields were 

observed. Glycosyl amine 10 was synthesised by deacetylation of the azide 7 to 9 followed by 

hydrogenation to yield 10. Deacetylation was conducted in methanol and a catalytic amount of 

sodium methoxide was employed. The reaction was quenched after 2 h and 88% yield of the 

azide 9 was isolated. Deacetylation of the azide is preferred rather than deacetylation of the 

amine as the glycosyl amine is unstable. The amine can isomerise under basic conditions.250 

Hydrogenation of the deacetylated glycosyl azide 9 was conducted in MeOH using 10% 

palladium on charcoal catalyst and the reaction yielded 10 in 94% yield. Both glycosyl amines 
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were fully characterised and the data matched previously reported data for the compounds.249  

 

2.3.3  Synthesis of sugar-linked auxiliary building blocks 

 

2.3.3.1 Reductive aminations of glycosyl amines and benzaldehyde auxiliaries   

 

The next step was to  attempt coupling the glycosyl amines and the auxiliary aldehydes by 

reductive amination following Liu’s method (Scheme 2.5).242 Initially, auxiliary 4 and 

acetylated glycosyl amine 8 were employed in a reductive amination. Similar reaction 

conditions to Liu were followed, a mixture of 2% AcOH in dichloromethane and 1.1 equivalent 

of sodium triacetoxyborohydride reducing agent.  

 

 

Scheme 2.5: Reductive aminations of glycosyl amines and auxiliary aldehydes. 

 

Initially, the reaction was unsuccessful with isolated products difficult to interpret by NMR 

which led to monitoring the reaction by LC-MS.  Two major peaks of 663 and 667 m/z were 

observed indicating the imine and the acyclic amine side products (Scheme 2.6). The required 

amine product peak (11) with a mass of 665 amu was not observed. The result led to 

substituting auxiliary 4 with 3 to match Liu’s procedure and rationalise the observations. A 

similar result was observed. The expected mass [M + H]+ for 13 was 679 amu but instead 677 

and 681 amu were observed. Changing the monosaccharide from the acetylated glycosyl amine 

to the deacetylated 10 had no effect on the outcome. A mechanism for the observations was 

then proposed.  
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Scheme 2.6:  Proposed reductive amination mechanism of glycosyl amines and auxiliary aldehydes and 

the paths leading to the observed products – cyclic imine, cyclic amine and acyclic amine products. 

 

The auxiliary carbonyl is protonated by acetic acid. The glycosyl amine attacks the 

electrophilic carbonyl generating an amino hydroxyl intermediate. The hydroxy group is 

eliminated as water generating the imine. Unreduced imine accounts for the product peaks 

observed on LC-MS which were two mass units below the expected masses. The imine 

intermediate appears rather stable. The imine derived from the reaction between 8 and 3 was 

isolated in 43% yield and confirmed by NMR (see appendix for 1H NMR spectrum).  Attempts 

to reduce the isolated imine  with different reducing agents was unsuccessful. Sodium 

triacetoxyborohydride was too weak to reduce all the imine with more than 50% imine 

remaining after 24 h of reaction. A slightly stronger reducing agent, sodium cyanoborohydride, 

converted all the imine to the acyclic amine within  minutes. Overreduction  occurs when the 

reducing agent attacks the imine twice. The first attack leads to the formation of the cyclic 

amine (Path A) and ring opening is reversible (Scheme 2.6). The present hemiaminal link of 

glycosyl amines allows equlibration between the cyclic glycosyl amine and the acyclic imine.  

The hydride can attack the acyclic imine (Path B) leading to the acyclic amine product.  

 

A control experiment was conducted to determine if the potential fragile nature of glycosyl 

amines was responsible for the observations. Glycosyl amines were replaced with an amino 

acid H-Ser(tBu)-OtBu 15 in a reaction that is known to work well. Other reaction conditions 
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were kept constant and sodium acetoxyborohydride was employed as the reducing agent 

(Scheme 2.7). Reductive aminations of 15 and both auxiliary 3 and 4 led to the amine products 

16 and 17 as expected.  

 

 

Scheme 2.7: Reductive amination of protected serine 15 and auxiliary aldehydes 3 and 4  

 

Auxiliary 3 gave the highest yield of 88% compared to auxiliary 4. From this result, we 

concluded that the acidic OH group of 4 was potentially affecting reductive aminations and 

perhaps not the best auxiliary for the reaction.  Also, the hemiaminal system of the glycosyl 

amine was complicating reductions leading to acyclic products. Previous literature 

acknowledges the instability of the hemiaminal link. Glycosyl amines undergo tautomerism in 

solution which can yield an acyclic imine tautomer.251 The acyclic imine can be reduced with 

the hydride during reductive amination to the acyclic amine product. N-alkylated 

glycosylamines such as 11 to 14 are known to suffer from mutarotation and hydrolysis in mild 

acidic conditions which can result in open chain sugars and hydrolysed glycosyl amines.250  

Since 11 to 14 are unstable and reduction of the acyclic imine to the stable acyclic amine is 

favourable, the acyclic products were thus being obtained in larger quantities. In the past, 

reductive amination of  reducing sugars with amines was frequently used to couple sugars to 

alkyl amines forming secondary glycosyl amines as introduced in section 1.7.229,230 The 

reaction manipulates the instability of the hemiacetal of reducing sugars. The aldehyde of the 

acyclic GlcNAc undergoes reductive amination forming an acyclic imine intermediate 

(Scheme 2.8).  The acyclic imine can rearrange to a cyclic amine. However, due to the 

instability of cyclic glycosyl amines, reduction of the acyclic imine is favoured and occurs 

yielding the acyclic amine product. The reductive amination is no longer as useful due to the 

degradation of the monosaccharide ring which potentially affects the biological activity of 

carbohydrates.  
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Scheme 2.8: Reductive amination of reducing sugars and amines to acyclic 2° glycosylamines 

 

Having established the main cause of overreduction, reductive amination between glycosyl 

amine 8 and auxiliary aldehyde 3 was then repeated at a larger scale and at 0 ºC. We anticipated 

that by increasing the scale of the reaction and conducting the reaction at a lower temperature 

would slow down the rate of the reactions occurring. The reaction was monitored on LC-MS 

and surprisingly the product peak (amine peak) was observed growing in size with time. After 

20 min, the peak size started decreasing due to overreduction. The largest peak for the amine 

product 13  was observed when the reaction was conducted with 1.0 g of 8, 2.0 equivalents of 

the reducing agent and 1% AcOH (Figure 2.2).  

 

 

Figure 2.2: LC-MS chromatogram the crude reaction mixture between 8 and 3 after 20 min and the mass 

spectrum of isolated 13.  

 

As discussed earlier, the cyclic amine product is unstable which complicated its isolation. By 

slowing down the rate of the reaction, the rate of cyclic amine reduction was also slowed down 

which provided the opportunity to stop the reaction at high amine concentration before  its 

conversion to the overreduced product. The conditions used, were the right balance to facilitate 

imine reduction as well as to minimise overreduction which proved unavoidable. 13 was 

isolated on column chromatography in 36% yield and characterised by NMR (Figure 2.3). The 

1H NMR  spectrum for the imine intermediate was also obtained. The N=CH proton of the 

imine was clearly visible at 8.6 ppm as a singlet whereas the NCH2 protons of the amine were 
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overlapped under the methoxy singlet peaks at 3.8 ppm (see Appendix for spectra). The acyclic 

amine product was not isolated as it was too polar and challenging to elute from the column in 

its purest form. Another side reaction observed during the reductive aminations was the 

reduction of the aldehyde to the alcohol, facilitated by the reducing agent, which is a common 

competing side reaction in some reductive aminations.252 Sequential addition of reagents to the 

reaction mixture and reducing the amount of acetic acid employed in the reductive amination 

can be vital to minimise the side reaction.  

Figure 2.3: H1 NMR spectrum of isolated 13  

 

2.3.3.2 Transamination reactions 

 

Due to the complications encountered in the reductive aminations, an alternative route of 

joining the sugar to the auxiliary was attempted. In a 1996 patent by Prasad and co-workers on 

synthetic N-linked glycoconjugates,  a transamination method is proposed that enables 

coupling glycosyl amines and benzyl amines by stirring the mixture in pyridine at 50 °C.253 

The method exploits the instability of the hemiaminal linkage as explained above. Strong N-

alkylated amine nucleophiles can displace the glycosyl amino group forming N-alkylated 

glycosyl secondary amines via an acyclic immonium ion intermediate. To investigate this 

approach, we attempted transaminating readily available benzyl amine 18 and glycosyl amine 

8 (Scheme 2.9).  

 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 70 

 

Scheme 2.9: Transamination between benzyl amine and glycosyl amine  

 

The product peak for the glycoconjugate 19 was observed by LC-MS indicating a successful 

coupling. However, the conversion was very poor, and the product was not isolated. Employing 

a deacetylated sugar was suggested to remove the deactivating effect of the acetates. 

Deacetylated glycosyl amine 10 was employed in the transamination with benzyl amine and as 

predicted, glycoconjugate 20 was isolated in 78% yield.  1H NMR analysis of the product 

showed the H1 peak at 3.90 ppm with a coupling constant of 9.3 Hz indicating a -linked 

glycosylamine conjugate (Figure 2.4). Glycosyl amines favour the more stable -anomer 

compared to the -anomer. The -anomer is essential towards the synthesis of natural -N-

linkages after ligations. The AB system from the benzyl CH groups was observed at 4.02 and 

3.85 ppm. An accurate mass of 311.1598 [M + H]+  was observed on HRMS matching the 

expected mass.  

 

 

Figure 2.4: NMR spectrum of 20 

 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 71 

A transamination of the auxiliary amine and glycosyl amine was then attempted. Initially, 

benzaldehyde 3 was converted to the amine 22 via a modified 2-step procedure reported by 

Offer (Scheme 2.10).73    

 

 

Scheme 2.10: Synthesis of auxiliary amine 22.73 

 

Auxiliary 3 was treated with hydroxylamine hydrochloride and ammonium acetate  at room 

temperature in ethanol. The reaction yielded an oxime 21 which was employed in the next 

reaction without further purification.  The oxime was reduced with LiAlH4 to give the amine 

auxiliary 22 in 20% yield over the 2 steps. The transamination of 22 and 10 was then attempted 

(Scheme 2.11).  

 

 

Scheme 2.11: Synthesis of sugar-linked auxiliary 14 by transamination 

 

The reaction was successful and a 40% yield of the conjugate 14 was isolated. The bulky 

substituents on the auxiliary 22 are probably responsible for the observed moderate yield 

compared to the excellent yield obtained when benzyl amine was employed. The product was 

characterised by 1H NMR. The conjugate 14 is more polar relative to the conjugate 13 due to 

the deacetylated sugar. This increased in polarity made 14 more challenging to purify by 

column chromatography as a very polar mobile phase is essential to elute the product from the 

column. Liu and co-workers did not purify crude 14 obtained from their reductive aminations  

perhaps for the same reasons.242 Deacetylation resulted in a shift of the glycosyl protons such 

that H1 – H6 peaks overlapped with the methoxy and CH2 peaks which complicated the 

interpretation of the results data (see spectra in appendix). Thus, the coupling constant for H1 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 72 

could not be determined. However, from the conclusions drawn from the benzyl amine reaction 

(Scheme 2.9), the majority of the conjugate should be the -anomer. Nevertheless, there were 

not any notable doublets downfield with smaller coupling constants (3 – 4 Hz) to indicate an 

-product. 

 

2.3.3.3 Exchange of protecting groups from PMB to Npys   

 

The paramethoxy benzyl protecting groups of 13 and 14 were then exchanged with the Npys 

protecting group which is compatible with the ligation conditions. The reactions were 

conducted in a mixture of (4:1) TFE and  dichloromethane which was added to aid dissolution 

of the 3-nitro-2-pyridinesulfenyl chloride 23 (Scheme 2.12). 

 

 

Scheme 2.12: Synthesis of ligation building blocks 24 and 25 

 

24 was isolated after column chromatography in 41% yield. 25 could not be purified by column 

chromatography. Attempts to purify the crude product on reverse phase HPLC were also 

unsuccessful. The sugar-linked auxiliary showed signs of degradation on HPLC as other peaks 

derived from the sugar-linked auxiliary were observed. Crude 25 was employed in ligations. 

 

2.3.4  Synthesis of a C𝛼-terminal peptide thioester 

 

To demonstrate the ligating ability of the sugar-linked auxiliary building blocks (24 and 25), a 

peptide C𝛼-terminal thioester was synthesised. The rate of ligation is often controlled by the 

thioester exchange step and therefore the nature of the C-terminal amino acid of the peptide 

thioester has a major impact on the rate of ligation.69 For example, thioester exchange with 

glycine, histidine and cysteine at the C-terminal junction proceeds in relatively faster rates than 

with -branched amino acids.254 A model peptide thioester, derived from Interferon--1a, 

bearing a glycine at the C-terminus, was chosen as a result offering the least hindered site for 
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our model ligations. 

 

As introduced in Chapter 1, various methods (Boc and Fmoc strategies) can be used to access 

peptide C-terminal thioesters. Their advantages and limitations are well documented.254–258 N→

S acyl transfer has also received much attention in the synthesis of peptide thioesters.259–261 The 

method is attractive as it is selective, high yielding relative to other methods, applicable to 

biologically produced samples and requires no specialised resin or linkers.258 N→ S acyl 

transfer is enabled by a C-terminal cysteine residue (Scheme 2.13).258,262 The cysteine 

undergoes N→ S acyl transfer in thermodynamically favourable conditions generating a 

thioester. Displacement of cysteine by a nucleophilic thiol such as MESNa results in thioester 

exchange to give the thioester product as required.  

 

 

Scheme 2.13: Peptide C-thioester formation enabled by cysteine mediated N→ 𝑺 acyl transfer. 

 

Another advantage of the N→ S acyl transfer protocol is the ability to convert the intermediate 

thioesters into a hydrazide in situ through substitution with hydrazine (Scheme 2.14). Peptide 

hydrazides are stable relative to peptide thioesters which is advantageous during storage.263 

Peptide hydrazides are converted to reactive thioesters in one pot during ligation. A number of 

researchers constructed large biologically relevant proteins and protein conjugates  by 

employing acyl hydrazides as precursors of peptide thioesters in their ligations due to the 

stability of hydrazides in water and the ease of their synthesis.264,265  

 

 

Scheme 2.14: Hydrazinolysis of a peptide thioester to a stable peptide hydrazide and the conversion of the 

hydrazide back to the thioester via diazotisation. 

Initially, peptide 26 (sequence H-S-T-G-W-N-E-T-I-G-C-OH) was constructed by manual 

Fmoc peptide synthesis on a NovaSyn
®

TGT resin preloaded with cysteine. The peptide was 

isolated in a good yield of 47% (Scheme 2.15). A direct conversion of 26 to 28 was initially 
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attempted via N→ S acyl shift. In solution conversion of C-terminal cysteinyl peptides to C-

terminal thioesters had been reported before.266–268 In our attempts, peptide 26 was stirred at 

50 °C in 10% w/v MESNa at pH 6.0. The reaction was very slow and a small conversion to 28 

was observed on LC-MS which could not be isolated on reverse phase-HPLC. Previous work 

on the synthesis of peptide thioesters via N→ S acyl shift, by our group, had shown that poor 

yields of peptide thioesters are obtained when thioester formation is slow (>48h to reach 50% 

conversion) especially if the starting peptides are poorly soluble.258 To increase the output of 

28, 26 was converted to the hydrazide via the same N→ S acyl shift generating an intermediate 

MESNa thioester, followed by intercepting the pre-formed thioester with hydrazine acetate in 

one pot (Scheme 2.15). The reaction was faster, being complete  within 30 h, and the peptide 

hydrazide 27 was isolated in 87% yield. The significantly increased rate of reaction was due to 

the increased nucleophilicity of hydrazine relative to the thiol and the inability of the acyl 

hydrazide to exchange with the liberated cysteine in a reverse reaction. Peptide hydrazide 27 

was converted to a thioester via diazotisation with sodium nitrite. The reaction was conducted 

at pH 4.0 and at low temperatures to minimize side reactions  such as the curtius rearrangement 

during diazotisation. Thiolysis of the azide intermediate with MESNa at pH 7.0 yielded the 

peptide thioester 28  in 60% yield.  
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Scheme 2.15: Synthesis of model peptide thioester 28. 26 was constructed by standard Fmoc peptide 

synthesis. 

2.3.5  Ligations of sugar-linked auxiliaries 24 and 25 with 28 

 

Initially, ligation conditions reported by Liu were employed.242 Sugar-linked auxiliary 24 and 

peptide thioester 28 were employed in a ligation (Scheme 2.16). The reaction was conducted 

in sodium phosphate buffer (pH 7.5) containing 6 M guanidinium hydrochloride (Gn•HCl) and 

60 mM TCEP. A more reactive additive 1% v/v MPAA was employed rather than MESNa. 

MPAA is an aryl thiol and therefore produces a more powerful acyl donor relative to the alkyl 

thiol MESNa due to its enhanced leaving group properties.  
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Scheme 2.16: Ligations between peptide thioester 28 with  24 and 25. The reactions yielded 29 instead of 

the expected glycoconjugates 30 and 31 respectively. 

 

LC-MS analysis of the reaction mixture at various times showed an accumulation of a peptide-

linked auxiliary 29 (Figure 2.5). No peak was observed for the expected glycoconjugate 30. 

Optimisation studies were conducted where the pH was varied between 7.0 – 8.5, MPAA was 

substituted with MESNa, the reaction temperature varied between 21°C to 37°C and 24 was 

replaced with 25. Surprisingly, only the peptide-linked to the auxiliary 29 was observed 

accumulating with time in all attempts (Figure 2.5). Interestingly, the product formed was 

always the same (29) regardless of the sugar-linked auxiliary building block employed. Also, 

during ligations, two peaks for the sugar-linked auxiliary were observed on LC-MS which 

hinted the possibility of racemisation.   29 was isolated on RP-HPLC and characterized by 

HRMS. The observed mass matched the calculated.  

 

 

Figure 2.5: LC-MS chromatogram of the crude reaction mixture between 28 and 24 after 12 h 

and the mass spectrum of isolated peptide-linked auxiliary 29. 

 

There are reasonable explanations for the observations. Since the intramolecular S→ N acyl 
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transfer step yields a stable amide linkage, the fragmentation of the sugar from the peptide must 

have been occurring prior S→ N acyl transfer. This is supported by the observations made when 

attempts to purify the crude sugar-linked auxiliaries on reverse phase HPLC were made. The 

sugar-linked auxiliaries were hydrolysing on column yielding a mixture of uncharacterised 

products with the auxiliary amine 32 side product observed in larger quantities. 32 is less 

sterically hindered and does not have the deactivating sugar that is present in 24 and 25.  Hence 

32 is more reactive and facilitates faster ligations (Scheme 2.17). Interestingly, the instability 

of glycosyl amines due to the present hemiaminal linkage complicated reductive aminations as 

discussed in topic 2.3.3.1. The same linkage is present in 24 and 25. Glycosyl amines suffer 

from anomerisation and hydrolysis due to the hemiaminal link.250 Therefore, hydrolysis and 

ligation of the hydrolysed amine product 32 with the peptide thioester were occurring faster 

than the anticipated ligation of the sugar-linked auxiliary with the peptide thioester. Most 

literature publications that employ secondary glycosyl amines in nucleophilic substitutions 

often utilise organic solvents perhaps due to the fragile nature of secondary glycosyl amines in 

aqueous solutions.164 

 

 

Scheme 2.17: Hydrolysis of 24 and 25 to the auxiliary amine 32 and ligation of 32 with 28 generating the 

observed side product 29. 

 

Recently, in his thesis on thioacid capture ligation of a recombinant protein thioester, Collins 

described an unsuccessful  ligation of a sugar-linked auxiliary 33 to an amino acid thioester 34. 

He also conducted ligations of the sugar-linked auxiliary to a more reactive amino acid thioacid 

36 which resulted in the fragmentation of the sugar-linked auxiliary such that only an amino 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 78 

acid linked to the auxiliary 37 was observed (Scheme 2.18).269  

 

 

Scheme 2.18: Attempted NCL and thioacid capture ligation (TCL) reactions of a sugar-linked auxiliary 

33 with amino acids by Collins.269 

 

33 was synthesised by reductive amination of glycosyl amine 8 and a mercapto-2-

phenylacetaldehyde followed with protection of the thiol with Npys. Interestingly, their 

reductive amination conditions which gave the best yield were similar to our conditions. The 

reductive amination was conducted in CH2Cl2 and at low temperatures (0 °C). Less than 2% 

v/v of AcOH was employed to minimise side reactions and 2.6 eq of sodium 

acetoxyborohydride was used. The reductive amination yielded the sugar-linked auxiliary in 

31 – 48% yields. Interestingly, no ring opening of the sugar was mentioned however, low yields 

suggest other side reactions during the reductive aminations. Their attempted ligations of 33 

and amino acid thioester 34 were so slow such that no reaction occurred. Their rationale for 

the observations were that the ligations were prohibitively slow due to the auxiliary proceeding 

through a low equilibrium thioester concentration. Only side reactions such as thioester 

hydrolysis were observed. Studies on the stability of 33 showed that the sugar-linked auxiliary 

was susceptible to decomposition in certain conditions such as acidic conditions or in the 

presence of other reagents such as 36.  

 

The thioacid capture ligation was attempted as an alternative faster route. 33 was reacted with 

a thioacid 36 forming a more reactive thioester intermediate. The acyl disulfide thioester 

intermediate formed has increased electrophilicity due to the electron withdrawing effect of the 

acyl disulfide. Also, the reaction does not form a sugar-linked auxiliary thioester intermediate 

which they thought was unstable. Interestingly, the improved thioacid ligation yielded an 
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auxiliary linked to the amino acid 37 which is a similar result to what we observed in our 

ligation attempts.  

 

From our studies, hydrolysis of the sugar-linked auxiliaries due to the present hemiaminal 

linkage was regarded as the main cause for the failed ligations.  Consequently, we decided to 

extend the linkage by an extra methylene group and perform similar ligations (Scheme 2.19). 

Ligations were expected to be successful once the complicating factor is removed. 

 

 

Scheme 2.19: Decomposition of the sugar-linked auxiliaries facilitated by the hemiaminal linkage and the 

proposed methylene extension for increased stability. 

 

 

2.3.5  Synthesis of sugar-linked auxiliary without a hemiaminal linkage  

 

2.3.6.1 Synthesis of glycosyl methylamine 

 

A proposed route towards sugar-linked auxiliary with a methylene extension was via reductive 

amination of glycosyl methylamine and auxiliary aldehyde. It was also anticipated that the 

absence of the hemiaminal link of the glycosyl methylamine would increase the yield of the 

reductive amination since ring opening would not be possible. Glycosyl methylamine was 

synthesised by a modified 5-step procedure initially reported by  Lee (Scheme 2.20).270  The 

-glycosyl chloride 6 was converted to the -glycosyl cyanide 38 by an SN2 substitution of the 

anomeric chloride with potassium cyanide.  The reaction was conducted in a biphasic mixture 

of 1M sodium carbonate and CH2Cl2. The cyanide 38 was isolated in 21% yield. A large J1,2 -

value (10.7 Hz) confirmed a 1,2 trans-configuration which is essential for the -linkage in N-
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linked glycopeptides. Initially, 38 was reduced to the amine by catalytic hydrogenation with 

10% Pd/C in THF/MeOH. The reaction yielded a mixture of the primary amine 39 and a 

secondary amine dimer 40. Dimerization is a common side reaction of hydrogenations of 

nitriles which arises when the primary amine product reacts with the intermediate imine via a 

gem-diamine intermediate.271,272 Elimination of ammonia followed by hydrogenation yields 

the secondary amine. 

 

 

Scheme 2.20: The synthesis of glycosyl methylamine 43. 

 

Attempts to employ a mixture of products in reductive aminations with auxiliary aldehydes 

complicated the reactions as more side products were isolated which drastically reduced the 

yields of the required sugar-linked auxiliary.  39 and 40 are very polar and therefore inseparable 

by column chromatography. To separate the mixture, the amines of crude were protected with 

tert-butyloxycarbonyl (Boc) to reduce their polarity. The products were separated on column 

chromatography and characterised (Figure 2.6).  
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Figure 2.6: H1 NMR of the isolated 41 

 

The primary amine to secondary amine mass ratio was approximately 1:1. The calculated yield 

for the primary amine over two steps was 40%.  Interestingly, Lee and co-workers reported a 

65% yield over the two steps. Their starting glycosyl nitrile was N-phthaloyl (Phth) protected 

whereas our  glycosyl nitrile 38 was N-acetyl protected. Phth protecting group is larger in size 

relative to the acetyl which potentially sterically hinder the imine intermediate for nucleophilic 

attack toward the secondary amine. Phth protection of the position 2 amine was not attempted 

as it would increase the number of steps of the total synthesis. Various reducing agents and 

reduction conditions were investigated in effort to minimise dimerization (Table 2.1). 

Hydrogenation of the nitrile with 10 mol% Pd/C using hydrogen also yielded approximately 

1:1 ratio of  the 1° to  2° amine. The mass ratio of the products was determined after Boc 

protection of the crude products and separation of the two products on column chromatography. 

43 was isolated in 32% overall yield over the two steps. 
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Table 2.1: Three methods investigated for the reduction of 38 and the obtained product yields. 

 

Interestingly, when 10 mol% platinum oxide was employed as a catalyst, a 3:2 mass ratio of  

the 1° to  2° amine was obtained. 43 was isolated in 47% overall yield over the three steps. 

Both the Pd/C-H2 and PtO2-H2 reductions were conducted with similar reaction conditions i.e., 

concentration and temperature. The increased yield of 32 in PtO2-H2 system was probably due 

to a better conversion of the nitrile to the amine. In the past, bases such as ammonia were 

employed to increase selectivity for the primary amine.272 Recently, selective homogenous 

catalysts such as ruthenium complexes are used. However, these methods would require 

purifications of the products by chromatography methods to remove the homogenous catalyst 

from the product.272,273 Glycosyl amines are difficult to separate or purify on column 

chromatography due to their polar nature.  

 

A transfer hydrogenation, Leuckart–Wallach-type, reaction was also investigated.274 A 

reductant of formic acid and base triethylamine were employed together with 10 mol% Pd/C 

as the catalyst. A 2:1 mass ratio of 1° to  2° amine was obtained after purification and only 

24% overall yield of 41 was obtained after the 3 steps. The formic acid - triethylamine 

employed in the reduction proved difficult to remove by vacuum evaporation post synthesis 

which affected the Boc protection of the amines as excess Boc anhydride was required during 

protection. Attempts to remove the formic acid – triethylamine and the inefficient protection 

due to the present formic acid – triethylamine potentially lowered the overall yield. Thus, the 

Leuckart–Wallach-type reduction, though more selective, was not as efficient. Isolated 41 was 

deprotected with TFA in dichloromethane. The reaction was completed within 2 h and 43 was 

isolated in 90% yield.  

 

2.3.6.2     Reductive amination of glycosyl methylamine 43 and auxiliary aldehyde 3 

 

43 and 3 were then employed in a reductive amination (Scheme 2.21). Similar reaction 

conditions were used as in previous reductive aminations. 44 was isolated in a good yield of 
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68%. 

 

Scheme 2.21: Reductive amination of 43 and 3 to form 44 

 

This reductive amination was relatively slow in comparison to previous reductive aminations 

with starting materials still observed after 2h. Reduction of the aldehyde to the alcohol was the 

only side reaction observed. The relatively facile nature of this reductive amination further 

confirmed that the hemiaminal linkage of the sugars was complicating the reductive aminations 

in Scheme 2.5. Interestingly, the reaction was also compatible with sodium cyanoborohydride 

as a reductant as long as sequential addition of reagents was followed to minimise aldehyde to 

alcohol reduction. Reactions proceeded faster in sodium cyanoborohydride however, sodium 

triacetoxyborohydride is recommended for this reaction as its reactions proceeded more cleanly 

in comparison to sodium cyanoborohydride.  

 

2.3.6.3     PMB exchange of 44 with Npys    

 

The paramethoxy benzyl protecting group of the sugar-linked auxiliary 44 was then exchanged 

with the Npys protecting group (Scheme 2.22). Similar reaction conditions of trifluoroethanol, 

dichloromethane and 3-nitro-2-pyridinesulfenyl chloride 23 were used. The reaction yielded 

the expected disulfide 45 and the symmetrical disulfide 46. Dimerization to 46 occurs when 

sulfide 44  reacts with Npys disulfide 45 which is a common side reaction of this protecting 

group exchange.275,276 Thiols can react with Npys disulfides forming either symmetrical or 

unsymmetrical disulfides depending on the thiols employed. 
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Scheme 2.22: Protecting group exchange of 44 with NpysCl which yielded disulfides 45 and 46, and TCEP 

mediated reduction of the disulfides to thiol 47. 

 

45 and 46 had similar retention times on column chromatography which made it difficult to 

separate the two products. Both products can be directly employed in ligations however, for 

characterisation purposes,  both disulfides were reduced to the thiol 47 by stirring the semi-

purified products dissolved in water with TCEP. A small amount of dichloromethane was 

added to the reaction mixture to aid solubility of the disulfides. The product thiol is soluble in 

water. The reaction mixture was purified on reverse-phase HPLC and 47 was isolated and fully 

characterised. A low product yield of 47 was obtained probably due to loss of material during 

HPLC purification.  

 

2.3.7 Ligations of 47 with the model peptide thioester 28 

 

Ligation between 47 and the model interferon peptide thioester 28 was then examined. The 

reaction was conducted in sodium phosphate buffer (pH 7.0) containing 6M Gn•HCl and 60 

mM TCEP. MPAA was added as an additive. The reaction was monitored by LC-MS and after 

2 h, a peak for the expected product was observed at 2.91 min. The ligation was very slow with 

no changes to the chromatogram peaks observed after 3 days (Scheme 2.22).  
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Scheme 2.22: Ligation of the sugar-linked auxiliary thiol 47 and peptide thioester 28 to glycoconjugate 48 

and LC-MS trace of the ligation reaction. The largest product peak was observed after 3 days. 

 

Excess sugar-linked auxiliary thiol was used and hence a sugar-linked auxiliary building block 

peak was still observed after 3 days of reaction time. A small amount of the peptide thioester 

was also present after 3 days. From the observations made of the reaction’s progress, the thiol-

transesterification  step was very slow possibly due to the 6-membered ring transition state of 

the reaction’s mechanism as well as the reverse ability of thioester exchange with liberated 

MPAA. The temperature of the reaction was increased from room temperature up to 37 °C to 

increase the rate of the ligation. However, more unrecognised peaks were observed on LC-MS. 

Ligations can suffer from side reactions such as thioester hydrolysis, rearrangements and 

oxidations. Reactions at room temperature were much cleaner as interpreted from analysis of 

LC-MS chromatograms of the crude products. The reaction was scaled up and 48 was isolated 

on reverse-phase HPLC in 40% yield.   

 

2.4 Conclusions   

 

The initial aim of the project study was to perform native N-glycosylations towards N-linked 

glycopeptides. Sugar-linked auxiliaries that form native amide bonds were to be applied in 

ligations with peptide thioesters where they would mediate thioester exchange and S→ N acyl 

transfer forming N-glycosidic linkages. The method is largely unexplored, and its success 

would lead to glycosylations of protein thioesters towards N-linked glycoproteins.  

 

Two sugar-linked auxiliaries 24 and 25, that form native amide bonds via NCL-type ligation, 

were synthesised by different methods.  24 was constructed by a modified literature procedure 

i.e., a reductive amination of glycosyl amine and an auxiliary aldehyde followed with an 
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exchange of the thiol protecting group from PMB to Npys. Reductive amination was 

complicated by the present hemiaminal link of the sugar-linked auxiliary conjugate which led 

to acyclic products. The hemiaminal link of glycosyl amines allows equilibration between the 

cyclic glycosyl amine and the acyclic imine when in solution.251 The acyclic imine can be 

reduced to the acyclic amine by the reducing agent employed in the reductive amination which 

leads to the acyclic amine product. Thus, our reductive aminations gave a mixture of cyclic 

and acyclic amine products as observed from monitoring the progress of the reaction. The 

formation of acyclic products was favoured relative cyclic products. This is because alkylated 

glycosyl amines such as 24 are unstable, they often suffer from anomerisation and hydrolysis 

when in solution.250  As a result 24 was isolated in low yields relative to reported literature 

yield.242 25 was constructed by a modified literature procedure i.e., a transamination of a 

benzylic amine and a deacetylated glycosyl amine. A transamination protocol was investigated 

because of the complications encountered in reductive aminations. Also, products of reductive 

aminations required purification by column chromatography which would have been difficult 

in the presence of deacetylated sugar amine. 

 

24 and 25 were investigated in ligations with a model peptide thioester. Products with absent 

sugars were observed by LC-MS. A peptide-linked to the auxiliary product was observed 

regardless of the sugar attached on the sugar-linked auxiliary starting materials i.e., either 

acetylated or deacetylated.  The results matched results of recently published thesis by 

Collins.269  It was hypothesised that the hemiaminal linkage of the sugar-linked auxiliary was 

unstable and therefore complicating both reductive aminations and ligations. Since successful 

ligations form a stable amide product and the reaction is irreversible at basic pH, the 

fragmentation of the sugar-linked auxiliary was occurring before S→N acyl transfer. 

Hydrolysis of the sugar-linked auxiliary (24 or 25) was producing a reducing sugar and an 

auxiliary amine during the reaction.27 The auxiliary amine was then presumably ligating with 

the peptide thioester yielding the peptide-linked auxiliary conjugate.  

 

Further supporting evidence of the proposed reasons for the outcomes was obtained when the 

hemiaminal linkage was replaced by a methylene group. A sugar-linked auxiliary with an 

additional methylene was constructed by reductive amination of glycosyl methylamine and 

auxiliary aldehyde. In comparison, the reductive amination was successful without 

complications such as ring opening. Ligations of the sugar-linked auxiliary with an additional 

methylene group and the model peptide thioester were also successful yielding a 
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glycoconjugate whose N-glycosidic linkage was extended by an extra methylene group.  

 

The hemiaminal linkage of sugar-linked auxiliaries is essential for  the formation of native 

glycosidic bonds however, in our studies it complicated both reductive aminations and ligations 

such that ligations were impossible. The instability of the linkage resulting in ring opening, 

hydrolysis and anomerisation of glycosyl amines has been reported in past literature.250,251 In 

the future, reaction conditions, such as utilisation of organic solvents, that do not facilitate ring 

opening or fragmentation of the sugar-linked auxiliary need to be investigated for both 

reductive aminations and ligations towards native N-glycopeptides to be viable. Chapter 3 

details ligations between 47 with side-chain peptide hydrazides. A route that can be used to 

access N-linked glycopeptide mimetics.  
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3 The application of a methylene extended sugar-linked 

auxiliary in ligations with peptide side-chain hydrazides 

 

3.1  Introduction  

 

Chapter 2 described our efforts to glycosylate a peptide-C𝛼-thioester using native sugar-linked 

auxiliaries towards natural N-linked glycopeptides. The instability of the hemiaminal linkage 

of the sugar-linked auxiliaries complicated reactions such that no successful ligations were 

achieved. This led to the discovery of a sugar-linked auxiliary with a methylene extended 

hemiaminal linkage which effectively ligated N-acetyl glucosamine to a peptide-C𝛼- thioester 

forming a C-glycoconjugate. Chapter 3 describes the utilization of the novel methylene 

extended sugar-linked auxiliary in ligations with peptide hydrazides towards N-linked 

glycopeptide mimetics. A novel route for the synthesis of peptide hydrazides at the side-chain 

is discussed and also applied in the construction of model interferon (IFN) peptide side-chain 

hydrazides which were employed in ligations.  

 

3.2  C-linked glycoprotein and glycopeptide mimetics 

 

A distinct disadvantage of naturally occurring carbohydrates in biological systems is their 

metabolic instability. Biodegradation of N-glycoproteins and N-glycopeptides is often 

accomplished by glycoamidases  which cleave the oligosaccharides from peptide chains. The 

enzymes convert the -asparaginylglucoside bond to aspartic acid and 1-amino-

oligosaccharide (Figure 3.1).277,278  The released 1-amino-oligosaccharide spontaneously 

undergoes non-enzymatic hydrolysis to a reducing oligosaccharide and ammonia. 

Contrastingly, the equivalent C-linked glycopeptide mimetic offers resistance to biological 

enzymes due to an unrecognizable linkage.  Lee and co-workers performed hydrolysis 

reactions of a synthetic C-linked glycopeptide with various N-glycanases. No changes to the 

glycopeptide were observed by LC-MS after incubation of the C-glycopeptide with the 

glycoamidases for 18 h.270 The equivalent native N-linked glycopeptide was hydrolyzed by 

enzymes under similar conditions. The results confirmed that C-linked glycopeptides were not 

substrates of the glycoamidases, and that the enzymes required a strict substrate structure at the 
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cleavage site. Recently, it was shown that -N-linked glycopeptides are also resistant to 

enzymatic degradation however, the linkage is also unnatural.279  

 

 

Figure 3.1: Schematic depiction of glycoamidase catalyzed hydrolysis of a native glycopeptide in 

comparison to a C-linked glycopeptide mimetic. 

 

Lee and co-workers also suggested that the observed differences in the susceptibility to 

enzymatic degradations were potentially due to the difference of chemical properties of the 

leaving groups i.e., amine and methylamine. The pKa  of glycosyl methylamine is 2 – 3 units 

higher than that of the glycosylamine.280 Since C-linked glycosides are important carbohydrate 

mimetics that possesses enhanced resistance to enzymatic degradation and enzymatic 

inhibitory properties, they have gained popularity as pharmaceutical targets.170,281 The 

carbohydrate moiety in glycoprotein therapeutics can  either be directly involved in the binding 

to the target receptor or aid the pharmacokinetics of the drug. Therefore, an additional 

methylene group can improve the efficacy of a glycoprotein drug by enabling the glycoprotein 

to navigate through glycoamidases without recognition. The presence of an additional 

methylene would unlikely hinder binding of the terminal carbohydrate to a receptor since a 

methylene functionality is very small relative to the size of the glycans. Synthesizing C-linked 

glycoproteins is also attractive as it will help towards the elucidation of the mechanism of 

action of many glycoproteins in biological systems. Though extending the linkage by an 

additional methylene, it is still important to maintain the -linkage between the chitobiose and 

the peptide as it is essential for the backbone conformation of glycopeptides and 

glycoproteins.282 If the initial GlcNAc residue is  -linked, it can form hydrogen bonds with 
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the backbone of a peptide which destabilizes the -turn usually present at the glycosylation 

site.282 Peptide -turns are known to enhance N-glycosylation efficiency.283,284 They are also 

critical in protein folding as folding is promoted by long range interactions of the -strands.285 

Therefore, disruption of -turns especially at glycosylation site can impact the structure and 

stability of the glycoprotein.286 

 

Our studies would focus on utilizing the methylene extended sugar-linked auxiliary, 

synthesized in chapter 1, in glycosylations of peptide side-chain thioesters towards C-linked 

glycopeptides and glycoproteins. We anticipated the pre-activated side-chain thioesters to 

ligate with the methylene extended sugar-linked auxiliary since the sugar-linked auxiliary 

successfully ligated the peptide-C𝛼- thioester as described in chapter 1.  

 

3.3  Results and discussion  

 

An increasing number of researchers are employing peptide hydrazides in ligations as 

surrogates of peptide thioesters.258,264,287 Peptide hydrazides are attractive due to their enhanced 

stability in ligation conditions, their relative ease of synthesis and their flexibility in terms of 

tactics and strategies during synthesis.288 Peptide hydrazides are converted to thioesters in one 

pot usually via hydrazide activation followed by thiolysis to the reactive thioester (Scheme 

3.1).  

 

Scheme 1: Activation of a peptide hydrazide to the thioester. 

 

Two activation methods of peptide hydrazides for one-pot activation ligation have been 

reported.115,263 In most cases, the activation methods were compatible with ligation conditions 

such as guanidinium hydrochloride, phosphate buffer and TCEP. The most common method is 

oxidation of the hydrazide with sodium nitrite to an intermediate peptide azide (Scheme 

3.2).114,263 The activation step is usually conducted at low temperatures, typically below – 5 

℃, to avoid the curtius rearrangement.289 The azide is then trapped with an alkyl or aryl thiol 

to form the corresponding reactive peptide thioester. Thiolysis is usually conducted at neutral 

or basic pH and at the same temperature as the ligation reaction. 
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Scheme 3.2: Oxidation of peptide hydrazide to peptide azide followed by thiolysis to a thioester. 

 

The activation of peptide hydrazides via oxidation usually employs excess oxidising agent 

which can potentially interfere with a reaction resulting in side reactions and side products. An 

alternative milder activation method of peptide hydrazides was reported by Dawson and co-

workers (Scheme 3.3).115 The method utilises acetylacetone (acac) which reacts with the 

hydrazide to form an acyl pyrazole intermediate. The conditions required for the activation are 

compatible with the ligation conditions and therefore, one pot activation followed with the 

ligation is viable. 

 

 

Scheme 3.3: Condensation of peptide hydrazide with acetylacetone (acac) to an acyl pyrazole 

intermediate followed by thiolysis to a thioester. 115 

 

Before venturing into the synthesis of side-chain peptide hydrazides, we investigated the 

possibility of one pot activation and ligation of a C-terminal peptide hydrazide 27 with the 

methylene extended sugar-linked auxiliary 47 (Scheme 3.4).  

 

 

Scheme 3.4: Attempted activation of a model peptide hydrazide 27 via the acyl azide intermediate 

followed with ligation with 47 in one-pot. 
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Initially, model interferon C-terminal peptide hydrazide 27 was activated with sodium nitrite 

to the azide intermediate. The activation step was conducted in sodium phosphate buffer (pH 

4.0) and 6M guanidinium hydrochloride (Gn•HCl) at - 10 ℃ for 20 minutes. Formation of the 

azide intermediate was confirmed by LC-MS analysis of the crude reaction. The pH was 

adjusted to pH 7.0 and MPAA thiol and the sugar-linked auxiliary 47 were added to the reaction 

mixture. 60 mM TCEP was also employed to reduce any disulfides forming due to oxidation 

of thiols. Both 47 and MPAA are very prone to oxidation as they are aryl thiols. The contents 

were mixed at room temperature in an eppendorf thermomixer and the reaction monitored by 

LC-MS. Only starting materials i.e., MPAA peptide thioester  and 47 were observed. No 

product peak was observed by LC-MS over a period of 24 h. Oxidation of 47 to a symmetrical 

disulfide and an MPAA disulfide were the main side reactions observed occurring. However, 

the disulfides were readily reduced back to thiols with small additions of TCEP. Hydrolysis of 

the peptide thioester was also observed which increased with prolonged reaction times. The 

mechanistically different acyl pyrazole activation method was then attempted as an alternative 

route (Scheme 3.5). 

 

 

Scheme 3.5: Activation of 27 via the acyl pyrazole intermediate followed by one-pot ligation with 47 to the 

glycoconjugate 48. 

 

Hydrazide activation was conducted in sodium phosphate buffer (pH 2) and 6 M Gn•HCl using 

acetyl acetone. MPAA was added for thiolysis of the acyl pyrazole intermediate to the thioester. 

The activation was completed within 2 h, the pH was then adjusted to pH 7.0.  47 and TCEP 

were then added to enable the ligation. The reaction was mixed at room temperature and 

monitored by LC-MS. A product peak was observed after 1 h which gradually increased in size 

over time. The product peak was the largest peak when the reaction reached completion after 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 93 

72 hrs. The two acyl intermediates of the reaction were observed at different retention times 

when monitoring the progress of the reaction.  The intermediates were  gradually consumed 

with time (Figure 3.2).  The peptide MPAA thioester peak was dominant at 2 h and it also 

gradually decreased over time with only a small peak for the thioester observed after 72 h. The 

rates of pyrazole intermediate thiolysis and that of S→N acyl transfer were very slow hence the 

prolonged reaction time. 

 

Figure 3.2: LC-MS traces of the ligation reaction of 27 and 48 at t =4 h and at t= 72 h. 

 

After 3 days, no further changes to the LC-MS trace of the reaction were observed. Other 

smaller peaks that could not be assigned were observed which hinted potential side reactions. 

The reaction trace was not as smooth as the trace of the ligation between 47 and a peptide-C𝛼-

thioester (chapter 2 Scheme 2.22). This is perhaps due to the extra step required to activate the 

peptide hydrazide to the thioester rather than starting with a peptide thioester and therefore, 

more chances of side reactions. The released dimethylpyrazole is UV active and can potentially 

generate small unwanted peaks. The reaction was scaled up and glycoconjugate 48 was isolated 

by reverse phase HPLC in 40% yield. The yield was similar to that obtained when a C-terminal 

peptide thioester starting material was employed. Before HPLC purification, most of the 

MPAA in the crude mixture was removed by extraction. The pH of the mixture was lowered 

and precipitated MPAA was extracted with diethyl ether. Ligations often require an excess of 

MPAA which affects HPLC separations and hence extraction of MPAA prior HPLC 

purification is crucial.  

 

The mode of activation of the peptide hydrazide using acac is mechanistically different to that 

of the acyl azide route. Acac is mild and chemoselective whereas sodium nitrite can oxidise 

other ligation reagents such as the sugar-linked auxiliary. Oxidation can prohibitively slow 

down the rate of ligations by reducing the concentration of reactive starting materials. These 

differences between the two activation methods are possibly the reasons for the observed 

0 1 2 3 4 5 6

sugar linked 

auxiliary

acyl pyrazole 

intermediate

peptide MPAA 

thioester

product

-2E+09

0

2E+09

4E+09

6E+09

8E+09

1E+10

0 0.5 1 1.5 2 2.5 3 3.5 4

Chart Title

Intensity Time Intensityt = 4 h

-2E+09

0

2E+09

4E+09

6E+09

8E+09

1E+10

0 0.5 1 1.5 2 2.5 3 3.5 4

Chart Title

Intensity Time Intensityt = 72 h

product



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 94 

successful ligation with the acac activation method and an unsuccessful ligation with the 

sodium nitrite activation method. The successful ligation at the C-terminal peptide hydrazide 

using the acac activation route prompted the synthesis of peptide side-chain hydrazides that 

can be employed in ligations towards side-chain glycopeptides.  

 

3.3.1  Synthesis of side-chain peptide hydrazides  

 

The preparation of peptide thioesters and peptide hydrazides at the C-terminus is well 

documented. Meanwhile, the formation of thioesters or hydrazides at the side chain of the 

carboxyl groups of aspartic acid and glutamic acid is rare. The thioester functional group is 

unstable which prevents their convenient Fmoc SPPS preparation method since it requires 

piperidine  to cleave the Fmoc protecting group. Liu reported the only Asp side-chain peptide 

thioester constructed by Fmoc SPPS.242 An Asp phenyl thioester was incorporated  at the N-

terminus of various peptides during SPPS. The amino acid was only incorporated at the N-

terminus to avoid exposure of the thioester functionality to piperidine. The application of N-

terminal thioesters in glycosylations is limited, as the glycan moiety of glycoproteins is often 

in the middle of peptide chains, unless the peptide chain is extended by other methods to form 

a mature glycoprotein.  

 

Side-chain hydrazides are accessible by SPPS through the incorporation of a functionalized 

unnatural amino acid. In 2015, Huang and co-workers reported the incorporation of an Asp 

hydrazide into the middle of a peptide chain by SPPS.290 They synthesized a 

benzyloxycarbamate (Cbz) protected Asp hydrazide and incorporated it into a peptide by Fmoc 

SPPS. The hydrazide was later activated to the thioester in a one-pot NCL forming cyclic 

peptides. In 2017, they also reported the incorporation of an Asp benzyl ester amino acid into 

peptide sequences as a thioester precursor in their cyclisation reactions by NCL.291 We looked 

to utilize the incorporation of a functionalized unnatural amino acid into specific peptide sites 

which can be activated to the thioester and ligated to a sugar in one pot.  

 

3.3.1.1  Synthesis of side-chain Glu and Asp hydrazides by regioselective opening of 

cyclic anhydrides  

 

Protected C/𝜸-hydrazide building blocks of aspartic and glutamic acids, suitable for use in 

Fmoc-based SPPS, have been prepared previously however, often using disparate and 
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protracted synthetic pathways.290,292–294 A regioselective ring opening of Asp and Glu cyclic 

anhydrides with hydrazines was developed as a faster and novel route towards C/𝜸-hydrazides 

building blocks for Fmoc SPPS. 

 

Previous works by Keillor and Ibatullin inspired the development of a regioselective ring 

opening of cyclic anhydrides with protected hydrazines and carbazates. Keillor et al. performed 

controlled regioselective anilide formation from cyclic N-protected glutamic and aspartic 

anhydrides with aniline.295  Ibatullin and Selivanov reacted cyclic N-Fmoc aspartic anhydrides 

with glycosyl amines towards N-glycosyl asparagines.296 Both reports showed high levels of 

regioselectivity and yields when reactions were conducted in  dimethylsulfoxide (DMSO). In 

our reactions, we looked to employ protected hydrazines and carbazates as nucleophiles to 

open N-Fmoc aspartic  and glutamic anhydrides towards Fmoc-Glu and Asp hydrazides that 

can be employed in Fmoc SPPS. Glutamic and aspartic anhydrides were prepared by the 

dehydration of glutamic and aspartic acids with acetic anhydride (Scheme 3.6).297   

 

 

Scheme 3.6: Dehydration of N-Fmoc amino acids to N-Fmoc amino acid cyclic anhydrides in acetic 

anhydride. 

 

Dissolution of the amino acids in acetic anhydride through heating the reaction at 60 ℃ 

followed by rapid cooling yielded the N-Fmoc glutamic and N-Fmoc aspartic anhydrides. The 

crude products were washed with cold diethyl ether or isopropyl ether and used without further 

purification. Regioselective ring opening of the amino acid anhydrides with hydrazines and 

carbazates were then investigated (Table 3.1).  
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Table 3.1: Synthesis of protected amino acid hydrazides from their corresponding cyclic anhydrides. 

 

tert-Butyl carbazate and benzyl carbazate were purchased and used directly in the ring opening 

reactions. 2-Chlorotrityl hydrazine was synthesized by nucleophilic substitution of 2-

chlorotrityl chloride 57 with hydrazine hydrate (Scheme 3.7). The reaction was conducted in 

ethanol and 2-chlorotrityl hydrazine 58 was isolated in 71% yield. 

 

 

Scheme 3.7: Synthesis of 2-chlorotrityl hydrazine 

 

Initially, ring opening of glutamic anhydride 49 with tert-butyl carbazate in dichloromethane 

(DCM) and dimethyl sulfoxide (DMSO) were investigated. Selectivity towards the required 𝜸-

hydrazide isomer was observed when reactions were conducted in DMSO. Product regioisomer 

ratios were obtained through analysis of the 1H NMR spectrum of the products. Usually, both 

the 𝜸-hydrazide HN-NH peaks and the 𝛼-hydrazide HN-NH peaks are visible on the 1H NMR 

spectrum if the reaction yields both isomers.296 However, the peak sizes vary depending on the 

selectivity of the reaction. Previous work by Barnes from our group, had shown that ring 
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opening reactions in dichloromethane were more selective towards the 𝛼-hydrazide whereas 

reactions with DMSO, yielded the required 𝜸-hydrazide isomer as the major product. The result 

concurred with previous works of Keillor et al.295   Approximately 6:1 ratio of the Boc 𝜸-

hydrazide to the Boc 𝛼-hydrazide was obtained in 62% yield (Figure 3.3).  

 

Figure 3.3: 1H NMR spectrum of isolated 51 after reaction in DMSO showing the 𝜸- to 𝛼-hydrazide 

isomer ratio of the isolated product. 

 

Keillor et al. proposed an explanation for the observed selectivities. One of the reasons was the 

effect of intramolecular hydrogen bonding between the hydrogen of the 𝛼-amino nitrogen and 

the oxygen of the 𝛼-carbonyl (Scheme 3.8). 
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Scheme 3.8: Keillor’s proposed solvent effect on regioselectivity.295 

 

If the reaction is conducted in a solvent incapable of forming H-bond with the hydrogen of the 

𝛼-amino nitrogen, the 𝛼-isomer is favoured due to activation of the 𝛼-carbonyl facilitated by 

the intramolecular H-bonding (Scheme 3.8a). In polar aprotic solvent such as DMSO, the 

intramolecular bonding is replaced with intermolecular H-bonding with the solvent (Scheme 

3.8b).295 The absence of intramolecular bonding therefore favours nucleophilic attack on the 

less hindered 𝜸-carbonyl which results in the 𝜸-isomer.  

 

Ring opening of the glutamic anhydride with benzyl carbazate and  2-chlorotrityl hydrazine 

were also conducted in DMSO. The Cbz hydrazide 52 was isolated in 88% yield and also a 6:1 

ratio of the Cbz 𝜸- to 𝛼-hydrazide was obtained (Table 3.1). Ring opening of the glutamic 

anhydride with 2-chlorotrityl hydrazine was completed in a longer reaction time relative to the 

tert-butyl and benzyl carbazate reactions. 2-chlorotrityl hydrazine is larger in size which makes 

it harder to access the  electrophilic site and therefore, the reaction requiring a longer time to 

reach completion. The reaction was also more selective towards the 𝜸-isomer. Only the 2-

chlorotrityl glutamic 𝜸-hydrazide was isolated in 73% yield. It was observed that the less 

reactive the reagents employed in the reactions are, the higher the levels of selectivity achieved.  

2-chlorotrityl hydrazine is bulkier and therefore its ring opening reaction is kinetically slower 

due to steric hindrance, hence the reaction more selective towards the 𝜸-isomer. Keillor et al.  

achieved higher levels of selectivity in their ring opening reactions with anilines. Amines are 

less reactive relative to hydrazines which account for the observed differences in rates and 

selectivities. Ring opening of Asp anhydrides were slightly less selective relative to ring 
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opening of Glu anhydrides. Ring opening of aspartic anhydride with tert-butyl carbazate 

yielded 54 in 77% yield and approximately 5:1 - to 𝛼-hydrazide ratio was obtained. The Cbz 

protected hydrazide 55 was isolated in 63% yield and a 4:1 - to 𝛼-hydrazide ratio was 

obtained. Ring opening of the Asp hydrazide with 2-chlorotrityl hydrazine yielded the 

corresponding hydrazide in 66% yield and also a 100% selectivity towards the -hydrazide 

was observed. Product isomers were separable by column chromatography.  

 

3.3.1.2  Incorporation of Fmoc-Glu and Asp hydrazides into IFN (76 -83) by Fmoc SPPS 

 

Incorporation of the synthesized glutamic and aspartic hydrazides in peptide sequences by 

Fmoc solid phase peptide synthesis was then attempted (Table 3.2).  

 

 

Table 3.2: Incorporation of aspartic and glutamic hydrazides into IFN (76-83) peptide by Fmoc solid 

phase peptide synthesis 

 

Initially, the standard Fmoc SPPS coupling conditions of HOBT/HBTU and 

diisopropylethylamine were assessed in the coupling reactions of glutamic hydrazides (51 – 

53). Boc protected glutamic hydrazide 51 failed to couple and a deletion missing the glutamyl 

hydrazide residue was obtained. There are no previous literature examples of successful 

couplings with 51 in peptide synthesis. The Cbz protected hydrazide 52 partially coupled and 
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less than 5% yield of the peptide hydrazide 59 was obtained. There are also no previous 

literature examples of successful couplings with 52 either in peptide synthesis. The Cbz 

protecting group is often cleaved by hydrogenation using Pd/C or by employing strongly acidic 

conditions such as trifluoromethanesulfonic (TFSA) acid/TFA mixture post peptide 

synthesis.290,298 Since an extra deprotection step is required which can significantly lower the 

yield, no optimization reactions were conducted to increase the coupling yield. However, our 

attention was focused on coupling the Boc and 2-chlorotrityl protected amino acid hydrazides 

which are acid labile and compatible with the standard Fmoc SPPS method. The 2-chlorotrityl 

protected glutamic hydrazide 53 successfully coupled and 59 was isolated in 20% yield.  

 

A symmetrical anhydride coupling method was also attempted as an alternative to improve the 

coupling of 51. The mechanisms of HBTU/HOBt and the symmetrical anhydride coupling 

methods are depicted in Scheme 3.9. The HBTU/HOBt method forms a benzotriazole ester 

intermediate which undergoes aminolysis when an amine is introduced. The symmetrical 

anhydride method forms a reactive symmetrical anhydride intermediate offering two 

electrophilic sites for aminolysis and therefore possibly kinetically faster. Regardless of the 

change, an unsuccessful coupling  of 51 was also observed. The reaction was not optimized 

further. 
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Scheme 3.9: The mechanisms of the HBTU/HOBt and the symmetrical anhydride coupling methods. 

 

Aspartic hydrazides 54 – 56 were also employed in the standard Fmoc couplings towards IFN 

peptide hydrazide 60. All the hydrazides 54 – 56 failed to couple using the standard 

HOBT/HBTU  coupling conditions. Huang successfully coupled 55 in the synthesis of a short 

peptide (six aa long) in 35% yield.290 In their syntheses, a 2-chlorotrityl resin and coupling 

reagents of HATU or DIC/HOBt  were employed. HATU is a stronger coupling reagent 

compared to HBTU which speeds up the coupling process.299 DIC/HOBt coupling reagent 

follows a different activation path to the HBTU/HOBt method and therefore, the potential 

reasons for the observed differences. Interestingly, 54 and 55 also failed to couple when the 

symmetrical anhydride method was used. The 2-chlorotrityl protected aspartic hydrazide 56 

however successfully coupled using the symmetrical anhydride method and 60 was isolated in 

14% yield. The difference of the side chains of the hydrazides and their conformations during 

reactions possibly the reason for the observed differences in reactivities with the coupling 

reagents employed. No further studies were conducted on the coupling rates. 
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3.3.1.3  Synthesis of side-chain peptide hydrazides via peptide benzyl esters.  

 

The incorporation of benzyl ester amino acids into peptide chains by solid phase peptide 

synthesis followed by hydrazinolysis offers an alternative route to peptide hydrazides. The 

method was initially demonstrated by Huang and co-workers and small peptide chain 

hydrazides were constructed in good to excellent yields.291 In our reactions, commercially 

available Fmoc aspartic benzyl ester and Fmoc glutamic benzyl ester amino acids were 

incorporated into IFN 76 - 83 at position 80 by SPPS followed with hydrazinolysis of the ester 

functionalities to their corresponding hydrazides (Scheme 3.10).   

 

 

Scheme 3.10: Synthesis of peptide hydrazides 59 and 60 via hydrazinolysis of  their corresponding peptide 

benzyl esters 63 and 64. 

 

A -aspartyl benzyl ester, commercially obtained, was successfully incorporated into a peptide 

in 19% yield. However, base-catalyzed hydrolysis of the ester was also observed (Figure 3.4). 

A mixture of peptide 63 and the equivalent peptide with aspartic acid instead of aspartic benzyl 

ester was observed by RP-HPLC analysis of the crude product. 
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Figure 3.4: RP-HPLC traces of the Fmoc SPPS synthesis of 63 and hydrazinolysis of the isolated peptide 

benzyl ester to the hydrazide 60. 

 

Hydrolysis of the benzyl ester functionality was expected due to repeated exposure of the ester 

functionality to diisopropylethylamine during SPPS. Bases such as diisopropylethylamine 

facilitates aspartamide formation by abstracting a proton from the nitrogen atom of the adjacent 

amino acid. Acylation of the amino group forms the aspartamide. The benzyl ester enhances 

the rate of acylation/cyclisation and is eliminated as benzyl alcohol.150,300 The aminosuccinyl 

ring slowly hydrolyses to the carboxylic acid and thereby yielding a peptide with aspartic acid 

instead of the aspartic benzyl ester. The hydrolyzed side product peak had a greater area 

compared to the expected product and therefore accounting for the reduced yield of 63. 

Hydrazinolysis of the isolated peptide -aspartyl benzyl ester with hydrazine hydrate yielded 

the expected peptide hydrazide 59. RP-HPLC trace of the reaction showed a clean conversion 

from pure benzyl ester to the corresponding hydrazide in less than 15 min and the product was 

isolated in 92% yield (Figure 3.4).  

 

Fmoc 𝜸-glutamyl benzyl ester, commercially obtained, was also successfully incorporated into 

a peptide in 38% yield. Interestingly, little to no hydrolysis of the ester functionality was 

observed (Figure 3.5).  

 

Figure 3.5: RP-HPLC traces of the Fmoc SPPS synthesis of 64 and hydrazinolysis of the isolated peptide 

benzyl ester to the hydrazide 59. 
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Glutarimide formation is not a common side reaction in Fmoc SPPS like aspartamide formation 

with only a few examples of its occurrence.301 The extra methylene of glutamic acid increases 

the distance between the electrophilic ester functionality and the deprotonated nucleophilic 

nitrogen which makes it slower to cyclize. Hydrazinolysis of the isolated peptide 𝜸-glutamyl 

benzyl ester with hydrazine hydrate was completed in 8 h rather than 15 min required for the 

peptide -aspartyl benzyl ester. This further supported the increased robustness of peptide Glu 

benzyl ester relative to peptide Asp benzyl ester. The 𝜸-glutamyl hydrazide 59 was isolated in 

90% yield.  

 

In conclusion, the benzyl ester route was a more efficient method towards accessing peptide 

side-chain hydrazides relative to the incorporation of protected amino acid hydrazides since 

the method was high yielding and less laborious. However, amino acid hydrazides are also 

useful especially if hydrolysis of the benzyl ester functionality is high enough to drastically 

reduce the overall yield of the peptide hydrazide. Also, not all proteins or peptides will tolerate 

exposure to hydrazine. 

 

3.3.2 Ligations of peptide hydrazides with the sugar-linked auxiliary 47 

 

Initially, ligation between 𝜸-glutamyl hydrazide 59 and the sugar-linked auxiliary 47 was 

investigated since the activated side-chain glutamic carbonyl is unlikely to suffer from 

cyclisation (glutarimide formation) (Scheme 3.11).  

 

 

Scheme 3.11: Conversion of side-chain peptide hydrazides 59 and 60 to the glycoconjugates 66 and 65 

respectively. 

 

59 was activated with acetyl acetone via the acyl pyrazole intermediate to a side-chain MPAA 

thioester. When the thiol 47 was added and pH adjusted to pH 7.0, 66 was observed to 

accumulate over time. The reaction reached completion after 3 days and 66 was isolated by 
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reverse-phase HPLC in 45% yield. The product was characterized by analytical HPLC and 

HRMS (Figure 3.6). Ligations between peptide -aspartyl benzyl hydrazide 60 and the sugar-

linked auxiliary 47 were also investigated. The reaction was also slow under similar reaction 

conditions. LC-MS analysis of the reaction showed formation of the aspartamide, and 

hydrolysis of the peptide thioester to the carboxylic acid was also observed. The 

glycoconjugate 65 was isolated in a very low yield of less than 10% and characterized by 

analytical HPLC and HRMS (Figure 3.6).  

 

 

 

Figure 3.6: Analytic HPLC traces and HRMS’ of glycoconjugates 65 and 66.   

 

A number of reaction conditions were investigated an attempt to increase the yield of the 

ligations. The outcomes will be summarized since neither change improved the overall 

glycoconjugate yield. It was observed that increasing the temperature to a maximum of 37 ℃ 

increased the rate of ligations with most ligations reaching completion in less than 24 h. There 

were no further changes to the LC-MS traces of the reaction after 24 h. The challenge 

encountered was that the reaction mixture became more complex, with more unexpected peaks 

observed. The isolated yields of the glycoconjugates lowered as a result. Increasing the 

concentration of 47 up to 5 equivalents also increased the rate of ligations. However, the 

retention times of 47, 65 and 66 were very similar which caused peak overlap when purifying 

products on reverse-phase HPLC. As a result, isolated glycoconjugates were contaminated with 

47 which complicated the characterization of the products. Also, 47 has a stronger UV 
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absorbance in comparison to the glycoconjugates which further complicated the interpretation 

of the HPLC traces. In cases where the retention time of the sugar-linked auxiliary is very 

different from that of the products, ligation rates can definitely be improved by employing 

excess sugar-linked auxiliary. In our reactions, 1.2 eq of the sugar-linked auxiliary 47 was 

employed which was just enough to enable isolation of 65 and 66. 

 

3.3.3 Auxiliary cleavage  

 

As introduced in chapter 1, the acid labile N-2-mercaptobenzyl auxiliary is generally cleaved 

with TFA in the presence of scavengers such as triisopropyl silane (TIPS) although some side 

reactions are well documented.73,75,242 Initially, we attempted cleaving the auxiliary with 5% 

TIPS in TFA for 24 h (Scheme 3.12).  

 

 

Scheme 3.12: Attempted cleavage of the auxiliary of glycoconjugate 66 in TIPS/TFA mixture. 

 

A peak for the expected glycopeptide was observed by LC-MS analysis of the cleavage. 

However, many unrecognized peaks were also observed which indicated possible side 

reactions. Attempts to HPLC purify the crude reaction mixture also failed. Danishefsky and 

co-workers reported an auxiliary mediated reverse reaction (N→S acyl transfer) in acidic 

conditions which generated the initial starting glycoconjugate in their attempt to cleave the N-

2-mercaptobenzyl auxiliary in TFA/TIPS mixture after their peptide to peptide ligations.75,302 

Also, strong acidic conditions of Lewis acids such as trimethylsilyl bromide and TFA 

combinations have been reported incompatible with the acid sensitive glycans.77 Methylation 

of the thiol, to stop N→S acyl transfer, followed with cleavage using TFA and TIPS has been 

reported as an alternative method.75,77,302 66 was methylated with methyl 4-

nitrobenzenesulfonate to the conjugate 67 following a literature procedure (Scheme 3.13).302 
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Scheme 3.13: Methylation of the auxiliary thiol followed by an attempted cleavage of the auxiliary in 

TIPS/TFA mixture. 

 

The methylation was conducted in acetonitrile for 1 h at room temperature and the methylated 

glycoconjugate 67 was obtained and identified by mass on LC-MS. Attempts to cleave the 

auxiliary after methylation were also unsuccessful. TFA and TIPS employed in the cleavage 

are usually removed by a stream of N2. In our attempts, the N2 did not completely evaporate 

the TFA. Vacuum evaporation of TFA by a rotary evaporator was also attempted without 

success. Thus, 68 was not isolated. Other mild condition for auxiliary cleavage such as 

employing Lewis acids or utilizing other scavengers in the acidiolytic cleavage can be 

investigated as alternatives. However, in our studies, a different base labile auxiliary was 

synthesized and applied in ligations rather than optimizing the cleavage of the trimethoxy 

auxiliary. The results are explained in Chapter 4.   

 

3.4  Conclusions 

 

Chapter 3 focused on the synthesis of side-chain peptide hydrazides and their ligations with 

the methylene extended sugar-linked auxiliary 47 synthesized in Chapter 2. -Aspartyl and  𝜸-

glutamyl peptide hydrazides were constructed by Fmoc SPPS using functionalized amino 

acids. A regioselective ring opening reaction of cyclic amino acid anhydrides with differently 

protected hydrazines was developed which enabled access to Cbz, Boc and 2-ClTrt protected 

glutamic and aspartic hydrazides that can be employed in Fmoc SPPS in moderate to excellent 

yields. The incorporation of the synthesized amino acid hydrazides into peptides was more 

challenging than anticipated. Poor or unsuccessful  couplings were observed when the standard 

HOBt/HBTU coupling conditions were employed and peptides with deleted amino acid 

hydrazide were obtained after cleavage of the resin. Only the 2-ClTrt protected glutamic 

hydrazide successfully coupled to yield a quantifiable peptide hydrazide in 20% yield. A 

change of the coupling method to the symmetrical anhydride enabled access to a peptide Asp 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 108 

hydrazide (14% yield) when the 2-ClTrt protected aspartic hydrazide was employed in the 

coupling. Symmetrical anhydrides are more reactive relative to the HOBt esters.303 However, 

two equivalents of the amino acid hydrazide are required to form the symmetrical anhydride 

which can be wasteful and costly.   

 

Alternatively, benzyl ester protected amino acids of Asp and Glu were incorporated into 

peptide chains as precursors of hydrazides. The incorporation of the benzyl ester amino acids 

into peptides was straightforward relative to the incorporation of the amino acid hydrazides in 

the standard HOBt/HBTU coupling conditions. However, the aspartic benzyl ester suffered 

from some hydrolysis due to aspartamide formation such that >50% of the product obtained 

was the peptide with aspartic acid rather than the expected aspartic benzyl ester. Aspartamide 

formation is a common side reaction in peptide synthesis and the observed outcomes were 

expected.304 A similar side reaction with glutamic benzyl ester was not observed. The peptide 

benzyl esters were converted to the hydrazides by hydrazinolysis of the ester with hydrazine 

hydrate. Both the incorporation of protected hydrazides and benzyl esters are important 

towards accessing side-chain peptide hydrazides however, since the Fmoc amino acid benzyl 

esters are commercially available, the latter method is favorable due to convenience. 

 

Side-chain glutamic and aspartic hydrazides were successfully ligated to the methylene 

extended sugar-linked auxiliary thiol 47 as expected. Ligation between peptide glutamic 

hydrazide and the sugar-linked auxiliary was the most effective yielding the expected 

glycoconjugate in 45% yield. The main limitation of the reaction was slow ligation such that 

the reaction reached completion after three days. Ligations between the peptide aspartic 

hydrazide and the methylene extended sugar-linked auxiliary thiol 47 were also slower and 

suffered from hydrolysis and aspartamide formation of the thioester intermediate which 

drastically lowered the yield. Less than 10% yield of the expected Asp glycoconjugate was 

isolated. Aspartamide formation is a common side reaction which can only be minimized or 

avoided by achieving fast ligations. This was achieved by employing a faster ligating sugar-

linked auxiliary and the results are described in Chapter 4.  

 

Successful ligations at the side-chains of peptides hinted the possibility of ligations with side-

chain protein thioesters if faster and high yielding ligations can be achieved with minimal side 

reactions. Auxiliary cleavage of the glycoconjugates also proved challenging due to auxiliary 

mediated N→S acyl transfer reverse reaction in acidic conditions employed. The new challenge 
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was to achieve faster ligations with both peptides and proteins thioesters which would 

potentially increase the Asp glycoconjugate yield as well as enable access to glycoprotein-

GlcNAc conjugates. The reactions will be discussed in Chapter 4. Chapter 4 will also provide 

an account of an expression of a model side-chain protein thioester and its ligation with 

methylene extended sugar-linked auxiliary thiol 47.  
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4. Expression of a recombinant side-chain protein thioester 

and ligations with sugar-linked auxiliaries 

 

4.1  Introduction  

 

Chapters 2 and 3 explored ligations of two sugar-linked auxiliaries to peptide-C-thioester, -

aspartyl hydrazides and 𝜸-glutamyl peptide hydrazides towards glycopeptides. The ligations 

were conducted to help understand the potential for ligations between sugar-linked auxiliaries 

with protein thioesters. Current semi-synthetic strategies towards N-linked glycoproteins or N-

linked glycoprotein mimetics involves many synthetic steps with overall yields of the 

glycoproteins usually poor.242 In consequence, they have never been applied on an industrial 

scale. Our synthetic strategy allows access to a key building block i.e., a GlcNAc 

monosaccharide linked to a protein which can be extended by endoglycosidases to a mature 

glycoprotein.305 Chapter 4 explores the expression of a model recombinant side-chain protein 

thioester and its ligations with sugar-linked auxiliaries towards a glycan-linked protein 

conjugate.  

 

4.2  Site-specific modification of recombinant proteins  

 

Site-specific modification of proteins allows the introduction of new functionalities which 

serve different purposes such as biophysical probes, tags or as sites for further modification 

(PTMs).141,306 Such  transformations can be facilitated by different methods such as enzymatic 

fusion of peptide tags to proteins, selective modification of cysteine residues with electrophiles 

or via the incorporation of unnatural residues into proteins by chemical and recombinant 

methods.307,308 The incorporation of non-canonical amino acids allows access to a side-chain 

thioester which can provide the means for selective bioconjugation such as glycosylation using 

reaction such as NCL. C-terminal protein thioesters, usually synthesised by intein-based 

technologies, have been applied in many bioconjugation reactions towards larger proteins or 

glycoproteins as introduced in chapter 1.309 Side-chain protein thioester can likewise provide 

sites for PTMs. However, the incorporation of unnatural amino acids into proteins is more 

challenging.  
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The method utilises the nonsense codon suppression technology. During protein expression, 

stop codons TAG (amber), TAA (ochre) or TGA (opal) direct termination of the translation 

process.310 Such codons are suitable for re-assignment by designing a suitable suppressor tRNA 

that can incorporate its 3'- end amino acid in response to the nonsense codon (Figure 4.1). The 

method was first demonstrated by Noren who incorporated synthetic amino acids into an 

enzyme -lactamase using a chemically acylated suppressor tRNA that incorporated the amino 

acid in response to amber stop codon.139  

 

 

Figure 4.1: A depiction of nonsense suppression technology. 

  

An orthogonal amino acyl tRNA synthetase is often used to acylate the 3'- end of the suppressor 

tRNA.311 In 2018, Xuan and Collins incorporated an aspartyl--thioester (thioD), unnatural 

amino acid thioester, into a recombinant protein sfGFP at position 151.141 A mutated 

Methanosarcina barkeri pyrrolysyl-tRNA synthetase (MbPylRS) was employed to acylate the 

3'- end of its cognate tRNA. The substrate promiscuity of the MbPylRS enzyme allows 

extension of its substrate pyrrolysine to other non-canonical amino acids. This is achieved 

thorough engineering of the enzymes to recognise and genetically incorporate the non-

canonical amino acids.312 ThioD structurally resembles known substrates of MbPylRS  

pyrrolysine (Pyl) and N-ε-cyclopentyloxycarbonyl-L-lysine (Cyc)  (Figure 4.2).  
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Figure 4.2: Substrates of the Methanosarcina barkeri pyrrolysyl-tRNA synthetase. Pyl = pyrrolysine and 

Cyc = N-ε-cyclopentyloxycarbonyl-L-lysine.141 

 

Xuan et al. genetically mutated residues Ala267Tyr, Tyr271Ala, Asn311Thr, Cys313Gly and 

Tyr349Phe of the MbPylRS’ active site. The mutations enabled the enzyme to recognise thioD 

and link it to the 3'- end of its cognate amber suppressor tRNACUA. The variant ThioDRS was 

expressed in E.coli and together with amber suppressor tRNACUA, they successfully 

incorporated thioD at permissive site by expression of the sfGFP-Y151TAG gene. The 

MbPylRS/MbtRNACUA pair has also been used in the incorporation of pyrrolysine analogue 

Nε-cyclopentyloxycarbonyl-L-lysine in response to amber codon at position 4 of a modified 

sperm whale myoglobin-His6 gene  (Myo-his6(4TAG)).313 In our studies, we looked to 

incorporate thioD into Myo-his6(4-TAG) using the ThioDPylRS/ThioDtRNACUA pair which 

would provide the protein thioester for side chain ligations. Sperm whale myoglobin was 

chosen as a model protein since we already had the plasmid encoding 4-TAG myoglobin and 

tRNACUA obtained from Chin laboratory. 

 

4.2.1  Synthesis of thioD 

 

Expression of myoglobin with thioD required 2 mM of thioD. A 7-step reaction sequence first 

published by Xuan and co-workers was followed (Scheme 37).141 Initially, cyclopentanol 69 

was treated with triphosgene. The nucleophilic cyclopentanol reacts with triphosgene in an 

addition-elimination reaction to generate an intermediate. Ethanolamine was then reacted with 

the intermediate to give the alcohol 70. Both steps yielded 70 in a good (67%) yield. In the 

next step, the alcohol of 70 was activated with the tosyl group using tosyl chloride in 44% 

yield. 
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Scheme 4.1: The procedure for the synthesis of thioD 75.  

 

The next step involved coupling aspartic acid 72 to 71 to afford 74. Xuan and co-workers 

proposed two methods for this transformation. The favoured method involved converting 71 

to the corresponding thiol (SH group instead of OTs) with thiourea then couple the thiol to the 

carboxylic acid side chain of 72 using DIC coupling reagent. When conversion of 71 to the 

thiol was attempted,  the thiol product formed readily oxidised in air and only the disulfide 

product was isolated. Even though the reaction was conducted under argon,  oxidation was still 

occurring at a fast rate such that attempts to couple the obtained product with 71 resulted in no 

reaction. An alternative route for coupling the amino acid to 71 was followed. Boc-NH-Asp-

OtBu 72 was converted to a trityl protected thioester 73 in 95% yield. DIC coupling reagent 

was employed to activate the side chain carboxyl group and triphenylmethanethiol facilitated 

the substitution to the thioester. The protected amino acid was detritylated with TFA and 

triethylsilane (Et3SiH).   The detritylation was monitored and stopped after 7 mins followed by 

evaporation of TFA and Et3SiH to minimise deprotection of the Boc and OtBu protecting 

groups. The reaction was conducted in a nitrogen purged atmosphere to minimise oxidation of 

the thioacid.  The nucleophilic aspartic thioacid was then employed in a substitution reaction 

with the tosylate 71. The reaction yielded 74 in 62% yield. A higher yield could have been 
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obtained if complete oxidation was avoided. Finally, the Boc and OtBu protecting groups were  

cleaved by TFA/Et3SiH mixture and yielded thioD 75 as a white solid in 37% yield. The yield 

was lower than expected, possibly due to slow hydrolysis of the thioester in acidic conditions 

during the reaction. However, thioD  was confirmed and characterised by NMR and mass 

spectrometry and the characterisation data matched previously reported data by Schultz and 

co-workers.141  

 

4.2.2  Expression of myoglobin with thioD 

 

Due to time limitations, the expression of sperm whale myoglobin with thioD at position 4 was 

carried out by Dr Haoran Yu and Dr Macmillan for my use in ligations. The expression of 

pBK-ThioDRS-PylT and pMyo4TAG was carried out in E. Coli DH10B cells (Figure 4.3).  

 

 

Figure 4.3: Expression of sperm myoglobin with thioD at position 4. 

 

Synthesised thioD was directly added to the cell culture to a concentration of 2 mM. The cells 

were grown over 6 h at 37 ℃. The protein was purified by Ni2+ affinity chromatography to 

afford  sperm whale myoglobin mutant at a concentration of approximately 1 mg/ml before 

concentration. The concentration of the protein was obtained using the beer lambert equation 

measuring absorbance at 409 nm and using an extinction coefficient of 164000 (mg/ml)-1 cm-

1 first reported by Hapner et al.314 An absorption of 0.53 L mol-1 cm-1  at 409 nM was 

obtained. After concentration to 1 ml of sodium phosphate buffer, the protein concentration 

was 18.5 𝜇M which is  2.6 mg/ml. The protein was characterised by SDS-PAGE and LC-MS 

(Figure 4.4). 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 115 

 

 

Figure 4.4: a) Structure of sperm whale myoglobin-His 6 with thioD at position 4. b) SDS-PAGE gel 

analysis of the purified protein. c) ESI-MS of the protein. d) Deconvoluted mass spectrum of the protein 

showing a mass of 18555.0 Da matching the expected mass of 18556.0 Da. 

The purified expressed myoglobin protein thioester was then employed in ligations with sugar 

linked auxiliaries towards a glycan linked protein. The results will be discussed in section 4.3.1.  

4.2.3  Hydrazinolysis of the myoglobin thioester 

 

To further confirm the incorporation of thioD into myoglobin, the variant protein 76 was 

treated with hydrazine hydrate. Nucleophilic substitution of the thioester functionality was 

observed with complete conversion of 76 to the hydrazide 77 observed after 2 to 4 hrs (Scheme 

4.2). 

 

 

Scheme 4.2: Hydrazinolysis of the myoglobin thioester to the hydrazide. 
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The conversion was monitored by LC-MS (Figure 4.5). Conversion of the thioester to the 

hydrazide was observed as the deconvoluted mass of the product matched the expected mass 

for the hydrazide (18397.0). The product was not isolated but the conversion appeared near-

quantitative by LC-MS to the hydrazide.  

 

Hydrazinolysis of the thioester can be important for the storage of the protein as it affords a 

more stable protein. Thioesters are susceptible to nucleophilic attack whereas hydrazides 

withstand nucleophiles. Hydrazides can be converted to thioesters as described in Chapter 3 – 

section 3.3. Interestingly, the amino acid hydrazides which could serve as thioester precursors, 

have not yet been genetically encoded themselves.  

 

 

Figure 4.5:  LC-MS spectra of the myoglobin hydrazide 77. 

 

 

4.3  Ligations of myoglobin thioester with sugar-linked auxiliaries 

 

Ligations of the methylene extended sugar-linked auxiliary 47 and the isolated myoglobin 

protein thioester 76 were then investigated (Scheme 4.3). Approximately 0.25 – 0.35 mg of 

the protein thioester were used in each  ligation in a total volume of 1ml. 1 - 5 mgs of 47 (90 – 

460 eq) were employed in each reaction which is in large excess to the protein. Excess sugar 

linked auxiliary was used with the aim of driving the reaction to completion. Relative to peptide 

thioesters, purification of large proteins from small molecules is easily achieved by centrifugal 

filtration.  
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Initial reactions were conducted in phosphate buffer pH 7.0 in the absence of Gn·HCl. Gn·HCl 

is a denaturing reagent and therefore, it was excluded to ensure that the tertiary structure of the 

protein was preserved. 20 mM of TCEP was added to minimise disulfide formation due to 

oxidation. 

 

 

Scheme 4.3: Ligation of myoglobin thioester 76 with 47. 

 

The reaction was unsuccessful with both starting materials observed by LC-MS after 24 h of 

mixing the reaction. The quality of the protein thioester decreased with prolonged reaction time 

such that after 24 h, it was difficult to interpret LC-MS data of the reaction mixture. It was 

clear that 76 was not reacting with 47, the rate of ligation was prohibitively slow. Alternative 

strategies such as increasing the concentration of 47 and increasing the temperature of the 

reaction up to 37 ℃ were attempted without any changes observed to the result. Addition of 

the additive MPAA was also attempted but was unsuccessful. The expected protein MPAA 

thioester was not observed by LC-MS. Addition of MPAA seemed to degrade the protein 

and/or caused a precipitation of the protein as weak signals of the protein thioester were 

observed by LC-MS. Side reactions such as hydrolysis of 76, oxidation of 47 and degradation 

of 76 became dominant with prolonged reaction times. Denaturing the protein by addition of 3 

M Gn·HCl was also attempted in an attempt to make the thioester more accessible to the 

nucleophile 47. Whilst Gn·HCl aided solubility of the reactants and prevented protein 

precipitation, the ligation was still unsuccessful.  

 

In 2020, Garner et al., demonstrated ligations between sfGFP thioester (model protein thioester 

with thioD at position 151) with cysteine linked to a glycan moiety (Scheme 4.4).142  
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Scheme 4.4: Ligation of sfGFP thioester with Cys linked glycan by Garner.142 

 

The ligations were conducted in phosphate buffer at pH 7.4, at 37 ℃ and with 20 mM TCEP. 

Ligations were completed in 20 h and up to 78% yield of the expected glycoproteins were 

obtained.  Cysteine facilitates ligations much more efficiently than auxiliaries. It is less bulky 

and more nucleophilic and therefore, with an easier access to electrophilic sites. The S→N acyl 

transfer with cysteine proceeds via a 5-membered ring intermediate whereas with 

mercaptobenzyl auxiliaries via a 6-membered ring. Five membered ring formation is 

kinetically favourable relative to six membered ring formation. Though successful, the 

ligations by the Garner group were relatively slow in comparison to ligations of cysteine with 

peptides displaying a C-terminal thioester, which are often complete within minutes. Their 

ligations with the sfGFP thioester required up to 20 h of reaction time, 100 equivalents of 

cysteine linked glycan and elevated temperatures (37 ℃) were used in order to reach 

completion. This clearly demonstrates that ligations at protein side-chain thioesters are slower 

compared to peptides or C-terminal protein thioesters. The type of protein employed can also 

affect ligation rates. From the results and literature studies of other side-chain protein thioester 

ligations, it was clear that the mercaptobenzyl auxiliary mediated ligation was prohibitively 

slow. An excess amount of an auxiliary that behaves similarly to cysteine in ligations was 

essential for the possibility of this transformation. A mercaptoethyl auxiliary with enhanced 

ligation rates was synthesised with aim of increasing the rate of S→ N acyl transfer via a 5-

membered ring intermediate.  
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4.4  Synthesis of a 2-mercapto-2-phenethyl sugar-linked auxiliary and its 

ligation with peptide thioesters  

 

4.4.1  Synthesis of 2-mercapto-2-phenethyl sugar-linked auxiliary 

 

The 2-mercapto-2-phenethyl auxiliary 79 was first reported by Seitz and co-workers.87  The 

auxiliary was demonstrated to facilitate ligations at sites such as His-Asp, Ala-Asp and Ser-

Glu which are near impossible with other auxiliaries.87 The ligations were very fast with most 

reactions being completed in hours. The enhanced reactivity of the auxiliary is due to a number 

of factors. Firstly, the S→ N acyl transfer step proceeds through a 5-membered ring 

intermediate. Secondly, the auxiliary is -branched with a -phenyl substituent. Studies by 

Dawson et al. of the ligation profile of 2-mercaptoethyl auxiliaries showed that the S→ N acyl 

transfer is the rate limiting step.82  -branching is believed to enhance the rate of S→ N acyl 

transfer due to the Thorpe-Ingold effect i.e. ring formation is quickened by introducing -

substituents.315 Hence, the 2-mercapto-2-phenethyl auxiliary ligating faster than other 𝛼-

substituted 2-mercaptoethyl auxiliaries. Thirdly, the auxiliary does not suffer from the 

reversible reaction (N→ S acyl transfer) which is common with mercaptobenzyl auxiliaries at 

lower pH. Another advantage of the auxiliary is that it is cleaved by mild conditions, typically 

by the treatment with TCEP and morpholine under basic conditions ~pH 8.5. The cleavage is 

a TCEP mediated decomposition depicted in Scheme 4.5.  Seitz and co-workers postulated the 

decomposition pathway which begins by the formation of benzyl radical through the reaction 

of TCEP with the auxiliary thiol. The benzyl radical reacts with molecular oxygen to give the 

peroxyradical which converts to the alkoxyradical in the presence of TCEP. Fragmentation of 

the alkoxyradical leads to the amidoalkyl radical which reacts with molecular oxygen and 

TCEP to N-formyl peptide. N-formyl peptide was observed experimentally in their studies of 

the reaction’s mechanism. The formyl group is then displaced by nucleophiles such as 

morpholine to complete cleavage of the auxiliary.  
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Scheme 4.5: Proposed mechanism of TCEP mediated auxiliary cleavage.315  

 

The 2-mercapto-2-phenethyl auxiliary 79 was synthesised by Charles Lamb in our group using 

a modified procedure reported by Seitz.87,269 The auxiliary was then linked to the 

monosaccharide 43 by reductive amination (Scheme 4.6).  

 

 

Scheme 4.6: Reductive amination of 76 and 43 to the sugar-linked auxiliary 80  

 

The reductive amination was conducted in dichloromethane with 2% acetic acid. A mild 

reducing agent sodium triacetoxyborohydride was employed to minimise aldehyde reduction 

to the alcohol. The reaction was completed within 2 h and the product was isolated in 50% 

yield and characterised by NMR and mass spectrometry. One disadvantage of 79 is that it is 

chiral and therefore, yields a mixture of diastereoisomers which are difficult to separate and 

complicates the interpretation of the NMR spectra. However, since the auxiliary is cleaved post 

ligation, both diastereoisomers can facilitate the ligation of the sugar to the thioester yielding 

the same final product post ligation and auxiliary cleavage. The trityl protecting group was 

cleaved with 5% TFA to yield 81 in 96% yield (Scheme 4.7). 81 was directly employed in 
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ligations without further purification. It was also characterised by NMR and mass 

spectrometry.  

 

 

Scheme 4.7: Trityl deprotection of 80 to 81  

 

4.4.2  Ligations of 81 with peptide thioester 28 and peptide hydrazide 60 

 

Initially, 81 was employed in ligations with peptide thioester 28 (Scheme 4.8). The ligation 

was conducted in phosphate buffer at pH 7.0 in 6 M Gn∙HCl and approximately 1.2 eq of  81 

was employed. 81 was employed as a mixture of epimers. 

 

 

Scheme 4.8: Ligations of sugar-linked auxiliary 81 with peptides 28 and 60 to yield glycoconjugates 82 

and 83 respectively 

 

The reaction was monitored on LC-MS and reached completion in less than 16 h. Two 

overlapping peaks for 82 isomers were observed on RP-HPLC during purification of the crude 

product and both peaks were isolated in a combined yield of 37%. The ligation between the 

side-chain peptide hydrazide 60 with 81 also yielded two diastereoisomers of 83 in 34% yield. 

The reaction was complete within 12 h. The products were characterised on HPLC and mass 

spectrometry. The progress of ligation with sugar-linked auxiliary 81 were 4 times faster than 

with sugar-linked auxiliary 47 (Table 4.1). 
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Table 4.1: Comparison of ligation reactions between  sugar-linked auxiliaries 47 and 81 with different 

peptides 

 

The mercaptobenzyl sugar-linked auxiliary 47 required 3 days to reach completion whereas 

ligations with the mercaptoethyl sugar-linked auxiliary 81 only need half a day. 81 facilitates 

ligations faster due to the reasons given in topic 4.4.1. The ligation yields with 81 were slightly 

lower relative to 47. However, since the product is a mixture of diastereoisomers, some product 

was possibly lost during HPLC purification. Interestingly, ligations between 47 and peptide 

Asp hydrazide 60 yielded the glycoconjugate in 10% or less yield. This was due to aspartamide 

formation occurring at a faster rate than the ligation. Ligation between 81 and 60 yielded the 

glycoconjugate 83 in 34% yield. This was due to the increased rate of ligation such that 

aspartamide formation was not as dominant. Peaks indicating aspartamide formation and 

hydrolysis of the activated thioester of 60  were also observed however,  they were weak in 

intensity.  

 

Auxiliaries in products 82 and 83 were cleaved with TCEP and morpholine (Scheme 4.9). The 

reactions were conducted at pH 8.5 in 5 – 16 h. The cleavage yielded glycopeptide 84 in 74% 

yield and glycopeptide 85 in 83% yield. The products were isolated by RP-HPLC and 

characterised by analytical HPLC and mass spectrometry.  
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Scheme 4.9: TCEP mediated auxiliary cleavage of 82 and 83 to 84 and 85 respectively 

 

Cleavage of the mercaptobenzyl auxiliary proved challenging as described in Chapter 3. The 

cleavage yielded a mixture of products with only small peaks for expected product observed 

on LC-MS. The acidic conditions essential for the cleavage of the auxiliary are known to 

facilitate the rearrangement of the ligated product back to the thioester intermediate which 

potentially caused fragmentation of the glycoconjugates formed.76 In contrast, the cleavage of 

the mercaptoethyl auxiliary in 82 and 83 yielded the expected glycopeptides in excellent yields.  

Therefore, the 2-mercapto-2-phenethyl auxiliary proved to be a more efficient auxiliary, 

facilitating ligations quicker and also is cleavable in mild conditions relative to the 

mercaptobenzyl auxiliary.  

 

4.5  Ligations studies between sugar-linked auxiliary 81 and myoglobin 

side-chain thioester 76 

 

Attempts to ligate recombinant myoglobin thioester with sugar-linked auxiliary 47 was 

unsuccessful due to presumably slow ligations. The protein thioester proved unreactive and 

showed signs of degradation over prolonged reaction times. To enable fast ligations and obtain 

the required glycoconjugate, 47 was substituted with 81. 81 showed promising results when 

ligated with a peptide thioester and a peptide hydrazide. Thus, ligations between 81 and 

myoglobin thioester were attempted with the aim of obtaining the expected glycoprotein. 

 

Ligations between myoglobin thioester and 81 were conducted in sodium phosphate buffer at 

pH 7.0 (Scheme 4.10). Excess sugar-linked auxiliary 81 (1 - 5 mg, 108 - 540 eq) and 20 mM 
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TCEP were directly added to the protein solution in 50 mM sodium phosphate buffer. 

 

 

Scheme 4.10: Ligation of myoglobin thioester with 81 to glycoconjugate 86 

 

Initially, the reaction was conducted at room temperature however, only a small peak for the 

product was observed by LC-MS of the crude reaction after 16 h. After 18 h, high levels of 

protein degradation were observed such that the crude reaction could not be followed by LC-

MS. Starting materials (protein thioester and 81) were also still present after 18 h of stirring 

the reaction mixture. The rate of ligation was very slow at room temperature. The reaction was 

repeated at 37 ℃ and after 2 h of mixing, a significant mass peak for the expected 

glycoconjugate 86 was observed on LC-MS (Figure 4.6). The peaks for both starting materials 

were also observed. Approximately 30% of 76 had been ligated to 81. Monitoring was 

continued by LC-MS. No further changes were observed to the peak height of the required 

glycoconjugate 86. At 18 h, the expected glycoconjugate 86 was completely oxidised to 87 

(Figure 4.6) 

 

 

 

 

 

 

 

S
O

NH

O
O

sodium phosphate buffer 
(pH 7.0), TCEP

37 ℃ , 18 h

+ 81

O

N

O

NHAc

OAc
OAcAcO

Ph SH

76

86

O

N

O

NHAc

OAc
OAcAcO

Ph SH

86

O

N

O

NHAc

OAc
OAcAcO

Ph S

87

NH

O

NHAc

AcO
AcO

OAc

Ph
S

(unoxidised) (oxidised)



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 125 

 

Figure 4.6: Structures of the observed oxidised and unoxidized glycoconjugates and obtained LC-MS 

spectra of the ligation reaction between 76 and 48 after 2h and after 18 h of mixing.  

 

The deconvoluted signal for the oxidised product was still about half the size the starting 

thioester 76. The starting sugar-linked auxiliary thiol 81 had also oxidised to its dimer. The 

ligation reaction seemed to have proceeded to a certain point and stopped due to oxidation or 

due to a decrease in the concentrations of the reactants. Oxidation was occurring in the presence 

of TCEP and when extra TCEP was added to the reaction mixture with the aim of reducing the 

formed disulfides, degradation of the protein was observed by LC-MS which complicated the 

interpretation of the LC-MS spectrum. The amount of sugar-linked auxiliary 81 was increased 

approximately up to 10 mg (1000 eq) with the aim of enabling a fast ligation. Again excess 

sugar-linked auxiliary would be easier to separate from the product by centrifugal filtration, 

with a 10 kDa MWCO membrane, since it has a small mass compared to the expected 

glycoprotein. Separating a mixture of proteins and glycoproteins  would be rather more 

challenging. Therefore, employing excess sugar-linked auxiliary may facilitate 100% 

conversion of the thioester to the required glycoconjugate without complicated post ligation 

purifications required. Regardless of employing a large excess of 81 in our ligations, no 

changes were observed to the conversion result.  
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Oxidation seemed to be the main problem hindering complete conversion of the protein 

thioester to the glycoconjugate. Employing high levels of TCEP seemed to damage the protein 

and therefore an inviable solution. High levels of oxidation may have resulted from the natural 

oxidative activity of myoglobin. The mechanism of the oxidation of thiols by dissolved 

molecular oxygen to disulfides proceeds through the formation of thiyl radicals (Figure 4.7 – 

eq. 1). Thiyl radicals combine to form disulfides (eq. 3). Thiolates formed in ligation can 

catalyse the formation disulfide radical anion which can react with molecular oxygen (eq. 4 

and 5). The dioxygen radical anion product is a powerful reductant which facilitates the 

formation of more thiyl radicals which can combine to form disulfides (Figure 4.7).316   

 

 

Figure 4.7: Mechanism of thiol oxidation by O2 

 

Equations (4) and (5) predominate at basic pHs, pH values that favours the formation of 

thiolates. Another reason why the ligation between mercaptobenzyl sugar-linked auxiliary 47  

and myoglobin thioester failed (Scheme 4.3) was due to the low pKa of the aryl thiol.317 Aryl 

thiols have pKa values of less than 7.0 and hence at basic ligation conditions, are prone to high 

levels of oxidations. The mercaptoethyl sugar-linked auxiliary 81 has a higher pKa value (above 

7) and hence slow thiolate formation. However, it is a benzylic thiol and is also still prone to 

oxidation. The rate of oxidation is known to increase at pH values above 7.0 even if the pKa of 

the thiol is above 7.0. This was proved with cysteine.315 

 

The formation of thiyl radicals can also be catalysed by metal ions such as Fe2+ and Fe3+.316,318 

Ufimstev  et al. found that at neutral to basic pH values, the rate of oxidation of thiols is 
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increased a hundred-fold in the presence of small concentrations of various metal ions.316 The 

sperm whale myoglobin protein has a heme group with iron located at the centre interacting 

with six different ligands. The iron can bind reversibly to oxygen and thereby catalyse the 

oxidation of thiols. Other metals from buffer solutions/salts can also catalyse the oxidation of 

thiols. Addition of metal chelators can significantly reduce metal catalysed oxidation of 

thiols.315 However, the practice is uncommon in ligations and was not attempted.  The 

oxidation challenges encountered with myoglobin thioester can be avoided by employing a 

non-metal containing protein and conducting the ligations in oxygen free environments. 

However, since employing a new protein thioester would require a new protein engineering 

and expression method which would be time consuming, we looked at other alternatives to 

increase the rate of ligation. 

 

Employing the sugar-linked auxiliary 81, increased the rate of ligation with the protein thioester 

as about 30% of the protein thioester was converted to the glycoconjugate within 2 h (Figure 

4.7). However, 81 did not facilitate complete conversion of the protein thioester to the 

glycoconjugate. The new aim is to determine the best method to enable complete conversion 

in less than 2 h before oxidation prevails. One method involved speeding up the rate of thioester 

exchange. The ligation mechanism involves two steps i.e., thioester exchange and S→ N acyl 

transfer. Auxiliary 81 increased the rate of S→ N acyl transfer however, without an effect on 

the rate of thioester exchange. Alkyl thioesters are generally the preferred acyl donors due to 

their ease of synthesis and stability however, they are poor acyl donors. Aryl thioesters are 

better acyl donors due to their enhanced leaving group properties. Hence the use of aryl thiol 

additives such as MPAA that forms aryl thioesters and thereby enhancing the rate of thioester 

exchange. In our ligations, employing additive MPAA seemed to be degrading the protein and 

thioester exchange with thioD seemed slow as no peak for the protein MPAA thioester was 

observed.   Alternatively, an MPAA thioester can be formed prior to ligation by activation of 

a protein hydrazide by acac followed with thiolysis with MPAA. We are anticipating that by 

forming an MPAA protein thioester as well as employing the sugar-linked auxiliary 81 would 

together speed up the rate of ligation.  

 

4.6 Conclusions  

 

Chapter 4 unifies both chapter 2 and 3. The ultimate goal of the project was to perform ligations 

at the side chains of proteins and thus incorporate an N-acetylglucosamine at the permissive 
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site which provides means for glycan extension. In chapter 4, a myoglobin protein thioester 

was expressed in E.coli. Variants of the wild type Methanosarcina barkeri pyrrolysyl-tRNA 

synthetase (MbPylRS) and its cognate tRNA were utilised to facilitate the incorporation of 

synthetic thioD at position 4 of the sperm whale myoglobin. The incorporation of thioester was 

confirmed by a reaction with hydrazine to a protein hydrazide. The protein thioester was 

employed in ligations with sugar-linked auxiliary 47, synthesised in chapter 2, but no ligation 

was observed. Both starting materials were present after 18 h of mixing without product peaks 

being observed. One possible reason for no reaction was that the mercaptobenzyl auxiliary of 

47 was slow in facilitating S→N acyl transfer due to the transformation proceeding through a 

six membered ring intermediate. The protein thioester was incompatible with prolonged 

reaction times at 37 ℃ as protein degradation was observed by LC-MS. This led to the synthesis 

of a mercaptoethyl sugar-linked auxiliary 81 where ligation proceeds via a five membered ring 

intermediate in the S→N acyl transfer step. The sugar-linked auxiliary also has a -phenyl 

substituent which is known to enhance the rate of S→N acyl transfer via the Thorpe-Ingold 

effect.315 81 showed enhanced ligation rates with peptide thioesters relative to 47. Ligations 

which required 3 days to reach completion with 47 were completed in less that 16 h. 81 was 

also advantageous as the auxiliary was cleaved post ligations in mild conditions of TCEP and 

morpholine in 5 h. As detailed in chapter 3, the mercaptobenzyl auxiliary of 47 could not be 

cleaved post-ligation in acidic conditions due to side reactions observed which complicated the 

isolation of the final glycopeptide. Therefore, 81 mediates ligations at side-chain thioesters or 

hydrazides in moderate yields (34 - 37%) and the auxiliary is cleaved from the glycoconjugates 

in excellent yields (74 -83%) allowing access to peptides linked to N-acetyl glucosamine.  

 

Ligations of 81 with myoglobin thioester showed more promising results. Approximately 30% 

conversion of the thioester to the expected glycoconjugate was observed by LC-MS after 2 h. 

Oxidation of the reacting thiols became dominant over prolonged reaction times. Oxidation of 

reactants was slowing down the rate of ligation by lowering the concentration of reacting 

compounds. Oxidation was possibly being catalysed by the metal iron present in the protein. 

Attempts to reduce disulfides formed with TCEP were unsuccessful. To avoid oxidation which 

will potentially increase the yield of the ligation, protein thioesters such as the interferon-, 

which may not present this oxidation problem, can be employed. Also, it is vital to increase the 

rate of ligation such that the ligation reaction is completed before oxidation becomes dominant. 

This can be achieved by employed more reactive protein thioesters for example, starting with 
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aryl thioesters rather than alkyl thioesters.   

 

Protein linked to a monosaccharide can be synthesised by combining the powers of protein 

engineering, expression and ligation.  Our ligations of recombinant protein thioesters with 81 

showed exciting preliminary results with up to 30% conversion of the protein to the expected 

glycoconjugate. However, despite several attempts to improve the reaction, no improvement 

was obtained. The method is dependent on the type of protein employed in the ligation. It can 

be retarded by oxidation of the reactants, solubility and stability of the protein. Myoglobin is 

not naturally glycosylated and probably was not the ideal model for ligations. Application of 

the protocol to naturally occuring glycoproteins which do not contain catalytic metal centres 

may be more productive as observed with synthetic model peptides. Isolation of the protein 

with a monosaccharide incorporated at specific site will serve as a site for glycan extension to 

mature glycoproteins. 
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5 Final Conclusions 

 

A GlcNAc-linked protein conjugate is an important building block towards mature N-linked 

glycoproteins. The GlcNAc moiety serves as a site for extension by enzymatic methods to a 

mature oligosaccharide. This extension has been demonstrated in the semi-syntheses of 

ribonuclease B glycoprotein, homogeneous HIV-1 glycopeptides and various homogenous N-

glycosylated antigens.206–210 The challenge lies in the construction of the GlcNAc-linked 

protein conjugate by semi-synthetic methods. A semi-synthetic protocol towards GlcNAc-

linked protein was devised. The method involved linking a GlcNAc moiety to the side chain 

of a protein or a peptide thioester using an auxiliary mediated NCL protocol.  

 

Sugar-linked auxiliaries that form native amide bonds via NCL-type ligation were synthesised 

by different methods. They were employed in ligations with a model peptide-C𝛼-thioester. 

However, ligations were unsuccessful due to the inherent hemiaminal linkage. The linkage is 

unstable which led to the decomposition of the sugar-linked auxiliaries in ligation conditions. 

The same linkage also complicated the synthesis of the sugar-linked auxiliaries by reductive 

amination as it led to ring opening of the attached monosaccharide. The instability of the 

linkage was further confirmed when a sugar-linked auxiliary with a methylene extended 

hemiaminal link was synthesised and applied in ligations with the peptide-C𝛼-thioester. 

Ligations were successful which yielded a peptide C-terminal glycoconjugate. From our 

studies, sugar-linked auxiliaries that form native peptide-GlcNAc linkages cannot readily 

mediate this transformation due to the instability of the hemiaminal link.  

 

The utility of the novel methylene extended sugar-linked auxiliary was further demonstrated 

in ligations with peptide side-chain thioesters at side-chain Glu and Asp towards peptide-

GlcNAc conjugate. The sugar-linked auxiliary yields peptide-GlcNAc linkages extended by a 

methylene functionality. The choice of auxiliary in ligations was interesting. A 2-mercapto-2-

phenethyl auxiliary recently developed by Seitz was more efficient in ligations in comparison 

to the mercaptobenzyl auxiliary developed by Dawson and Offer.73,87 The auxiliary mediated 

ligations faster and was cleaved post ligations from the glycoconjugates in mild basic 

conditions of morpholine and TCEP without complications. The acid labile mercaptobenzyl 

auxiliary was not successfully cleaved from the isolated glycoconjugates. The side-chain 

peptide thioesters employed in ligations were obtained through in situ activation of 
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corresponding side-chain peptide hydrazides with acetylacetone. Side-chain peptide 

hydrazides were constructed on Fmoc SPPS using Fmoc amino acid hydrazides which were 

obtained by a novel regioselective ring opening of amino acid anhydrides.  

 

Having established the application of the methylene extended sugar-linked auxiliary towards 

peptide-GlcNAc neoglycoconjugate, a methylene extended sugar-linked auxiliary was also 

employed in ligations with sperm whale myoglobin side-chain thioester. The myoglobin side-

chain thioester was obtained via a site selective incorporation of a non-canonical amino acid 

(thioD) into a protein using the Methanosarcina barkeri pyrrolysyl-tRNA synthetase 

(MbPylRS) and its cognate tRNA machinery. Myoglobin with thioD was successfully 

expressed and employed in ligations. Approximately 30% conversion of the protein thioester 

to the protein-GlcNAc conjugate was observed. The ligations suffered from oxidation of the 

sugar-linked auxiliary thiol. Oxidation was presumably being catalysed by Fe-containing haem 

centre present in the protein and attempts to reduce disulfides formed with TCEP were 

unsuccessful. Various attempts to increase the conversion were also unsuccessful. However, 

about 30% conversion of the protein thioester to the expected protein glycoconjugate is an 

encouraging preliminary result. The method can be repeated in oxygen free environments and 

with protein thioesters such as IFN--1a without variable metals that may speed up the rate of 

oxidation.  

 

In conclusion, we have developed a method towards peptide-GlcNAc and protein-GlcNAc 

neoglycoconjugates. The formation of peptide-GlcNAc can be mediated by different types 

auxiliaries usually employed in NCL as demonstrated with the mercaptobenzyl and the 

mercaptoethyl auxiliaries as long as they are cleavable. Protein-GlcNAc neoconjugates can 

also be synthesised using the same protocol. However, ligation yields are dependent on the 

type of protein thioester employed and the minimisation of side reactions such as oxidation 

which are drawbacks of the method. Another main drawback of the protocol is that unnatural 

N-glycopeptides and N-glycoproteins are produced due to the extra methylene stabiliser. 

However, although the linkage is unnatural, the amide bond that results is very stable, “similar” 

to the natural linkage, closer in structure and more stable than many other neoglycoconjugates.  
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6 Future work 

 

6.1 Ligations towards native N-glycosidic linkages 

 

The protocol we developed allows access to peptide-GlcNAc and protein-GlcNAc 

neoglycoconjugates however, the linkage is not natural. The stability of the hemiaminal linkage 

of the sugar-linked auxiliary that mediates native N-glycosidic bond formations need to be 

investigated further. Various conditions such pH and temperature can be investigated with the 

aim of finding the best conditions that ensure the stability of the sugar-linked auxiliary as well 

as to facilitate ligation. Alternative chemoselective ligation protocols that are compatible with 

protein thioesters towards native N-glycosidic bonds can be investigated.  One method being 

considered as an alternative to the auxiliary mediated NCL is the traceless Staudinger ligation. 

The reaction would proceed via a protein/peptide phosphino alkyl  thioester that is generated 

via thioester exchange between a protein/peptide side-chain thioester with a phosphine alkyl 

thiol (Scheme 6.1). The nucleophilic phosphine then reacts with the azide to yield a thioester 

aza-ylide equivalent which undergoes S→ N acyl transfer forming the amide bond. Hydrolysis 

of the phosphinemethanethiol cleaves the phosphanemethanethiol oxide leaving a native amide 

product. 

 

 

Scheme 6.1: Traceless Staudinger ligation towards peptide- and protein-GlcNAc conjugates 

 

Traceless Staudinger has been applied in peptide synthesis towards tetra and pentapeptides172 

and in the synthesis of bioconjugates including protein and DNA labelling.174,175 The method 

has never been applied towards N-linked glycopeptides or glycoproteins. A common challenge 

that can be encountered during the reaction is oxidation of the thiol and of phosphine which 
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can slow down the ligation rates and lower the overall ligation yield. Similarly, the thioacid-

azide ligation can be used (See Chapter 1 Scheme 1.28). Both methods are potentially 

advantageous as they utilise more stable glycosyl azides rather than unstable glycosyl amines 

employed in NCL.  

 

6.2 Strategies towards achieving faster ligations with protein thioesters  

Another problem encountered during ligations was oxidation. Oxidation during ligations of 

peptide thioesters with sugar-linked auxiliaries was observed however, it was suppressed by 

employing TCEP which reduced the formed disulfides. This enabled ligations to continue for 

hours until completion. Ligation of myoglobin thioester with sugar-linked auxiliaries was not 

compatible with TCEP. Employing TCEP during the ligation caused precipitation of the 

protein. The sperm whale myoglobin protein also has iron located at the centre and it catalyses 

the oxidation of thiols. Oxidation hindered complete conversion of the myoglobin thioester to 

the protein-GlcNAc conjugate. We were always aware of the potentially complicating factor 

of the haem group in myoglobin but hoped the ligation would be faster. The oxidation problem 

can simply be overcome by employing different proteins such as the IFN which do not catalyse 

oxidation and potentially are compatible with TCEP.  Oxidation can also be minimised by 

conducting the ligations in oxygen free environments.  

Complete conversion of the protein thioester can also be achieved by speeding up the rate of 

thioester exchange. The ligation mechanism involves two steps i.e., thioester exchange and S→ 

N acyl transfer. The 2-mercapto-2-phenethyl auxiliary 81 increased the rate of ligations which 

enabled ligation with peptide thioesters to complete in hours rather days. The auxiliary 

increased the rate of S→ N acyl transfer however, without an effect on the rate of thioester 

exchange. Alkyl thioesters are generally the preferred acyl donors due to their ease of synthesis 

and stability however, they are poor acyl donors. Aryl thioesters are better acyl donors due to 

their enhanced leaving group properties. Hence the use of aryl thiol additives such as MPAA 

that forms aryl thioesters and thereby enhancing the rate of thioester exchange. In our ligations, 

employing additive MPAA seemed to be degrading the protein and thioester exchange with 

thioD seemed slow as no peaks for the protein MPAA thioester were observed. Alternatively, 

an MPAA thioester can be formed prior to ligation by activation of a protein hydrazide by acac 

followed with thiolysis with MPAA. Forming an MPAA protein thioester as well as employing 

sugar-linked auxiliary 81 may together speed up the rate of ligation.  
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Side-chain protein hydrazides can be obtained by hydrazinolysis of recombinant protein 

thioesters or protein benzyl esters. The former requires the synthesis of thioD which is 

expensive and time consuming. The latter requires benzyl ester amino acids which are 

commercially available. Incorporation of a benzyl ester amino acid has been demonstrated with 

glutamic benzyl ester by Xuan et al in 2021.319 They employed the  Methanosarcina barkeri 

pyrrolysyl-tRNA synthetase and tRNApair (PylRS/PylT). The PylRS was mutated to BnERS 

with N311S, C313A and Y349F mutations. The BnERS/BnET system translated the sfGFP 

Y151TAG gene and incorporated the glutamic benzyl ester at permissive site and up to 56 mg 

of sfGFP benzyl ester protein was isolated after expression and purification. Our group is 

looking into employing a similar protocol towards protein benzyl esters at Glu and Asp side 

chains. Once expressed, protein benzyl esters can be converted to protein hydrazides by 

hydrazinolysis of the ester with hydrazine hydrate (Figure 6.2). Activation of the protein 

hydrazide with acac and MPAA can generate a reactive thioester for ligations. 

 

 

Figure 6.2: Generation of reactive protein aryl thioester via hydrazinolysis and thiolysis of protein benzyl 

esters for one-pot activation ligation  

 

The complications encountered in the acylation of protein thioesters prompted new thinking 

and ideas. Nature facilitates N-glycosylation by alkylating asparagines. The OST enzyme 

facilitates the activation of the side chain nitrogen of Asn which then attacks the anomeric 

carbon of a glycosyl donor. The Asn nitrogen is one atom further away from the backbone of 

the protein. This possibly helps glycosylation. Aspartamide formation is a common cyclisation 

reaction of activated aspartic acid whereas glutarimide formation is rare with activated 

glutamic acids. The question under investigation is whether by increasing the distance from the 

protein/peptide backbone would quicken acylation without side reactions. The answer to the 

question will be elucidated by employing a protein Glu thioester in ligations and compare its 

O

OBn

O

N
H

NH2

hydrazinolysis

N

O

NHAc

OAc
OAc

AcO

Ph

SH

O

i. activation 

ii. ligation

H
N

O

NHAc

OAc
OAc

AcO

O

auxiliary 
cleavage

( )
n

n = 0, 1

( )

n

( ) n
( )

n



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 135 

reactivity with the equivalent protein Asp benzyl ester. Increased ligation rates and yields with 

the protein Glu thioester can potentially answer this complicated question, why nature 

facilitates glycosylation by alkylation rather that acylation. The expression of protein benzyl 

esters at both Asp and Glu are underway in our group, in order to perform the studies.   
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7 Experimental 

 

7.1 General experimental details 

Chemicals were purchased from Sigma-Aldrich, Acros, Fisher Scientific and Nova Biochem, and were 

used without further purification. Dry solvents were purchased from Fisher Scientific and Sigma-

Aldrich and were used as supplied. Flash chromatography was carried out on silica gel 60 Å (35-70 

microns) purchased from Merck. Thin layer chromatography was carried out on aluminium sheets 

coated (0.25 mm layer coating) with Merck silica gel 60 Å F254 and visualisation was aided with short 

wavelength 254 nm ultraviolet light. Staining was performed with p-anisaldehyde dip and heating used 

to visualise the spots.  All nuclear magnetic resonance (NMR) experiments were recorded at room 

temperature on Bruker AMX 400, 500 and 600 MHz instruments. Chemical shifts (δH and δC) are 

recorded in ppm with the stated solvent resonance as the internal standard.  CDCl3 refers to deuterated 

chloroform, MeOD refers to deuterated methanol-D4, DMSO refers deuterated dimethylsulfoxide-D6 

and D2O refers to deuterated water.  Signals are denoted as s=singlet, d=doublet, t=triplet, app t= 

apparent triplet, q=quartet and dd=doublet 

Preparative reversed-phase high performance liquid chromatography (RP-HPLC) was performed using 

a Dionex Ultimate 3000 system equipped with a Phenomenex Jupiter 10µ Proteo 90A, C12, 250 x 21.2 

mm column.  Separations involved a mobile phase of 0.1% TFA (v/v) in water (solvent A)/acetonitrile 

(solvent B) over a 5-60% acetonitrile gradient over 60 min, and were monitored at wavelengths 230 

nm, 254 nm, and 280 nm.  Analytical reversed-phase high performance liquid chromatography (RP-

HPLC) was performed using a Dionex Ultimate 3000 equipped with a Phenomenex SphereClone 5µ 

ODS, C18 250 x 4.6 mm column.  Separations involved a mobile phase of 0.1% TFA (v/v) in water 

(solvent A)/acetonitrile (solvent B) over a 5-95% acetonitrile gradient, and were monitored at 

wavelengths 230 nm, 254 nm, and 280 nm.  Analytical LC-MS was carried out on  Waters uPLC/SQD-

LC mass spectrometer instrument equipped with C18, 2.1 x 50 mm column. Separations were conducted 

with a linear gradient of 5 - 95% acetonitrile containing 0.1% formic acid over 10 minutes  using a flow  

rate  of  0.2 ml/min.  High resolution mass spectrometry was obtained from a Q-Exactive Vanquish 

Orbitrap mass spectrometer equipped with a liquid chromatography for separations. Electrospray 

ionisation was carried out on a Waters LCT premier xe microTOF instrument with electrospray 

ionisation in the positive mode. The liquid chromatography was equipped with Thermo Scientific 

Hypersil Gold C4 50 x 2.1 column and  a linear gradient of 5 - 95% acetonitrile containing 0.1% Formic 

acid was used over 6 minutes. 
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7.2  General method for manual solid phase peptide synthesis  

Manual peptide synthesis was carried out using standard Fmoc amino acids on NovaSyn TGT resin pre-

loaded with Fmoc-Cys(Trt)-OH for the synthesis of C-terminal Cys carboxylic acids (loading=0.19 

mmol/g) and Fmoc-Gly-OH for the synthesis of side chain peptide hydrazides (loading =0.21 mmol/g). 

Reactions were conducted at 0.05 mmol scale. Deprotections of the N-terminal Fmoc protecting groups 

were achieved with 20% piperidine in DMF.  The resin was washed multiple times with DMF and 

CH2Cl2. Fmoc-protected amino acids were pre-activated with HBTU/HOBt and DIPEA in DMF and 

then added to the reaction vessel for coupling. Each coupling reaction was conducted in 2 to 3 h with 

5.0 eq each of the Fmoc-AA-OH employed. Subsequent couplings and deprotections led to the 

sequential assembly of the model peptide on resin. After chain assembly, deprotection of the peptide 

from the resin and of the side chain protecting groups was achieved with TFA: EDT: water (95:2.5:2.5)= 

3.8 ml for 3 - 4 h.  The resin was filtered off and to the filtrate added diethyl ether (12 ml) which induced 

peptide precipitation. The mixture was centrifuged at 4000 rpm, 4 °C for 20 min. The ether layer was 

decanted and fresh Et2O (12 ml) was added followed by further centrifugation. Ether was then decanted, 

and the white peptide layer was dissolved in a minimum amount of water and purified by preparative 

reverse phase (RP) HPLC. Fractions containing product were identified by LC-MS and lyophilised to 

afford pure peptide. 

7.3  Experimental details 

 

2,3,4-trimethoxy-6-nitrobenzaldehyde 2.320 

2,3,4-Trimethoxybenzaldehyde 1 (20.0 g, 0.10 mol) was dissolved in glacial acetic 

acid (50 ml). The mixture was cooled to -15 °C and 70% concentrated HNO3 (50 ml) 

was added slowly. The temperature was increased to 0 °C  and the reaction mixture 

was stirred for 1 h. After an hour, the red solution formed was poured into ice-water 

(350 ml) and a yellow precipitate formed which was filtered under vacuum. Crystallisation of the 

precipitate from Et2O  yielded 2 (15.5 g, 62%) as pale-yellow crystals. 
1

H NMR (400 MHz, CDCl3) δH 

(ppm): 10.25 (1H, s, CHO), 7.25 (1H, s, ArH), 3.98 (1H, s, OCH3), 3.97 (1H, s, OCH3), 3.70 (1H, s, 

OCH3) . 
13

C NMR (101 MHz, CDCl3) δC (ppm): 189.1 (C=O),  159.3 (CAr-OCH3), 157.4 (CAr-OCH3), 

141.8 (CAr-OCH3), 124.3 (CAr-NO2), 123.2 (CAr-COH), 107 (CHAr), 62.1, 60.8, 56.0 (-OCH3). ESI-MS: 

m/z calculated for C10H11NO6[M]
+

 241.06, found [M+H] 242.06.  

Data obtained matched that reported in the literature.  
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2,3,4-trimethoxy-6-((4-methoxybenzyl) thiol)benzaldehyde 3.84 

 2 (1.5 g, 6.21 mmol) and 4-methoxybenzylmercaptan (0.96 g, 6.21 mmol) 

were dissolved in DMF (13 ml) and to the mixture was added dropwise a 

solution of KOH (0.63 g, 11.2 mmol) in water (2 ml). The mixture was 

heated at 80 °C and stirred for 6 h and the resulting dark red solution was 

poured into ice-water (75 ml) and allowed to precipitate. The brown precipitate was filtered, washed 

with cold water and dried under vacuum. The crude product was washed with Et2O and yielded 3 (0.69 

g, 48%) as light brown crystals. 
1

H NMR (400 MHz, CDCl3) δH/ppm: 10.33 (1H, s, CHO), 7.35 (2H, 

d, J= 8.7, PMB), 6.85 (2H, d, J= 8.7, PMB), 6.58 (1H, s, ArH), 4.10 (2H, s, CH2), 3.98 (3H, s, CH3), 

3.83 (3H, s, CH3), 3.80 (3H, s, CH3), 3.79 (3H, s, CH3).  
13

C NMR (101 MHz, CDCl3) δC (ppm): 189.1 

(C=O),  159.1 (CPMB-OCH3), 158.3 (CAr-OCH3), 158.1 (CAr-OCH3), 139.8 (CAr-OCH3), 138.5 (CAr-S), 

130.0 (CHPMB-H), 128.0 (CPMB-CH2), 120.2 (CAr), 114.2 (CHPMB), 104.8 (CHAr), 62.5, 61.1, 56.2, 53.4 

(-OCH3), 36.7 (CH2). ESI-MS: m/z calculated for C18H20O5S[M]
+

 348.10, found [M+H] 349.07.  

Data obtained matched that reported in the literature.  

2-hydroxy-,3,4-trimethoxy-6-((4-methoxybenzyl) thiol)benzaldehyde 4.84 

A solution of  3 (3.32 g, 9.5 mmol) in dry CH2Cl2 (190 ml) was cooled in an 

ice-bath and to it added boron tribromide dimethyl sulphide complex (5.94 g, 

10 mmol). The reaction was stirred at room temperature and monitored by 

TLC (EtOAc/hexanes 1:1). After 3 h, the bright red solution formed was washed with water (100 ml), 

evaporated, diluted with EtOAc (180 ml), washed with sat NaHCO3 (20 ml), brine (20 ml) and dried 

over MgSO4. The filtered crude product was flash chromatographed on silica gel with 1:1 

EtOAc/hexanes to yield 4 (1.87 g, 60%) as yellow crystals. 
1

H NMR (400 MHz, CDCl3) δH/ppm: 12.22 

(1H, s, OH), 10.18 (1H, s, CHO), 7.05 (2H, d, J= 8.6, PMB), 6.79 (2H, d, J= 8.6, PMB), 6.50 (1H, s, 

ArH), 3.99 (2H, s, CH2), 3.86 (3H, s, CH3), 3.82 (H, s, CH3), 3.77 (3H, s, CH3). 
13

C NMR (101 MHz, 

CDCl3) δC (ppm): 195.5 (C=O),  159.2 (CPMB-OCH3), 158.4 (CAr-OCH3), 157.7 (CAr-OH), 136.7 (CAr-

OCH3), 136.0 (CAr-S), 130.1 (CHPMB-H), 128.6 (CPMB-CH2), 116.1 (CAr), 114.1 (CHPMB), 110.0 (CHAr), 

60.9, 56.3, 55.4 (-OCH3), 41.2 (CH2). ESI-MS: m/z calculated for C17H18O5S[M]
+ 

334.09, found 

[M+H] 335.06. 

Data obtained matched that reported in the literature.  
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2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl-α-D-glucopyranosyl chloride 6.321 

N-acetyl glucosamine 5 (10.17 g, 46 mmol) was added to stirring acetyl chloride (20 ml) 

in a flask equipped with a drying tube. The suspension was stirred for 18 h and formed 

an amber coloured solution, to which chloroform (80 ml) was added. The resulting 

solution was poured into ice (80 g) and water (20 ml) with stirring. The organic layer was added to 

saturated NaHCO3 (80 ml) with neutralisation being completed in the separating funnel. The organic 

layer was then dried over anhydrous MgSO4 for 15 min, filtered and evaporated to dryness in vacuo to 

afford crude product as a light brown solid. The crude solid was purified by flash column 

chromatography with EtOAc/Pet (85:15) to give product 6 as a pale-yellow solid (3.05 g, 18 %). Mpt. 

119-121.6°C (lit. 127-128 °C). 
1

H NMR (400 MHz, CDCl3) δH/ppm: 6.18 (1H, d, J= 3.8 Hz, H-1), 5.81 

(1H, d, J= 8.7 Hz, NH), 5.32 (1H, d, J= 9.5 Hz, H-3), 5.21 (1H, app t, J= 9.5 Hz, H-4), 4.56 – 4.50 (1H, 

m, H-2),  4.30 – 4.24 (2H, m, H-6b, H-6a), 4.15 – 4.10 (1H, m, H-5), 2.10 (3H, s, CH3), 2.05 (6H, s, 2 x 

CH3), 1.98 (3H, s, CH3). 
13

C NMR (101 MHz, CDCl3) δC/ppm: 171.6, 170.3, 170.1, 169.2 (C=O), 93.7 

(C1), 71.0 (C5), 70.3 (C3), 67.0 (C4), 61.1 (C6), 53.6 (C2), 23.2 (NAc), 20.8, 20.7, 20.6 (OAc). ESI-MS: 

m/z calculated for C14H20NO8Cl[M]
+

 365.09, found [M+H]
+

 366.09. 

Data obtained matched that reported in the literature.  

2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl azide 7.322  

Glycosyl chloride 6 (2.00 g, 5.47 mmol), tetrabutylammonium hydrogen sulphate 

(1.90 g, 5.47 mmol) and sodium azide (1.10 g, 16.41 mmol) were dissolved in 

CH2Cl2 (17 ml). To the mixture was added saturated NaHCO3 (17 ml) and the 

mixture was stirred vigorously at room temperature for 2 h.  To the biphasic mixture was added EtOAc 

(100 ml) and extracted with H2O (2 x 50 ml). The organic layer was washed with saturated aq NaCl (50 

ml), dried over MgSO4, filtered and evaporated to dryness in vacuo to afford crude product 7 as a white 

solid (1.35 g, 66%). The product was used in the next steps without further purification. Mpt. 165- 

167°C (lit. 172 -173 °C). 
1

H NMR (400 MHz, CDCl3) δH/ppm: 5.53 (1H, d, J=8.7 Hz, NH), 5.24 (1H, 

d, J= 9.5 Hz, H-3), 5.10 (1H, app t, J= 9.5 Hz, H-4),  4.75 (1H, d, J= 9.5 Hz, H-1), 4.26 (1H, dd, J= 

12.5, 4.9 Hz,  H-6a),  4.16 ( 1H, dd, J= 12.5, 2.3 Hz,  H-6b), 3.91- 3.89 (1H, m, H-2), 3.80 – 3.77  (1H, 

m, H-5),  2.11 (3H, s, CH3), 2.04 (6H, s, 2 x CH3), 1.98 (3H, s, CH3). 
13

C NMR (101 MHz, CDCl3) 

δC/ppm: 171.1, 170.7, 170.4, 169.3 (C=O), 88.5 (C1), 74.1 (C5), 72.2 (C3), 68.0 (C4), 61.9 (C6), 54.3 

(C2), 23.3 (NAc), 20.8, 20.7, 20.6 (OAc). ESI-MS: m/z calculated for C14H20N4O8[M]
+

372.13, found 

[MH]+ 373.14.  
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2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl amine 8.322 

Glycosyl azide 7 (1.01 g, 2.70 mmol) and platinum (IV) oxide (50 mg, 0.22 mmol) 

were added to a 3-necked flask which was evacuated and purged with nitrogen 3 

times. Dry THF (18 ml) was added and the flask was purged with nitrogen 2 more 

times. The reaction mixture was stirred under hydrogen gas at room temperature and monitored by 

TLC. After 3h, TLC indicated complete consumption of the azide. The reaction mixture was filtered 

through a plug of celite and evaporated to dryness in vacuo to yield the amine 8 (95%, 0.92 g) as a grey 

solid. The product was used for the next steps without purification. 
1

H NMR (400 MHz, CDCl3) 

δH/ppm: 5.59 (1H, d, J= 9.1 Hz, NH), 5.10 – 5.01 (2H, m, H-3, H-4), 4.21 (1H, dd, J= 12.6, 4.8 Hz, H-

6a), 4.13 - 4.10 ( 2H, m, H1, H-6b), 4.00 (1H, q, J= 9.56 Hz, H-2), 3.63 (1H, m, H-5),  2.09 (3H, s, CH3), 

2.03 (6H, s, 2 x CH3), 1.97 (3H, s, CH3). 
13

C NMR (101 MHz, CDCl3) δC/ppm: 171.7, 170.7, 170.8, 

169.4 (C=O), 86.5 (C1), 73.5 (C5), 72.9 (C3), 68.6 (C4), 62.5 (C6), 55.0 (C2), 23.4 (NAc), 20.9, 20.8, 

20.7 (OAc). ESI-MS: m/z calculated for C14H22N2O8[M]
+

346.14, found [M+H]
+

 347.14.  

Data obtained matched that reported in the literature.  

2-acetamido-2-deoxy--D-glucopyranosyl azide 9.323 

To a solution of glycosyl azide 7 (1.50 g, 4.55 mmol) in methanol (6 ml) was added a 

catalytic amount of NaOMe (11.9 mg). The mixture was stirred at room temperature 

for 2 h. Amberlyst 15 ion exchange resin was added to the mixture and left for 10 min. 

The beads were filtered off and the mixture was evaporated to dryness in vacuo to yield the azide 9 

(88%, 1.00 g) as a white solid. Mpt. 140 - 146 °C (lit.142 °C). 
1

H NMR (400 MHz, CDCl3 δH/ppm: 

5.66 (1H, d, J= 8.7 Hz, NH), 5.24 (1H, app t, J= 9.4 Hz, H-3), 5.00 (1H, app t, J= 9.6 Hz, H-4),  4.76 

(1H, d, J= 9.4 Hz, H-1), 4.27 (1H, dd, J= 12.4, 4.8 Hz,  H-6a),  4.16 (1H, dd, J= 12.4, 2.2 Hz,  H-6b), 

3.91 (1H, q, J= 9.7 Hz, H-2), 3.79 (1H, m, H-5), 1.99 (3H, s, CH3). 
13

C NMR (101 MHz, CD3OD) 

δC/ppm: 172.4 (C=O), 124.8 (C1), 88.7 (C5), 79.8 (C3), 74.2 (C4), 70.1 (C6), 55.4 (C2), 21.6 (NAc). ESI-

MS: m/z calculated for C8H14N4O5[M]
+

246.10, found [M+H]
+

247.1042.  

Data obtained matched that reported in the literature.  
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2-acetamido-2-deoxy--D-glucopyranosyl amine 10.323 

Azide 9 (2.60 g, 11.0 mmol) was added to a suspension of 10% w/w Pd/C (1.22 g, 

1.10 mmol) in methanol (15 ml). The suspension was purged with nitrogen 3 times 

and stirred under hydrogen for 2 h. The reaction mixture was filtered through plug 

celite and evaporated to dryness in vacuo to yield the amine 10 (2.4 g, 94%) as a white solid. 
1

H NMR 

(600 MHz, D2O) δH/ppm: 4.23 (1H, d, J= 9.4 Hz, NH), 3.96 (1H, d, J= 9.5 Hz, H-1), 3.81 – 3.77 (1H, 

m, H-3), 3.70 (1H, app t, J= 9.8 Hz, H-4), 3.63 – 3.60 (1H, m, H-2), 3.53 -3.49 (2H, m, H-6a, H-6b), 

3.44 -3.42 (1H, m, H-5), 2.13 (3H, s, CH3). 
13

C NMR (151 MHz, CD3OD) δC/ppm: 174.4 (C=O), 86.3 

(C1), 79.0 (C5), 76.5 (C3), 72.4 (C4), 63.0 (C6), 58.2 (C2), 23.0 (NAc). ESI-MS: m/z calculated for 

C8H16N2O5[M]
+

, 220.11, found [M+H]
+

, 221.1137. 

Data obtained matched that reported in the literature.  

N-2,3,4-trimethoxy-6-(4-methoxybenzyl)thio)benzyl, 2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-
glucopyranosyl amine 13.242 

Benzaldehyde 3 (1.21g, 3.47 mmol), glycosyl amine 8 (1.00 g, 2.89 mmol) 

and sodium triacetoxyborohydride (1.23 g, 5.78 mmol) were dissolved in a 

mixture of 1% AcOH (0.15 ml) in dichloromethane (15 ml). The mixture 

was stirred at room temperature for 45 min. After, the mixture was diluted with dichloromethane (15 

ml) and neutralised with sat NaHCO3 solution (15 ml). Separations were completed in a separating 

funnel and the aqueous phase was extracted with dichloromethane (3 x 15 ml). The organic layers were 

collected and washed with brine (25 ml), dried over MgSO4, filtered and evaporated to dryness in vacuo 

to afford crude product. The crude product was flash chromatographed on silica gel using a solvent 

gradient starting from 1:1 EtOAc/Pet ether to 100% EtOAc and yielded titled product as a white solid 

(0.71 g, 36%). 
1

H NMR (400 MHz, MeOD) δH/ppm: 7.10 (2H, d, J= 8.6 Hz, PMB), 6.80 (2H, d, J= 8.6 

Hz, PMB), 6.60 (1H, s, Ar), 5.32 (1H, t, J= 9.3 Hz, NH), 4.27 - 4.23 (1H, dd, J= 12.1, 4.50 Hz, H-6a), 

4.11 (1H, d, J = 9.5 Hz, H-1), 4.07 – 3.8 (6H, m, H-6b, H-2, CH2, H-3, H-4), 3.97 (3H, s, CH3), 3.85 

(3H, s, CH3), 3.84 (3H, s, CH3), 3.78 (3H, s, CH3), 3.74 (2H, s, CH2), 3.68 (1H, m, H-5), 2.08 (3H, s, 

CH3), 2.00 (6H, s, 2 x CH3), 1.78 (3H, s, CH3). 
13

C NMR (101 MHz, CD3OD) δC (ppm): 171.8, 

171.6,170.6, 169.9 (C=O), 152.8 (CPMB), 152.7, 152.5, 141.8 (CAr), 131.1 (CHPMB), 129.7 (CPMB), 129.2, 

127.8 (CAr), 114.8 (CHPMB), 113.5 (CHAr), 89.9 (C1), 74.7 (C5), 73.7 (C3), 70.7 (C4), 63.6 (C6), 62.0, 

61.1, 56.6, 55.5 (OCH3), 54.9 (C2), 43.0 (CH2S), 40.5 (CH2N), 22.8 (NAc), 20.7, 20.6, 20.5 (OAc). 

ESI-MS: m/z calculated for C32H42N2O12S[M+H] 679.2537, found [M+H] 679.2538. 
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N-2,3,4-trimethoxy-6-(4-methoxybenzyl thio) benzyl, 2-acetamido-2-deoxy--D-glucopyranosyl amine 
14.242  

Glycosyl amine 10 (0.50 g, 2.25 mmol) was added to a flask and dissolved in 

pyridine (10 ml). To the mixture was added 22 (0.6 g, 1.2 eq w/w) and stirred 

overnight at 50 °C. The solvent was evaporated, and the crude product was flash 

chromatographed on silica gel with EtOAc/MeOH 4:1. 14 (0.50g, 40%) was 

obtained as a white solid. 
1

H NMR (500 MHz, CD3OD) δH/ppm: 7.09 (2H, d, J= 8.6 Hz, PMB), 6.80 

(2H, d, J= 8.6 Hz, PMB), 6.67 (1H, s, Ar), 3.88 – 2.86 (1H, m, H-6b), 3.87 – 3.68 (2H, m, CH2), 3.85 

(3H, s, CH3), 3.82 – 3.80 (1H, m, H-2), 3.80 (3H, s, CH3), 3.74 (3H, s, CH3), 3.70 (3H, s, CH3), 3.70 – 

3.68 (2H, m, H-1,  H-6a), 3.60 – 3.52 (1H, m, H-3), 3.35 – 3.31 (3H, m, H-4, CH2), 3.21- 3.17 (1H, m, 

H-5), 1.86 (3H, s, CH3). ESI-MS: m/z calculated for C26H36N2O9S[M]+ 553.2141, found [M+H] 

553.2205.  

tert-butyl O-(tert-butyl)-N-(2-hydroxy-3,4-dimethoxy-6-((4-methoxybenzyl)thio)benzyl)-L-serinate 16. 

 Benzaldehyde 4 (120 mg, 0.36 mmol), serine (OtBu) 15 (78.2  mg, 0.30 mmol),   and 

sodium triacetoxyborohydride (70 mg, 0.33 mmol) were dissolved in 2% 

AcOH/dichloromethane mixture (8 ml). The reaction mixture was stirred for 1 h at room 

temperature being monitored by TLC for completion. After completion, the mixture was 

diluted with dichloromethane (2.5 ml) and neutralised with sat NaHCO3 solution (2.5 

ml). Separations were completed in a separating funnel and the aqueous phase was extracted with 

dichloromethane (3 x 5 ml). The organic layers were collected and washed with brine (10 ml), dried 

over MgSO4, filtered and evaporated to dryness in vacuo to afford crude product as a brown oil. The 

crude product was flash chromatographed on silica gel with EtOAc to yield 16 (52 mg, 30%) as a yellow 

oil.  
1

H NMR (400 MHz, CDCl3) δ in ppm =  7.06 (2H, d, J= 8.7, PMB), 6.78 (2H, d, J= 8.7, PMB), 

6.42 (1H, s, ArH), 3.89 (2H, s, CH2), 3.85 – 3.69 (9H, s, 3 x CH3), 3.47 (2H, m, CH2), 3.31 (1H, m, 

CH), 1.21 (9H, s, 3 x CH3), 1.16 (9H, s, 3 x  CH3). 
13

C NMR (101 MHz, CD3OD) δC/ppm: 159.0 (C=O), 

152.6 (CAr),142.0 (CAr), 130.8 (CAr), 130.3 (CAr), 129. 9 (CAr), 114.0 (CAr), 97.6 (CAr-H), 78.0 (C), 77.3 

(C), 77.4 (CH), 61.0 (OMe), 56.4 (OMe), 55.5 (OMe), 44.8 (OCH2),  41.1 (NCH2), 40.4 (SCH2), 28.3 

(OtBu), 27.6 (OtBu).  ESI-MS: m/z calculated for C28H41NO7S[M]
+

, 535.26, found [M+H], 536.28. 
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tert-butyl O-(tert-butyl)-N-(2,3,4-trimethoxy-6-((4-methoxybenzyl)thio)benzyl)-L-serinate 17. 

Benzaldehyde 3 (120 mg, 0.35 mmol), serine (OtBu) 15 (75.6  mg, 0.29 mmol),   and 

sodium triacetoxyborohydride (68 mg, 0.32 mmol) were dissolved in 2% 

AcOH/dichloromethane mixture (8 ml). The reaction mixture was stirred for 1 h at 

room temperature being monitored by TLC for completion. After completion, the 

mixture was diluted with dichloromethane (2.5 ml) and neutralised with sat NaHCO3 

solution (2.5 ml). Separations were completed in a separating funnel and the aqueous phase was 

extracted with dichloromethane (3 x 5 ml). The organic layers were collected and washed with brine 

(10 ml), dried over MgSO4, filtered and evaporated to dryness in vacuo to afford crude product as a 

brown oil. The crude product was flash chromatographed on silica gel with EtOAc to yield 17 (0.14 g, 

88%) as a yellow oil. 
1

H NMR (400 MHz, CDCl3) δH/ppm: 7.11 (2H, d, J= 8.7, PMB), 6.77 (2H, d, J= 

8.7, PMB), 6.59 (1H, s, ArH), 3.96 (2H, s, CH2), 3.85 (d, 2H, J= 12.2,  NCH2), 3.87 (3H, s, CH3), 3.83 

(3H, s, CH3),  3.73 (3H, s, CH3), 3.70 (3H, s, CH3), 3.47 (2H, d, J= 5.9, CH2), 3.31 (1H, t,  J= 5.7, CH),  

1.43 (9H, s,  3 x  CH3), 1.12 (9H, s, 3 x  CH3). 
13

C NMR (101 MHz, CD3OD) δC/ppm: 158.9 (C=O), 

152.8 (CAr),141.9 (CAr), 130.4 (CAr), 130.2 (CAr), 129. 8 (CAr), 113.9 (CAr), 97.2 (CAr-H), 77.8 (C), 77.6 

(C), 77.4 (CH), 61.4 (OMe), 60.9 (OMe), 56.1 (OMe), 55.4 (OMe), 44.6 (OCH2),  40.9 (NCH2), 40.5 

(SCH2), 28.2 (OtBu), 27.5 (OtBu).  ESI-MS: m/z calculated for C29H43NO7S[M]
+

, 549.2838 found 

[M+H] 550.2813.  

N-Benzyl, 2-acetamido-2-deoxy--D-glucopyranosyl amine 20. 

Glycosyl amine 10 (0.10 g, 0.45 mmol) was added to a flask and dissolved in pyridine 

(10 ml). To the mixture was added benzylamine (0.20 g, 2.0 eq w\w) and stirred 

overnight at 50 °C. The solvent was evaporated under vacuo to yield the titled 

compound 20 (0.11 g, 78%) as a yellow oil. 
1

H NMR (500 MHz, CD3OD) δH/ppm:  

7.34 – 7.25 (4H, m, Ar), 7.23 – 7.19 (1H, m, Ar), 4.03 (1H, d, J= 13.4 Hz, CH2), 3.90 (1H, d, J= 9.3 

Hz, H-1), 3.90 – 3.87 (2H, dd, J= 11.9, 2.4  Hz, H-6b), 3.70 – 3.60 (2H, m, H-6a, H-2), 3.38 (1H, app 

t, J= 9.3 Hz, H-3), 3.34 – 3.29 (1H, m, H-4), 3.21- 3.15 (1H, m, H-5), 1.98 (3H, s, CH3). 
13

C NMR (126 

MHz, CD3OD) δC/ppm: 158.8, 152.2, 130.0, 129.7, 128.9, 62.8, 61.4, 60.9, 56.1, 55.3, 40.3, 39.0, 29.9. 

ESI-MS: m/z calculated for C15H22N2O5[M]
+

 310.1529, found [M+H] 311.1598 
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(2,3,4-trimethoxy-6-((4-methoxybenzyl)thio)phenyl)methanamine 22.73 

To a solution of 3 (1.00 g, 2.87 mmol) in ethanol (20 ml) was added 

hydroxylamine hydrochloride (0.35 g, 5.0 mmol) and  NaOAc (0.47 g, 5.74 

mmol). The reaction mixture was stirred at rt for 6 h followed by evaporation 

of EtOH under reduced pressure. H2O (20 ml) was added to the residue and extracted with EtOAc (3 x 

10 ml). Combined organic layers were washed with brine (2 x 5 ml), dried over MgSO4 and concentrated 

on vacuo to give the oxime 21 as a red powder.  Without purification, crude 21 was dissolved in THF 

(30 ml) and cooled to 0 °C. A solution of LiAlH4 (1.0 M, 6.0 ml) was added dropwise over 5 min. The 

reaction mixture was heated to reflux over 1 h and then cooled to 0 °C in an ice bath. The reaction was 

quenched by the addition of H2O (0.25 ml), 3.0 M aq NaOH (0.25 ml) and H2O (0.75 ml). The mixture 

was diluted with EtOAc (300 ml), filtered and concentrated. The filtered crude product was flash 

chromatographed on silica gel with EtOAc to yield 22 (0.20 g, 20%) as a dark red liquid. 
1

H NMR (400 

MHz, CDCl3) δH/ppm: 7.09 (2H, d, J= 8.9, PMB), 6.79 (2H, d, J= 8.9, PMB), 6.67 (1H, s, ArH), 3.96 

(2H, s, CH2), 3.86 (6H, s, 2 x CH3), 3.81 (2H, s, NCH2), 3.77 (6H, s, 2 x CH3). 
13

C NMR (101 MHz, 

CDCl3) δC/ppm: 158.9, 152.3, 152.1, 142.1, 130.0, 129.7, 129.0, 114.0, 112.3, 61.4, 61.0, 56.0, 55.5, 

40.4, 38.9, 23.1. ESI-MS: m/z calculated for C18H23NO4S[M]
+

349.13, found [M+H] 350.12. 

 

 

N-2,3,4-trimethoxy-6-((3-nitropyridin-2-yl)disulfaneyl)benzyl, 2-acetamido-2-deoxy-3, 4, 6-tri-O-

acetyl--D-glucopyranosyl amine 24.242 

To a solution of 13 (0.5 g , 0.70 mmol) in 2,2,2-trifluroethanol (20 ml) was 

added a solution of 3-nitro-2-pyridinesufenyl chloride  (0.23 g, 1.2 mmol) 

in CH2Cl2 (5 ml). The reaction was stirred at room temperature for 1 h and 

more 3-nitro-2-pyridinesufenyl chloride (50 mg) was added. The mixture 

was stirred for another 30 min and concentrated in vacuo to give crude 24. The crude product was flash 

chromatographed on silica gel using a solvent gradient starting from 1:1 EtOAc/Pet ether to 100% 

EtOAc and yielded the titled compound as a yellow oil (0.21 g, 41%).  
1

H NMR (400 MHz, CDCl3) 

δH/ppm: 8.84 (1H, dd, J= 4.4, 1.5  Hz, Pyr), 8.53 (1H, dd, J= 8.2, 1.5 Hz, Pyr), 7.42 – 7.33 (1H, m, Pyr), 

7.04 (1H, s, Ar), 5.58 (1H, d, J = 8.9 Hz, NH), 5.11 (1H, app t, J = 9.6 Hz, H-3), 5.00 (1H, app t, J = 

9.7 Hz, H-4),  4.35 – 4.19 (2H, m, H-1, H-6a), 4.17 – 4.00 (4H, m, H-6b, H-2, CH2), 3.84 (3H, s, OMe), 

3.83 (3H, s, OMe), 3.75 (3H, s, OMe), 3.63 -3.61 (1H, m, H-5), 2.10 (3H, s, CH3), 2.06 – 1.97 (6H, m, 

2 x CH3), 1.87 (3H, s, CH3). 
13

C NMR (101 MHz, CDCl3) δC/ppm: 171.5, 170.9,170.8, 169.4 (C=O), 

159.0 (CPMB), 153.6, 152.8, 142.3 (CAr), 133.7 (CPMB), 131.2 (CHPMB), 130.1 (CAr), 121.2 (CHPMB), 

110.2 (CAr), 89.3 (CHAr), 73.6 (C1), 72.4 (C5), 74.3 (C3), 68.6 (C4),  62.5 (C6), 61.4 (C2), 60.9, 60.4, 
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56.1, 53.7 (OCH3), 49.2 (CH2), 42.5 (CH2), 41.5 (CH2), 23.3 (NAc), 20.9, 2 x  20.8 (OAc). ESI-MS: 

m/z calculated for C
29

H
36

N4O13
S

2
 [M]

+
, 712.17, found [M+H], 713.18 

N-2,3,4-trimethoxy-6-(3-nitropyridin-2-yl)disulfaneyl)benzyl, 2-acetamido-2-deoxy--D-
glucopyranosyl amine 25.242 
 

To a solution of 14 (55.3 mg, 0.10 mmol) in 2,2,2-trifluroethanol (10 ml) was 

added a solution of 3-nitro-2-pyridinesufenyl chloride (22.9 mg, 0.11 mmol) in 

CH2Cl2. The reaction was stirred at room temperature for 1 h and more 3-nitro-

2-pyridinesufenyl chloride (10 mg) was added. The mixture was stirred for 

another 30 min and concentrated in vacuo to give 21 as an orange solid. The  crude product was used 

without further purification. ESI-MS: m/z calculated for C23H30N4O10S2[M + H], 587.15, found [M+H], 

587.14. 

Compound was used without purification.  

 

2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl cyanide 38.324 

Glycosyl chloride 6 (2.50 g, 6.90 mmol), tetrabutylammonium hydrogen sulphate 

(2.34 g, 6.90 mmol) and potassium cyanide (2.24 g, 34.5 mmol) were stirred 

vigorously at room temperature in a mixture of CH2Cl2 (40 ml) and 1M sodium 

carbonate (40 ml).  The reaction was monitored by TLC and after 6 h, complete consumption of the 

chloride was observed. To the biphasic mixture was added CH2Cl2 (200 ml) and washed with H2O (2 x 

150 ml). The organic layer was then washed with sat. aq NaCl (150 ml), dried over MgSO4, filtered and 

evaporated to dryness in vacuo to afford crude product as a brown oil. The product was flash 

chromatographed on silica gel with EtOAc/hexanes 4:1 to afford the cyanide 38 (0.5 g, 21%) as a white 

solid. 1H NMR (500 MHz, CDCl3) δH/ppm:  5.82 (1H, d,  J = 8.4 Hz, NH), 5.37 (1H, app t, J = 9.7 Hz, 

H3), 5.07 (1H, app t, J = 9.7 Hz, H4), 4.71 (1H,  d, J = 10.7 Hz, H1), 4.23 (1H, dd, J = 12.7, 4.9 Hz H6a), 

4.16 – 4.04 (2H, m, H6b, H2), 3.77 – 3.70 (1H, m, H5), 2.10 (3H, s, CH3), 2.07 – 1.98 (9H, m, 3 x CH3). 

13

C NMR (126 MHz, CDCl3) δC/ppm: 170.9, 170.8, 170.7, 169.3 (C=O), 115.0 (CN), 76.5 (C5), 71.8 

(C4), 67.9 (C3), 66.9 (C1), 61.7 (C6), 53.4 (C2), 23.3 (NAc), 20.8, 20.7, 20.6 (OAc). ESI-MS: m/z 

calculated for C
15

H
20

N
2
O

8
 [M]

+
, 356.1298 found [M+H], 357.1289.   

Data obtained matched that previously reported in literature.  
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Procedure for hydrogenation of 38 with Pd/C or with PtO2 catalyst and H2 

Glycosyl nitrile 38 (0.4 g, 1.12 mmol) and  catalyst either 10 mol% Pd/C (12 mg, 0.11 mmol)   or PtO2 

(25 mg, 0.11 mmol)) were added to a 2-necked flask which was then evacuated and purged with 

nitrogen 3 times. To the solid was added dry THF-MeOH (9:1) ratio (20 ml) and the flask evacuated 

and purged with nitrogen 3 times again. The reaction mixture was stirred under hydrogen at room 

temperature and left overnight. TLC confirmed complete consumption of starting material and the 

reaction mixture was filtered through plug celite and evaporated to dryness in vacuo to yield impure 

methylamine as a white solid. The product was used in the next steps without further purification. Pd/C 

reduction yielded 350 mg crude and PtO2 reduction yielded 340 mg crude. 

Procedure for transfer hydrogenation of 38 with Pd/C and formic acid/TEA  

To a solution of glycosyl nitrile (1.70 g, 3.8 mmol) in tetrahydrofuran (10.0 mL) was added a mixture 

of 10:1 formic acid-triethylamine (10.0 mL) solution under a nitrogen atmosphere. To the mixture was 

then added 10 mol% Pd/C (40 mg, 0.38 mmol) and gas evolution was observed. The reaction was stirred 

for 2 h at room temperature followed with filtration through a plug of celite and then evaporated to 

dryness in vacuo to yield crude methylamine.  The crude product was used in the next step without 

further purification.  

Boc protection of crude methylamines to 41 and 42 

Glycosyl methylamines mixture obtained after hydrogenation were placed in a flask and dissolved with 

THF (20 ml). To it was slowly added triethylamine (1.4 ml), followed by di-tert butyl dicarbonate (1.10 

g, 1.0 eq) and the reaction was left stirring for 1 h. After 1h, the solvent was evaporated under vacuum 

and crude material dissolved with EtOAc (20 ml), and then washed with sat 1M HCL (10 ml), brine (20 

ml) and dried over MgSO4. The filtered crude products were flash chromatographed on silica gel with 

100% EtOAc to yield boc protected glycosyl methylamines (41 and 42). When the crude glycosyl 

methylamines obtained after hydrogenation of the glycosyl cyanide with palladium was used in the 

protection, 32% yield of 41 was isolated in two steps. When the crude glycosylmethyl amines obtained 

after hydrogenation of the glycosylmethyl nitrile with platinum oxide was used, 47% yield of 41 was 

isolated after the two steps. When the crude glycosylmethylamines obtained after hydrogenation of the 

glycosylmethyl nitrile with palladium using formic acid and TEA was used in the protection, 24% yield 

of 41 was isolated after the two steps.  
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N-Boc, 2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl methylamine 41. 

 

 1H NMR (600MHz, CDCl3) δH/ppm: 5.75 (1H, d, J = 9.1 Hz, NH), 5.15 – 4.95 

(3H, m, H-3, H-4, NH), 4.23 (1H, dd, J = 12.2, 4.6 Hz, H-6a), 4.10 (1H, m, H-

6b), 4.00 – 3.88 (1H, q, J = 9.8 Hz , H-2),  3.65 – 3.50 (2H, m, H-5, H-1), 3.50 

– 3.34 (1H, m, CH2a), 3.08 – 2.98 (1H, m, CH2b), 2.08 (3H, s, CH3), 2.02 (6H, s, 2 x CH3), 1.95 (3H, s, 

CH3),  1.43 (9H, s, 3 x CH3).  
13C NMR (151 MHz, CDCl3) δC/ppm: 171.5, 170.8, 170.6, 169.4 (C=OAc), 

156.0 (C=OBoc), 79.7 (CBoc), 78.1 (C5), 75.7 (C4), 73.9 (C3), 68.4 (C1), 62.1 (C6), 51.8 (C2), 41.7 (CH2), 

28.3 (3 x CH3), 23.3 (NAc), 20.8 , 20.7, 20.6 (OAc). ESI-MS: m/z calculated for C15H25N2O8 [M + H], 

461.1611 found [M+H], 461.1602.  

N-Boc, 2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl methylamine dimer 42. 
 

1H NMR (400MHz, CDCl3) δH/ppm: 5.99 (1H, d, J = 9.8 Hz, NH),  5.87 (1H, 

d, J = 9.4 Hz, NH), 5.17 – 4.89 (4H, m, 2 x H-3, 2 x H-4), 4.21 (1H, dd, J = 

12.2, 4.6 Hz, 1 x H-6a), 4.15 – 4.05 (4H, m,1 x H-6a, 2 x H-6b, H-1), 4.02 – 

3.90 (2H, m, 2 x H-2), 3.73 (d, J = 4.6 Hz, 1H, CH2a),  3.60 – 3.47 (5H, m, 2 x 

H-1, 2 x H-5, CH2b), 3.00 – 2.88 (1H, m, CH2b), 2.13 (3H, s, CH3), 2.10 (3H, s, CH3), 2.05 – 1.99 

(12H, m, 4 x CH3), 1.95 (3H, s, CH3),  1.93 (3H, s, CH3),  1.43 (9H, s, 3 x CH3). 
13C NMR (101 MHz, 

CDCl3) δC/ppm: 171.6, 171.3, 171.2, 170.9, 170.7, 170.2, 169.5, 169.4 (8 x C=OAc), 155.8 (C=OBoc), 

80.3 (CBoc), 79.7, 79.5 (2 x C5), 75.9, 75.6 (2 x C4), 74.8, 74.6 (2 x C3), 68.8, 68.4 (2 x C1), 62.7, 61.8  

(2 x C6), 52.1, 51.8 (C2), 51.1, 51.0  (2 x CH2), 28.3 (3 x CH3), 23.3, 23.4 (2 x NAc), 21.1, 20.9, 20.8, 

20.7 (6 x OAc). ESI-MS: m/z calculated for C35H54N3O18 [M + H], 804.34 found [M+H], 804.30. 

 

2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl methylamine 43. 

41 (0.3 g, 0.65 mmol)  was dissolved in dichloromethane (5 ml) and to it was 

added TFA (1.3 ml) and the reaction was stirred for 2 hr. Solvents were 

evaporated under vacuum and the crude material triturated with ether to yield 

glycosyl methylamine (0.21 g, 94%). 1H NMR (600MHz, CDCl3) δH/ppm: 5.81 (1H, d, J = 9.2 Hz, 

NH), 5.11 – 4.99 (2H, m, H-3, H-4), 4.24 (1H, dd, J = 12.3, 4.7 Hz, H-6a), 4.11 – 4.03 (2H, m, H-6b, 

H-2), 3.67 – 3.60 (1H, m, H-5), 3.59 - 3.51 (1H, m, H-1), 2.78 (2H, d, J = 4.8 Hz, CH2N), 2.08 (3H, s, 

CH3), 2.02 (6H, s, 2 x CH3), 1.94 (3H, s, CH3). 
13C NMR (151 MHz, CDCl3) δC/ppm: 171.6, 170.9, 

170.5, 169.6 (C=O), 78.6 (C5), 75.9 (C4), 74.2 (C3), 68.5 (C1), 62.4 (C6), 51.9 (C2), 50.3 (CH2), 23.4 

(NAc), 21.0, 20.9, 20.8 (OAc). ESI-MS: m/z calculated for C15H25N2O8 [M + H], 361.1611 found 

[M+H], 361.1602.  

Data obtained matched that previously reported in lit.270 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 148 

N-2,3,4-trimethoxy-6-(4-methoxybenzyl)thio)benzyl, 2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-
glucopyranosyl methylamine 44. 

Benzaldehyde auxiliary 3 (0.42 g, 1.2 mmol) was dissolved in  a mixture of 

2% AcOH in CH2Cl2 (6 ml). Glycosyl methylamine  43 (0.36 g, 1.0 mmol) 

was then added to the mixture and followed by sodium cyanoborohydride 

(0.15 g, 2.4 mmol). The reaction was stirred at room temperature and 

monitored by TLC. After 2 h, the mixture was then diluted with 

dichloromethane (10 ml) and neutralised with sat NaHCO3 solution (10 ml). Extraction was completed 

in a separating funnel and the organic layer was washed with brine ( 2 x 5 ml), dried over MgSO4, 

filtered and evaporated to dryness in vacuo. The crude product was flash chromatographed on silica gel 

with EtOAc/MeOH  9:1 solvent system to afford 44 (0.47 g, 68%) as a yellow oil.
 1

H NMR (600MHz, 

CDCl3) δH/ppm: 7.10 (2H, d, J= 8.6 Hz, PMB), 6.80 (2H, d, J= 8.6 Hz, PMB), 6.60 (1H, s, Ar), 5.70 

(1H, s, NH), 5.04 (2H,  m, H-3, H-4), 4.18 (1H, dd, J = 12.3, 4.7 Hz, H-6a), 4.04 (1H dd, J = 12.3, 2.2 

Hz, H-6b) 4.01 – 3.92 (3H, m, H-2, CH2),  3.86 – 3.79 (1H, m, H-1), 3.86 (3H, s, CH3), 3.83 (3H, s, 

CH3), 3.79 (3H, s, CH3), 3.78 (3H, s, CH3), 3.72 (2H, s, CH2), 3.58 – 3.55 (2H, m, H-5, CH2a), 2.78 – 

2.70 (3H, m, CH2b, CH2), 2.04 – 1.98 (12H, s, 4 x CH3). 
13

C NMR (151 MHz, CDCl3) δC/ppm: 171.6, 

170.9,170.5, 169.6 (C=O), 159.0 (CPMB), 152.9, 152.5, 141.7 (CAr), 130.4 (CPMB), 130.2 (CHPMB), 129.4 

(CAr),  114.2 (CHPMB), 112.4 (CAr), 102.0 (CHAr), 77.3 (C1), 75.7 (C5), 74.3 (C3), 68.5 (C4),  62.5 (C6), 

61.4 (C2), 60.9, 56.0, 55.4, 52.2 (OCH3), 49.7 (CH2), 45.6 (CH2), 40.4 (CH2), 23.4 (NAc), 20.9, 2 x  

20.8 (OAc). ESI-MS: m/z calculated for C33H45N2O12S[M+H] 693.2693, found [M+H] 693.2692.  

 

Protecting group exchange of 44 from PMB to Npys.  
 

 

To a solution of  44 (68 mg , 0.10 mmol) in 2,2,2-trifluroethanol (8 ml) was added a solution of 3-nitro-

2-pyridinesufenyl chloride  (20 mg, 0.11 mmol) in CH2Cl2 (2 ml). The reaction was stirred at room 

temperature for 2 h and more 3-nitro-2-pyridinesufenyl chloride (10 mg) was added. The mixture was 

stirred for another 30 min and concentrated in vacuo. The crude product was flash chromatographed on 

silica gel with EtOAc/MeOH 9:1 solvent system. Two disulfide products were obtained as a mixture 

from the column and were used in the next step without separating them apart.    

 



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 149 

N-6-mercapto-2,3,4-trimethoxybenzyl, 2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl 
methylamine 47. 

The crude disulfide products (100 mg, 0.18 mmol) were dissolved in ligation 

buffer (6M Gn·HCl in  0.1 M sodium phosphate buffer pH 7.0) (10 ml), and 

to the mixture was added TCEP (30mM) and stirred for 10 min. The mixture 

was then purified on preparative RP-HPLC and lyophilised to yield the thiol 

(35 mg, 40%). Retention time= 33 mins on preparative reverse-phase HPLC. 
1

H NMR (600MHz, 

CDCl3) δH/ppm: 6.78 (1H, s, Ar), 5.15 – 5.07 (1H, m, H-3), 5.05 – 4.99 (1H, m, H-4), 4.40 (1H, d, 

J=13.4, CH2a), 4.25 (1H, d, J=13.4, CH2b), 4.20 - 4.1(2H, m, H-1, H-6a), 4.03 – 3.95 (5H, m, H-2, , H-

6bCH3),  3.86 (3H, s, CH3), 3.81 (3H, s, CH3), 3.58 – 3.55 (2H, m, H-5, CH2a),  3.39 (1H, d, J = 12.8 

Hz, CH2a), 2.98 (1H, dd, J = 12.8, 8.1 Hz, CH2b), 2.10 – 1.80 (12H, s, 4 x CH3). 
13

C NMR (151 MHz, 

CDCl3) δC/ppm: 172.0, 171.1,170.8, 169.5 (C=O), 155.0, 152.7, 140.9, 125.6,  116.4 (CAr), 112.7 

(CHAr), 76.0 (C1), 74.5 (C5), 73.3 (C3), 68.1 (C4),  62.0 (C6), 61.5 (C2), 61.0, 56.3, 51.8 (OCH3), 48.4 

(CH2), 46.2 (CH2), 23.1 (NAc), 3 x  20.8 (OAc). ESI-MS: m/z calculated for C25H37N2O11S[M+H] 

573.2118, found [M+H] 573.2120 

 

Synthesis of peptide 26. 
 

 

Peptide 26 was constructed using the general method for manual peptide synthesis (appendix 1.2) on 

Fmoc-Cys(Trt)-NovaSyn-TGT resin.  After lyophilisation of the  RP-HPLC fractions (tR  = 28.5. min), 

peptide was isolated as a white fluffy solid  (26 mg, 49% yield). The peptide was characterised by mass 

spectrometry. ESI-MS: m/z calculated for C44H66N12O17S[M + H]+ 1067.4467, found [M+H] 

1067.4458.  
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Synthesis of peptide hydrazide 27. 

 

Model peptide 26 (10 mg, 9.4 𝜇mol) was dissolved in 0.1M sodium phosphate buffer (pH 7.0) to a 

concentration of 1 mg/ml. To the solution was added 10% w/v MESNa (1.0 g, 6.1 mmol), 10 w/v 

hydrazine acetate (1.0 g,  10.9 mmol) and 0.5% w/v TCEP (0.05 g, 0.2 mmol). The contents of the 

reaction were mixed at 600 rpm at 50 °C. The formation of the hydrazide was monitored by LC-MS 

and reaction reached completion after 30 hr. The crude mixture was purified by RP-HPLC (tR  = 26.0 

min). Fractions containing product were identified by LC-MS and lyophilised to afford pure peptide 

hydrazide 27 (8.0 mg, 87%) as a white solid. 27 was characterised by HRMS. ESI-MS: m/z calculated 

for C41H63N13O15[M]
+

 978.4645, found [M+H] 978.4634.  

Synthesis of peptide thioester 28. 
 

 

Peptide hydrazide 27 (14 mg, 14.3 𝜇mol) was dissolved with 7.0 ml of ligation buffer comprised of 0.1 

M sodium phosphate buffer pH 3.0 - 4.0 and 6.0 M guanidinium hydrochloride.  The solution was 

cooled to -15 °C and NaNO2 (0.7 mL of 0.2 M stock solution dissolved in dionised water) was then 

added dropwise to the reaction mixture. The reaction was stirred at -15 °C for 20 mins and monitored 

by LC-MS for the formation of the azide intermediate. After the azide was observed by LC-MS, the pH 

of the reaction was adjusted to pH 7.0 by dropwise addition of 2 M NaOH. MESNa (2.3 g, 14 mmol) 

was dissolved in 6M guanidine hydrochloride (7.0 ml) and added to the reaction mixture  followed with 

addition of 30 mM TCEP (1.0 ml) dissolved in 6M guanidine hydrochloride. The reaction mixture was 

stirred at room temperature for 2 h. The formation of the peptide thioester 3 was monitored by LC-MS. 

The crude mixture was purified by RP-HPLC (tR  = 27.5 min). Fractions containing product were 

identified by LC-MS and lyophilised to afford pure peptide thioester 28  (9.0 mg, 60%) as a white solid. 

The peptide was characterised by mass spectrometry. ESI-MS: m/z calculated for C43H66N11O18S2 

[M+H]+ 1088.4029, found [M+H]+ 1088.4015.  
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Synthesis of conjugate 29. 
 

 

28 (10 mg, 9.2 𝜇mol) was dissolved with 5.0 ml of the ligation buffer comprised of 0.1M sodium 

phosphate buffer pH 7.0 and 6.0 M guanidinium hydrochloride. To the solution was added either 24 

(7.50 mg, 10.5 𝜇mol) or excess 25 dissolved  in the same ligation buffer (5.0 ml) and then MPAA (0.5 

g, 3.0 mmol) dissolved in 0.5 ml of ligation buffer. TCEP (260 mg, 60 mM dissolved in dionised water) 

was then added and the reaction stirred at room temperature being monitored by LC-MS. The titled 

compound was observed by LC-MS. The crude mixture was purified by RP-HPLC (tR  = 39.0 min). 

Fractions containing UV-vis active compounds were analysed by ESI-MS. The compound was not 

isolated. ESI-MS: m/z calculated for C51H75N12O18S [M + H]+ 1175.5043, found [M+H]+ 1175.5049 

 

Synthesis of glycoconjugate 48. 
 

 
 

28 (10 mg, 9.2 𝜇mol) was dissolved with 5 ml of ligation buffer comprised of 0.1M sodium phosphate 

buffer pH 7.0 in 6.0 M guanidinium hydrochloride. To the solution was added 47 (6.3 mg, 11.0 𝜇mol) 

dissolved  in ligation buffer (5.0 ml) and MPAA (0.5 mg, 3.0 mmol) dissolved in 0.5 ml of the same 

ligation buffer. TCEP (260 mg, 60 mM dissolved in dionised water) was then added and the reaction 

stirred at room temperature being monitored by LC-MS. After 3 d, the crude mixture was purified by 

RP-HPLC (tR  = 39.0 min) and lyophilised to yield 48  (5.70 mg, 41%). ESI-MS: m/z calculated for 

C66H96N13O26S [M + H]+ 1518.6310, found [M+H]+ 1518.6316 

 

N-Fmoc-L-Aspartic anhydride 49. 

Aspartic acid (2.0 g, 15 mmol) was dissolved in 1.0 M Na2CO3 (30 ml) and to it added 

Fmoc-OSu (5.1 g, 15 mmol) dissolved in THF (30 ml) and the reaction was left 
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stirring for 20 h. The mixture was washed with (2 x 20 ml) diethyl ether and the aqueous phase was 

collected and adjusted to pH 2.0 by dropwise addition of 37% HCl. A solid was formed which was then 

diluted with water (30 ml) and extraction was completed with EtOAc (2 x 30 ml). The organic phase 

was collected, dried over MgSO4 and concentrated on vacuo to afford crude Fmoc-aspartic acid as a 

white solid which was used for the next step without further purification. Fmoc-aspartic acid residue 

was dissolved in acetic anhydride (14 ml) with rapid heating. When the acid was fully dissolved, the 

mixture was quickly cooled to room temperature and a white precipitate was observed. The precipitate 

was filtered and washed with diethyl ether (2 x 10 ml) and dried under vacuum to yield Fmoc-aspartic 

anhydride (3.5 g, 67 %) as a white solid. 1H NMR (500 MHz, DMSO) δH/ppm: 8.19 (1H, d, J = 7.7 Hz, 

NH), 7.90 (2H, d, J = 7.5 Hz, Fmoc), 7.67 (2H, d, J = 7.5, Fmoc), 7.42 (2H, t, J = 7.4 Hz, Fmoc), 7.34 

(2H, t, J = 7.4 Hz, Fmoc), 4.66 (1H, m, CH), 4.46 – 4.35 (2H, m, Fmoc-CH2), 4.25 (1H, t, J = 6.7 Hz, 

Fmoc), 3.24 (1H, dd, J = 18.5, 10.0 Hz, CH2a), 2.85 (1H, dd, J = 18.5, 6.2 Hz, CH2b). 
13C NMR (126 

MHz, DMSO) δC/ppm:  172.4, 170.1, 156.1  (C=O), 143.9, 141.1 (Fmoc-C), 128.0,  127.4, 125.3, 120.5 

(Fmoc-CH), 66.4 (Fmoc-CH2), 50.7 (CH), 46.9 (Fmoc-CH), 35.0 (CH2). ESI-MS: m/z calculated for 

C19H14NO5 [M-H]
-
 336.11, major peak observed corresponded to the hydrolysed Fmoc-glutamic acid 

and a small peak for the anhydride, observed [M-H]
-
 336.09. 

 

N-Fmoc-L-Glutamic anhydride 50. 

Fmoc-Glutamic acid (5.0 g, 13.6 mmol) was dissolved in acetic anhydride (14.5 ml) 

with rapid heating. When the acid was fully dissolved, the mixture was quickly cooled 

to room temperature and concentrated in vacuo. The remaining white solid was 

washed with ice-cold isopropyl ether (2 x 10 ml) and dried under vacuum to yield Fmoc-Glutamic 

anhydride (4.7 g, 98%) as a white solid. 1H NMR (600 MHz, DMSO) δH/ppm: 7.96 (1H, d, J = 8.4 Hz, 

NH), 7.89 (2H, d, J = 7.6 Hz, Fmoc), 7.71 (2H, dd, J = 7.6, 3.3 Hz, Fmoc), 7.42 (2H, t, J = 7.4 Hz, 

Fmoc), 7.34 (2H, t, J = 7.4 Hz, Fmoc), 4.61- 4.55 (1H, m, CH), 4.40 – 4.36 (2H, m, Fmoc-CH2), 4.25 

(1H, t, J = 6.7 Hz, Fmoc), 2.98 – 2.84  (2H, m, 1H, CH2), 2.09 – 1.90 (2H, m, 1H, CH2). 13C NMR (151 

MHz, DMSO) δC/ppm:  167.9, 167.1, 156.0 (C=O), 143.7, 140.7 (Fmoc-C), 127.7,  127.1, 125.2, 120.2 

(Fmoc), 67.2 (CH), 65.9 (Fmoc-CH2), 49.9 (Fmoc-CH), 29.5 (CH2), 22.0 (CH2). ESI-MS: m/z 

calculated for C20H18 NO5 [M+H]
+

 352.1185, major peak observed corresponded to the hydrolysed 

Fmoc-glutamic acid and a small peak for the anhydride, observed [M+H]
+

 352.11.  
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N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N5-((tert-butoxycarbonyl)amino)-L-glutamine 51.  

 Fmoc-Glutamic anhydride (1.0 g, 2.84 mmol) and tert-butyl carbazate (0.57 g, 4.26 

mmol) were dissolved in DMSO (1.5 ml) and then stirred at room temperature for 2 h. 

To the reaction mixture was then added water (5 ml) and stirred for further 10 min. A 

white gum formed and to it was added CH2Cl2 (10 ml) and the organic layer extracted. 

The organic layer was then washed with 1N HCl ( 1 x 5 ml) and sat NaCl (2 x 5 ml), 

dried over MgSO4 and concentrated on vacuo to afford the crude product. The crude product was then 

flash chromatographed on silica gel with EtOAc/MeOH 20:1 and the product was isolated a white solid 

(0.85 g, 62%). 1H NMR (600 MHz, DMSO) δH/ppm: 9.56 (1H, s, NH), 8.67 (1H, s, NH), 7.89 (2H, d, 

J = 7.6 Hz, Fmoc),  7.7 (2H, d, J = 7.6 Hz, Fmoc), 7.41 (2H, t, J = 7.6 Hz, Fmoc), 7.33 (2H, t, J = 7.5 

Hz, Fmoc), 4.23 (3H, m, Fmoc-CH2, Fmoc-H), 3.98 (1H, m, CH), 2.1 (2H, m, CH2), 1.98 – 1.85  (1H, 

m, CH2a), 1.83 – 1.75  (1H, m, CH2b), 1.39 (9H, s, t-butyl). 13C NMR (151 MHz, DMSO) δC/ppm:  

171.6, 170.4, 155.7, 155.3 (C=O), 143.9,  140.7, 127.7, 127.1, 125.4, 120.1 (Fmoc), 79.1 (C- t-butyl), 

65.8 (Fmoc-CH2), 59.8 (CH2), 54.9 (CH), 46.7 (Fmoc-CH), 29.8 (CH2), 28.1 (CH3- t-butyl). ESI-MS: 

m/z calculated for C25H30N3O7[M + H]
 +

, 484.2084,  observed  [M+H]
+

 484.2080  

N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N5-(((benzyloxy)carbonyl)amino)-L-glutamine 52. 

Fmoc-Glutamic anhydride (0.5g, 1.42 mmol) and benzyl carbazate (0.36 g, 2.13 

mmol) were dissolved in DMSO (1.0 ml) and then stirred at room temperature for 2 

h. To the reaction mixture was added CH2Cl2 (10 ml) then washed with 1N HCl ( 2 x 

10 ml) and sat NaCl (2 x 10 ml), dried over MgSO4 and concentrated on vacuo. A 

white solid was obtained which was then washed with diethyl ether (2 x 10 ml) and  

dried under vacuum.  Isolated yield was (0.65 g, 88%). 1H NMR (600 MHz, DMSO) δH/ppm: 9.71 (1H, 

s, NH), 9.15 (1H, s, NH), 7.88 (2H, d, J = 7.9 Hz, Fmoc),  7.73 (2H, t, J = 8.2 Hz,  Fmoc), 7.48 – 7.15 

(9H, m, 4 x Fmoc, 5 x Ar), 5.06 (2H, s, Ar), 4.32 – 4.16 (3H, m, Fmoc-CH2, Fmoc-H), 4.05 – 4.95 (1H, 

m, CH), 2.32 – 1.99 (2H, m, CH2), 1.95 – 1.72 (2H, m, CH2). 13C NMR (151 MHz, DMSO) δC/ppm:  

171.7, 169.1, 156.2, 155.0 (C=O), 143.9, 140.7 (Fmoc), 136.6 (Ar), 128.5 (Ar), 128.1 (Ar), 127.9 (Ar), 

127.7 , 127.1, 125.4, 120.2 (Fmoc), 65.9 (Fmoc-CH2), 64.9 (Ar), 54.9 (CH2), 52.7 (CH), 46.5 (Fmoc-

CH), 29.8 (CH2). ESI-MS: m/z calculated for C28H28N3O7[M + H]
 +

, 518.1927  observed  [M+H]
+

 

518.1928 
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N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N5-(((2-chlorophenyl)diphenylmethyl)amino)-L-glutamine 
53. 

Fmoc-glutamic anhydride (0.5 g, 1.42 mmol) and 2-chlorotrityl hydrazine  (0.66 g, 

2.14 mmol) were dissolved in DMSO (1.0 ml) and stirred at room temperature for 

overnight. To the reaction mixture was added CH2Cl2 (10 ml) and then washed with 

1N HCl (2 x 10 ml) and sat NaCl (2 x 10 ml), dried over MgSO4 and concentrated 

on vacuo. A viscous oil was obtained which was recrystalised with Pet/EtOAc to 

yield a white solid product (0.68 g, 73%).  1H NMR (600 MHz, DMSO) δH/ppm: 9.14 (1H, d, J = 8.1  

Hz, NH), 7.89 (2H, d, J= 7.5 Hz, Fmoc), 7.79 (1H, d, J= 7.70, Trt), 7.68 (2H, d, J= 7.75, Fmoc), 7.45 

– 7.14 (17H, m, 4 x Fmoc, 13 x Trt), 6.1 (1H, d, J = 8.1 Hz, NH), 4.27 – 4.15 (3H, m, Fmoc-CH2, Fmoc-

H), 3.66 – 3.59 (1H, m, CH), 1.81 (2H, m, CH2), 1.54 – 1.36 (2H, m, CH2). 
13C NMR (151 MHz, 

DMSO) δC/ppm: 176.1,  170.2, 155.4 (C=O), 143.9 (Fmoc), 143.8 (Trt), 142.4 (Trt), 140.7 (Fmoc), 

133.7  (Trt), 131.6, 131.4, 128.9, 128.3, 127.6, 127.1, 126.5, 126.2, 125.2, 120.2, 73.0, 65.4 (Fmoc-

CH2), 54.9 (CH), 46.8 (Fmoc-CH), 30.7, 27.3. ESI-MS: m/z calculated for C39H35 ClN3O5 [M+H]
+

 

660.2265, observed  [M+H]
+

 660.2252 

 

N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N4-((tert-butoxycarbonyl)amino)asparagine 54.  

Fmoc-L-aspartic anhydride (1.0 g, 3.0 mmol) and tert-butyl carbazate (0.59 g, 4.5 

mmol) were dissolved in DMSO (1.0 mL) and stirred at room temperature for 1 h. 

After this time, water (5 mL) was added, and the reaction mixture was extracted into 

DCM (10 mL). The organic layer was washed with HCl (1M, 10 mL) and brine (10 

mL), and then dried with MgSO4. The solvent was evaporated to afford 4 as a white 

solid (1.08 g, 77%). 
1

H NMR (600 MHz, DMSO) δC/ppm: 12.72 (1H, s, OH), 9.61 (1H, s, NH), 8.80 

(1H, d,  J = 7.0 Hz, NH), 7.89 (2H, d, J = 7.4 Hz, Fmoc), 7.77-7.70 (2H, m, Fmoc), 7.58 (1H, d, J = 8.4 

Hz, NH), 7.42 (2H, t, J = 7.4 Hz, Fmoc), 7.33 (2H, dt, J = 7.4, 3.2 Hz, Fmoc), 4.45-4.35 (1H, m, CH), 

4.29 – 4.19 (3H, m, Fmoc- CH2, Fmoc-CH), 2.69-2.54 (2H, m, β-CH2), 1.39 (9H, s, t-butyl). 
13

C NMR 

(151 MHz, DMSO) δC/ppm: 173.0, 169.0, 155.9, 155.3, 143.8, 143.7, 127.7, 127.2, 125.3, 120.2, 79.3, 

65.8, 54.9, 46.6, 40.2, 34.8, 28.1. ESI-MS: Calc m/z for C24H28N3O7 [M+H]+ = 470.1927, observed 

m/z = 470.1921.  
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N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N4-(((benzyloxy)carbonyl)amino)asparagine 55.  

Fmoc-L-aspartic anhydride (0.5 g, 1.5 mmol, 1 eq) and benzyl carbazate (0.369 

g, 2.2 mmol, 1.5 eq) were dissolved in DMSO (0.5 mL) and stirred at room 

temperature for 1 h. After this time, water (5 mL) was added and the reaction 

mixture was extracted into DCM (10 mL). The organic layer was washed with 

HCl (1M, 10 mL) then brine (10 mL), dried (MgSO4) and solvent evaporated to 

afford 55 as a white foam (0.47 g, 63%). 
1

H NMR (600 MHz, DMSO) δ 9.26 (1H, s, NH), 7.88 (2H, 

d, J = 7.4 Hz, Fmoc), 7.71 (2H, d, J = 7.4 Hz, Fmoc), 7.57 – 7.47 (1H, m, NH), 7.41 (2H, t, J = 1.4 

Hz, Fmoc), 7.39 – 7.34 (5H, m, ArH), 7.33 (2H, d, J = 7.4 Hz, Fmoc), 5.07 (2H, s, CH2Ph), 4.45 – 

4.35 (1H, m, CH), 4.28 – 4.11 (3H, m, Fmoc-CH2, Fmoc-H), 2.69-2.53 (2H, m, β-CH2). 
13

C NMR 

(151 MHz, DMSO) δ 173.0, 169.1, 156.2, 155.9, 143.8, 140.7, 136.6, 128.5, 128.1, 127.9, 127.7, 

127.2, 125.4, 120.2, 65.9, 65.7, 54.9, 46.6, 34.9. ESI-MS: Calc m/z for C27H26N3O7 [M+H]+ = 

504.1765, observed m/z = 504.1776.  

N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N4-(((2-chlorophenyl)diphenylmethyl)amino)-L-asparagine 
56. 
 

Fmoc-aspartic anhydride (1.0 g, 2.97 mmol) and 2-chlorotrityl hydrazine  (1.22 g, 3.96 

mmol) were dissolved in DMSO (3.0 ml) and stirred at room temperature for overnight. 

To the reaction mixture was added CH2Cl2 (10 ml) and then washed with 1N HCl (2 x 

10 ml) and sat NaCl (2 x 10 ml), dried over MgSO4 and concentrated on vacuo. A 

viscous oil was obtained which was recrystalised with Pet/EtOAc to yield a white solid product (1.34 

g, 70%). 1H NMR (600 MHz, DMSO) δ 7.90 (2H, d, J = 7.4 Hz, Fmoc), 7.73 (1H, d, J = 7.9 Hz, Trt), 

7.70 – 7.66 (2H, m, Fmoc), 7.47 – 7.23 (15H, m, 13 x Trt, 2 x Fmoc), 7.23 – 7.15 (2H, m, Fmoc), 6.14 

(1H, d, J = 7.4 Hz, NH), 4.28 - 4.18 (3H, m, Fmoc-CH2, Fmoc-H), 4.15 – 4.09 (1H, m, CH), 2.14 - 

2.04 (m, 2H, CH2). 
13C NMR (151 MHz, CDCl3) δ 173.17, 167.07, 155.93, 146.08, 144.15, 143.84, 

140.76, 133.71, 131.51, 131.48, 127.86, 120.76, 73.55, 54.97 (CH), 46.67 (Fmoc-CH), 30.75 (CH2). 

LCMS Calc m/z C38H33ClN3O5 [M+H]+ = 646.21, observed m/z =  646.72 

 

((2-Chlorophenyl)diphenylmethyl)hydrazine 58. 
 

A solution of 2-chlorotrityl chloride (1.5 g, 4.8 mmol) in THF (5 mL) was added dropwise 

to a solution of hydrazine hydrate (0.77 g, 24 mmol) in THF (10 mL) and stirred at room 

temperature overnight. After, the solvent was removed under vacuum. The resulting oil 

was recrystalised from ethanol to afford ((2-Chlorophenyl)diphenylmethyl)hydrazine  as 

a white solid (71%, 0.8 g, 2.6 mmol).  1H NMR (600 MHz, CDCl3) δ 7.63 (1H, dd, J = 7.3, 2.4 Hz, Ar), 
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7.49 – 7.45 (4H, m, Ar), 7.42 – 7.36 (1H, dd, J = 2.4, 1.4 Hz, Ar), 7.33 – 7.24 (6H, m, Ar), 7.21 (2H, 

m, Ar). 13C NMR (151 MHz, CDCl3) δ 145.6, 133.2, 131.2, 128.6, 128.4, 128.1, 126.7, 126.3, 73.1.  

ESI-MS: m/z calculated for C19H18ClN2 [M + H]+, 309.1158, observed m/z = 309.1152. 

 

Synthesis of IFN (76-83) with Glu hydrazide 59 
 

 

IFN (76 - 83) with glutamic hydrazide at position 80 was constructed using the general method for 

manual peptide synthesis with Fmoc-Gly-NovaSyn-TGT used as the resin preloaded with Fmoc 

glycine.  2-Chlorotrityl glutamic hydrazide was employed for the coupling of glutamic hydrazide at 

position 80.  After lyophilisation of the semi-preparative reverse phase (RP) HPLC fractions (tR  = 25.5 

min), peptide hydrazide was isolated as a white fluffy solid (10 mg, 20%) yield. The peptide was 

characterised by mass spectrometry. ESI-MS: m/z calculated for C42H65N12O16[M+H]
+

 993.4641, 

found [M+H] 993.4631 

 

Synthesis of IFN (76-83) with Aspartic side chain benzyl ester 63. 
 

 

IFN (76 - 83) with Asp side chain benzyl ester at position 80 was constructed using the general method 

for manual peptide synthesis with Fmoc-Gly-NovaSyn-TGT used as the resin preloaded with Fmoc 

glycine (0.05 mmol).  Fmoc-L-aspartic acid 4-benzyl ester was used for the coupling of Asp(OBzl)-OH 

at position 80.  After lyophilisation of the semi-preparative reverse phase (RP) HPLC fractions (tR  = 

35.5 min), peptide ester was isolated as a white fluffy solid  (9.6 mg, 19%). The peptide was 

characterised by mass spectrometry. ESI-MS: m/z calculated for C48H67N10O17[M+H]
+

 1056.48, found 

[M+H] 1056.39.  
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Synthesis of IFN (76-83) with Aspartic side chain hydrazide 60 
 

 

50 -60% Hydrazine hydrate (200 𝜇mol)  was added to (8 mg, 7.59 𝜇mol) of peptide benzyl ester 63 

dissolved in 8 ml of water. The mixture was stirred at room temperature for 1 h and hydrazinolysis was 

monitored by LC-MS. The crude mixture was purified on  RP-HPLC (tR = 26.0 min) and lyophilised to 

yield the hydrazide (6.8 mg, 92%). ESI-MS: m/z calculated for C41H63N12O16[M]
+

 979.4485, found 

[M+H] 979.4484 

 

General method for one-pot peptide hydrazides activation using ACAC and their ligations with sugar-
linked auxiliaries 

 
Peptide hydrazides were dissolved in ligation buffer comprised of 0.1M sodium phosphate buffer pH 

3.0-4.0 and 6.0 M guanidinium hydrochloride to a concentration of 2 mg/ml. To the peptide solution  

was added 0.25 M acetylacetone (125 mg, 1.25 mmol) and MPAA (168 mg, 1.0 mmol) dissolved in the 

same buffer. The mixture was stirred for 2 h at room temperature. After 2h, the ligating sugar-linked 

auxiliary (1 – 2 eq) and 60 mM TCEP (75 mg, 0.3 mmol) were directly added to the reaction mixture 

and the pH adjusted to pH 7.0 using 2 M NaOH. The reactions were left stirring at room temperature 

and monitored by LC-MS for completion.  

 

Synthesis of a side-chain aspartic  glycopeptide 65. 
 

 

 

Glycopeptide 65 was synthesised following  the general method for ligations using the general method 

for one-pot ACAC activation and ligation.  

Peptide hydrazide (10 mg, 10.0 𝜇mol) dissolved with 5 ml of the ligation buffer, 47 (6.9 mg, 0.01 mmol, 

1.2 eq) and TCEP (75 mg, 0.3 mmol) were employed in the ligation reaction. The reaction was 
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completed after 3 d and the crude mixture was  purified by RP-HPLC (tR  = 39.5  min) and lyophilised 

to yield the titled compound (1.5 mg, >10%). C66H95N12O27S[M]
+

 1519.6150, found [M+H]
+

 

1519.6149 

 

Synthesis of a side chain glutamic glycopeptide 66. 
 

 

Glycopeptide 66 was synthesised following  the general method for ligations using the general method 

for one-pot ACAC activation and ligation.  

 

Peptide hydrazide (10 mg, 10.0 𝜇mol) dissolved with 5 ml of the ligation buffer and 47 (7 mg, 0.01 

mmol, 1.2 eq)  were employed in the ligation reaction. The reaction was completed after 3 d and the 

crude mixture was  purified by RP- HPLC (tR = 38.5 min) and lyophilised to yield the titled compound 

(7.0 mg, 45%). C67H97N12O27S[M]
+

 1533.6307, found [M+H] ]
+

 1533.6310 

 

Expression of myoglobin thioester 76. 
 

E. coli DH10B was co-transformed with pBK-ThioDRS and pMyo4TAG-pylT. Successfully 

transformed clones were selected on LB-KT agar plates; agar plates supplemented with kanamycin (25 

µg/ml) and tetracycline (12.5 µg/ml). A single colony was picked and inoculated into LB-KT medium 

(10.0 mL) and grown overnight with shaking (250 rpm) at 37 ℃. The culture was then diluted 100-fold 

(5 mL to 500 mL) into LB-KT and grown at 37 ℃. When the OD600 = 0.2, solid ThioD was directly 

added to the culture to a final concentration of 2 mM, and the culture was grown for another 30 min at 

37 ℃ before induction with 0.2% arabinose. The induced cells were grown for 6 h at 37 ℃. The cells 

were pelleted by centrifugation at 8000 rpm for 10 min. The cells were resuspended in His-Bind buffer 

(50 mM Tris.HCl, 0.5 M NaCl, 5 mM imidazole; pH 8.0) and lysed with a sonic disruptor (10 x 30s 

cycles) in the presence of protease inhibitors. Insoluble protein and cell debris were removed by 

centrifugation at 10000 rpm for 15 min. The protein was purified by Ni2+ affinity chromatography, 

eluting from the column in 50 mM Tris. HCl, 0.5 M NaCl, 250 mM imidazole; pH 8.0. Prior to analysis 

and ligation reactions, samples were buffer-exchanged into 50 mM sodium phosphate buffer (pH 8.0), 

and concentrated, using an Amicon Ultra-15 centrifugal filter unit (3000 MWCO) according to the 
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manufacturer’s instructions. 2.6 mg/ml of protein thioester in buffer was obtained. Protein 

concentrations were determined using the beer lambert equation measuring absorbance at 409 nm and 

using an extinction coefficient of 164 000.314 Sodium dodecyl sulphate polyacrylamide gel (4 - 20%) 

electrophoresis (SDS-PAGE) and ESI-MS were used to analyse the purified proteins. Expected mass 

[M+H], 18556.0 Da , found [M+H]+ , 18555.0 Da.  

 

Carbamic acid, N-(2-hydroxyethyl)-, cyclopentyl ester 70.141  

To a solution of triphosgene (4.50 g, 18.2 mmol) in dry CH2Cl2 (14.0 mL) was added 

cyclopentanol (4.5 ml, 0.06 mol) dropwise over 7 min with stirring in an ice bath. A 

solution of dry pyridine (4.4 ml, 0.06 mol) in dry CH2Cl2 (2.7 ml) was added dropwise to 

the mixture over 35 min and stirring continued for 2 h. The mixture was diluted with 

CH2Cl2 (25 ml) and washed with ice cold H2O (3 x 15 ml). The organic phase was dried 

with MgSO4 and concentrated in vacuo to give crude cyclopentylchloroformate which was used without 

further purification. Ethanolamine hydrochloride (20.0 g, 0.21 mol) and NaOH (8.0 g, 0.21 mol) were 

dissolved in H2O (90 ml) and THF (50 ml) in a 2-neck RBF (250 ml). The solution was chilled in a 

brine/ice bath for 5 min. A solution of the cyclopentylchloroformate in THF (40 ml) was placed into an 

addition funnel and added dropwise to the ethanolamine for over 35 min with the mixture stirring. The 

solution was left to stir in the brine-ice bath for an additional 2 h, and then taken out of the ice bath and 

stirred for an extra 1 h. EtOAc (150 ml) was added and the mixture was washed with 2N HCl (2 x 25 

ml), H2O (3 x 25 ml), and the combined aqueous phases were extracted with CH2Cl2 (4 x 25 ml). The 

combined organic phases were dried with MgSO4 and concentrated to give the crude product.  The crude 

product was flash chromatographed on silica gel with EtOAc/hexanes 1:1 →100:0 to afford 70 (2.10 g, 

67%) as a white solid. 
1

H NMR (400 MHz, CDCl3) δH/ppm:  5.17 – 4.90 (m, 2H, OCH, OH), 3.67 (m, 

2H, OCH2), 3.32 (m, 2H, NCH2), 1.90 – 1.46 (m, 8H, 4 x CH2). 
13

C NMR (400 MHz, CDCl3) δC/ppm: 

157.3, 62.4, 60.3, 43.1, 32.3, 23.6. ESI-MS: m/z calculated for C8H15NO3[M]
+

 173.11, found [M+Na] 

196.09. 

Data matched reported lit data for the same compound.  

Carbamic acid, N-[2-[[4-methylphenylsulfonyl]oxy]ethyl]-, cyclopentyl ester 71.141 

To a cold solution of 70 (2.00 g, 11.6 mmol) in CH2Cl2 (23 ml) was added Et3N (3.65 ml, 

26.2 mmol) in one portion. To the mixture was added tosyl chloride (2.7 g, 14.2 mmol) 

in CH2Cl2 (17 ml) and the dark brown solution was stirred for 29 h at ambient temperature. 

CH2Cl2 (11 ml) was then added.  The organic layer was washed with 10% w/v citric acid 

(3 x 10 ml) chilled for 5 min on ice. The organic phase was washed with brine (10 ml), dried with 

MgSO4, and concentrated. The crude product was flash chromatographed on silica gel with 
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EtOAc/hexanes 3:1 → 100:0 to afford the tosylate 71 (1.40 g, 44%) as a light-yellow oil. 
1

H NMR (400 

MHz, CDCl3) δH/ppm: 7.78 (d, 2H, J = 8.4 Hz, PMB ), 7.35 (d, 2H, J = 8.4 Hz, PMB), 5.08 - 4.98 (m, 

1H), 4.98 – 4.80 (m, 1H, OCH), 4.10 - 4.00 (m, 2H, OCH2), 3.42 (q, 2H, J = 5.6, 10.8 Hz, NCH2), 2.50 

(s, 3H, CH3), 1.89 – 1.47 (m, 8H, 4 x CH2).
 13

C NMR (500 MHz, CDCl3) δC/ppm: 156.0, 145.3, 132.7, 

130.0, 128.1, 69.4, 60.3, 40.1, 32.8, 23.6, 21.8.  ESI-MS: m/z calculated for C15H21NO5S[M]
+

 327.11, 

found [M+Na] 350.09. 

Data matched reported lit data for the same compound.  

 

Boc-Asp(STrt)-Ot -Bu 73.141 

Boc-Asp(OH)-Ot -Bu (1.41g, 4.88 mmol), 4-(dimethylamino)pyridine (0.06 g, 0.49 

mmol) and triphenylmethanethiol (2.70 g, 9.88 mmol) were dissolved in dry CH2Cl2 

(7.5 ml) and cooled to 0 °C. To the mixture was added N`,`N-dicyclohexylcarbodiimide 

(1.51 g, 7.32 mmol) and stirred for 4 h at room temperature. The reaction mixture was 

evaporated to dryness in vacuo and the crude product was flash chromatographed on 

silica gel with EtOAc/hexanes 1:19 1:9 to afford 73 (2.50 g, 95%) as a pale-yellow oil. 
1

H NMR (400 

MHz, CDCl3) δH/ppm: 7.30 – 7.15 (m, 15H, Trt), 5.32 (d, J =8.53, 1H, Boc-NH), 4.35 – 4.26 (m, 1H, 

CH), 3.16 (dd, 1H, J =16.6, 4.8, CH2), 3.02 (dd, 1H,  J =16.6, 4.8, CH2), 1.43 (s, 9H, 3 x CH3), 1.37 (s, 

9H, 3 x CH3). 
13

C NMR (500 MHz, CDCl3) δC/ppm: 194.9, 170.0, 155.5, 143.8, 129.9, 128.0, 127.3, 

82.3, 79.8, 71.1, 51.0, 44.9, 31.2, 28.2. ESI-MS: m/z calculated for C32H37NO5S[M]
+

, 547.24, found 

[M+Na], 570.2270. 

Data matched reported lit data for the same compound.  

 

Boc-NH-(ThioD)-OtBu 74.141 

Boc-Asp(STrt)-OtBu 73 (1.02 g, 1.78 mmol) was dissolved in dry CH2Cl2 (39 ml), and 

the solution was sparged. With stirring, sparged Et3SiH (0.86 ml, 5.3 mmol) was added 

in one portion. The mixture was submerged in an ice bath and to it was added sparged 

TFA (1.40 ml) dropwise over 3 min and a yellow colour appeared. The ice bath was 

removed once the addition was complete, and the yellow solution stirred for further 5 

additional min and immediately evaporated. The yellow cation disappeared within 5 min 

on the rotary evaporator and the white solid remaining was evaporatorated further for 

1.5 h at reduced pressure.  Sparged dry DMF (2.0 ml) was added to the flask submerged in an ice bath. 
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K2CO3 (4.85 g, 35.1 mmol) was calcined at 160 °C and added in one portion to the flask; effervescence 

was observed. 71 (1.29 g, 3.96 mmol) in dry DMF (0.75 ml) was added dropwise over 2 min. The slurry 

was stirred for 16 h. DMF was removed by evaporation with n-heptane (2 x 5 ml). The remaining 

mixture was partitioned between EtOAc (80 ml) and H2O (30 ml). The organic layer was washed with 

2N H2SO4 (5 ml), H2O (5 ml), and brine (5 ml). The solution was dried with MgSO4 and filtered. The 

crude product was flash chromatographed on silica gel with EtOAc/hexanes 5:95  to afford pure 35  

(0.55 g, 62%) as a light-yellow oil. 
1

H NMR (400 MHz, CDCl3) δH/ppm: 5.50 – 5.26 (m, 1H, OCH), 

5.26 – 4.57 (m, 2H, 2 x NH), 4.5 – 4.3 (m, 1H, NCH), 3.46 - 3.18 (m, 2H, CH2), 3.18 – 2.94 (m, 4H, 2 

x CH2), 1.88 – 1.50 (m, 8H, 4 x CH2) 1.44 (s, 18H, 6 x CH3). 
13

C NMR (400 MHz, CDCl3) δC/ppm: 

196.4, 156.0, 155.3, 81.3, 79.8, 77.6, 50.8, 46.0, 40.1, 33.0, 29.4, 28.3, 28.1, 28.0, 23.7. ESI-MS: m/z 

calculated for C21H36N2O7S[M]
+

460.59, found [M+H] 460.62 

Data matched reported lit data for the same compound.  

 

ThioD 75.141 

To a stirred ice-cold solution of 74 (0.33 g, 0.72 mmol) in dry CH2Cl2 (5.34) was added 

Et3SiH (0.24 ml, 1.48 mmol) in one portion, followed by the dropwise addition of TFA 

(1.78 ml) over 2 min. The solution was removed from the ice bath and allowed to stir for 

24 h. The solvent was removed, and the residue co-evaporated with acetone (2 x 5 ml). 

MeOH (1 ml) was added, Et2O (2.5 ml) was added to complete precipitation, and the 

solvent was evaporated. Lastly, co-evaporation with 1:1 Et2O-acetone (5 ml), and the 

foam was suspended in EtOH (4 ml), Et2O (10 ml) was added to complete precipitation, 

followed by evaporation of the solvent. The resulting foam was triturated with 1:1 CH2Cl2-Et2O (2 x 4 

ml), and the resulting solid was washed with n-hexane (2 x 5 ml) to afford 75 (0.08 g, 37%). 
1

H NMR 

(600 MHz, D2O) δH/ppm: 5.10 (m, 1H, OCH), 4.19 (m, 1H, NCH), 3.40 (m, 4H, OCH2), 3.17 (m, 2H, 

NCH2), 1.91 – 1.67 (m, 8H, 4 x CH2). ESI-MS: m/z calculated for C12H20N2O5S[M]
+

, 304.11, found 

[M+H], 305.12. 

Data matched reported lit data for the same compound.  
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Hydrazinolysis of protein thioester 76 to protein hydrazide 77. 

 

30% hydrazine hydrate (200 𝜇L) was added to 76 (0.35 mg, 18.9 nmol) dissolved in 0.5 ml of 50 mM 

sodium phosphate buffer pH 7.0. The mixture was stirred at room temperature for 2 - 4 h and 

hydrazinolysis was monitored by LC-MS with 100% conversion to 77 observed after 4 h. Product was 

not isolated. ESI-MS: m/z calculated [M+H], 18397.0 Da, found [M+H] 18398.0 Da 

 

 

N-2-phenyl-2-(tritylthio)ethyl, 2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl 
methylamine 80 
 

Glycosyl amine 43 (121 mg, 0.34 mmol) was dissolved in a mixture of 2% 

AcOH in dichloromethane (6 ml).  2-mercapto-2-phenethyl auxiliary 79 (166 

mg, 0.42 mmol) was added along with sodium triacetoxyborohydride (0.36 g, 

1.68 mmol). The reaction mixture was stirred at room temperature for 4 hours 

until TLC showed complete consumption of the starting material. The mixture was then diluted with 

dichloromethane (10 mL), washed with saturated sodium bicarbonate (10 mL) and saturated sodium 

chloride (2 x 10 mL). The organic phase was then dried over MgSO4, filtered under gravity and 

concentrated in vacuo to produce a pale-yellow oil. The crude product was purified by flash 

chromatography with EtOAc as the eluant, ramping up to 9:1 EtOAc/MeOH. The eluted product was 

concentrated to produce 80 as a viscous yellow oil (132 mg, 50%). 1H NMR (600 MHz, CDCl3) δH/ppm 

7.40-7.35 (12H, m, ArH), 7.27-7.15 (22H, m, ArH), 7.07-7.03 (4H, m, ArH), 5.01-4.86 (4H, m, H-3, 

H-4), 4.14-4.04 (4H, m,H-6a, H-6b), 3.93 – 3.86 (4H, m, H-2), 3.62 (1H, m, SCH), 3.50 – 3.39 (2H, m, 

H-5), 3.36 – 3.30 (2H, 2 x d, J = 9.7, H-1), 3.28 – 3.20 (1H, m, CH2), 3.16 – 3.10 (1H, m, CH2), 2.79 – 

2.71 (1H, m, CH2), 2.66 – 2.60 (1H, m, CH2), 2.42 – 2.33 (2H, m, CH2), 2.28 – 2.23 (1H, m, CH2), 2.21 

– 2.15 (1H, m, CH2), 2.05 (24H, m, OAc). 13C NMR (126 MHz, CDCl3) δC/ppm 171.7, 170.8, 170.0, 

169.4, 146.8, 144.8, 129.9 128.6, 128.5, 128.2, 128.1, 128.0, 127.9, 127.2, 126.8, 126.8, 75.6, 74.5, 

74.4, 68.9, 68.4, 62.5, 62.4, 55.4, 53.6, 52.3, 52.1, 50.4, 49.7, 31.6, 30.5, 30.3, 29.8, 23.4, 23.3, 20.8, 

20.8. ESI-MS: m/z calculated for C42H47N2O8S [M+H]+, 739.3053, found [M+H], 739.3030 
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(pH 7.0), rt, 2 - 4 h



Semi-synthesis of glycoproteins by auxiliary mediated native chemical ligation 

 

 163 

N-2-mercapto-2-phenylethyl, 2-acetamido-2-deoxy-3, 4, 6-tri-O-acetyl--D-glucopyranosyl 
methylamine 81. 

 
80 (7 mg, 9.47 µmol) was dissolved in 95:5 DCM/TES (1.9 mL) and TFA (0.1 

mL). The mixture was stirred at room temperature. After 2 hours, TLC showed 

complete consumption of the starting material and the reaction was concentrated 

in vacuo. The resulting orange oil was washed with diethyl ether (3 x 5 mL) and 

again concentrated in vacuo to yield 81 (4.1 mg, 8.26 µmol, 96%) as a clear viscous oil which was used 

in ligation reactions without further purification. 1H NMR (400 MHz, CDCl3) δH/ppm 7.42-7.26 (10H, 

m, ArH), 5.15-5.00 (4H, m, H-3, H-4), 4.47 – 4.28 (2H, m, H-1), 4.22 - 4.10 (2H, m,H-6a, H-6b), 4.02 

– 3.25 (14H, m, 2 x CH2, H-2, H-5, SCH), 2.12-1.92 (24H, m, COCH3). 
13C NMR (126 MHz, CDCl3) 

δC/ppm 175.5, 174.4, 173.9, 173.6, 140.3, 140.1, 130.4, 130.3, 129.7, 129.6, 127.8, 127.7, 75.6, 75.5, 

74.2, 74.1, 73.8, 69.2, 57.9, 54.8, 54.6, 52.0, 49.9, 41.4, 40.0, 39.8, 22.6, 22.6, 20.9, 20.8, 20.71. ESI-

MS: m/z calculated for C23H33N2O8S [M+H]+, 497.1958, found ESI [M+H], 497.1952. 

 

Ligations of sugar-linked auxiliary 81 with peptide thioester 28 to glycoconjugate 82. 

 

28 (10 mg, 9.2 𝜇mol) was dissolved in ligation buffer (5 ml) comprised of 0.1M sodium phosphate 

buffer pH 7.0 and 6.0 M guanidinium hydrochloride. To the solution was added 81 (5.8 mg, 11.7 𝜇mol, 

1.2 eq) dissolved  in the same ligation buffer (5.0 ml) and MPAA (0.5 g, 3.0 mmol) dissolved in 0.5 ml 

of same ligation buffer. 60 mM TCEP (260 mg, 1.04 mmol) was then added and the reaction stirred at 

room temperature being monitored on LC-MS. After 16 h, the crude mixture was  purified by RP- 

HPLC (tR  = 39.0 min) and lyophilised to yield 82 (2.5 mg, 37%). ESI-MS: m/z calculated for 

C64H91N13O23S [M + H]+ 1442.62, found [M+H]+ 1443.73 
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Ligations of sugar-linked auxiliary 81 with peptide hydrazide 60 to glycoconjugate 83. 

 

83 was synthesised following  the general method for ligations using the general method for one-pot 

ACAC activation and ligation.  

Peptide hydrazide 60 (10 mg, 10.2 𝜇mol) dissolved in ligation buffer (5 ml) and 81 (5.8 mg, 0.01 mmol, 

1.2 eq) were employed in the ligation reaction. The reaction was completed after 12 h and the crude 

mixture was  purified by RP-HPLC (tR  = 40.5  min) and lyophilised to yield diastereomers of 83 (4 mg, 

34%). ESI-MS: m/z calculated for C64H91N12O24S [M + H]+ 1443.56, found [M+H]+ 1443.69 

Cleavage of the 2-mercapto-2-phenethyl auxiliary from the glycoconjugates. 

 

Synthesis of glycopeptide 84. 

 

Glycopeptide 82 (1.8 mg, 1.25 μmol) was dissolved in  0.5 ml solution of 2M morpholine in dionised 

water. TCEP (62.5 mg, 0.25 mmol) was added to the reaction  and the pH was adjusted to pH  8.5 using 

2M NaOH solution. The mixture was stirred at rt for 5 h. The crude mixture was  purified by RP-HPLC 

(tR  = 31.0 min) and lyophilised to yield 84 (1.2 mg, 74%). ESI-MS: m/z calculated for C56H84N13O23 

[M + H]+ 1306.58, found [M+H]+ 1307.00 
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Synthesis of glycopeptide 85. 

 

Glycopeptide 83 (4 mg, 2.77 μM) was dissolved in  0.5 ml solution of 2M morpholine in dionised water. 

TCEP (62.5 mg, 0.25 mmol) was then added to the reaction and the pH was adjusted to pH 8.5 using 

2M NaOH solution. The mixture was stirred at rt for 16 h. The crude mixture was purified by RP-HPLC 

(tR  = 31.0 min) and lyophilised to yield the titled compound (3.0 mg, 83%). ESI-MS: m/z calculated 

for C56H83N12O24 [M + H]+ 1307.56, found [M+H]+ 1307.46 

 

 

Ligation of myoglobin thioester with sugar-linked auxiliary 81. 

 

76 (0.35 mg, 18.9 nmol) dissolved in 50 mM sodium phosphate buffer pH 7.0 (0.5 ml) was added to a 

reaction vessel. To the solution was added excess 81 (1 – 5 mg, 108 – 540 eq) and TCEP (0.25 mg, 1.0 

𝜇mol). The reaction mixture was mixed in a thermomixer for 18 h at 37 ℃. The formation of 86 was 

monitored by LC-MS. After 18 h, the reaction was stopped as no further changes to the LC-MS spectra 

were observed. 86 was not isolated. ESI-MS: m/z calculated for 86 [M + H]+ 18863.0 Da, found 

[M+H]+ 18862.0 Da.  
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Compound 13 
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Imine 1H NMR  
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Compound 76 (sperm whale myoglobin with thioD at position 4) 
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559.6635

800.6372
837.1722

876.9970

877.1370

920.8817

969.1761

969.8060

1083.1246

1150.7388

1227.5925
1315.0857

combined and buff exchanged  in 0.5 mL

mass
10000 15000 20000 25000 30000

%

0

100

MYO4TAG_ThioD_3_conc_  178 (3.281) M1 [Ev0,It10] (Gs,1.500,542:1332,1.00,L33,R33); Cm (156:193)
4.98e718555.0

18635.0

18674.0
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Compound 77 (myoglobin hydrazide) 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N2H5

O

combined and buff exchanged  in 0.5 mL_5% hydrazine

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

%

0

100

MYO4TAG_ThioD_3_conc_Hydraz_2h 1: Scan ES+ 
TIC

2.41e9

3.12

3.02

3.21

3.28

3.45

3.73

9.81

combined and buff exchanged  in 0.5 mL_5% hydrazine

m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

%

0

100

MYO4TAG_ThioD_3_conc_Hydraz_2h 169 (3.115) Cm (147:199) 1: Scan ES+ 
3.71e6767.5319736.8763

708.6005

682.3546

658.2082

635.5317

635.2518

613.9752

594.3782

575.9011

559.8035

543.3561

800.8472

837.1722

837.3123

877.0671

877.2071

921.0917

969.3161

1023.1404

1083.3346 1150.8086

1227.3823 1314.9458

combined and buff exchanged  in 0.5 mL_5% hydrazine

mass
10000 15000 20000 25000 30000

%

0

100

MYO4TAG_ThioD_3_conc_Hydraz_2h  169 (3.115) M1 [Ev-61914,It14] (Gs,1.000,474:1330,1.00,L33,R33); Cm (147:199)
5.26e718398.0000

18439.0000

18478.0000
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Compound 86 

 

 

 
 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

O

N

O

NHAc

OAc
OAcAcO

Ph SH

prep4 CLAux 2h_37C

m/z
500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350

%

0

100

MYO4TAG_ThioD_4_conc_CLAux_noMPAA_2h 176 (3.244) Cm (158:203) 1: Scan ES+ 
3.66e6714.1996

687.7437

663.5974

640.5709

640.0810

619.3643

599.2773

580.9402

577.0209

714.6196

742.9655

774.1110

807.6362

844.1014

844.4513
884.2761

884.7661

928.5107

929.0707
977.3652

929.6306 977.9951

1031.6794
1092.3636

prep4 CLAux 2h_37C

mass
16750 17000 17250 17500 17750 18000 18250 18500 18750 19000 19250 19500 19750 20000

%

0

100

MYO4TAG_ThioD_4_conc_CLAux_noMPAA_2h  176 (3.244) M1 [Ev-68252,It23] (Gs,1.000,449:1382,1.00,L33,R33); Cm (158:195) 1: Scan ES+ 
2.80e718540.0000

18366.000017900.000017290.0000

18554.0000

18861.0000

18573.0000

19064.0000
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Compound 87  

 

 
 

 

 
 

 
 

 

 

 

 

 

 

O

N

O

NHAc

OAc
OAcAcO

Ph S

NH

O

NHAc

AcO
AcO

OAc

Ph
S

prep4 CLAux 16h_37C

m/z
500 550 600 650 700 750 800 850 900 950 1000 1050

%

0

100

MYO4TAG_ThioD_4_conc_CLAux_noMPAA_16h  175 (3.226) Sm (SG, 3x1.00); Cm (160:211) 1: Scan ES+ 
2.92e6807.78

688.16

663.60

613.14

599.21585.14

581.08

640.50

743.11
714.41

718.19

774.32

745.63

795.11

844.17

811.56

829.47

884.77

881.48

847.32

928.44

923.19

1019.36
977.93

1020.34

prep4 CLAux 16h_37C

mass
16500 17000 17500 18000 18500 19000 19500 20000 20500 21000 21500

%

0

100

MYO4TAG_ThioD_4_conc_CLAux_noMPAA_16h  175 (3.226) Sm (SG, 3x1.00); Sm (SG, 2x1.00); Sm (SG, 2x0.75); M1 [Ev-49500,It23] (Gs,1.000,500:1135,1.00,L33,R33); Cm (155:208)
1.05e718549.00

18567.00

19358.00

18581.00

19369.00
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