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Cduvtcev 
 

Ŭ-Dystroglycan (Ŭ-DG) is a cell surface protein found on the membranes 

of peripheral nerve, skeletal muscle, and brain tissues. Heavily 

glycosylated, one of its glycans, known as core M3, is essential for 

mediating interactions between the cell and laminins in the extracellular 

matrix. Disruptions in the normal biosynthesis of this glycan lead to a range 

of congenital muscular dystrophies, categorised as Ŭ-dystroglycanopathies. 

In 2016, two research groups, independently elucidated the structure of a 

linker consisting of a tandem ribitol-5-phosphate (Rbo5P) unit, crucial for 

maintaining the extracellular interactions. This discovery marked the first 

and, to date, only identification of Rbo5P in mammalian tissue, making it a 

unique and valuable target for labelling Ŭ-DG. This work details the 

challenging synthesis of multiple alkyne-tagged ribitol and Rbo5P metabolic 

labelling tools. These tools were successfully synthesised using a novel 

methodology for the installation of cell-labile protected phosphates, avoiding 

the need for hazardous phosphoramidite intermediates. The scope of this 

reaction was also explored and applied to a range of carbohydrate and 

amino acid derivatives. These innovative metabolic labelling tools were 

employed in mammalian cells, and their biological activity was assessed 

through bioorthogonal reactions with azide-containing reporter groups and 

monitored with in-gel fluorescence and mass spectroscopy. This represents 

the first chemical tool developed to fluorescently label overexpressed Ŭ-DG. 

Additionally, this work demonstrates the first probing of mammalian cells for 

the presence of unidentified glycoproteins modified with ribitol or Rbo5P. 
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Glycans are compounds made up of a large number of monosaccharides 

connected by glycosidic bonds. The term "glycan" also encompasses 

smaller oligosaccharides and single sugar glycosylation modifications. 

Glycans play a vast array of different roles within healthy biological systems, 

playing crucial roles in various processes.1,2 These include binding specific 

small molecules, identifying glycan-binding proteins for cell 

communication,3,4 maintaining protein structure and stability essential for 

cell growth and development,1,3 and energy storage5.4 Glycans are 

covalently attached to macromolecules such as lipids or proteins, and the 

post-translational modification of proteins greatly expands the functions of 

these biomolecules.4,6 Glycans are assembled by enzymes that use 

nucleotide-activated sugars as donors to connect individual 

monosaccharide building blocks. These nucleotide-activated donors are in 

turn made from monosaccharide precursors which are either taken up from 

dietary sources or biosynthesised by the cell.7,8 Within mammalian 

glycobiology at least ten monosaccharides (glucose, galactose,  

N-acetylglucosamine, N-acetylgalactosamine, xylose, glucuronic acid, sialic 

acid, mannose, fucose and ribitol) and many more enzymes are responsible 

for generating the variety of building blocks required for glycan biosynthesis 

by allowing the interconversion of these monosaccharides.3,7 A part of these 

metabolic networks are shown in Figure 1.1.  

Monosaccharides are linked together through a biosynthetically 

produced glycosidic bond which covalently connects the hemiacetal group 

of a (mono)saccharide to a hydroxyl group of another monosaccharide 

(Figure 1.2). There are multiple unique ways the glycosidic bonds connect 

the monosaccharides; they can differ in both regiochemistry (linkage  
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Figure 1.1. Biosynthesis and interconversion of selected monosaccharides and sugar 
nucleotides in mammalian cells. Enzymes involved in each reaction are labelled in bold. 
Adapted from Sosicka et al.9 

position) and stereochemistry (Ŭ- and Ç-anomers). A wide array of enzymes 

are responsible for creating these linkages in very specific regio- and 

stereospecific manners. 

Unlike proteins, in which amino acids are connected through peptide 

linkages that result in a linear structure, the availability of multiple positions 

for glycosylation generates a much larger number of possible glycan 

structures and also allows multiple glycosylation events to occur on one 

monosaccharide acceptor. The variety of linkages allows for the formation 

of long and branched glycan chains. This results in a huge range of diversity  
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Figure 1.2. Examples of the variety in the formation of glycosidic bonds. 

in the structures that can be formed, even from a relatively small number 

of building blocks, leading to their broad range of important biological 

functions.   

Protein-linked glycans are classified by the connection between the first 

monosaccharide and the particular amino acid residue of a protein. The two 

major glycan families are noted as N-glycans and O-glycans. All N-glycans 

retain the same core structure, an N-acetylglucosamine (GlcNAc) linked to 

the nitrogen of an asparagine (Asn) residue followed by another GlcNAc 

and three mannose (Man) residues (Man3GlcNAc2Asn).10 In contrast,  

O-glycans have a wide diversity of structures that are most commonly linked 

to either a serine or threonine residue but the first monosaccharide residue 

varies with O-linked N-acetyl glucosamine (O-GlcNAc) and  

N-acetyl galactosamine (O-GalNAc) being the most abundant. Other types 

of O-glycans occur from O-xylose (O-Xyl), O-fucose (O-Fuc) and  

O-mannose (O-Man). 

O-Man glycans have been found to be vital in muscle and brain 

development. The most studied O-mannosylated protein is Ŭ-dystroglycan 

(Ŭ-DG) which is a key part of the dystrophin-glycoprotein complex (DGC, 

Figure 1.3). The DGC plays an important role in the maintenance of muscle 

membrane integrity by linking the cellôs cytoskeleton to proteins in the  

 



44 

 

 

 

Figure 1.3. A) Schematic representation of Ŭ-dystroglycan (Ŭ-DG) on the surface of a 
mammalian cell. The three core O-mannosyl glycans are depicted, core M1, M2 and M3. 
B) Skeletal structure of the fully extended core M3 glycan with each monosaccharide 
labelled; the matriglycan extends from the C4 position of the second ribitol-5-phosphate 
(Rbo5P) in the tandem Rbo5P linker. 

extracellular matrix. Ŭ-DG is the extracellular subunit of dystroglycan that is 

non-covalently associated with Ç-dystroglycan (Ç-DG), the transmembrane 

subunit that also binds to dystrophin intracellularly (Figure 1.3). Ŭ-DG also 

binds to laminin G domains in extracellular matrix proteins such as laminin, 

perlecan, pikachurin, neurexin and agrin. It has this ability as it is heavily 

glycosylated with both O-GalNAc and O-Man type glycans. The matriglycan, 

a long polysaccharide made up of repeating Xyl and glucuronic acid (GlcA) 

units (Figure 1.3). Matriglycan extends deep into the extracellular matrix 
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and is responsible for the binding interactions associated with Ŭ-DG. Failure 

to properly biosynthesise matriglycan-carrying O-Man glycans results in a 

loss of the critical interactions with the extracellular matrix. These failures 

have been linked to a subset of congenital muscular dystrophies (CMD) and 

cancers.11ï18 

O-Mannosyl glycans have been classified into three core O-Man 

structures based on the linkage of GlcNAc to the initiating Man residue 

(Figure 1.4). The core M1, first identified by the Endo group in 1997, 

expands from the initial Man unit by a ɓ-1,2-linked GlcNAc followed by 

galactose (Gal).19 Core M2 has the same ɓ-1,2-linked GlcNAc followed by 

Gal, but differs by a ɓ-1,6-linked GlcNAc branching off from the same Man 

residue, again followed by Gal.  

The core M1 and M2 glycans are thought to play roles in the development 

of the brain.20,21 Later studies identified the biosynthetic pathway of the core 

M1 and M2 glycans (Figure 1.4).22ï25 Man is installed onto serine and 

threonine residues of substrate proteins by protein O-mannosyltransferase 

1 and 2 (POMT1-POMT2). First reported by Brunner and colleagues, 

mutations in either of these enzymes have been found to have a causal link 

to several forms of muscular dystrophies including both serious  

Walter-Warburg syndrome (WWS) phenotypes and milder diseases such as  

 

 

Figure 1.4. Schematic diagram showing the structural differences between the core M1, 
M2 and M3 glycans and the enzymes responsible for their biosynthesis. Locations of 
enzymatic activity are indicated by colour: enzymes in red are located in the endoplasmic 
reticulum, those in green are located in the Golgi.20,26 
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muscle-eye-brain disease.27ï30 Protein O-mannose  

ɓ-1,2-acetylglucosaminyltransferase 1 (POMGNT1) then installs the 

GlcNAc via a ɓ-1,2 linkage. Alterations in the gene promoters for this protein 

have shown to be a key factor in patients with limb-girdle muscular 

dystrophy type 2O (LGMD).31 At this point, the core M2 glycan synthesis 

diverges from M1. The second branch of the M2 glycan is initiated by a  

ɓ-1,6-linked GlcNAc installed by N-acetylglucosaminyltransferase IX  

(GnT-IX) which is exclusively expressed in the brain.32,33 The third 

monosaccharide on core M1 and both branches of core M2 is Gal, installed 

by ɓ-1,4-galactosyltransferase 1 (B4GALT).34 

The biosynthesis of the core M3 glycan differs substantially from M1 and 

M2. All four enzymes that work in tandem to produce the first trisaccharide 

sequence of core M3 are located in the endoplasmic reticulum (ER), while 

in comparison for M1 and M2 only the first action by  

POMT1-POMT2 is performed in the ER and the remaining biosynthesis 

occurs in the Golgi apparatus (Figure 1.4). The first dedicated  

step in core M3 biosynthesis is catalysed by protein O-linked-mannose  

ɓ-1,4-N-acetylglucosaminyltransferase 2 (POMGNT2, formerly GTDC2) 

which is the enzyme responsible for the installation of GlcNAc on to Man via 

a ɓ-1,4 linkage.20,35 Variants in the POMGNT2 gene have been found to be 

present in LGMD causing intellectual disability without brain malformation.36 

Mutations of POMGNT2 were also identified in WWS by whole-exome 

sequencing.35,37 The core M3 glycan is then extended with GalNAc by  

ɓ-1,3-N-acetylgalactosaminyltransferase (B3GalNT2).38ï40 The final step is 

the phosphorylation of the C6 hydroxyl position of Man by a protein  

O-mannose kinase (POMK), which only recognises the full 

trisaccharide.41,42 Several different mutations in the POMK gene are known 

to cause CMD or LGMD.42ï45 

The core M3 glycan is the attachment site for the matriglycan. However, 

for a long time the linker connecting the matriglycan and the core M3 glycan 

remained unclear. In 2010, the presence of a phosphate diester moiety was 

detected by treatment of cell surface glycans with hydrofluoric acid (HF) and 

monitoring loss of matriglycan structures with an IIH6 antibody, an antibody 
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that binds to the matriglycan.46 Subsequently, the core M3 glycan received 

a lot of attention in 2016, when multiple groups independently elucidated 

the linker structure which was found to contain a unique tandem  

ribitol-5-phosphate (Rbo5P) linker.47ï51 This discovery in 2016 was the first 

known presence of Rbo5P in mammalian cells. 

To achieve this discovery, two groups utilised HF treatment of 

recombinant Ŭ-DG. HF selectively cleaves phosphoesters (Figure 1.5A) 

and the resulting fragments can be analysed by mass spectroscopy.47,48 The 

Praissman group were able to identify the presence of a linear pentitol on a 

Xyl-GlcA fragment by mass spectrometry, clearly identifying a pentitol 

phosphate connecting the matriglycan to the trisaccharide sequence of core 

M3.47 Kanagawaôs work also identified the presence of a linear pentitol 

phosphate unit and was able to use gas chromatography mass 

spectroscopy (GCMS) to identify the linear pentitol as ribitol.48 Using NMR 

the authors were able to determine the Rbo5P linker was connected to the 

C3-OH position of the GalNAc residue.48  

An alternative approach used to fragment the glycan involved sodium 

periodate (NaIO4) treatment, which cleaves cis-diols (Figure 1.5A).52,53 This 

treatment on standard cyclic carbohydrate compounds results in 

linearisation of the monosaccharide, and as periodate does not affect the 

glycosidic linkages, the glycan chain remains intact (Figure 1.5B). However, 

on a linear pentitol the treatment splits the glycan, resulting in alternative 

fragments that can be analysed by mass spectrometry. Praissman showed 

the presence of two phosphates on the core M3 glycan after HF treatment. 

This supports Kanagawaôs findings that the Rbo5P linker extends from the 

GalNAc residue and refutes the early hypotheses that the linker may be 

connected to the phosphorylated C6 position of Man.46,47 

While these studies provided evidence that mammalian cells utilise 

Rbo5P within the biosynthesis of glycans, the metabolic pathway 

responsible for cytidine diphosphate ribitol (CDP-Rbo) biosynthesis had not 

yet been elucidated. Work in 2016 by the Bommer group confirmed  
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Figure 1.5. A) Cleavage sites present in the tandem Rbo5P linker achieved with either HF 
or NaIO4 treatment. B) Comparison of the NaIO4 oxidation products of a cyclic and linear 
carbohydrate. 

Kanagawaôs findings of the presence of the phosphodiester linker by 

identification of the enzymes involved in the biosynthetic pathway of the 

tandem Rbo5P linker added onto the core M3 glycan.49 2-C-methyl-D-

erythritol-4-phosphate cytidyltransferase (ISPD), fukutin (FKTN) and 

fukutin-related protein (FKRP) had been identified by genome analysis as 

playing a key role in the biosynthetic pathway for some time, although their 

exact roles were not clear. The Bommer group were able to confirm that 

FKTN is responsible for the installation of the first Rbo5P on the C3 position 

of the GalNAc.49 FKRP exclusively installs the second Rbo5P onto the C1 

position of the first Rbo5P (Figure 1.6).49 Both FKTN and FKRP use  

CDP-Rbo as the Rbo5P donor substrate.54 CDP-Rbo is produced by ISPD 

using Rbo5P and CTP. The production of CDP-Rbo is essential for the 

glycan biosynthesis, highlighted by the fact that the second most common 

cause of WWS are mutations in ISPD.55,56 Mutations in FKTN cause a 

disease known as Fukuyama CMD, which causes many common symptoms 

such as muscle weakness, delayed motor function development, atrophy to 

the optic nerve, and often causes severe retardation in those affected.44,57ï

59 FKTN is a protein of huge interest as Fukuyama CMD is the most common 

genetic disease in Japan and the second most common form of muscular 

dystrophy worldwide. 
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Figure 1.6. FKTN and FKRP catalysed Rbo5P transfer, using CDP-Rbo as a donor. The 
matriglycan extension occurs at the C4 hydroxyl of the second Rbo5P linker (highlighted). 

Rbo5P is well known to be a component of wall teichoic acids in certain 

gram-positive bacteria and is found to play a role in forming bacterial 

capsules which play critical roles in host-pathogen interactions.60 In 

bacteria, the source of Rbo5P is a reductive pathway in which the enzyme 

TarJ uses NADPH to reduce ribulose-5-phosphate to Rbo5P.61,62 TarI then 

converts Rbo5P into CDP-Rbo which acts as the Rbo5P donor.61 In 2016, 

along with the discovery of the presence of the Rbo5P linker, it was 

suggested that the kinase FGGY which is known to act on ribulose63 can 

also phosphorylate ribitol.49,64 Very recently at the end of 2023, the Endo 

group confirmed the most likely metabolic pathway towards Rbo5P to be via 

FGGY phosphorylation, with ribose being reduced to ribitol by the A1KR1B1  

aldo-keto reductase which also showed reductive activity on  

ribulose-5-phosphate and ribose-5-phosphate.65 However, the study 

highlights that no single pathway appears to be solely responsible for 

Rbo5P biosynthesis. 

CDP-Rbo is biosynthesised in the cytosol. It is thought that it is 

transported to the Golgi by the sialic acid transporters SLC35A1 or 

SLC35A4.66 SLC35A1 has a large binding pocket to accommodate its 

natural substrate CMP-sialic acid. In comparison, SLC15A4 has a relatively 

small binding pocket which may make it more specific to CDP-Rbo over 

CMP-sialic acid.66  
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After biosynthesis of the tandem Rbo5P linker, the repeating disaccharide 

units of matriglycan extend from the C4 position of the second Rbo5P. The 

first xylose is added by a ɓ-1,4-xylosyltransferase (TMEM5) which uses 

UDP-Xyl as a donor.50 TMEM5 localises to the Golgi apparatus, and it is 

speculated by the Toda group that it forms an enzyme complex with FKTN 

and FKRP.67 B4GALT1 is a xylose ɓ-1,4-glucuronyltransferase that is 

responsible for installing the first GlcA on the xylose.68ï70 The matriglycan is 

then added by xylosyl- and glucuronyltransferase 1 (LARGE1), which 

consecutively adds Ŭ-1,4-linked xylose and ɓ-1,3-linked glucuronic acid 

residues.42,71 Both TMEM5 and LARGE1 have been linked to cause many 

diseases including a range of CMDs.50,72,73  

Extensive investigation has been carried out into potential treatments for 

Ŭ-dystroglycanopathies. Work by the Lefeber group has shown potential for 

using CDP-Rbo to monitor and potentially treat some muscular 

dystrophies.54 The Toda group, with Kanagawa and Endo, have produced 

CDP-Rbo prodrugs that show potential as treatments.74 Cataldi and Wu in 

the Lu group have shown dosing FKRP-mutant or LGMD mouse models 

with ribitol can enhance matriglycan expression and improve the muscle 

function.75,76 Building on these results, Perlingerio and co-workers have 

shown evidence for the treatment of ribose and ribitol in combination with 

NAD+ can increase functional glycosylation of Ŭ-DG and rescue the muscle 

pathology in vitro.77 
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The core M3 glycan clearly plays a vital role in mammalian cells and 

without the presence of the functional matriglycan the DGC cannot perform 

its function, resulting in a variety of CMDs. As such many efforts have been 

made to expand the understanding of the glycan and the enzymes involved 

in this biosynthetic pathway. To date there are no reported chemical tools 

available to specifically target Ŭ-DG and in particular the core M3 glycan. 

While antibodies recognising the core Ŭ-DG protein exist, these do not 

report on the glycosylation status. The antibody IIH6 on the other hand 

recognises matriglycan independent of the underlying protein but is specific 

to only very high molecular weight glycoforms. Therefore, there is a need 

for an approach to create new chemical tools that can be used to study  

Ŭ-DG and ideally provide a versatile platform for robust detection, isolation, 

and manipulation of the glycoprotein. The unique ribitol residues in the core 

M3 glycan provide a useful target to design a chemical tool.  

This project aims to design and synthesise a range of alkyne-tagged 

ribitol-5-phosphate derivatives to allow specific metabolic labelling of the 

core M3 glycan on Ŭ-DG. The approach of metabolic labelling is introduced 

in much greater detail in Chapter 2, detailing its potential for specific 

imaging, quantification of glycans and how these tools have been used to 

study glycoproteins. An Ŭ-DG specific metabolic labelling tool will allow for 

monitoring of the glycan in response to stimuli in both healthy and disease 

models, as well generating insights into the effects of mutations in some of 

the biosynthetic enzymes on Rbo5P levels in cellular glycans. This 

information is not currently attainable with the tools available like antibody 

staining. These metabolic labelling tools will also open the door to the 

possibility to search for other Rbo5P containing glycoproteins. 

Four alkyne-tagged ribitol and Rbo5P analogues (Figure 1.7) have been 

designed to probe the glycobiology of cells by targeting the essential Rbo5P 

linker on the core M3 glycan of Ŭ-DG. A range of protecting group derivatives 

will be synthesised in order to probe cellular uptake and specificity of the 

probes. 
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Figure 1.7. Proposed structures of alkyne-tagged ribitol and Rbo5P probes A-D. 

In order to develop effective Rbo5P metabolic labelling tools, as shown 

in Figure 1.7, the designs utilise a SATE-protected phosphate to allow for 

cell permeability. Chapter 3 aims to introduce a novel approach to the 

synthesis of these caged phosphates without the need for hazardous 

reagents. The work will explore the scope of the reaction focused on 

carbohydrate and amino acid derivatives. 

 

Figure 1.8. Schematic representation of the aims of each chapter within this thesis. 

Chapter 4 aims to synthesise the first alkyne-tagged ribitol and Rbo5P 

metabolic labelling tools, probes A and D. This includes a combination of 

protecting groups to increase the cell permeability, with and without the 

caged phosphate, in both acetylated and non-acetylated forms. This work 
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requires the retrosynthetic analysis of the target compounds and a unique 

combination of protecting group strategies. 

The synthesised metabolic labelling tools will be screened for any 

biological activity in Chapter 5. The work aims to assess the probes abilities 

to label Ŭ-DG. This will be done with CuAAC to install a reporter group that 

can be visualised by in-gel fluorescence or western blot. It is hoped that 

these results will inform about the tolerance of the enzymes involved in the 

biosynthetic pathways that utilise ribitol and Rbo5P.  

As discussed in Chapter 2, the position of the tag on metabolic labelling 

probes can significantly impact the effectiveness of labelling target 

glycoproteins. Variations in tag placement can influence probe accessibility, 

interaction with the enzymes in the natural biosynthetic pathway, and overall 

labelling efficiency. Therefore Chapter 6 aims to explore the expansion the 

library of ribitol and Rbo5P metabolic labelling tools by synthesising probes 

B and C where the alkyne tag is moved along the ribitol backbone.  
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Metabolic labelling has become a hugely important part of the 

glycoscience toolkit. It utilises many fundamental chemical techniques in 

order to shine a light on crucial biological questions. Glycans are very 

structurally diverse, and their biosynthetic pathways can be long, complex 

and although the end results can vary dramatically, the pathways can often 

overlap as shown in Chapter 1. Prior to the development of metabolic 

labelling approaches to study cell surface glycans the most common 

approach was to use directed chemical modification of the natural glycan 

structures. In 1994, Kent and colleagues described the use of native 

chemical ligation to conjugate two biomolecules, in their case peptides, but 

this approach has been widely used since to study glycans.78 Originally the 

chemical modification of glycans was achieved through the periodate 

oxidation of monosaccharides that contain cis diols such as sialic acids. This 

produces an aldehyde which can react with a reporter nucleophile allowing 

the glycans to be labelled, imaged and/or isolated for further 

characterisation.79,80 However, this approach was severely limited by the 

presence of off-target labelling.81,82 An alternative approach is to synthesise 

unnatural monosaccharide mimics that can take advantage of a cellôs 

natural machinery to be incorporated into the cellular glycoconjugates 

(Figure 2.1). This approach is known as metabolic oligosaccharide 

engineering (MOE).83 Upon being taken up by cells, these unnatural 

monosaccharides are transformed into activated nucleotide sugars in the 

cytoplasm, and once these have been transported to the Golgi apparatus, 

they can be transferred to glycoconjugates for secretion, delivery to cellular 

compartments, or presentation on the cell surface.83 Alternatively, 

intracellular glycosylation can occur without the need for transportation to 

the Golgi apparatus. 
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Figure 2.1. Schematic representation of Metabolic Oligosaccharide Engineering (MOE). 

Once the tagged monosaccharide has been installed into the native 

glycan a corresponding reporter group can be used locate and identify the 

presence of the tag. A wide range of reporter groups have been utilised to 

study glycans. These can vary from fluorescent tags to allow for imaging of 

cells, to biotin tags that allow enrichment of glycans containing the unnatural 

monosaccharides, to the development of mass spectrometry tags that allow 

for enhanced ionisation of target biomolecules.84 

 In order to carry out these studies, the reactions for labelling must be 

efficient when carried out in conditions compatible with biomolecules, 

including an aqueous environment, neutral pH and room temperature. 

Bertozzi coined the term bioorthogonal chemistry, which specifically 

classifies a set of chemical reactions that can occur within living systems 

without interfering with native biochemical processes.85,86 For the unnatural 

monosaccharides to be successfully incorporated by the natural 

biosynthetic pathway the tags must be bioorthogonal while still allowing for 

highly specific bioorthogonal reactions with a corresponding reporter 

molecule.  

An early biocompatible method used by Bertozzi was the ligation of 

amines with carbonyls.87ï89 This is where an aminooxy or hydrazine reagent 

reacts with a ketone or aldehyde to form an oxime or hydrazone  

(Scheme 2.1).87ï89 This was achieved by the use of MOE probes to 

introduce the unnatural ketone or aldehyde functionality. Unfortunately, 
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Scheme 2.1. Bioorthogonal reactions of carbonyl functional groups, aldehydes or ketones. 
Condensation reactions with aminooxy compounds (oxime ligation) or hydrazine 
compounds (hydrazine ligation) to form stable linkages. 

this approach remained challenging due to the slow kinetics of the reaction 

under physiological conditions.87,90 

Looking towards chemical reactions that can negate the slow reaction 

kinetics, Saxon and Bertozzi introduced the use of a Staudinger ligation.91 

The Staudinger reaction, described in 1919, is a chemical reaction between 

a phosphine and an organic azide with the loss of nitrogen to form an  

aza-ylide (Scheme 2.2A).92 Traditionally the Staudinger reaction is 

conducted under inert anhydrous conditions due to the aza-ylide being 

spontaneously hydrolysed in the presence of water. Despite this Saxon and 

Bertozzi saw its potential for use with biological systems. 

 The phosphine and azide react rapidly in high yields in water to form the 

amine at room temperature with no need for a catalyst and both are 

generally unreactive toward biomolecules. This reactivity prevents the 

formation of an amide bond; however, the reaction meets many of the 

criteria required for a bioorthogonal reaction. Looking for a solution to the 

instability of the aza-ylide in water towards amide formation, Saxon and 

Bertozzi utilised a methyl ester as part of the phosphine structure within the 

proximity of the aza-ylide that would act as an electrophilic trap.91,93 The 

electrophilic trap captures the nucleophilic aza-ylide by intramolecular 

cyclisation yielding a stable amide bond rather than the aza-ylide hydrolysis 

products (Scheme 2.2B).91,93 This modification was shown to result in an  
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Scheme 2.2. A) General scheme depicting the principles of the Staudinger reaction. B) 
Schematic showing the labelling of biomolecules utilising the nontraceless Staudinger 
ligation approach. 

effective methodology to allow for the selective reaction between azides and 

phosphines.91,94 Lemieux et al. reported a phosphine containing fluorescent 

coumarin species that is activated by azide-Staudinger ligation, a useful tool 

for detection and quantification of azido containing glycoproteins.95   

One particular challenge for the Staudinger reaction described above has 

been the presence of the phosphate oxide by-product in the resulting 

product. As such shortly after the initial nontraceless Staudinger reports, two 

independent groups, Bertozzi and Raines, proposed traceless Staudinger 

approaches (Scheme 2.3).96,97 This is achieved by introducing a cleavable 

linker allowing the amide bond formation to occur with concomitant loss of 

the phosphorus containing moiety.96ï98 The mechanism and kinetics were 

also elucidated by the Raines group.99 Multiple cleavable linkers have since 

been used effectively to form the amide bond without the phosphine 

(Scheme 2.3). 
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Scheme 2.3. Mechanism of traceless Staudinger ligation reaction with examples of 
cleavable linkers, figure adapted from Bednarek.22 

In the early 2000ôs Sharpless and colleagues coined the term click 

chemistry.100 The concept was a simple and reliable form of chemistry that 

occurs quickly and with no unwanted by-products.100 The proposal was to 

have two compounds with compatible functional groups that when in 

proximity would ñclickò or react forming an immediate stereospecific linkage 

without the need for chromatographic methods. They set out to develop an 

expanding set of powerful, selective, and modular ñblocksò that react reliably 

in both small and large-scale applications.100  

A year after the proposal of click chemistry, Sharpless described a milder 

approach to a Huisgen 1,3-dipolar cycloaddition, typically driven thermally 

with high temperatures,101 by use of copper(I)-catalysed regioselective 

ligation of azides and terminal alkynes, later known as copper catalysed 

azide-alkyne cycloaddition (CuAAC). The authors showed that this copper 

catalysed reaction occurs seven orders of magnitude faster than the 

uncatalyzed cycloaddition.102 At the same time in 2002, Meldal and 



5: 

 

colleagues were utilising these milder reaction conditions on biologically 

interesting molecules, peptides. Meldal showed the CuAAC reaction works 

in high yields (>95% conversion) and high purity (75-99%).103 In 2013, the 

Fokin group carried out a series of kinetic and isotopic labelling studies 

showing that the initial proposed route (Cycle A, Scheme 2.4) was not 

accurate and instead presented evidence of the formation of a dinuclear 

copper intermediate (Cycle B, Scheme 2.4) in CuAAC reactions.104 

 

Scheme 2.4. Cycle A)  The initial proposed catalytic cycle of CuAAC. Cycle B)  Fokin and 
co-workersô new proposed catalytic cycle after finding evidence for the formation of a 
dinuclear copper intermediate in CuAAC.104 

CuAAC has become a key member of the toolkit for chemists in organic 

synthesis, combinatorial chemistry, polymer chemistry, materials chemistry 

and chemical biology.86 One issue with CuAAC is non-specific background 

binding and reactivity when performed in biological samples. Studies have 

shown that alkynes are reactive with cysteines without the need for a copper 

catalyst (Cu), resulting in an anti-Markovnikov product via a radical 

mechanism (Scheme 2.5A) or the formation of the Markovnikov product 

(Scheme 2.5B).105,106 Wiest and Kielkowski have shown that there are 

additional potential side reactions that can occur (Scheme 2.5C) such as 

the Cu-catalysed azide-alkyne-thiol reaction. In this case, the alkyne reacts 

with highly reactive cysteine free thiols in the presence of an azide and a 
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Scheme 2.5. Potential thiol-alkyne side reactions resulting in high background or false 
positives. A) Radical-mediated formation of the anti-Markovnikov product. B) Proximity-
driven in situ thiol(ate)-alkyne addition.105ï107 C) Cu-catalysed azide-alkyne-thiol reaction 
occurs in low concentrations of reducing agent (TCEP or sodium ascorbate).108 

copper catalyst, producing thiotriazole conjugates leading to high 

background labelling and false positives.108 This can be overcome with the 

use of tris(2-carboxylethyl)phosphine (TCEP) as the reducing agent or high 

concentrations of sodium ascorbate (>20 mM).108 

The use of CuAAC in living systems is also hindered by the toxicity of 

copper (I) (CuI). Studies have shown that mammalian cells can survive low 

concentrations (below 500 ÕM) of CuI for 1 hour, however cell death occurs 

at 1 mM concentrations.86 In an attempt to improve the approach, Bertozzi 

utilised work by Krebs who reported the smallest stable cycloalkyne, 

cyclooctyne which reacted rapidly with phenylazide.109 The Bertozzi 

laboratory were able to show that a biotin conjugated cyclooctyne 

selectively labelled azides within biomolecules with no apparent cytotoxic 

effects (Scheme 2.6, bottom).110 This method of strain-promoted  

azide-alkyne cycloaddition (SPAAC) offers an alternative CuI free approach 

more suitable for living systems. 

More recently researchers have utilised the Diels-Alder reaction to 

bioorthogonally label biomolecules.111,112 The Diels-Alder reaction is a [4+2] 

cycloaddition between a conjugated electron-rich diene and a substituted 

electron-deficient dienophile to form a (hetero-)cyclohexane system. These 
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Scheme 2.6. Schematic outlining the bioorthogonal cycloaddition of an azide labelled 
biomolecule with either a terminal alkyne catalysed by CuI (top ) or a strained cyclooctyne 
(bottom ) in a mixture of regioisomers. Figure adapted from Sletten and Bertozzi.86 

electron-deficient dienophiles typically act as very good Michael acceptors 

meaning they are likely to be attacked by variety of nucleophiles in vivo, 

such as primary amino and thiol groups. For bioorthogonal labelling, an 

inverse electron-demand Diels-Alder reaction (IEDDA) is utilised.111,112 This 

uses an electron-deficient diene and an electron-rich dienophile which can 

be incorporated into biomolecules through MOE. Possible electron-rich 

dienophiles are shown in Scheme 2.7 below the process of labelling with 

IEDDA. The first use was described by the Fox and Hilderbrand groups who 

both utilised a tetrazine ligation to yield the bioconjugated product.113,114 The 

advantage of the IEDDA approach is the extremely fast kinetics of the 

reaction. The strained cyclic alkenes have been shown to have the best 

kinetics.114,115 IEDDA is the only bioorthogonal approach that is catalyst free 

with high kinetics and in vivo compatibility.114,115 However, the introduction 

of dienophiles for MOE may be more restrictive due to their size resulting, 

in a smaller likelihood of the natural biosynthetic pathway being capable of 

tolerating such large functionalities. 

Alkene tags are not only used for IEDDA reactions, but they have also 

been used in photoclick reactions.116,117 These are light triggered fast 

reactions that are compatible with in vivo testing with spatial and temporal 

control.116,117 In 2023, Depienne et al. presented a novel  

click-electrochemistry approach for rapid labelling of virus, bacteria and cell  
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Scheme 2.7. Labelling approach of inverse electron demand Diels-Alder reactions. 
Examples of dienophiles that have been utilised in literature. 

surfaces.118 This approach uses a tyrosine-selective anchoring group that, 

upon electrochemical activation, binds to tyrosine moieties installed on the 

cell, but the approach could be applied to glycans by installation of a tyrosine 

moiety onto a native glycan.118 It is also possible to combine the ligation 

methods. Lang et al., utilised a strained alkyne and tetrazine in an IEDDA 

reaction to label live cells.115 McBerney et al. demonstrated the use of a 

bifunctional linker to allow for the engineering of synthetic glycoproteins.119 

All of these chemical reactions together provide a great toolkit of broad 

options to study biomolecules and in particular glycans. The versatility of 

the approaches allows for creativity during MOE design and the various 

reactions have been utilised in a range of applications to shine a light on the 

biosynthesis and functionality of glycans. These conjugation reactions are 

yet to be used to study the glycosylation/glycans of Ŭ-dystroglycan (Ŭ-DG).  
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MOE has become a vital tool for studying glycans. The first to 

demonstrate the approach was Reutter and co-workers who demonstrated 

the successful incorporation of unnatural N-acetylmannosamine (ManNAc) 

derivatives.120 In 1997, the Bertozzi group synthesised N-levulinoyl 

mannosamine (ManLev) which introduces a ketone functionality in place of 

the N-acyl group of the natural substrate ManNAc.121 They subsequently 

used the hydrazine ligation to conjugate a biotin moiety to the cell surface. 

The labelling was quantified with the use of a fluorescent detection agent 

(FITC-avidin) and fluorescent output was measured by flow cytometry to 

confirm the presence of the unnatural ManLev on the surface of cells.121 

Finn and co-workers reported the first use of CuAAC as a bioconjugation 

strategy where they attached dyes to cowpea mosaic virus.122 

The main consideration and difficulty for MOE strategies is the design of 

these probes in a way that ensures glycan specificity. These probes are 

developed to mimic a natural monosaccharide and therefore must 

incorporate the tag in such a way that does not hinder the activity of any 

enzymes in the biosynthetic pathway of the glycan.123ï127 The design of 

these probes is critical to their labelling effectiveness and small changes in 

the structure can result in large variations in labelling. Whitman et al. 

showed the dramatic effect that structural changes of the N-acyl of ManNAc 

derivatives can have on the degree of cell surface integration of the modified 

substrates across BJAB and CHO cells.128 The results also highlighted the 

key differences in utilising different cell lines to carry out MOE 

experiments.128  

MOE design can vary the efficiency of the biosynthetic pathway of 

processing the unnatural monosaccharides and simple changes have been 

shown to yield different results. Pratt and co-workers also showed the huge 

effect that simply changing an alkyne tag to an azide tag can have on the 

metabolic labelling observed in various cell lines.129 This can vary 
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dependent on the substrate and the target, for B¿ll and co-workers observed 

higher labelling efficiencies with the alkyne derivative than the azide.130 

The impact of the location where the tag is incorporated during MOE was 

evidently shown by Hang et al., as they developed N-acetylgalactosamine 

(GalNAc) derivatives to probe mucin-type O-linker glycosylation.85 Three 

azide containing derivatives were synthesised (Figure 2.2) and fed to CHO 

cells, reacted with phosphine-FLAG, labelled with FITC-conjugated  

anti-FLAG and analysed by flow cytometry. Ac4GalNAz showed a 30-fold 

increase in fluorescent signal, while both Ac42AzGal and Ac36AzGalNAc 

showed no difference in the fluorescent labelling observed with the 

background controls. Competition experiments with 5 mM GalNAc showed 

total removal of all labelling observed, confirming the probe was being 

processed by the GalNAc salvage pathway. Cells treated with 5 mM GlcNAc 

showed some decrease in the fluorescence intensity. This could be as a 

result of the reversible C4 epimerisation of UDP-GlcNAc to  

UDP-GalNAc and the question was raised whether UDP-GalNAz was also 

able to epimerise to UDP-GlcNAz.131ï133 It was concluded from the initial 

Hang findings that UDP-GalNAz was not converted to UDP-GlcNAz in  

 

 

Figure 2.2. Top)  Interconversion of UDP-GalNAc and UDP-GlcNAc enzymatically 
catalysed by GALE.134,135 Bottom)  Structures of five metabolic labelling tools used to probe 
the biosynthetic pathway of GalNAc and GlcNAc glycosylations. 
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cells.85 However, later studies have shown that Ac4GalNAz is metabolised 

by human cells to UDP-GlcNAz via a C4 epimerase.136 The GlcNAz 

derivative  (Figure 2.2) had shown poor labelling within cells, making 

GalNAz a robust reporter probe to study O-GlcNAc modification, despite the 

ability of GalNAz to also label mucin-type O-glycans.133,136 Yu et al. also 

demonstrated that GalNAz is the preferred azidosugar over GlcNAz in 

mammalian systems thanks to this interconversion.133 This deviation in the 

pathways can be remedied by subcellular fractionation methods to purify 

the nuclear and cytoplasmic proteins away from the membrane-bound 

mucin-type glycoproteins allowing for specific study of O-GlcNAc 

glycoproteins.136 

Work by Zaro et al. attempted to improve upon the poor effectiveness of 

GlcNAz by synthesising the alkyne derivative GlcNAlk (Figure 2.2) and 

measured the labelling by CuAAC.137 The labelling observed with GlcNAlk 

was deemed to have an improved signal-to-noise ratio over GlcNAz at low 

concentrations.137 This is due to the use of an alkyne tagged probe and an 

azide tagged reporter group for CuAAC which has resulted in a decrease in 

the background signal observed in multiple studies.137ï140 Zaro 

demonstrated that the metabolic fate of both derivatives was the same and 

that both MOE probes were incorporated into N- and O-glycans 

nonspecifically.137  

Another example is labelling of sialic acid containing glycans with the use 

of ManNAc derivatives, for example as reported by Reutter who showed 

that ManNAc homologues with one to three methylene groups at the N-acyl 

position are metabolised by mammalian cells to the corresponding 

unnatural N-acyl sialic acids in vitro and in vivo.141 Gilormini et al., showed 

that alkyne-sialic acid (SiaNAl) and alkyne-ManNAc (ManNAl) are both 

effective in tracking sialylated glycoconjugate metabolism but both synthetic 

derivatives were up-taken into the cell by separate cellular mechanisms.142 

Gilormini hypothesises that the SiaNAl is being incorporated by endocytosis 

and recycled from lysosomes via sialin, whereas the ManNAl enters via an 

uncharacterised facilitated transporter.142 This means that when 

approaching the probe design, it is important to consider all of the potential 
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active biosynthetic pathways, and potential interconversions when 

analysing results. 

Heise et al. synthesised azido (SiaNAz) and propargyl (SiaPoc) sialic 

acid derivatives which both successfully labelled the surface of cells  

(Figure 2.3).143 Sialic acids are hydrolysed off the cell surface by 

neuraminidases.144ï146 Heiseôs results show that the introduction of the 

alkyne tag in SiaPoc resulted in resistance to neuraminidases, while this 

effect was not observed for the azido SiaNAz derivative.143 Selectivity within 

the glycan class was achieved with the use of a neuraminic acid derivative 

carrying a sydnone ligation handle (Neu9NSydCl, Figure 2.3) which can 

react with a strained alkyne reporter group.147 This C9-modified neuraminic 

acid is preferentially accepted by ST6Gal-I over ST3Gal-IV leading to 

preferential labelling of linkage-specific Ŭ-2,6-N-linked sialoproteins.147 

 

Figure 2.3. Structures of sialic acid and neuraminic acid derivatives.143,147 

Although MOE relies on the natural biosynthetic pathway, it is not always 

possible to introduce modifications that are accepted at all of the key stages. 

Kohler et al. had shown that their UDP-GlcNAc diazirine (UDP-GlcNDAz) 

derivative was converted by protein O-GlcNAc transferase (OGT) in vitro.133 

However, no conversion of GlcNDAz was observed in mammalian cells, 

including no presence of GlcNDAz-1-phosphate.  This was likely due to the 

two enzymes responsible for the generation of GlcNAc-1-phosphate from 

GlcNAc, N-acetylglucosamine kinase (NAGK) or N-acetylglucosamine-

phosphate mutase (AGM1), exhibiting poor conversion for the unnatural 

substrate. To circumvent this, a SATE-protected GlcNDAz-1-phosphate 

derivative was synthesised that would yield the GlcNDAz-1-phosphate in 

vivo, without the need for enzymatic processing from either NAGK or AGM1. 
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This successfully incorporated GlcNDAz into the biosynthetic pathway and 

allowed for the production of O-GlcNDAz modified proteins.133 The first 

reported use of a SATE protecting group was described by Perigaud and 

then Lefebvre and co-workers.148,149 The synthesis of these caged 

structures is covered in more detail in Chapter 3. This methodology can be 

used to develop the ribitol-5-phosphate (Rbo5P) metabolic labelling tools in 

Chapter 4. 

Numerous advancements have been made in developing new 

methodologies to study cell surface glycans. One successful approach 

redesigns and engineers the active sites of enzymes to create ñholesò that 

can accommodate unnatural monosaccharides with larger tags, or ñbumpsò. 

This led to use of the term bump-and-hole engineering, a strategy that has 

been applied to the study of glycans.150ï152 The first reported redesigning of 

a glycosyltransferases to allow the incorporation of the unnatural 

monosaccharide was by Qasba and Ramakrishnan.153 The Bertozzi group 

developed methodology for the labelling of glycans with a modified GalNAc 

substrate by introducing modified GalNAc transferases that will accept the 

modified substrate.150,154 Debets et al., continued this work by developing a 

new metabolic labelling probe GalNAzMe that successfully labelled  

O-GalNAc glycoproteins but was not converted into the GlcNAc derivative 

in vivo.155 This result can be essential since, as shown in Chapter 1, many 

biosynthetic pathways have overlapping intermediates which can act as 

branching points for crosstalk between metabolic pathways.124 Specificity of 

the MOE probe allows for confidence that the metabolic labelling results are 

not a result of this crosstalk and allows for targeting of a single type of glycan 

or glycan pathway. 

The Schumann group have developed Bio-Orthogonal Cell line-specific 

Tagging of Glycoproteins (BOCTAG).151 This is achieved by transfection of 

cells with an artificial biosynthetic pathway responsible for the conversion of 

the unnatural tagged sugars to their activated nucleotide sugars.151 The 

BOCTAG methodology allows for labelling of cell-specific glycosylation sites 

for study by imaging or mass spectrometry-glycoproteomics, with a 

significant improvement in the signal-to-noise ratio. The main challenges to 
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the bump-and-hole approach are the development of methods for stable 

expression of the mutant enzymes and the ability of modified sugars to 

cross the cell membrane. 

MOE has a proven track record of being an important tool to study 

glycans with lots of reported success. To date there are no reports of 

metabolic labelling tools specific for Ŭ-DG. Thanks to its unique  

tandem ribitol-5-phosphate (Rbo5P) linker, discussed in Chapter 1, ribitol 

and Rbo5P provide a great monosaccharide to utilise as a target for 

developing tools with Ŭ-DG specificity.  
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Development of metabolic labelling tools requires the installation of a 

bioorthogonal tag. As shown in sections 2.1 and 2.2, a range of tags can 

be incorporated onto a monosaccharide to study glycan biosynthesis. 

Installation of an azide moiety allows for conjugation with the use of a  

traditional or traceless Staudinger ligation,91,95,97,98 or SPAAC,110,155,156 while 

CuAAC can be used with both azide157ï160 and alkyne161ï163 tags. The 

simplest approach for the introduction of the bioorthogonal tag is the 

utilisation of the N-acyl moiety of aminosugars. N-acyl functionalisation can 

be achieved through amide coupling,164ï166 classical Staudinger 

reductions,167 the use of anhydrides,168 reactive esters169,170 or acid 

chlorides.171,172    

 

Scheme 2.8. Multiple approaches outlined for the functionalisation of a primary amine to 
mimic the N-acyl moiety. Azides are often used to mask amines; by treatment with 
triphenylphosphine the amide linkage can be formed in a Staudinger reaction. The green 
box depicts a handful of linkers/tags that have been utilised in the literature. 

However, these N-acyl group functionalisations are not always tolerated 

and not all MOE targets will have the N-acyl group. Functionalisation of 

carbohydrates by replacing a hydroxyl group with an azide is generally 

straightforward as an alternative to N-acyl modification and can be achieved 
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Scheme 2.9. Popular approaches used to install azides that can be applied to carbohydrate 
compounds. 

by simple substitution reactions (Scheme 2.9). Installation of a leaving 

group at the desired position, followed by heating in the presence of an 

azide source will yield the azide functionalised product.173ï175  

In glycobiology, the stereochemistry of carbohydrates is hugely 

important. To ensure that the desired stereochemical outcome is obtained 

upon the substitution of a hydroxyl group, there are a few approaches that 

can be taken. Starting with a carbohydrate that has the inverse of the 

desired stereochemistry is a common strategy. This approach involves 

functionalising the hydroxyl group as a leaving group, followed by 

substitution with an azide or utilising the robust Mitsunobu reaction which 

will yield the desired compound.176ï180 These are relatively straightforward 

synthetic approaches that allow for precise control over stereochemical 

outcome. 

Another option is to use the addition of the azide to an epoxide, or to an 

alkyl halide.181ï187 Alternatively, amines can be functionalised to an azide 

through the use of an azide transfer reagent.188ï193  
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Alkyne modifications require very different types of reactions to those 

used to install azides. Installation of an alkyne requires some more robust 

reagents, in the form of lithiation reagents or Grignard reagents. Direct 

substitutions, although possible in cases, often result in elimination 

reactions.194ï196 As such it is much more efficient to install alkynes through 

addition to a carbonyl centre such as ketones, aldehydes, or esters.197ï206 

As shown in Scheme 2.10, alkyne incorporation to a ketone or aldehyde 

allows the chemical handle to be installed whilst the hydroxyl group is still 

present in the final outcome.  

 

Scheme 2.10. Multiple approaches to install an alkyne chemical tag starting from a simple 
primary or secondary alcohol. The blue reactions depict reactions with an aldehyde, where 
R2 = H. 

This retention of the hydroxylation pattern of the natural substrate should 

increase the chances of enzymatic recognition and successful incorporation 

of the unnatural substrate into the natural biological system. In terms of the 

likelihood for each functionalisation to be recognised by the natural 

biosynthetic pathway, both the azide (~3.80 ¡) and alkyne (~3.71 ¡) are 



73 

 

significantly larger than the natural hydroxyl group (~2.43 ¡) (Figure 2.4). 

However, installation of an alkyne can be carried out by extension of just 

one carbon. This will limit the increased sterics placed on the natural 

substrate and can be achieved by using either an Ohira-Bestmann reagent 

or the Corey-Fuchs protocol.207ï209 Azides also intrinsically carry a large 

dipole, which can either assist or hinder binding in enzymatic active sites 

but is something that should be considered. 

 

Figure 2.4. Average bond lengths of the alkyne and azide functional groups. 

The use of either CuAAC or SPAAC reactions allows a variety of tools 

such as fluorophores or biotin to be ñclickedò onto the chemical handle and 

analysed through various methods, including SDS-PAGE gel, fluorescence 

microscopy or protein mass spectrometry 

The approach to creating a library of ribitol and Rbo5P metabolic labelling 

tools was started by synthesising and testing C1 azido derivatives which 

showed some initial promise but the results proved to be difficult to 

reproduce.  As such the second generation of these probes will be the 

alkyne containing probes described in Chapters 4-6. They will rely on the 

use of CuAAC to monitor the incorporation and labelling of glycoproteins, 

which has been very successful in many situations to study cell surface 

glycans. 
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The majority of Chapter 3 has been previously published (L. D. Murphy, K. E. Huxley,  
A. Wilding, C. Robinson, Q. P. O. Foucart and L. I. Willems, Chem. Sci., 2023, 14,  
5062ï5068). 
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Robust methods for the synthesis of mixed phosphotriesters are 

essential to accelerate the development of novel phosphate-containing 

bioactive molecules. To enable efficient cellular uptake, phosphate groups 

are commonly masked with biolabile protecting groups, such as  

S-acyl-2-thioethyl (SATE) esters, which are removed once the molecule is 

inside the cell. Typically, bis-SATE-protected phosphates are synthesised 

through phosphoramidite chemistry. This approach, however, suffers from 

issues with hazardous reagents and can give unreliable yields, especially 

when applied to the synthesis of sugar-1-phosphate derivatives as tools for 

metabolic oligosaccharide engineering. As such an alternative approach 

has been developed that gives access to bis-SATE phosphotriesters in two 

steps from an easy to synthesise tri(2-bromoethyl) phosphotriester 

precursor. The viability of this strategy is demonstrated using glucose as a 

model substrate, onto which bis-SATE-protected phosphate is introduced at 

either the anomeric position or at C6. The compatibility of this approach has 

been tested with various protecting groups and the scope and limitations of 

the methodology are further explored on different substrates, including  

N-acetylhexosamine and amino acid derivatives. The novel approach 

facilitates the synthesis of bis-SATE-protected phosphoprobes and 

prodrugs and provides a platform that can boost further studies aimed at 

exploring the unique potential of sugar phosphates as research tools. 
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Glycans are a structurally diverse class of biomolecules that play 

essential roles in diverse biological and pathological processes. Metabolic 

oligosaccharide engineering (MOE) has emerged as a powerful approach 

to characterise and manipulate glycan function in a native 

context.123,124,126,210,211  

In MOE, chemical tags or other modifications are introduced into glycan 

structures by treating living cells or organisms with unnatural carbohydrate 

derivatives, which are metabolised by the cellôs natural biosynthetic 

machinery into the activated sugar nucleotides required for glycosylation.  

A prerequisite for the success of this approach is that the unnatural 

carbohydrates are efficiently taken up inside the cell.212ï215 With a few 

exceptions,142,216 the cellular entry mechanism of MOE probes is generally 

assumed to involve passive diffusion. Therefore, these probes are typically 

designed as caged precursors which are able to cross the cell membrane 

more efficiently and carry biolabile protecting groups that can be cleaved by 

endogenous intracellular enzyme activity to release the bioactive 

molecules.133,212 The caged phosphates mask the charge present on the 

phosphate moiety, these are then cleaved within the cell to yield the 

phosphate. 

Most MOE approaches make use of unnatural analogues of 

monosaccharides, such as azide- or alkyne-tagged derivatives of  

N-acetylglucosamine (GlcNAc) as explored in more detail in Chapter 2. 

Several phosphorylated monosaccharide derivatives have, however, shown 

significantly improved MOE efficiency by bypassing problematic steps in the 

cellular biosynthetic pathways towards the corresponding sugar nucleotide 

donors.125,133,155,167,217 To enable efficient cellular uptake, the phosphates on 

these probes are typically masked with two S-acyl-2-thioethyl (SATE) 

protecting groups, an example being the tagged GlcNAc-1-phosphate 

derivative shown in Figure 3.1. 
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Figure 3.1. Biolabile S-acyl-2-thioethyl protecting groups enable intracellular delivery of 
phosphate-containing bioactive molecules from masked precursors, such as 
nitrobenzoxadiazole (NBD)-modified GlcNAc derivative 3.01.167 Once inside the cell, the 
free phosphate is released through esterase-mediated hydrolysis of the thioesters followed 
by spontaneous decomposition of the resulting mercaptoethyl groups. 

First described for the intracellular delivery of nucleoside  

5ǋ-monophosphate derivatives of an anti-HIV drug,148,149 SATE protection is 

still commonly used as a prodrug strategy for nucleoside monophosphates 

and phosphonates.218,219 The biological instability of SATE groups is 

attributed to hydrolysis of the thioesters by carboxy- or thioesterase activity 

naturally present in mammalian cells (Figure 3.1).148,149,220 The resulting 

mercaptoethyl groups are presumed to spontaneously decompose by an 

intramolecular nucleophilic displacement mechanism that generates 

ethylene disulfide and releases the desired phosphate monoester  

(Figure 3.1). 

SATE-protected sugar phosphates are typically synthesised from a  

bis-SATE phosphoramidite intermediate 3.03, which in turn is prepared from 

the highly reactive reagent diisopropylphosphoramidous dichloride 3.02 

(Scheme 3.1A).148,149 Reaction of 3.03 with a substrate alcohol in the 

presence of 1H-tetrazole gives a phosphite 3.04, which is further oxidised 

to obtain the bis-SATE-protected phosphoester 3.05. Aside from the issue 

that diisopropylphosphoramidous dichloride 3.02 is not commercially 

available in some countries including the UK, thus necessitating synthesis 

and isolation of this hazardous reagent. This traditional approach also 

suffers from low and inconsistent yields, particularly when used in the 

context of sugar-1-phosphates.167,217,221ï223 
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Scheme 3.1. Synthesis of bis-SATE protected phosphates. A) The common approach for 
bis-SATE phosphotriester synthesis involves reaction of a substrate (RïOH) with 
phosphoramidite 3.03, followed by oxidation to 3.05. B) Following introduction of a 
monophosphate onto a substrate, a bis-bromoalkyl phosphotriester intermediate 3.07 can 
be formed through esterification and the bromides subsequently substituted for thioacyl 
groups.224 

Recently, a modification to the phosphoramidite approach, starting from 

a commercially available bis(diisopropylamino)chlorophosphine reagent, 

was shown to improve the synthesis of a SATE-protected  
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GlcNAc-1-phosphate derivative.222 A different strategy was reported to solve 

issues with the preparation of an S-pivaloyl-2-thioisopropyl phosphoramidite 

reagent needed for the synthesis of caged mononucleoside derivatives.222 

Starting from a substrate monophosphate 3.06, the required  

thioalkyl-protected phosphotriester was generated via esterification either 

directly with the required thioalkyl groups or via bromoalkyl intermediate 

3.07 (Scheme 3.1B). 

Despite these advancements, introducing SATE-protected phosphates 

remains a significant challenge, particularly in the context of  

sugar-1-phosphates used for MOE (unpublished data).225 As a result, there 

is a continuing need to develop novel and robust methodologies for 

synthesising these functional groups. 
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The aim of this chapter is to establish an alternative method for the 

synthesis of SATE-protected mixed phosphotriesters that does not require 

the initial installation of a phosphomonoester onto the substrate, while 

avoiding the use of reactive phosphoramidite intermediates. The approach 

is based on recent reports showing that mixed phosphates and 

phosphonates can be accessed through triflic anhydride-mediated 

activation of a trialkylphosph(on)ate (Scheme 3.2).226,227 Key to these 

strategies was the selective monosubstitution of one of the phosphoester 

groups. It was hypothesised that a similar strategy for the synthesis of  

bis-SATE-protected phosphates from the precursor  

tri(2-bromoethyl)phosphate 3.09 (Scheme 3.2). 

 

Scheme 3.2. A novel two-step approach involving triflic anhydride/pyridine-mediated 
selective monosubstitution of tri(2-bromoethyl) phosphate precursor 3.09 by a substrate, 
followed by substitution of the bromides for thioacetates to form the desired product 3.11. 

Building on previous work conducted by Dr Kathryn Huxley in the 

development of this approach (Section 3.4.1 ï Method development, page 

60)225 and explore in more detail the scope of and compatibility of the 

methodology on a range of substrates with diverse protecting groups.225 
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Figure 3.2. A scheme adapted from Figure 1.8 , highlighting the phosphate protecting 
group strategy of the metabolic labelling approach as the focus of the work presented here 
in Chapter 3 . 
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Section 3.3.1 is a summary of previous work carried out by K. E. Huxley, outlined in their 
thesis,225 and published as part of L. D. Murphy, K. E. Huxley, A. Wilding, C. Robinson, Q. 
P. O. Foucart and L. I. Willems, Chem. Sci., 2023, 14, 5062ï5068. 
 

Prompted by the reported difficulties with phosphoramidite chemistry for 

SATE-protected sugar phosphate synthesis, glucose was used as a model 

substrate to perform the validation and optimisation of the new 

methodology. C1- and C6-phosphorylated pyranose sugars occur naturally 

within cellular metabolic pathways towards the biosynthesis of glycosylation 

donors. Of these two positions, the primary hydroxyl group at C6 is most 

nucleophilic and sterically accessible. Moreover, SATE-protected  

glucose-6-phosphate derivatives have been described as pro-inhibitors for 

intracellular carbonic anhydrase activity.228 Thus, method development 

began with the installation of a bis-SATE-protected phosphate at the C6 

position of 1,2,3,4-tetra-O-benzylglucopyranoside 3.13 (Scheme 3.3). 

The required phosphotriester precursor 3.12 was easily synthesised on 

a gram scale with commercially available reagents POCl3, 2-bromoethanol 

and potassium thioacetate (Scheme 3.3). The tri(2-bromoethyl) phosphate 

precursor 3.09 could be activated with triflic anhydride and pyridine to yield 

a monosubstituted product 3.15 in a 13% yield at the first attempt. An initial 

one-step substitution approach using the phosphotriester precursor 3.12 

equipped with the SATE groups proved to be unreactive under these 

activation conditions with glucose derivative 3.13. The bis-SATE-protected 

phosphate 3.14 was then quantitatively obtained through a substitution 

reaction with potassium thioacetate. 

The reaction conditions were optimised using a more readily available 

substrate 3-phenylpropanol. The introduction of a 10-minute preactivation 

time separating the additions of triflic anhydride, pyridine and the alcohol, 

greatly increased yields of the incorporated bis-(2-bromoethyl)-phosphate. 

Use of freshly distilled triflic anhydride and anhydrous pyridine was shown  
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Scheme 3.3. Installation of a bis-SATE-protected phosphate at C6 of 1,2,3,4-tetra-O-
benzylglucopyranoside (3.13). Initial yields are shown prior to optimisation of reaction 
conditions. 

to be essential. Together these changes lead to an increase in yield from 

17% to 51%. Extension of these activation times resulted in a reduction in 

yield, suggesting instability of the intermediate phospho-triflate species. 

Applying the optimised conditions obtained on a simple alcohol described 

above were then applied to the model carbohydrate substrate 3.13 

increased the yield of the bis-(2-bromoethyl) intermediate 3.15 from 13% to 

31%. Taking into account the increased steric hinderance around the 

reactive alcohol of 3.13 in comparison to 3-phenlypropanol the reaction was 

monitored over time and an optimal reaction time of 1.5 hours was found to 

increase the yield further to 61% from 31%. The main carbohydrate side-

product observed was identified as a triflated species that can be hydrolysed 

back to the starting material. 

A range of protecting group derivatives were tested under the same 

conditions and all proved to be successful, including substrates protected 

with benzyl ethers (3.13), allyl ethers (3.16a), acetyl esters (3.16b) and 

benzoyl esters (3.16c, Table 3.1). The acetyl ester- or benzyl ether 
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protected substrates proved to be the most efficient (56 and 61%). The 

subsequent thioacetate substitution proceeded quantitatively for all 

substrates except the acetyl-protected derivative, which surprisingly yielded 

only 55% of purified product. Overall, the reaction remained most successful 

and reproducible on benzylated substrate 3.13 with an overall yield of 61%. 

Table 3.1. Synthesis of bis-SATE-protected phosphate esters at C6 of differently protected 
glucose derivatives 

 

 [kgnfu"*'+Ä   
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3.13 R1 = Bn 61% Quant. 61% 

3.16a R1 = allylÿ 32% Quant. 32% 

3.16b R1 = Ac 56% 55% 31% 

3.16c R1 = Bz 37% Quant. 37% 

§Yields are reported as averages of duplicate reactions. Overall yield represents the 
combined yield of step 1 and 2. ÿThe product could not be fully separated from unreacted 
reagent 3.09. Yields were calculated from relative integration of characteristic signals on 
1H NMR. 

Building upon these promising results, the strategy was extended to the 

installation of a bis-SATE-protected phosphate at the anomeric position of 

a set of appropriately protected glucose derivatives. Initially, step 2 was 

performed with KSAc in anhydrous acetone as before. Subsequently, the 

thioacetate substitution was found to be significantly higher yielding when 

carried out in anhydrous pyridine as an alternative to anhydrous acetone. 

This was due to some degradation being observed in acetone, thought to 

be due to the formation of thioacetic acid, which could be neutralised 

through the use of pyridine as a solvent. This led to significantly improved 

results and enabled the isolation of bis-SATE-protected glucose-1-

phosphate derivatives from starting materials 3.17a-d in yields ranging from 
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14% to 30% (Table 3.2). Analysis of the anomeric product ratios after the 

two-step procedure revealed that most reactions favoured formation of the 

Ŭ-anomeric phosphate, the anomer that generally acts as a direct metabolic 

precursor for sugar nucleotide biosynthesis and would thus be desired in 

the context of MOE. 

Table 3.2. Synthesis of bis-SATE-protected anomeric phosphate esters of differently 
protected glucose derivatives 

 

 [kgnfu"*'+   Cpqogtke"tcvkq
¨ 

Uwduvtcvg Uvgr"3 Uvgr"4 QxgtcnnҺ ɸ<ɹ"*u0o0+ 

3.17a R1 = Bn 26% 78% 20% 1:0 (2:1) 

3.17b R1 = allyl 20% 72% 14% 3:1 (4:1) 

3.17c R1 = Ac 33% 72% 24% 1.2:1 (4:1) 

3.17d R1 = Bz 41% 74% 30% 5:1 (4:1) 

ÿOverall yield represents the combined yield of steps 1, and 2. §Anomeric ratios were 
determined from the relative integration of anomeric proton peaks in the 1H NMR spectra 
of the products after step 2. Numbers in parentheses represent the anomeric ratio of the 
starting material (s.m.). 

50604"ҭ"Gzrcpfkpi"vjg"tgcevkqp"ueqrg 

To test the scalability of the approach, the reaction with 3.17c was carried 

out on a gram scale which gave comparable yields (25% over the two 

steps), demonstrating the excellent scalability of the approach. Aiming to 

push the boundaries of this new synthetic strategy, the focus was shifted 

towards N-acetylhexosamines. These substrates present additional 

challenges due to the N-acyl groupôs potential to form a 1,2-oxazoline 

through neighbouring group participation. Several SATE-protected  

N-acetylhexosamine-1-phosphate derivatives have been developed as 

MOE reporters.125,133,155,167,217 Therefore, the phosphorylation strategy was  
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Scheme 3.4. Extending the scope of the bis-SATE-protected phosphate synthesis 
methodology. The two-step reaction procedure was applied to various GlcNAc derivatives 
(3.18 ï 3.23). Yields are shown following either the optimised conditions (A) or the adapted 
protocol with the addition of triethylamine (B) and represent overall yields over both steps 
of the reaction unless indicated otherwise. (C) Yield of bis-(2-bromoethyl)-phosphate 
intermediate after step 1. 

attempted on 3,4,6-tri-O-acetylated GlcNAc 3.18 and its tribenzylated 

analogue 3.19 (Scheme 3.4). Unfortunately, these reactions were 

unsuccessful, with only the starting material present throughout.À  No 

product was detected from the reaction involving 6-azido-tagged GlcNAc 

derivative 3.20. 

Interestingly, testing the N-azido-acetylated analogue 3.21 resulted in low 

but detectable levels of product formation, allowing the isolation of the  

bis-SATE-protected phosphate in 9% yield. It seemed reasonable to 

assume the higher reactivity of 3.21 as compared to 3.18 was caused by 

electronic effects. It was speculated that anomeric phosphotriesters might 

initially form on the various GlcNAc substrates but were subsequently 

eliminated through oxazoline formation (Scheme  3.5), promoted by triflic 

anhydride or triflic acid produced in the reaction.229 Indeed, glycosyl 

phosphates are known to act as glycosylation donors under the activation 

of certain triflates and activation using triflic acid (a by-product of the  

 

 
À Both 3.19 and 3.20 were prepared by Dr Quentin Foucart. 
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Scheme 3.5. Potential formation of the oxazolinium cation 3.25 by elimination of the 
phosphate 3.24 via neighboujring group participation. 

tri(2-bromoethyl)phosphate activation procedure) as a promoter has been 

reported previously.227,230,231 Any oxazoline intermediate would likely be 

hydrolysed back to starting material during workup. In such a scenario, the 

electron-withdrawing effect of the azide in 3.21 might reduce the probability 

of oxazoline formation by deactivating the N-acyl group. To test this 

hypothesis, a trichloroacetyl derivative 3.22 was prepared.ÿ Surprisingly, no 

reaction was observed with this substrate under the optimised reaction 

conditions (Scheme 3.4, conditions A). In a further attempt to solve the 

stability issues mentioned above, triethylamine was added to the 

phosphorylation reaction (Scheme 3.4, conditions B) to neutralise any triflic 

acid that was being formed. While this did not result in notable changes to 

the reaction outcome for substrates 3.18 and 3.21, the combination of an 

electron-withdrawing N-acyl group and the addition of base led to successful 

formation of the bis-(2-bromoethyl)phosphate intermediate from  

trichloro-acetyl derivative 3.22, in a yield of 39%. 

Following these results further 1H NMR investigation was carried out on 

the phosphorylation strategy of 3.18 to probe for the formation of the 

presumed oxazoline intermediate. Figure 3.3Bi shows the 1H NMR 

spectrum of the starting material. The reaction was carried out in an NMR 

tube where the solvent was swapped from dichloromethane to deuterated 

chloroform, after one hour, there is little presence of the starting material 

3.18 in the reaction (Figure 3.3Bii). However, there is also no sign of the 

desired product 3.24. The presence of the peak at 6.69 ppm in the reaction  

231227,230,231 

 
ÿ 3.22 was synthesised from 1,3,4,6-tetra-O-acetyl-2-deoxy-2-trichloroacetamido-Ŭ/ɓ-D-

glucopyranose which was prepared by Dr Natasha Hatton. 
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A) 

 
 

 

B) 

  

Figure 3.3. NMR analysis of the attempted phosphorylation of GlcNAc derivative 3.18 to 
form the C1 bis-(2-bromoethyl) phosphate. A) general scheme for the synthesis of 3.24 
carried out in an NMR tube in CDCl3. B) 600MHz 1H NMR analysis; i) starting material 3.18; 
ii)  reaction mixture to form 3.24 from 3.18 and triflic anhydride and pyridine activated 3.09, 
identified side product as the oxazolinium ion 3.25; iii ) starting material 3.18 activated with 
triflic anhydride and pyridine which triggers the ring closure of the NHAc leading to the 
formation of the oxazoline 3.26. 

mixture suggests oxazoline formation, and literature date are consistent with 

formation of the ring-closed oxazolinium cation 3.25 in the reaction.231 It was 

thought that the reaction initially formed the phosphoester 3.24, which was 

then eliminated by oxazolinium formation activated by the present of the 

triflates as supported by the literature.227,230,231 However, 1H NMR concluded 

that the starting material 3.18 was no longer present after five minutes but 

provided no evidence for the formation of the desired product 3.24. 

Furthermore, this reaction was replicated without the phosphate reagent 

3.09 (Figure 3.3Biii) which demonstrated the same rapid depletion of the 

starting material and the immediate formation of a different species, 

identified as oxazoline 3.26. Together, these results support the hypothesis 

that oxazoline formation is hindering efficient anomeric phosphorylation of 
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GlcNAc substrates under the triflic anhydride/pyridine-promoted reaction 

conditions. 

Synthesis of GlcNAc-containing glycoconjugates has often utilised the 

installation of an azide at C2 as a temporary N-acyl masking group. This 

strategy has previously been used to synthesise the fluorescent, GlcNAc-1-

phosphate-derived MOE probe 3.01 (Figure 3.1). After installation of a  

bis-SATE-protected anomeric phosphate onto 2-deoxy-2-azido GlcNAc 

3.23 (Scheme 3.4), the amide functionality was regained through selective 

reduction of the azide with subsequent acylation.167 To explore if the same 

strategy could also give access to bis-SATE-protected GlcNAc-1-phosphate 

derivatives using the new methodology, the optimised two-step reaction 

sequence was applied to yield compound 3.23 (Scheme 3.6). The  

2-deoxy-2-azido GlcNAc 3.23 derivative was synthesised from glucosamine 

in 3 steps. In literature, the first step involves using an azide transfer reagent 

3.29, which, when isolated, presents significant hazards, notably being 

highly explosive upon impact.232,233 Efforts have been made to alter the 

synthesis of such reagents, including modifying the salt to reduce the risk of 

explosion and minimising the risk of producing highly dangerous side 

products through adjustments to the synthesis. Following an approach 

described by Ye et al. the reagent 3.29 was synthesised in situ. This is  

 

 

Scheme 3.6. Synthesis of 2-deoxy-2-azidoglucose derivative 3.23 from glucosamine with 
the use of an azide transfer reagent 3.29, synthesised in situ from 3.28 to dramatically 
reduce the risk. 
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achieved by starting with sulfuryl chloride and substituting with imidazole 

3.27, a single methylation functionalisation introduces a leaving group on 

3.28 which allows the installation of the azide to obtain the azide-transfer 

reagent 3.29 (Scheme 3.6).233 This synthetic approach requires no 

chromatography purification to obtain the azide transfer reagent and was 

successfully used to produce the fully acetylated 3.30. Hydrazine acetate 

was then used to selectively remove the anomeric acetate and obtain 3.23 

in a yield of 77%.232,233233 

Using this substrate, the newly developed phosphorylation reaction was 

successful and yielded a satisfying 36% of bis-SATE-protected 

phosphotriester with the Ŭ anomer being the major product (7:1 ratio to  

ɓ anomer), comparing well with the 25% yield previously reported for its 

synthesis via phosphoramidite chemistry.167 The resulting bis-SATE-

protected 2-azidosugar phosphate should give access to  

GlcNAc-1-phosphate derivatives, such as 3.01 (Figure 3.1), through 

subsequent reduction and N-acylation.167 

 

Scheme 3.7. Expanding the scope of the bis-SATE-protected phosphate synthesis 
methodology. The two-step reaction procedure was applied to amino acid analogues  
(3.31 ï 3.36). Yields are shown following either the optimised procedure (A) or the adapted 
protocol with the addition of triethylamine (B) and represent overall yields over both steps 
of the reaction unless indicated otherwise. (C) Yield of bis-(2-bromoethyl)-phosphate 
intermediate after step 1. 



8; 

 

Finally, attention was turned to the phosphorylation of amino acids. A 

small set of phospho-serine and -tyrosine analogues were selected to test 

the new methodology. This also enabled exploration of the compatibility with 

additional protecting groups, including tert-butyloxycarbonyl (Boc), 

fluorenylmethyloxycarbonyl (Fmoc) and benzyloxycarbonyl (Cbz). The 

Fmoc, Cbz and allyl protecting groups in tyrosine mimics 3.24, 3.25 and 

3.26 were well tolerated, giving yields between 31% and 52%  

(Scheme 3.7Error! Reference source not found.).§  

Initial attempts with the Boc-protected substrate 3.31 resulted in cleavage 

of the Boc group. Due to the Boc groups sensitivity to acid this was likely 

due to triflic acid formation during the reaction. When repeated in the 

presence of triethylamine (conditions B), however, the desired product was 

successfully obtained in an 18% yield. For allyl-protected derivative 3.35,  

  

Scheme 3.8. A) Monosubstitution proved possible on 3.35, however, unusually the 
substitution with KSAc (Step 2) led to a mixture of side reactions and the desired product 
3.38 was not isolated. B) Potential degradation pathway to the formation of 3.41, identified 
by HRMS but not isolated. 

 
§  Compounds 3.31-3.35 (Scheme 3.7Error! Reference source not found.) were 

prepared by Dr Kathryn Huxley.225 
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successfully obtained in an 18% yield. For allyl-protected derivative 3.35, 

installation of the bis-(2-bromoethyl) phosphate was successful  

(55%, Scheme 3.8A) but the loss of the phosphate group was detected 

during thioacetate treatment. This is likely caused by bromide substitution 

at the benzylic carbon in a manner analogous to the reported chloride-

mediated cleavage of benzyl groups during phosphotriester synthesis with 

POCl3 (Scheme 3.8B) which would then allow the substitution to occur with 

potassium thioacetate.228 Lastly, installation of the protected phosphate onto 

serine derivative 3.36 was successful in the presence of base. These results 

demonstrate the viability of the new approach for the preparation of  

bis-SATE-protected phospho-amino acids. 

50605"ҭ"Cffkvkqp" qh" dku/UCVG/rjqurjcvg" vq"E8/
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Collaborators from the Chemical Glycobiology Laboratory led by Ben 

Schumann (Francis Crick Institute, London) were interested in a C1-SATE-

protected 6-azido-6-deoxyglucose-1-phosphate derivative 3.43 to utilise as 

a metabolic labelling probe for xylosyltransferases along with a bump-and-

hole strategy to chemically manipulate proteoglycans. The introduction of 

the bis-SATE phosphate proved to be unsuccessful in their hands using the 

traditional phosphoramidite chemistry (Scheme 3.9).  

 

Scheme 3.9. Synthesis of the target caged phosphorylated 6-azido-6-deoxyglucose 
derivative 3.43 was unsuccessful using traditional synthetic approaches. The new 
methodology was proposed as an alternative strategy to obtain the desired 3.43. 
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Therefore, the novel approach outlined within this chapter, utilising the 

phosphate 3.09 shown in Scheme 3.9, was applied to the synthesis of 

probe 3.43. The Schumann group supplied the starting material  

2,3,4-triacetyl-6-azido-6-deoxyglucose (3.42) which was treated with 3.09 

under previously described phosphorylation conditions utilising the triflic 

anhydride and pyridine activation of 3.09 (Scheme 3.10), both in the 

presence and absence of triethylamine. However, no desired product (3.44) 

was observed, with only the unreacted starting materials being recovered. 

This unexpected result raised multiple questions. The reaction had 

previously been successful at the C1 anomeric centre of acetylated glucose 

(3.17c). Additionally, the successful phosphorylation of azide containing 

compounds, 3.21 and 3.23, shows that the reaction can occur in the 

presence of the azide functionality. It was hypothesised that the acetate 

present were reducing the nucleophilicity of the anomeric alcohol of 3.42. In 

an attempt to increase the nucleophilicty and hence the reactivity of 3.42 

towards the activated phosphotriester 3.09, 3.42 was preactivated with 

sodium hydride (Scheme 3.10), but the same unreacted mixture was 

observed after 2 hours.  

 

Scheme 3.10. Attempted use of the novel phosphate approach laid out in this chapter to 
synthesise 3.44. 3.42 was also pretreated with sodium hydride in an attempt to drive the 
reaction but no reaction was observed in either case. 

In an attempt to yield the desired product, the decision was made to swap 

the acetates for benzyl protecting groups in the hope this would increase 

the electron density on the C1 alcohol and as such increase the 

nucleophilicity of the anomeric position. To achieve this, D-glucose was 

treated, under Fischer glycosylation conditions, with allyl alcohol to 

selectively protect the anomeric C1 position and a tosyl leaving group was 

installed at C6 selectively to yield 3.44 (Scheme 3.11). Global benzylation 
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was achieved by the use of benzyl 2,2,2-trichloroacetimidate and triflic acid, 

followed by a substitution with sodium azide to yield 3.45. The allyl group 

was selectively removed using palladium chloride to yield the target 

compound 3.46 in five steps (Scheme 3.11) from D-glucose.234ï236 The 

azide substitution could not occur prior to the benzylation reaction as it 

proved to be unstable under the acidic conditions used. The benzylated 

substrate 3.46 was tested using the new phosphorylation methodology, but 

unfortunately also proved to be unreactive towards 3.09 (Scheme 3.11). 

 

Scheme 3.11. Synthesis of 2,3,4-tribenzyl-6-azido-6-deoxyglucose alternative starting 
material 3.46 and the acetylated tosyl intermediate 3.48. Attempted monosubstitution of 
each to form the SATE protected derivatives. 

With the both the benzylated and acetylated derivatives proving to be 

unsuccessful, one consideration was the stability of the product and whether 

the starting material 3.42 or 3.46 is reacting as intended, but the product is 

breaking down or being hydrolysed back to the starting material. As such 

the reaction was repeated in an NMR tube and monitored by 1H NMR, which 

showed little reaction between the sugar starting material and the activated 

phosphate. There are new peaks appearing, but these do not indicate the 
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formation of the product 3.43. The nature of the side product could not be 

identified. As such it was determined that 3.42 may have a preferred 

conformation that is rendering the C1 position unreactive to 3.09.  

Next, the reaction was attempted with the acetylated tosyl intermediate 

3.48 (Scheme 3.11). However, this derivative proved to be unstable under 

the reaction conditions in the presence and absence of triethylamine with 

only the triflated compound 3.49 being observed.  

Although the new approach proved to be unsuccessful for the  

C6-azidoglucose derivatives, the results reported within this chapter 

provides an alternative methodology for accessing bis-SATE-protected 

phosphates in biologically relevant compounds. The yields are comparable 

to those achieved with phosphoramidite chemistry and therefore the 

approach can be applied to the synthesis of ribitol-5-phosphate metabolic 

labelling probes. 

  



96 

 

507"ҭ"Eqpenwukqp 

A novel approach was developed for the synthesis of bis-SATE-protected 

phosphates at the C1 or C6 positions of monosaccharide derivatives. This 

approach avoids the use of unstable phosphoramidite precursors which are 

commonly used for the synthesis of such compounds. The reaction involves 

triflic anhydride/pyridine-mediated activation of a tri(bromoalkyl) 

phosphotriester precursor that can be easily prepared from phosphoryl 

chloride on a large scale. This strategy enables straightforward access to 

biologically relevant phosphotriesters with biolabile thioalkyl protecting 

groups. The methodology has been successfully applied to the synthesis of 

SATE-protected sugar phosphates and phospho-amino acid derivatives and 

demonstrated to be compatible with a range of commonly used protecting 

groups. In addition to its potential impact on the development of  

SATE-protected prodrugs,218,219 the approach offers a valuable extension to 

the available toolkit for the synthesis of phosphorylated saccharides.237 By 

tuning the ester groups on the phosphotriester precursor, several types of 

mixed phosphates should also be within reach. In particular, the new 

synthetic route towards SATE-protected sugar-1-phosphates has great 

potential to boost the development of novel phosphorylated metabolic 

precursors as MOE probes for the study of glycan structure and function. 

  



97 

 

508"ҭ"Gzrgtkogpvcn"ugevkqp 

All reactions were conducted in oven-dried glassware under nitrogen atmosphere. Dry 

solvents were either freshly distilled (CH2Cl2, DMF, toluene, THF) or used directly from a 

SureSeal bottle (pyridine). Triflic anhydride was distilled over P2O5 prior to use and pyridine 

was used from a SureSeal bottle stored over molecular sieves. Flash column 

chromatography was run either manually with high purity 220-400 ɛm particle size silica 

(Sigma) or on an automated system (Teledyne, CombiFlash NextGen 300+) with 20 to  

40 ɛm particle size silica (RediSep Rf Gold Normal-Phase Silica columns) as specified. 

Reactions and column fractions were monitored by TLC using aluminium-back TLC plates 

and visualised by UV and staining. For sugars, the staining consisted of charring with 10% 

H2SO4 in MeOH; for phosphate reactions a KMnO4 stain was used. IR spectra were 

obtained by thin film ATR on a Perkin Elmer Spectrum 2. 1H and 13C NMR spectra were 

obtained either on a JEOL ECS400A spectrometer (400 and 100 MHz respectively) or a 

Bruker AVIIIHD600 spectrometer (600 and 150 MHz respectively). Structural assignments 

were corroborated by homo and heteronuclear 2D NMR methods (COSY, HMQC and 

DEPT) where necessary. Chemical shifts are reported in parts per million (ppm, ŭ) relative 

to the solvent (CDCl3, ŭH 7.26; (CD3)2SO, ŭH 2.50; D2O, ŭH 4.79). 1H NMR splitting patterns 

are designated as singlet (s), doublet (d), triplet (t), quartet (q), doublet of doublets (dd), 

doublet of doublets of doublets (ddd), doublet of triplets (dt), apparent triplet (ap. t), or 

multiplet (m). Coupling constants (J) are reported in Hertz (Hz). The integrals reported in 

the 1H NMR peak list for mixtures of anomers were normalised so that the numbers of 

protons for each anomer are reported in whole integers. The actual anomeric ratios are 

also given and were determined from the relative integration of the respective anomeric 

proton peaks. Where indicated, yields of product within impure mixtures were calculated 

from the isolated mass based on the relatively peak ratios on 1H NMR. Where one anomer 

is in a large excess, 13C NMR peaks may not be visible for the minor anomer and data are 

reported for the major anomer only. 

50803"ҭ"Igpgtcn"rtqegfwtg"hqt"kpeqtrqtcvkqp"qh"vjg"dku*4/dtqoqgvj{n+"

rjqurjcvg"*Uvgr"3+ 

 

To a stirring solution of tri-2-bromoethyl-phosphate 3.09 (1.0 equiv) in anhydrous CH2Cl2 

(0.2 M) under a N2 atmosphere was added freshly distilled Tf2O (1.5 equiv). After stirring at 

room temperature for 10 minutes anhydrous pyridine (2.0 equiv) was added, and the 

mixture was stirred for a further 10 minutes. Then a solution of the starting alcohol  

(2.0 equiv) in CH2Cl2 (1.6 M, with Et3N (2.0 equiv) where stated) was added. The reaction 

was stirred at room temperature for a further 1.5 hours before the solvents were removed 
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in vacuo and the residue dried onto silica. The crude product was purified by column 

chromatography with an appropriate solvent. 

50804"ҭ"Igpgtcn"rtqegfwtg"hqt"vjg"vjkqcegvcvg"uwduvkvwvkqp"*Uvgr"4+ 

 

To a stirring solution of the appropriate bis(2-bromoethyl)-phosphate intermediate  

(1.0 equiv) in dry pyridine (0.1 M) was added potassium thioacetate (5.0 equiv). The 

resultant solution was left stirring for 18 hours at room temperature before the precipitated 

KBr salt was removed through filtration. The resulting crude solution was dried in vacuo 

onto silica, and the crude product was purified by column chromatography with an 

appropriate solvent. 

50805"ҭ"vtku*4/dtqoqgvj{n+rjqurjcvg"*502;+ 

 

Under a N2 atmosphere, POCl3 (500 ɛL, 5.30 mmol, 1.0 equiv) was dissolved in dry 

CH2Cl2 (30 mL) at 0 ᴈ. 2-Bromoethanol (1.90 mL, 27.0 mmol, 5.0 equiv) and triethylamine 

(5.20 mL, 37.0 mmol, 7.0 equiv) were added to the reaction mixture. The reaction was 

allowed to reach room temperature and stirred overnight. Upon completion, the 

triethylamine hydrochloride was precipitated out of the mixture by the addition of THF  

(40 mL). The salts were removed by filtration and the filtrate concentrated in vacuo. The 

crude mixture was purified by automated silica column chromatography  

(0-100% EtOAc/hexane) to yield the product tris(2-bromoethyl)-phosphate 3.09 as a clear 

oil (1.60 g, 3.81 mmol, 71%). Rf 0.58 (4:1 EtOAc/hexane) HRMS (ESI) calculated for 

C6H1279Br3NaO4P [M+Na]+ 438.7921, found 438.7916. 1H NMR (400 MHz, CDCl3) ŭH 4.38 

(dt, J = 8.2, 6.1 Hz, 6H, H1), 3.57 (t, J = 6.1 Hz, 6H, H2). 13C NMR (101 MHz, CDCl3) ŭC 

67.3 (d, J = 5.0 Hz, C1), 29.5 (d, J = 7.6 Hz, C2). 31P NMR (162 MHz, CDCl3) ŭP ï1.94. IR 

(Vmax, film) 2967, 2885, 1455, 1422, 1270, 1235, 1064, 1004, 960, 944, 781, 572 cmï1. 

50806"ҭ"vtku*U/ce{n/4/vjkqgvj{n+rjqurjcvg"*5034+ 

 

To a stirring solution of tris(2-bromoethyl)phosphate 3.09 (400 mg, 959 ɛmol, 1.0 equiv) 

in acetone (10 mL) was added potassium thioacetate (450 mg, 3.95 mmol, 4.1 equiv) and 

the resulting solution was allowed to stir for 24 hours at room temperature. The solvent was 
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removed in vacuo, and the resulting residue was dissolved in CH2Cl2 (25 mL) and washed 

with H2O (20 mL). The aqueous layer was extracted with CH2Cl2 (2 Ĭ 25 mL), and the 

organic layers were combined, dried over MgSO4, filtered, and concentrated in vacuo to 

afford the crude product. The crude product was purified by automated flash silica column 

chromatography (0-100% EtOAc/hexane) to afford the title compound 3.12 as a pale pink 

oil (234 mg, 0.579 mmol, 60%). HRMS (ESI) calculated for C12H21NaO7PS3 [M+Na]+ 

427.0079, found 427.0088. 1H NMR (400 MHz, CDCl3) ŭH 4.09 (dt, J = 7.4, 6.4 Hz, 6H, H1), 

3.14 (t, J = 6.4 Hz, 6H, H2), 2.32 (s, 9H, CH3). 13C NMR (101 MHz, CDCl3) ŭC 194.8 (C=O), 

66.1 (d, J = 5.8 Hz, C1), 30.6 (CH3), 29.2 (d, J = 7.2 Hz, C2). 31P NMR (162 MHz, CDCl3) 

ŭP ï1.59. IR (Vmax, film) 2919, 2850, 1734, 1695, 1460, 1376, 1264, 1133, 1062, 1015, 956, 

623 cmï1. 

50807"ҭ"4.5.6.8/vgvtc/Q/cegv{n/3/dku*4/dtqoqgvj{n+rjqurjqt/ɸ.ɹ/F/

inweqr{tcpqukfg"*5039e0RDt+ 

 

Following general procedure 1, the reaction was run with 3.09 on a 1.00 g (2.40 mmol, 

Ŭ:ɓ 3:1) scale on 2,3,4,6-tetra-O-acetyl-Ŭ,ɓ-D-glucopyranose (3.17c). The crude product 

was purified by automated flash column chromatography (20-90% EtOAc/hexane) to afford 

the title compound in a mixture of anomers (Ŭ:ɓ 1.4:1) as a yellow oil (417 mg, 0.65 mmol, 

28%). HRMS (ESI) calculated for C18H2779Br2NaO13P [M+Na]+ 662.9454, found 662.9448. 

1H NMR both anomers (400 MHz, CDCl3) ŭH 5.89 (dd, J = 6.5, 3.2 Hz, 1H, Ŭ H1), 5.49 (t, 

J = 10.1 Hz, 1H, Ŭ H3), 5.32 (t, J = 7.5 Hz, 1H, ɓ H1), 5.25 ï 5.08 (m, 4H, Ŭ H4 + ɓ H2 + 

H3 + H4), 5.03 (dt, J = 10.1, 3.2 Hz, 1H, H2), 4.44 ï 4.29 (m, 8H, H7 + Ŭ H6 + H6), 4.26 ï 

4.22 (m, 2H, Ŭ H6 + ɓ H6), 3.84 (dd, J = 10.8, 2.7 Hz, 1H, H5), 3.59 ï 3.52 (m, 8H, H8), 

2.10 (s, 8H, CH3), 2.09 (s, 3H, CH3), 2.04 (s, 6H, CH3), 2.03 (s, 3H, CH3), 2.01 (s, 2H, CH3).  

13C NMR Ŭ-anomer (101 MHz, CDCl3) ŭC 170.5 (C=O), 170.0 (C=O), 169.4 (C=O), 169.3 

(C=O), 96.4 (d, J = 4.8 Hz, C1), 72.8 (C3), 72.2 (C5), 71.0 (C2), 67.6 (C4), 67.3 (d, J = 4.8 

Hz, C7), 67.1 (d, J = 5.8 Hz, C7), 61.3 (C6), 28.9 (C8), 28.8 (CH3), 28.7 (CH3), 28.6 (CH3), 

20.7 (CH3), 20.7 (CH3), 20.5 (CH3). 31P NMR (162 MHz, CDCl3) ŭP ï2.96 (Ŭ), ï3.51 (ɓ). 

50808"ҭ"4.5.6.8/vgvtc/Q/cegv{n/3/dku*UCVG+rjqurjqt/ɸ.ɹ/F/

inweqr{tcpqukfg"*5039e0UCVG+ 
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Following general procedure 2, the reaction was run with 2,3,4,6-tetra-O-acetyl-1-bis(2-

bromoethyl)-phosphate-Ŭ/ɓ-D-glucopyranoside 3.17c.PBr on a 417 mg (648 ɛmol, dr 1.4:1) 

scale. The crude product was purified by silica plug (80% EtOAc/hexane) to afford the title 

compound in a mixture of anomers (Ŭ:ɓ 1.2:1) as a yellow oil (372 mg, 0.59 mmol, 91%). 

HRMS (ESI) calculated for C22H33NaO15PS2 [M+Na]+ 655.0891, found 655.0902. 1H NMR 

(400 MHz, CDCl3) ŭH 5.85 (dd, J = 6.7, 3.3 Hz, 1H, Ŭ H1), 5.47 (t, J = 10.2 Hz, 1H, Ŭ H3), 

5.29 (t, J = 7.5 Hz, 1H, ɓ H1), 5.21 ï 5.17 (m, 1H, ɓ H3), 5.15 ï 5.06 (m, 3H, Ŭ H4 + ɓ H2 

+ H4), 5.01 (dt, J = 10.2, 3.3 Hz, 1H, Ŭ H2), 4.29 ï 4.09 (m, 12H, Ŭ/ɓ H6 + H7), 3.83 (ddd, 

J = 10.0, 4.6, 2.3 Hz, 1H, ɓ H5), 3.55 (ap. tt, J = 11.9, 6.1 Hz, 1H, Ŭ H5), 3.22 ï 3.12 (m, 

8H, H8), 2.37 ï 2.35 (m, 12H, CH3), 2.11 ï 2.00 (m, 24H, CH3). 13C NMR (101 MHz, CDCl3) 

ŭC 170.7 (C=O), 170.2 (C=O), 169.9 (C=O), 169.5 (C=O), 169.4 (C=O), 96.4 (d, J = 5.0 Hz, 

ɓ C1), 94.2 (d, J = 5.0 Hz, Ŭ C1), 72.7 (ɓ C3), 72.3 (d, J = 2.2 Hz, Ŭ C3), 71.1 (d, J = 9.6 

Hz, ɓ C2), 69.7 (d, J = 7.7 Hz, Ŭ C2), 69.5 (ɓ C5), 69.3 (Ŭ C5), 67.7 (Ŭ C4), 67.6 (ɓ C4), 

66.7 (d, J = 6.2 Hz, C7), 66.5 (d, J = 5.6 Hz, C7), 66.5 (d, J = 5.5 Hz, C7), 66.5 (d, J = 6.1 

Hz, C7), 61.4 (Ŭ C6), 61.3 (ɓ C6), 29.3 (CH3, SAc), 29.2 (CH3), 29.1 (C8), 29.0 (C8), 20.9 

(CH3), 20.8 (CH3), 20.7 (CH3), 20.7 (CH3). 31P NMR (162 MHz, CDCl3) ŭP ï2.86. IR (Vmax, 

film) 2960, 1747, 1694, 1429, 1367, 1216, 1032, 955, 735, 623 cmï1 

50809"ҭ"5.6.8/vtk/Q/cegv{n/4/c|kfqcegvkokfq/3/dku*4/dtqoqgvj{n+/

rjqurjqt/ɸ/F/inwequcokpg"*50430RDt+ 

 

Following general procedure 1, the reaction was run with 3.09 on a 30 mg (72 ɛmol) 

scale on 3,4,6-tri-O-acetyl-2-azido-acetimido-Ŭ,ɓ-D-glucosamine (3.21). The crude product 

was purified by manual flash column chromatography (0-8% MeOH/ CH2Cl2) to afford the 

title compound as a clear oil (4.6 mg, 6.5 ɛmol, 9%). When the reaction is ran in the 

presence of Et3N (2.0 equiv), 3.21.PBr was obtained in a 9% yield. . HRMS (ESI) calculated 

for C18H2779Br2N4NaO12P [M+Na]+ 702.9682, found 702.9629. 1H NMR (400 MHz, CDCl3) 

ŭH 6.65 (d, J = 8.8 Hz, 1H, NH), 5.80 (dd, J = 5.9, 3.3 Hz, 1H, H1), 5.31 (dd, J = 10.6, 9.6 

Hz, 1H), 5.22 (t, J = 9.9 Hz, 1H), 4.46 ï 4.37 (m, 5H, H9), 4.28 (dd, J = 12.4, 4.1 Hz, 1H), 

4.25 ï 4.20 (m, 1H, H6ô), 4.16 ï 4.12 (m, 1H, H6), 3.98 (d, J = 4.1 Hz, 2H, CH2N3), 3.58 

(dtd, J = 12.9, 6.1, 0.9 Hz, 4H, H10), 2.11 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.05 (s, 3H, CH3), 

2.03 (s, 3H, CH3). 
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5080:"ҭ"5.6.8/vtk/Q/cegv{n/4/c|kfqcegvkokfq/3/dku*UCVG+/rjqurjqt/ɸ/

F/inwequcokpg"*50430RUCVG+ 

 

Following general procedure 2, the reaction was run with 3,4,6-tri-O-acetyl-2-azido-

acetimido-1-bis(2-bromoethyl)phosphor-Ŭ-D-glucosamine 3.21.PBr on a 4.6 mg (6.5 ɛmol) 

scale. The crude product was analysed by 1H NMR, and full conversion to the title 

compound was observed. Rf 0.30 (3:2 EtOAc/hexane). HRMS (ESI) calculated for 

C22H33N4NaO14PS2 [M+Na]+ 695.1070, found 695.1065. 1H NMR (400 MHz, CDCl3) ŭH 6.86 

(d, J = 8.7 Hz, 1H), 5.72 (dd, J = 6.1, 3.4 Hz, 1H), 5.32 ï 5.24 (m, 1H), 5.25 ï 5.20 (m, 1H), 

4.44 ï 4.37 (m, 1H), 4.29 ï 4.06 (m, 7H), 3.95 ï 3.93 (m, 2H), 3.25 ï 3.15 (m, 5H), 2.36 (s, 

3H), 2.35 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H). 

These data are consistent with those published in the literature.167 

5080;"ҭ"5.6.8/vtk/Q/cegv{n/4/fgqz{/4/vtkejnqtqcegvcokfq/ɸ1ɹ/F/

inweqr{tcpqug"*5044+ 

 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-trichloroacetamido-Ŭ/ɓ-D-glucopyranose (1.00 g, 2.03 

mmol, 1.0 equiv) was dissolved in anhydrous THF (10 mL) under a N2 atmosphere. 

Hydrazine acetate (210 mg, 2.23 mmol, 1.1 equiv) was added and the mixture was stirred 

at room temperature for 3 hours. The reaction mixture was diluted with EtOAc and washed 

with 10% brine, dried over MgSO4, filtered, and concentrated in vacuo. The sample was 

purified by silica flash chromatography (40-60% EtOAc/hexane) to obtain the title 

compound 3.22 (602 mg, 1.34 mmol, 66%) as a mixture of anomers (Ŭ:ɓ, 6:1). Rf 0.30  

(3:2 EtOAc/hexane). HRMS (ESI) calculated for C14H1835Cl3NNaO9 [M+Na]+ 471.9945, 

found 471.9939. 1H NMR (400 MHz, CDCl3) ŭH 7.00 (d, J = 9.2 Hz, 1H, NH), 5.45 ï 5.36 

(m, 2H, H1 + H4), 5.18 (t, J = 9.6 Hz, 1H, H3), 4.29 ï 4.22 (m, 3H, H2, H5, H6), 4.15 (d, J 

= 10.1 Hz, 1H, H6ô), 2.12 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.03 (s, 3H, OAc). 13C NMR (101 

MHz, CDCl3) ŭC 171.4 (C=O), 171.0 (C=O), 169.5 (C=O), 162.2 (C=O), 91.2 (C1), 70.4 

(C3), 68.1 (C4), 68.0 (C5), 62.0 (C6), 54.2 (C2), 20.9 (CH3), 20.8 (CH3), 20.8 (CH3). 
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508032"ҭ"5.6.8/vtk/Q/cegv{n/4/fgqz{/4/vtkejnqtqcegvcokfq/3/dku*4/

dtqoqgvj{n+rjqurjqt/ɸ1ɹ/F/inweqr{tcpqukfg"*50440RDt+ 

 

Following general procedure 1, the reaction was run with 3.09 on a 54 mg (130 ɛmol, 

Ŭ:ɓ 6:1) scale on 3,4,6-tri-O-acetyl-2-deoxy-2-trichloroacetamido-Ŭ/ɓ-D-glucopyranose 

(3.22) in the presence of Et3N (2.0 equiv). The crude product was purified by manual flash 

column chromatography (10-80% EtOAc/hexane) to afford the title compound in a mixture 

of anomers (Ŭ:ɓ 4:1) (17 mg, 23 ɛmol, 39%). HRMS (ESI) calculated for 

C18H2579Br235Cl3NaO12P [M+Na]+ 763.8444, found 763.8439. 1H NMR Ŭ anomer (400 MHz, 

CDCl3) ŭH 7.10 (d, J = 8.6 Hz, 1H, NH), 5.85 (dd, J = 5.6, 3.3 Hz, 1H, H1), 5.37 (dd, J = 

10.9, 9.7 Hz, 1H, H3), 5.24 (t, J = 9.7 Hz, 1H, H4), 4.44 ï 4.36 (m, 4H, H9), 4.35 ï 4.25 (m, 

3H, H2, H6), 4.23 (dd, J = 4.1, 2.2 Hz, 1H, H5), 4.14 (dd, J = 12.2, 2.0 Hz, 1H, H6ô), 3.55 

(td, J = 6.0, 3.9 Hz, 4H, H10), 2.10 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3). 13C 

NMR (101 MHz, CDCl3) ŭC 171.5 (C=O), 170.6 (C=O), 169.2 (C=O), 162.3 (C=O), 95.7, 

91.8, 70.1, 69.6, 67.7, 67.0, 54.3 (d, J = 9.3 Hz), 29.3 (d, J = 4.6 Hz), 20.8 (CH3), 20.7 

(CH3), 20.6 (CH3). 

508033"ҭ"P.PҲ/uwnhqp{nfkkokfc|qng"*5049+ 

 

To a solution of imidazole (25.0 g, 370 mmol, 5.0 equiv) in CH2Cl2 (150 mL) was added 

sulfuryl chloride (6.00 mL, 74.1 mmol, 1.0 equiv) in CH2Cl2 (50 mL) dropwise at 0 ᴈ. The 

mixture was then stirred at room temperature overnight. The reaction was filtered, and the 

filtrate was evaporated in vacuo. The crude product was recrystallised in isopropanol to 

yield the desired product 3.27 (13.0 g, 65.7 mmol, 89%). HRMS (APCI) calculated for 

C6H7N4O2S [M+H]+ 199.0290, found 199.0284. 1H NMR (400 MHz, CDCl3) ŭH 8.49 (s, 1H, 

H1), 7.90 (d, J = 1.8 Hz, 1H, H2), 7.23 (s, 1H, H3). 13C NMR (101 MHz, CDCl3) ŭC 136.7 

(C1), 132.6 (C3), 117.5 (C2). 

These data are consistent with those published in the literature.233 
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508034"ҭ"5/*Kokfc|qng/3/uwnhqp{n+/3/ogvj{n/5J/kokfc|qn/3/kwo"vtkὍcvg"

*504:+ 

 

To a solution of 1,1ǋ-sulfonyldiimidazole 3.27 (6.50 g, 32.8 mmol, 1.0 equiv) in CH2Cl2 

(300 mL) at 0 ᴈ, methyl triflate (3.53 mL, 31.2 mmol, 0.95 equiv) was added dropwise for 

about 15 minutes. After 2 hours at 0 , the solid was filtered and dried under high vacuum 

to give the triflate salt 3.28 (9.06 g, 25.0 mmol, 76%) as a white solid. 1H NMR (400 MHz, 

D2O) ŭH 8.50 (s, 1H, H4), 8.17 (d, J = 2.3 Hz, 1H, H1), 7.79 (t, J = 1.8 Hz, 1H, H6), 7.71 (d, 

J = 2.3 Hz, 1H, H3), 7.27 (d, J = 1.8 Hz, 1H, H5), 4.00 (s, 3H, CH3). 13C NMR (101 MHz, 

D2O) ŭC 138.5 (C4), 131.9 (C5), 126.0 (C3), 120.7 (C1), 118.8 (C6), 37.1 (CH3). 19F NMR 

(376 MHz, D2O) ŭF ï78.8.  

These data are consistent with those published in the literature.233 

508035"ҭ"3.5.6.8/vgvtccegv{n/4/c|kfq/4/fgqz{inweqr{tcpqug"*5052+ 

 

3-(Imidazole-1-sulfonyl)-1-methyl-3H-imidazol-1-ium triflate 3.28 (2.36 g, 6.51 mmol, 

1.2 equiv) was dissolved in H2O (12.7 mL) at 0 ᴈ and then EtOAc (12.7 mL) was added 

and stirred for 30 minutes. Solid NaN3 (403 mg, 6.19 mmol, 1.14 equiv) was then added 

and stirred. After 1 hour the EtOAc was extracted and dried over MgSO4. Glucosamine HCl 

(1.17 g, 5.43 mmol, 1.0 equiv) in MeOH (15 mL) was added to the solution, followed by, 

potassium carbonate (1.70 g, 12.2 mmol, 2.25 equiv) and copper sulfate pentahydrate 

(34.0 mg, 0.140 mmol, 0.2 equiv). The mixture was stirred at room temperature overnight. 

The mixture was evaporated, and the crude residue was dissolved in pyridine (25 mL) and 

acetic anhydride (10 mL) was added. The mixture was stirred at room temperature for 18 

hours. Upon completion, the reaction was concentrated in vacuo. The crude mixture was 

dissolved in EtOAc and H2O, and the organic layer washed with 2M CuSO4(aq) solution, 

brine, dried over MgSO4, filtered, and concentrated in vacuo. The crude was purified by 

column chromatography (10-40% EtOAc/hexane) to yield the title compound 3.30 (666 mg, 

1.70 mmol, 26%). Rf 0.61 (1:1 EtOAc/hexane). HRMS (ESI) calculated for C14H19N3NaO9 

[M+Na]+ 396.1019, found 396.1011. 1H NMR (400 MHz, CDCl3) ŭH 6.30 (d, J = 3.7 Hz, 

0.43H, H1ɓ), 5.55 (d, J = 8.7 Hz, 1H, H1Ŭ), 5.14 ï 5.01 (m, 2.5H, H3 + H4), 4.34 ï 4.26 

(m, 1.4H, H6ô), 4.07 (td, J = 12.3, 2.1 Hz, 2H, H6), 3.80 (ddd, J = 9.6, 4.4, 2.1 Hz, 1H, H5), 
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3.70 ï 3.62 (m, 1.4H, H2), 2.19 (s, 4H, CH3), 2.11 (s, 1.35H, CH3), 2.10 (s, 3H, CH3), 2.08 

(s, 4H, CH3), 2.05 (s, 1.25H, CH3), 2.03 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) ŭC 170.7 

(C=O), 169.9 (C=O), 169.8 (C=O), 168.7 (C=O), 92.7 (C1), 90.1, 72.9 (C3), 72.8 (C5), 70.9, 

69.9 (C4), 67.9, 62.7 (C2), 61.5 (C6), 60.4, 21.0 (CH3), 20.8 (CH3), 20.8 (CH3), 20.7 (CH3). 

These data are consistent with those published in the literature.167 

508036"ҭ"5.6.8/vtkcegv{n/4/c|kfq/4/fgqz{inweqr{tcpqug"*5045+ 

 

1,3,4,6-tetraacetyl-2-azido-2-deoxyglucose 3.30 (750 mg, 2.00 mmol, 1.0 equiv) was 

dissolved in anhydrous THF (15 mL) under a N2 atmosphere. Hydrazine acetate (350 mg, 

2.50 mmol, 1.25 equiv) was added and the reaction stirred for 3 hours at room temperature. 

The reaction was diluted with EtOAc and washed with 10% brine. The organic layer was 

dried over MgSO4, filtered, and concentrated in vacuo. The crude sample was purified by 

flash silica chromatography (5-50% EtOAc/hexane) to obtain the title compound 3.37 as a 

pale-yellow foam (510 mg, 1.54 mmol, 77%) as a 1:2 ratio of Ŭ:ɓ anomers. Rf 0.38 (1:1 

EtOAc/hexane). HRMS (ESI) calculated for C33H35NaO5 [M+Na]+ 354.0913, found 

354.0908. 1H NMR (400 MHz, CDCl3) ŭH 5.53 (dd, J = 10.5, 9.3 Hz, 1H, H3), 5.40 (d, J = 

3.6 Hz, 1H, H1ɓ), 5.09 ï 5.00 (m, 2H, H4 + H5), 4.74 (d, J = 8.1 Hz, 0.54H, H1Ŭ), 4.31 ï 

4.19 (m, 3H, H6), 4.17 ï 4.08 (m, 2H), 3.72 (ddt, J = 8.6, 4.6, 2.3 Hz, 0.55H), 3.52 ï 3.46 

(m, 1H, H2Ŭ), 3.43 (dd, J = 10.5, 3.6 Hz, 1H, H2ɓ), 2.10 ï 2.09 (m, 7H, CH3), 2.04 (s, 4H, 

CH3), 2.02 (s, 1H, CH3). 13C NMR (101 MHz, CDCl3) ŭC 170.9 (C=O), 170.2 (C=O), 169.9 

(C=O), 169.8 (C=O), 96.3 (C1Ŭ), 92.2 (C1ɓ), 72.7, 72.1, 70.6, 68.6, 68.4, 67.7, 65.0, 62.1 

(C6), 61.6 (C6), 60.6 (C2), 20.9 (CH3), 20.8 (CH3), 20.7 (CH3). 

These data are consistent with those published in the literature.167 

508037"ҭ 5.6.8/vtk/Q/cegv{n/4/c|kfq/4/fgqz{/3/dku*4/dtqoqgvj{n+"

rjqurjqt/F/inweqr{tcpqukfg"*50450RDt+ 

 

Following general procedure 1, the reaction was run with 3.09 on a 25 mg (60 ɛmol, Ŭ:ɓ 

1:2) scale on 3,4,6-tri-O-acetyl-2-azido-2-deoxy-D-glucopyranose (3.23). The crude 

product was purified by flash silica column chromatography (20-80% EtOAc/hexane) to 

afford the title compound in a mixture of anomers (2.5:1 Ŭ:ɓ) along with unreacted 3.09. 

The yield was determined from peak integration on 1H NMR (16 mg, 26 ɛmol, 43%). HRMS 
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(ESI) calculated for C16H2479Br2N3NaO11P [M+Na]+ 645.9413, found 645.9407. 1H NMR Ŭ 

anomer (400 MHz, CDCl3) ŭH 5.85 (dd, J = 6.4, 3.3 Hz, 1H, H1), 5.45 (dd, J = 10.5, 9.3 Hz, 

1H), 5.16 ï 5.03 (m, 3H), 4.43 ï 4.36 (m, 11H, H7, unreacted 3.09), 4.31 (dd, J = 12.6, 3.9 

Hz, 1H), 4.23 ï 4.19 (m, 2H), 4.11 (dd, J = 12.2, 2.2 Hz, 1H), 3.69 (dt, J = 10.4, 3.2 Hz, 

1H), 3.60 ï 3.54 (m, 11H, H8, unreacted 3.09), 2.10 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.05 

(s, 3H, CH3), 2.03 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) ŭC 170.7 (C=O), 170.5 (C=O), 

170.0 (C=O), 169.8 (C=O), 169.7 (C=O), 101.4, 72.9, 70.6, 67.3, 61.2, 29.5 (CH3), 29.4 

(CH3), 29.3 (CH3), 20.7 (CH3). 

508038"ҭ"5.6.8/vtk/Q/cegv{n/4/c|kfq/4/fgqz{/3/dku*UCVG+rjqurjqt/F/

inweqr{tcpqukfg"*50450RUCVG+ 

 

Following general procedure 2, the reaction was run with 3,4,6-tri-O-acetyl-2-azido-2-

deoxy-1-bis(2-bromoethyl)phosphor-D-glucopyranoside (3.23) on a 16 mg (26 ɛmol, Ŭ:ɓ 

2:1) scale. The crude product was purified by silica flash column chromatography (0-100% 

EtOAc/hexane) to afford the title compound 3.23.PSATE as a mixture of anomers (Ŭ:ɓ 7:1) 

as a pale-yellow oil (14 mg, 22 ɛmol, 83%). HRMS (ESI) calculated for C20H30N3NaO13PS2 

[M+Na]+ 638.0855, found 638.0862. 1H NMR (400 MHz, CDCl3) ŭH 5.81 (dd, J = 6.4, 3.3 

Hz, 1H), 5.48 ï 5.41 (m, 1H), 5.11 (t, J = 9.9 Hz, 1H), 4.32 (dd, J = 12.6, 4.0 Hz, 1H), 4.23 

ï 4.12 (m, 12H, H8), 4.08 (dd, J = 6.9, 2.3 Hz, 1H), 3.79 (ddt, J = 7.2, 5.0, 2.4 Hz, 1H), 3.24 

ï 3.16 (m, 13H, H7), 2.37 (s, 3H, CH3), 2.36 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.08 (s, 3H, 

CH3), 2.05 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) ŭC 194.3 (C=O), 170.7 (C=O), 170.5 

(C=O), 169.6 (C=O), 94.4, 70.5, 69.5, 68.6, 67.6, 66.1, 66.1, 62.6, 61.3, 30.6 (CH3), 29.7 

(CH3), 29.1 (CH3), 20.9 (CH3), 20.6 (CH3). 

These data are consistent with those published in the literature.167 

508039"ҭ"Cnn{n"6/*dku*4/dtqoqgvj{n+rjqurjqt+/dgp|qcvg"*50560RDt+ 

 

Following general procedure 1, the reaction was run with 3.09 on a 25 mg (60 ɛmol) 

scale on allyl 4-hydroxybenzoate (3.34). The crude product was purified by flash silica 

column chromatography (0-70% EtOAc/hexane) to afford the title compound 3.34.PBr as 

a clear oil (21 mg, 44 ɛmol, 74%). HRMS (ESI) calculated for C14H1779Br2NaO6P [M+Na]+ 
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492.9027, found 492.9022. 1H NMR (400 MHz, CDCl3) ŭH 8.10 ï 8.06 (m, 2H, Aromatic H), 

7.31 (dd, J = 7.4, 1.8 Hz, 2H, Aromatic H), 6.08 ï 5.97 (m, 1H, H2), 5.43 ï 5.37 (m ,1H, 

H1), 5.30 (dq, J = 10.5, 1.4 Hz, 1H, H1ô), 4.82 (dt, J = 5.6, 1.4 Hz, 2H, H3), 4.49 ï 4.42 (m, 

4H, H4), 3.55 (td, J = 5.8, 1.7 Hz, 4H, H5). 13C NMR (101 MHz, CDCl3) ŭC 165.4 (C=O), 

153.9 (Ar-C), 132.1 (Ar-C), 131.9 (C2), 127.5 (Ar-C), 120.0 (d, J = 5.0 Hz, Ar-C), 118.6 

(C1), 67.9 (d, J = 5.6 Hz, C4), 65.8 (C3), 29.1 (d, J = 7.7 Hz, C6). 

50803:"ҭ"Cnn{n"6/*dku*UCVG+rjqurjqt+/dgp|qcvg"*50560RUCVG+ 

 

Following general procedure 2, the reaction was run with Allyl  

4-(bis(2-bromoethyl)phosphor)-benzoate 3.34.PBr on a 21 mg (44 ɛmol) scale. The crude 

product was purified by flash silica column chromatography (0-80% EtOAc/hexane) to 

afford the title compound 3.34.PSATE as a pale-yellow oil (15 mg, 31 ɛmol, 70%). HRMS 

(ESI) calculated for C18H23NaO8PS2 [M+Na]+ 485.0470, found 485.0464. 1H NMR (400 

MHz, CDCl3) ŭH 8.06 (d, J = 8.7 Hz, 2H, Aromatic H), 7.28 (d, J = 8.7, 1.3 Hz, 2H, Aromatic 

H), 6.02 (ddt, J = 17.4, 10.5, 5.5 Hz, 1H, H2), 5.39 (dq, J = 17.4, 1.5 Hz, 1H, H1), 5.28 (dq, 

J = 10.5, 1.5 Hz, 1H, H1), 4.80 (dt, J = 5.5, 1.5 Hz, 2H, H3), 4.26 ï 4.20 (m, 4H, H4), 3.17 

(t, J = 6.5 Hz, 4H, H5), 2.33 (s, 6H, CH3). 13C NMR (101 MHz, CDCl3) ŭC 194.8 (C=O), 

165.4 (Ar-C), 154.1 (d, J = 6.4 Hz, Ar-C), 132.2 (Ar-C), 131.3 (C2), 127.3 (Ar-C), 120.0 (d, 

J = 5.0, Ar-C), 118.5 (C1), 66.8 (d, J = 5.9 Hz, C4), 65.8 (C3), 30.6 (CH3), 29.2 (C5).  

50803;"ҭ"Cnn{n"6/*dku*4/dtqoqgvj{n+rjqurjqt+/ogvj{n"dgp|qcvg"

*50570RDt+ 

 

Following general procedure 1, the reaction was run with 3.09 on a 54 mg (130 ɛmol) 

scale on allyl 4-hydroxymethylbenzoate (3.35). The crude product was purified by flash 

silica column chromatography (0-70% EtOAc/hexane) to afford the title compound 

3.35.PBr in a 2:1 mixture with unreacted 3.09 as a clear oil (35 mg, 71 ɛmol, 55%). HRMS 

(ESI) calculated for C19H2579Br2NaO8P [M+Na]+ 506.9184, found 506.9178. 1H NMR (400 

MHz, CDCl3) ŭH 8.08 (d, J = 8.3 Hz, 2H, Aromatic H), 7.47 (d, J = 8.3 Hz, 2H, Aromatic H), 

6.03 (ddd, J = 17.6, 10.5, 5.5 Hz, 1H, H2), 5.41 (dd, J = 17.6, 1.5 Hz, 1H, H1), 5.30 (dd, J 

= 10.5, 1.5 Hz, 1H, H1), 5.19 (d, J = 8.3 Hz, 2H, H4), 4.83 (dt, J = 5.5, 1.5 Hz, 2H, H3), 

4.33 (dtd, J = 7.9, 6.0, 1.9 Hz, 4H, H5), 3.52 (t, J = 6.0 Hz, 4H, H6). 13C NMR (101 MHz, 
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CDCl3) ŭC 165.9 (C=O), 140.5 (d, J = 6.8 Hz, Ar-C), 132.2 (C2), 130.6 (Ar-C), 130.2 (Ar-C), 

127.6 (Ar-C), 118.6 (C1), 69.1 (d, J = 5.5 Hz, C4), 67.4 (d, J = 5.7 Hz, C5), 67.2 (d, J = 5.7 

Hz, C5), 65.9 (C3), 29.5 (d, J = 7.7 Hz, C6). 

508042"ҭ"P/Dqe/Ugt/cnn{n"guvgt"*5058+ 

 

D-Serine (500 mg, 4.76 mmol, 1.0 equiv) was dissolved in a mixture of 2M NaOH(aq) (10 

mL) and THF (10 mL). Boc2O (1.35 mL, 7.14 mmol, 1.0 equiv) was added and the reaction 

as stirred at room temperature for 7 hours. H2O (10 mL) was added, and the aqueous layer 

was extracted with EtOAc (10 mL). The aqueous layer was adjusted to pH 3 using 1M HCl 

and extracted with EtOAc (2 Ĭ 20 mL). The organic layers were combined, dried with 

MgSO4, filtered, and concentrated in vacuo. The crude residue was redissolved in an 

anhydrous MeOH (5 mL) solution containing Cs2CO3 (850 mg, 2.62 mmol, 0.55 equiv) 

under a N2 atmosphere and the mixture was stirred for 1 hour at room temperature. The 

mixture was concentrated in vacuo and resuspended in DMF (5 mL). Allyl bromide (460 ÕL, 

4.81 mmol, 1.01 equiv) was added to the reaction and the mixture was stirred overnight at 

room temperature. Salts were removed by filtration through celite, and the filtrate was 

concentrated in vacuo. The crude mixture was purified by flash silica chromatography (20-

50% EtOAc/hexane) to yield the title compound 3.36 (713 mg, 2.67 mmol, 59%) as a clear 

oil. Rf 0.46 (1:1 EtOAc/hexane). HRMS (ESI) calculated for C11H19NNaO5 [M+Na]+ 

268.1161, found 268.1155. 1H NMR (400 MHz, CDCl3) ŭH 5.91 (ddt, J = 17.4, 10.4, 5.7 Hz, 

1H, H5), 5.51 (br. s, 1H, NH), 5.34 (dq, J = 17.4, 1.4 Hz, 1H, H6), 5.26 (dq, J = 10.4, 1.5 

Hz, 1H, H6ô), 4.67 (dt, J = 5.7, 1.5 Hz, 2H, H4), 4.40 (ap. br. s, 1H, H2), 3.98 (dd, J = 11.2, 

3.8 Hz, 1H, H1), 3.91 (dd, J = 11.2, 3.6 Hz, 1H, H1), 1.44 (s, 9H, CH3). 13C NMR (101 MHz, 

CDCl3) ŭC 170.7 (C3), 155.9 (C=O, Boc), 131.5 (C5), 119.0 (C6), 80.5 (C(CH3)3), 66.4 (C4), 

63.7 (C1), 55.9 (C2), 28.4 (CH3). 

These data are consistent with those published in the literature.238 

508043"ҭ"P/Dqe/Ugt*dku*4/dtqoqgvj{n+rjqurjqt+/cnn{n"guvgt"

*50580RDt+ 

 

Following general procedure 1, the reaction was run with 3.09 on a 25 mg (60 ɛmol) 

scale on with N-Boc-Ser-allyl ester (3.36) in the presence of Et3N (2.0 equiv). The crude 
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product was purified by flash silica column chromatography (0-50% EtOAc/hexane) to 

afford the title compound 3.36.PBr as a clear oil (9.5 mg, 18 ɛmol, 30%). HRMS (ESI) 

calculated for C15H2679Br2NNaO8P [M+Na]+ 559.9660, found 559.9655. 1H NMR (400 MHz, 

CDCl3) ŭH 5.91 (ddt, J = 17.2, 10.4, 5.7 Hz, 1H, H5), 5.50 (br. d, J = 8.3 Hz, 1H, NH), 5.34 

(dq, J = 17.2, 1.4 Hz, 1H, H6), 5.27 (dq, J = 10.4, 1.4 Hz, 1H, H6ô), 4.68 (dt, J = 5.7, 1.6 

Hz, 2H, H4), 4.57 ï 4.53 (m, 1H, H2), 4.50 (ddt, J = 10.6, 7.4, 3.4 Hz, 1H, H1), 4.40 ï 4.29 

(m, 6H, H7 + H1ô), 3.54 ï 3.49 (m, 4H, H8), 1.45 (s, 9H, (CH3)3). 13C NMR (101 MHz, CDCl3) 

ŭC 169.0 (C3), 131.4 (C5), 119.3 (C6), 80.6 (C(CH3)3), 68.1 (C1), 67.3 (d, J = 5.77), 66.7 

(C4), 54.1 (C2), 29.5 (C8), 29.4 (C8), 28.4 (CH3). 

508044"ҭ"P/Dqe/Ugt*dku*UCVG+rjqurjqt+/UCVG+/cnn{n"guvgt"

*50580RUCVG+ 

 

Following general procedure 2, the reaction was run with N-Boc-Ser(bis(2-

bromoethyl)phosphor)-allyl ester 3.36.PBr on a 9.5 mg (18 ɛmol) scale. The crude product 

was purified by a silica plug (100% EtOAc) to afford the title compound 3.36,PSATE as a 

yellow oil (7.4 mg, 14 ɛmol, 78%). HRMS (ESI) calculated for C19H32NKO10PS2 [M+K]+ 

568.0842, found 568.0837. 1H NMR (400 MHz, CDCl3) ŭH 5.95 ï 5.85 (m, 1H, H5), 5.59 (d, 

J = 8.3 Hz, 1H, NH), 5.37 ï 5.30 (m, 1H, H6), 5.26 (dt, J = 10.4, 1.4 Hz, 1H, H6), 4.68 ï 

4.65 (m, 2H, H4), 4.54 (ddt, J = 7.8, 5.7, 3.0 Hz, 1H, H2), 4.46 (ddd, J = 10.4, 7.8, 3.3 Hz, 

1H, H1), 4.31 (ddd, J = 10.4, 5.7, 2.8 Hz, 1H, H1ô), 4.15 ï 4.06 (m, 4H, H7), 3.18 ï 3.12 (m, 

4H, H8), 2.35 (s, 6H, SAc), 1.44 (s, 9H, (CH3)3). 13C NMR (101 MHz, CDCl3) ŭC 194.9 

(C=O), 194.8 (C=O), 169.0 (C3), 131.4 (C5), 119.2 (C6), 80.5 (C(CH3)3), 66.6 (C1), 66.4 

(C4), 66.1 (d, J = 4.8 Hz, C7), 54.1 (C2), 30.7 (C8), 29.2 (CH3), 29.2 (CH3), 28.4 (CH3).  

31P NMR (162 MHz, CDCl3) ŭP ï1.31. 

508045"ҭ"Cnn{n"8/c|kfq/8/fgqz{/4.5.6/vtk/Q/dgp|{n/ɸ1ɹ/F/

inweqr{tcpqug"*5067+ 

 

To a solution of glucose (1.00 g, 5.50 mmol, 1.0 equiv) in allyl alcohol (25 mL) under 

nitrogen was added acetyl chloride (790 ɛL, 22.0 mmol, 2.0 equiv) and the mixture stirred 

at 100 ᴈ for 16 hours. The reaction was quenched with triethylamine (900 ɛL, 6.50 mmol, 

1.1 equiv) and the mixture was evaporated to dryness in vacuo. The crude mixture was 
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dissolved in dry pyridine (8.0 mL) under nitrogen and tosyl chloride (3.40 g, 17.8 mmol, 1.6 

equiv) and the reaction was stirred for 1 hour at room temperature. The mixture was 

quenched with H2O, acidified with 1M HCl and extracted with EtOAc (Ĭ3). The organics 

were combined and dried with MgSO4, filtered, and concentrated in vacuo. The crude 

mixture was dissolved in anhydrous dioxane (37 mL) and benzyl 2,2,2-trichloroacetimidate 

(3.62 mL, 19.5 mmol, 3.6 equiv) was added. Triflic acid was added to the reaction slowly 

to reach pH 2. The mixture was stirred for 4 hours. Upon completion, the reaction was 

diluted with Et2O and quenched with NaHCO3 solution. The organic layer was removed and 

dried over MgSO4, filtered, and concentrated in vacuo. The mixture was purified by 

automated flash silica column chromatography (0-40% EtOAc/hexane) to yield the 6-(4-

methylbenzenesulfonate)-2,3,4-tri-O-benzyl-Ŭ/ɓ-D-glucopyranoside (2.41 g, 3.75 mmol, 

75%) as a yellowish foam. The allyl 6-(4-methylbenzenesulfonate)-2,3,4-tri-O-benzyl-Ŭ/ɓ-

D-glucopyranoside (393 mg, 0.61 mmol, 1.0 equiv) was dissolved in dry DMF (6.0 mL). 

Sodium azide (210 mg, 3.05 mmol, 5.0 equiv) was then added and the reaction was heated 

to 80 ᴈ overnight. The reaction was cooled to 0 ᴈ and quenched with MeOH and 

concentrated in vacuo. The crude mixture was dissolved in EtOAc and washed with H2O 

and brine, dried over MgSO4, filtered, and concentrated in vacuo. The sample was then 

purified by automated column chromatography (0-70% EtOAc/hexane) to yield the desired 

product 3.45 (147 mg, 0.29 mmol, 48%) as a clear oil (Ŭ:ɓ, 1:2). Rf 0.39 (3:7 

EtOAc/hexane). HRMS (ESI) calculated for C30H33N3NaO5 [M+Na]+ 538.2318, found 

538.2312. 1H NMR (400 MHz, CDCl3) ŭH 7.37 ï 7.27 (m, 35H, Aromatic H), 6.04 ï 5.79 (m, 

1H, H8), 5.40 ï 5.36 (m, 1H, H9), 5.36 ï 5.31 (m, 1H, H9ô), 5.30 ï 5.18 (m, 2.4H), 5.02 (d, 

J = 10.9 Hz, 1H, CH2Ph), 5.00 ï 4.96 (m, 1.6H, CH2Ph), 4.95 (d, J = 7.2 Hz, 1H, CH2Ph), 

4.91 ï 4.71 (m, 8.5H, CH2Ph), 4.67 (d, J = 11.9 Hz, 2H, CH2Ph), 4.58 (dd, J = 11.0, 5.8 Hz, 

2.45H, H7), 4.54 ï 4.50 (m, 1H, H1, CH2Ph), 4.45 (dd, J = 9.6, 3.6 Hz, 1H, H7ô), 4.23 ï 

4.12 (m, 2H, H7), 3.85 (ap. dp, J = 9.2, 3.0 Hz, 1.5H, H3), 3.57 ï 3.29 (m, 10H, H4 + H5 + 

H6). 13C NMR (101 MHz, CDCl3) ŭC 138.7 (Ar-C), 138.1 (Ar-C), 138.0 (Ar-C), 133.5 (C8), 

133.1 (Ar-C), 130.0 (Ar-C), 128.6 (Ar-C), 128.5 (Ar-C), 128.3 (Ar-C), 128.2 (Ar-C), 128.1 

(Ar-C), 128.0 (Ar-C), 127.8 (Ar-C), 118.7 (C9), 95.5 (C1), 82.3 (C3), 81.9 (C2), 80.1 (C5), 

78.5, 75.8 (C4), 75.3, 75.1 (CH2Ph), 74.8 (CH2Ph), 73.3 (CH2Ph), 70.4, 70.3 (C7), 68.5, 

51.5 (C6). 

These data are consistent with those published in the literature.239,240 

508046"ҭ"8/c|kfq/8/fgqz{/4.5.6/vtk/Q/dgp|{n/inweqr{tcpqug"*5068+ 

 

3.45 (449 mg, 870 ɛmol, 1.0 equiv, Ŭ:ɓ 1:2) was dissolved in anhydrous MeOH (8.7 mL) 

under a N2 atmosphere. Palladium chloride (31.0 mg, 170 ɛmol, 0.2 equiv) was added and 
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the reaction was stirred at room temperature for 16 hours. The mixture was filtered through 

a silica pad and washed with EtOAc. The filtrate was concentrated in vacuo. The crude 

residue was purified by automated flash silica column chromatography (10-60% 

EtOAc/hexane) to yield the desired product 3.46 (346 mg, 720 ɛmol, 83%) in a mixture of 

anomers (Ŭ:ɓ, 1:3) as a slight yellow oil. Rf 0.67 (1:1 EtOAc/hexane). HRMS (ESI) 

calculated for C27H29N3NaO5 [M+Na]+ 498.2005, found 498.1999. 1H NMR (400 MHz, 

CDCl3) ŭH 7.41 ï 7.23 (m, 15H, Aromatic H), 5.23 (d, J = 3.7 Hz, 0.5H, H1), 5.00 ï 4.64 (m, 

5H, CH2Ph), 4.59 (dd, J = 11.0, 5.1 Hz, 1H, CH2Ph), 4.08 ï 4.00 (m, 1H, H5), 3.97 (t, J = 

9.3 Hz, 1H, H3), 3.71 ï 3.28 (m, 6H, H2 + H4 + H6). 13C NMR (101 MHz, CDCl3) ŭC 137.5 

(Ar-C), 129.8 (Ar-C), 128.9 (Ar-C), 128.5 (Ar-C), 127.9 (Ar-C), 127.5 (Ar-C), 127.3 (Ar-C), 

91.8 (C1), 81.3, 80.2, 79.0 (CH2Ph), 75.6 (CH2Ph), 75.3 (CH2Ph), 73.5, 53.7 (C6). 

These data are consistent with those published in the literature.239,240  
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To a solution of glucose (142 mg, 790 ɛmol, 1.0 equiv) in allyl alcohol (3.95 mL, 58.1 

mmol, 73 equiv) was added acetyl chloride (279 ɛL, 3.95 mmol, 5.0 equiv) and the reaction 

was stirred overnight at 100 ᴈ. The reaction was allowed to cool and quenched with Et3N 

(121 ɛL, 869 ɛmol, 1.1 equiv). The solution was concentrated in vacuo and co-evaporated 

with toluene. The crude mixture was placed under a N2 atmosphere and resuspended in 

anhydrous pyridine (4.0 mL). Tosyl chloride (240 mg, 1.26 mmol, 1.6 equiv) was added and 

the mixture was stirred at room temperature for 1 hour. The reaction was quenched with 

H2O, acidified with 1M HCl(aq) and extracted with EtOAc (Ĭ4). The organics were combined 

and dried with MgSO4, filtered, and concentrated in vacuo and co-evaporated with toluene. 

The crude mixture was dissolved in pyridine (4 mL) and acetic anhydride (745 ɛL, 7.90 

mmol, 10 equiv) and stirred at room temperature overnight. Upon completion the reaction 

was concentrated in vacuo. The residue was resuspended in EtOAc and washed with 1M 

HCl(aq), brine, dried with MgSO4, filtered, and concentrated in vacuo. The crude residue was 

purified using automated flash silica chromatography (10-70%) to obtain the title compound 

3.47 (245 mg, 490 ɛmol, 62%) as a mixture of anomers (Ŭ:ɓ, 3:1) as an oil. Rf 0.51 (1:1 

EtOAc/hexane). HRMS (ESI) calculated for C22H28NaO11S [M+Na]+ 523.1250, found 

523.1245. 1H NMR major Ŭ-isomer (400 MHz, CDCl3) ŭH 7.81 ï 7.73 (m, 2H, Aromatic H), 

7.37 ï 7.32 (m, 2H, Aromatic H), 5.91 ï 5.72 (m, 1H, H8), 5.49 ï 5.42 (m, 1H, H3), 5.32 ï 

5.25 (m, 1H, H9), 5.24 ï 5.18 (m, 1H, H9ô), 5.01 (d, J = 3.8 Hz, 1H, H1), 4.93 ï 4.89 (m, 

1H, H4), 4.78 (dd, J = 10.4, 3.8 Hz, 1H, H2), 4.16 ï 3.99 (m, 5H, H5, H6, H7), 2.45 (s, 3H, 

CH3), 2.05 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.97 (s, 3H, CH3). 13C NMR major Ŭ-isomer 
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(101 MHz, CDCl3) ŭC 170.1 (C=O), 169.5 (C=O), 169.3 (C=O), 132.9 (C8), 129.9 (Ar-C), 

129.8 (Ar-C), 128.1 (Ar-C), 127.9 (Ar-C), 118.2 (C9), 94.5 (C1), 71.6 (C5), 70.5 (C3), 69.9 

(C6), 68.7 (C2), 68.7 (C4), 67.2 (C7), 21.7 (CH3), 20.7 (CH3),20.6 (CH3), 20.5 (CH3). 
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To a mixture of allyl 6-(4-methylbenzenesulfonate)-2,3,4-tri-O-acetyl-Ŭ/ɓ-D-

glucopyranoside 3.47 (225 mg, 453 ɛmol, 1.0 equiv, Ŭ:ɓ 3:1) was dissolved in anhydrous 

MeOH (5.0 mL) under a N2 atmosphere. Palladium chloride (16.1 mg, 90.0 ɛmol, 0.2 equiv) 

was added and the reaction was stirred at room temperature for 10 hours. The mixture was 

filtered through a silica pad and washed with EtOAc. The filtrate was concentrated in vacuo. 

The crude residue was purified by automated flash silica column chromatography (10-60% 

EtOAc/hexane) to yield the desired product 3.48 (155 mg, 339 ɛmol, 75%) in a mixture of 

anomers (Ŭ:ɓ, 7:1) as a slight yellow oil. Rf 0.32 (1:1 EtOAc/hexane). HRMS (ESI) 

calculated for C19H24NaO11S [M+Na]+ 483.0937, found 483.0932. 1H NMR major Ŭ-isomer 

(400 MHz, CDCl3) ŭH 7.78 (dd, J = 8.3, 6.8 Hz, 2H, Aromatic H), 7.35 (d, J = 8.3 Hz, 2H, 

Aromatic H), 5.52 ï 5.45 (m, 1H, H3), 5.38 (d, J = 3.7 Hz, 1H), 5.00 ï 4.86 (m, 2H, H4), 

4.83 ï 4.76 (m, 1H, H2), 4.33 ï 4.21 (m, 1H, H5), 4.16 ï 4.03 (m, 2H, H6), 2.45 (s, 3H, 

CH3), 2.06 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.98 (s, 3H, CH3). 13C NMR major Ŭ-isomer 

(101 MHz, CDCl3) ŭC 198.8 (C=O), 198.5 (C=O), 193.4 (C=O), 130.0 (Ar-C), 129.9 (Ar C), 

128.1 (Ar C), 127.9 (Ar-C), 90.0 (C1), 71.2 (C3), 70.8 (C2), 68.6 (C4), 67.7 (C6), 67.0 (C5), 

21.7 (CH3), 20.7 (CH3), 20.6 (CH3), 20.5 (CH3). 
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Glycans play a hugely important role on the cell surface of mammalian 

cells and O-mannosyl glycans are just one class of these important glycans. 

The core M3 glycan of Ŭ-dystroglycan (Ŭ-DG) is modified with matriglycan, 

a polymer of repeating disaccharides which extends deep into the 

extracellular matrix and has key binding interactions with laminins, which is 

especially significant in muscle tissue. This core M3 glycan has a unique 

linker consisting of tandem ribitol-5-phosphate (Rbo5P). This makes it an 

extremely useful target for metabolic labelling as it is not known to be 

present anywhere else in mammalian cells. This chapter outlines multiple 

approaches to synthesise a range of alkyne-tagged ribitol- and  

Rbo5P-derived metabolic labelling tools. Successful synthesis of four 

variations of two metabolic labelling tools from D-ribose is described along 

with development of an efficient, optimised approach to the alkyne-tagged 

metabolic labelling tools starting from a commercially available partially 

protected ribitol intermediate. It is expected these tools can be used to probe 

Ŭ-DG glycosylation, discover the presence of any further unknown  

Rbo5P-carrying glycans, build information regarding enzyme turnover rate 

and characterise glycan composition. 
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Glycans play a key role in glycobiology. Some glycans are bound to 

matrix molecules and are essential for maintenance of tissue structures, 

porosity, and integrity. Glycans can aid the organisation of the matrix by 

containing small molecule specific binding sites.3 In some cases, such as 

the SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) 

glycans provide a physical barrier referred to as a shield, limiting the 

recognition by proteases or antibodies.241 

Dystroglycan is a transmembrane complex, consisting of two subunits,  

Ŭ- and Ç-dystroglycan, that links the cytoskeleton with the extracellular 

matrix (Figure 4.1A).242,243 Dystroglycan plays a significant role in the 

maintenance of muscle cell structural integrity and stability. The extracellular 

subunit, Ŭ-dystroglycan (Ŭ-DG), is heavily glycosylated and contains 

multiple mucin-type O-glycans as well as O-mannosyl glycans. The core M3 

glycan of Ŭ-DG contains the matriglycan that extends deep into the 

extracellular matrix and is responsible for the vital interactions between the 

laminar and muscle tissues. Failures to properly biosynthesise the core M3 

glycan result in a subcategory of muscular dystrophy,  

Ŭ-dystroglycanopathies.26,47ï49,54,242,243 These diseases have been directly 

linked to the incorrect O-mannosylation of Ŭ-DG, through deletion or 

disruption of various key stages of the biosynthetic pathway.12,13,36,43,48,57,73 

These results show the importance of these glycans to the correct cellular 

function. 

The core M3 glycan on Ŭ-DG contains a highly unique moiety, a tandem 

D-ribitol-5-phosphate (Rbo5P) linker (Figure 4.1).26,242,243 The tandem 

Rbo5P linker is biosynthesised sequentially by the phosphoribitol 

transferases fukutin (FKTN) and fukutin-related protein (FKRP) which 

exclusively add the first and second Rbo5P onto the glycan, respectively.49 

These enzymes use cytidine diphosphate ribitol (CDP-Rbo) as the source 

of Rbo5P. CDP-Rbo is biosynthesised by the enzyme isoprenoid synthase 

domain-containing (ISPD) in a reaction between CTP and Rbo5P. 
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Figure 4.1. A) Schematic representation of Ŭ-DG on the surface of a mammalian cell. The 
three core O-mannosyl glycans are depicted; core M1, M2 and M3. B) Skeletal structure of 
the fully extended core M3 glycan with each monosaccharide labelled; the matriglycan 
extends from the C4 position of the second Rbo5P in the tandem Rbo5P linker. 

Rbo5P is the reduced form of the more commonly seen  

ribose-5-phosphate. Rbo5P is a common component of glycoconjugates 

termed wall teichoic acids, which are present in the cell wall of certain 

species of gram-positive bacteria.244ï248 However, this pentitol is rare in 

mammalian cells and was only found to be present as a component of core 

M3 glycans in 2016.47ï49 This makes Rbo5P a remarkably interesting and 

unique target to study as it provides a Ŭ-DG specific labelling tool, or would 

elucidate the present of other Rbo5P-containing glycoproteins. Studying 
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glycans is a challenge due to their large complex structures, variation in 

glycosylation patterns and high specificity to monosaccharides, thus 

increasing the difficulty to synthesise unnatural mimics. Despite this, 

glycans have received a lot of attention due to the key role they play in 

glycobiology. To date there are no chemical tools reported that can be used 

to study either Rbo5P in a cellular context or specifically enable monitoring 

of endogenous Ŭ-DG. It is also unknown whether Rbo5P may be present 

elsewhere in other glycoconjugates within mammalian cells. Laid out within 

this chapter is the approach taken to synthesise a range of novel tools to 

study ribitol and Rbo5P, which could facilitate monitoring of Ŭ-DG 

glycosylation and identification of unknown Rbo5P-modified proteins. 
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The aim of this chapter is to outline a unique synthetic approach to two 

variations of a new generation of Rbo5P metabolic labelling tools. These 

probes are designed to be taken up by cells and incorporated into glycans 

in place of natural Rbo5P to enable labelling of tagged glycans through 

bioorthogonal chemistry. 

 

Figure 4.2. A schematic representation adapted from Figure 1.8 , highlighting the synthesis 
of alkyne-tagged ribitol and Rbo5P tools as the aim of Chapter 4 . 

In the fully extended core M3 glycan, installation of the matriglycan 

occurs at the C4 position of the second Rbo5P residue. For this reason, 

modification at the C4 position will be avoided in an attempt to minimise the 

risk of preventing the normal biosynthesis of the matriglycan. Instead, 

bioorthogonal tags will be installed at the C1 position, which is 

straightforward to modify when using a pentitol as the starting material. 

Rbo5P has been shown to originate from D-ribose, reduced before being 

phosphorylated by FGGY kinase (Scheme 4.1).65 The mechanism and 

viability of FGGY to modified substrates is unknown and cellular reductase 

activity toward ribitol has not yet been identified at the time the project 

started.65 As such phosphate masking groups, such as those discuss in 
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Chapter 3, can be used to introduce the alkyne-modified Rbo5P directly 

and circumnavigate the need for in vivo phosphorylation. 

 

Scheme 4.1. Outline of the main biosynthetic pathway for the production of Rbo5P and 
its conversion to CDP-Rbo by ISDP. 

A previously synthesised azide-modified Rbo5P metabolic labelling tool 

proved to be biologically inactive (Figure 4.3).225 Using an alkyne tag 

instead of the more traditional azide allows facile installation onto a carbonyl 

intermediate which will retain the natural hydroxylation pattern as an 

alternative to the hydroxyl substitution required for the azide installation. 

 

Figure 4.3. Structure of a 1st generation metabolic labelling tool. Biology testing showed 
this probe was not biologically active. 

In probe A, the alkyne is installed at C1 retaining the hydroxylation pattern 

of the ribitol backbone. Probe D introduces the alkyne by shortening the 

ribitol backbone. Our target is to synthesise a range of derivatives both with 

and without SATE-protected phosphate, with or without acetate groups. 

Various ribitol and Rbo5P derivatives will be synthesised (Figure 4.4). 

Ribitol and Rbo5P derivatives have poor cell permeability. To overcome this 

issue, acetates can be placed on the hydroxyls to decrease the polarity of 

the sugar backbone, in turn increasing the cell permeability of the probe. 
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Figure 4.4. Structures of metabolic labelling targets outlined in this chapter. 
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The final target compounds A-SA, A-PA, D-SA and D-PA (Figure 4.5) 

are acetylated to increase their cell permeability by removing the polarity of 

the hydroxyl groups. Similarly, the use of a phosphate protecting group is 

essential. Chapter 3 described a new synthesis of SATE caging groups, 

used to hide the negative charge of the phosphate. Both protecting groups 

are designed to be cleaved within the cell by intracellular enzymatic 

processes to yield the modified Rbo5P within the cytoplasm. 

 

Figure 4.5. Structures of the target compounds and the key differences in the acetylated 
and non-acetylated forms. 

Acetyl protecting groups are unlikely to be compatible with various 

aspects of the synthetic approach because of the potential for migration of 

these acetyl groups.225 This would result in no control of the regiochemistry 
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during functionalisation, which is key to developing a successful synthesis 

of the carbohydrate metabolic labelling probes. Therefore, a different 

protecting group strategy needs to be developed. Orthogonal protecting 

groups will be required to allow phosphorylation to occur selectively at the 

correct primary C5 hydroxyl group and functionalisation with an alkyne tag 

elsewhere on the compound. Guo et al., showed that t-butylates can be 

used in the synthesis of functionalised ribitol compounds.249 However, these 

groups cannot be removed in the presence of the SATE-protected 

phosphate for late-stage acetylation. This is due to the presence of the 

thioester, making the SATE-protected phosphates sensitive to deacetylation 

conditions, as such other ester protecting groups such as benzoyl esters 

cannot be used. Therefore, benzyl ethers are likely to be the most suitable 

option. Although benzyl protecting groups are typically removed with the use 

of hydrogenation, this is not possible here due to the presence of an alkyne, 

Lewis acids such as BCl3 and FeCl3 have been shown to remove benzyl 

ethers.250ï257 

These ribitol and Rbo5P derivatives have complex stereo- and 

regiochemistry. To develop synthetic routes which ensure the complex 

stereochemistry of the ribitol probes is maintained, the proposed routes 

utilise commercially available pentose sugars such as D-ribose  

(Scheme 4.2 and Scheme 4.3). For consistency, all compounds are 

numbered according to the common numbering of carbon atoms in furanose 

sugars, such that the C5 position of all compounds is the location for the 

installation of the phosphate. The newly installed alkynes are highlighted in 

red, and the phosphate group and C5 position is highlighted in blue in all 

schemes and figures throughout for clarity. 

The final stage of the synthesis of A-PA will be the installation of the 

phosphotriester followed by the exchange of the protecting groups for the 

acetates. For the selective functionalisation, an intermediate with the 

primary hydroxyl group at C5 selectively unprotected is required  

(RSA1, Scheme 4.2). The alkyne tag can be introduced by addition to an 

aldehyde precursor RSA3 that can be obtained from commercially available 

D-ribose; Norimura et al. described a 3-step process from D-ribose.258 They 
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Scheme 4.2. Retrosynthetic analysis of probe A to start from the commercially available  
D-ribose.  

achieved this by utilising O-methylhydroxyl amine to ring open the sugar, 

followed by benzylation and acid-catalysed hydrolysis to obtain the desired 

aldehyde. The benzyl protected aldehyde structure proposed above allows 

for the alkyne to be incorporated onto C1 through the use of either lithiation 

or a Grignard reaction. TMS-protected acetylene will be used to reduce the 

risk and difficulty associated with working with acetylene. Once the alkyne 

has been incorporated on C1 (RSA2), to incorporate the SATE protected 

phosphate at C5, the primary benzyl group (R = Bn) can be selectively 

cleaved with ZnCl2 in Ac2O to yield a primary acetylated intermediate. It has 

been shown that appropriate control of equivalents and reaction length 

enables selective deprotection at the primary position.259ï261 The acetyl 

group can then be removed to yield the primary alcohol RSA1.  

A similar methodology can be applied to the synthesis of the shorter 

chained probe D (Scheme 4.3). The final steps, exchanging the protecting 

groups and selective phosphorylation are the same as described above. 

The alkyne can be installed from the same aldehyde structure RSA3 

through the use of an Ohira-Bestmann or a Corey-Fuchs protocol. 
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Scheme 4.3. Retrosynthetic analysis of probe D to start from the commercially available  
D-ribose. 

One question that remains unclear is the stability of the alkyne throughout 

the synthesis of the SATE protected phosphates. The phosphotriester is 

highly unlikely to be stable under the conditions to install an alkyne onto the 

ribitol sugar backbone because of the reactive nature of the thioester 

present towards nucleophiles and instability at higher pH. As such, the 

alkyne will be installed prior to the SATE phosphate. 

60604"ҭ"U{pvjguku"qh"rtqdg"C 

The synthesis of probe A starts from D-ribose to obtain the key aldehyde 

compound 4.02 in three steps as described by Norimura (Scheme 4.4).258 

The oxime formation can be carried out in methanol and triethylamine. 

However, with problems with the removal of residual solvent, which caused 

issues in the subsequent benzylation reaction (yield <30%), the reaction 

was attempted in pyridine instead. This gave oxime 4.01 as a mixture of 

isomers in a higher yield of 75% as a 5:1 mixture of E/Z isomers. 1H NMR 

provided clear evidence of the oxime formation: the H1 proton appeared at 

7.42 and 6.80 ppm for the E and Z isomers, respectively due to H bonding 

in the E isomer between H1 and the OMe group leading to the downfield 

shift in the NMR. 
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Scheme 4.4. Synthesis of probe A derivatives A-PO and A-PA from D-ribose. 

Problems later occurred when performing the reaction at a larger (>5 g) 

scale, where yields decreased to ~30%, and the formation of an unidentified 

side product was observed along with decomposition. The benzylated 

oxime 4.01 was found to be unstable at temperatures above 40 ᴈ and the 

use of freshly dried pyridine limited the occurrence of a side reaction. 

To obtain the aldehyde 4.02, the oxime 4.01 was stirred overnight in an 

acidic solution of THF and 37% aqueous formaldehyde solution. This 

reaction is reversible with the hydroxylamine by-product able to react readily 

with the newly formed aldehyde. The presence of the excess formaldehyde 

in the reaction offers a more reactive carbonyl for the amine species to react 

with, driving the equilibrium to the desired product 4.02 in yields of 76%. 
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Figure 4.6. Newman projections showing the hypothesised addition of the alkyne 
nucleophile to aldehyde 4.02 to obtain the different stereochemical products of 4.03. The 
red arrow shows the hindered nucleophilic path, while the preferred approach for the 
nucleophile is indicated by the green arrows. A) Cramôs rule places the largest R group 
away from the aldehyde. B) The Felkin-Ahn model considers the preferential orientation of 
the electronegative ñOBnò group to allow the overlap of the C-O ů* antibonding orbital and 
the ˊ* of the carbonyl. C) Chelation occurs through the mechanism of the Grignard reaction 
where the nucleophile is formed in a reaction between TMS-acetylene and ethylmagnesium 
bromide to form TMS-ethynylmagnesium bromide. 

To install the alkyne, a ratio of 5:3:1 TMS-acetylene: n-BuLi: aldehyde 

4.02 was used to successfully afford 4.03 in a mixture of diastereoisomers 

in a 5:1 ratio and a yield of 61%. The TMS-acetylene was preactivated with 

n-BuLi to prevent butyl addition to the carbonyl. Using Newman projections 

(Figure 4.6A) the major diastereomer was hypothesised to have (R) 

stereochemistry at C1 when following Crams model. However, the  

Felkin-Ahn model considers the presence of the adjacent electronegative 

O-benzyl ether which can stabilise the carbonyl altering the preferred 

orientation, resulting in a change in the preferred stereochemical outcome 

(Figure 4.6B). From the product mixture, however, it was not possible to 

confirm the favoured stereoselectivity of the reaction by NMR. To provide 

support for the stereochemistry of the product, an Grignard approach was 
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used on the same starting material to form a chelated intermediate that 

should result in the inversed stereochemical outcome of the reaction 

(Figure 4.6C). Unfortunately, this did not result in the inversed 

stereochemistry and instead increased the diastereomeric ratio from 4:1 to 

7:1. This suggests that the outcome of the n-BuLi reaction may already be 

forming the chelation product. This is likely due to the poor stabilising effect 

of the adjacent benzyl ether. For this reason, the predicted stereochemical 

preference is R.   

The benzylation of the propargyl C1 alcohol was carried out next, which 

yielded the globally benzylated alkyne-modified ribitol 4.04 in an 80% yield 

(Scheme 4.4). It was noted that the TMS group was labile under these 

conditions, consistent with similar reactions reported in literature.262 This is 

believed to be the reason the reaction does not proceed with stoichiometric 

quantities and a large excess of sodium hydride and benzyl bromide were 

required. Since there was no need for the presence of the TMS group, the 

inadvertent cleavage was an advantage. 

The C5 primary alcohol was obtained in two steps via an acetate 

intermediate 4.07. The combination of ZnCl2, Ac2O and AcOH selectively 

functionalised the primary C5 benzyl position to an acetate  

(Scheme 4.5).259ï261 The acetate was removed with K2CO3 in methanol to 

yield the primary alcohol 4.05 in 71% yield over the two steps, with 25% of 

the original fully benzylated 4.04 recovered. This result suggest that the 

formation of the acetate intermediate is the limiting step as full deacetylation 

was observed. Attempts to leave the debenzylation reaction for a longer 

period of time, or with increased equivalents, resulted in the formation of 

diacetylated intermediate species from the removal of two benzyl groups 

instead of one. 

 

Scheme 4.5. Selective primary debenzylation of 4.04 to yield 4.05, via 4.07. 
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With the primary alcohol obtained, the next step was the introduction of 

the SATE protected phosphate (Scheme 4.4). This was done using the 

procedure laid out in significantly more detail in Chapter 3.263 The  

tri-2-bromoethylphosphate 3.09 was activated with triflic anhydride and 

pyridine to obtain a bis-(bromoethyl)phosphate substituted alkyne-tagged 

pentitol. Substitution with potassium thioacetate readily produced the fully 

acetylated product 4.06 in 79% yield without the need for further purification. 

The diastereomeric ratio of 4.06 was determined by 1H NMR to be 9:1, an 

increase from the 7:1 of the starting material; this is presumed to be caused 

by sample loss during purification. 

The final steps are to exchange the benzyl protecting groups for acetyls. 

The most common approach to debenzylation is the use of H2 and  

Pd/C.264ï267 However, this would also reduce the alkyne. As such an 

alternative approach using BCl3 solution was used (Scheme 4.6).250ï253  

 

Scheme 4.6. Final protecting group cleavage to obtain A-PO and acetylation to yield  
A-PA. 

A major byproduct was observed to form during this reaction, identified 

to be a ring-closed ribose derivative lacking the phosphotriester. This 

byproduct may have formed due to an elimination reaction promoted by the 

debenzylation and/or nucleophilic substitution of the phosphate group by 

chlorine prior to cyclisation from the hydroxyl group at C1. This could be 

negated through the slow addition of the reagent and careful temperature 

control of the reaction as it proceeds exothermically. 
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This strategy proved to be successful, however purification of the product 

A-PO by column chromatography resulted in decomposition. Therefore, the 

crude mixture was directly treated with Ac2O and pyridine. The final desired 

probe A-PA was successfully obtained from the acetylation of the crude 

mixture of A-PO and purified by column chromatography with little 

degradation observed. A total of 14.2 mg was isolated, and the structure of 

the final product was confirmed by HRMS, 1H NMR and 13C NMR analyses. 

The non-phosphorylated probes A-SO and A-SA were obtained by 

treating benzylated alkyne derivative 4.04 with BCl3 to cleave the benzyl 

protecting groups to obtain the unprotected alkyneïtagged ribitol probe  

A-SO (Scheme 4.7). A large amount of degradation was observed during 

the debenzylation reaction resulting in the low yield. This was determined to 

be caused by the addition of BCl3 being too fast, causing an increase in 

temperature and eventual degradation. Acetylation with Ac2O in pyridine 

yielded the acetylated alkyne ribitol probe A-SA. 

 

Scheme 4.7. Synthesis of alkyne-tagged ribitol compounds A-SO and A-SA. 

Mass spectrometry analysis showed the presence of the desired 

acetylated sugar A-SA with an m/z of 409.1103, as well as a mass of 

457.1463, corresponding to a partially deprotected intermediate with one 

benzyl group still present. To improve upon this procedure, the reaction was 

repeated with more equivalents of BCl3 to ensure all benzyl protecting 

groups were cleaved off. This strategy proved to be successful, yielding both 

A-SO and A-SA ready for biological testing. 
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In probe D, the alkyne tag is installed by insertion of just one carbon atom 

onto the ribitol backbone; C1 becomes planar sp1-hybridised and no longer 

contains a hydroxyl group. The approach for the synthesis of this probe is 

outlined in Scheme 4.8 and starts from aldehyde species 4.02 which can 

be synthesised as described above. 
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The Corey-Fuchs protocol is commonly used to functionalise aldehydes with 

an alkyne group, via a key di-bromoalkene intermediate.268ï272 Using PPh3 

and CBr4 generated the required dibromoylide to react with aldehyde 4.02 

to successfully form the dibromoolefin 4.08, although yields initially varied 

from 28% to 46%. After thorough examination of the literature, a range of 

reagent ratios and reaction temperatures were attempted for the synthesis 

of 4.08.268ï272 As shown by entries A, B and C in Table 4.1, increasing the 

quantity of both PPh3 and CBr4 increased the yield. However, the reaction 

mixture became more difficult to purify. The use of PMe3, as an alternative 

to PPh3, was also attempted (Table 4.1, entry D), to assess whether the 

sterics on the phosphate were limiting the reactivity, however the yield did 

not improve (36%). 

 

Scheme 4.8. Synthetic route of probe D (D-PO/D-PA) from aldehyde intermediate 4.02. 

Taking a step back and reviewing the mechanism of the reaction it 

became apparent that two equivalents of PPh3 are needed to produce the 

activated ylide from one equivalent of CBr4. In literature, occasionally the 

ratio of PPh3 to CBr4 is 1:1.273,274 However, a 2:1 ratio is indeed more 

commonly used.275ï278 Applying this approach to aldehyde 4.02 resulted in 

a significant increase in yield. It was noted that the reaction was not 
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268ï272Table 4.1. Reaction conditions used for the Corey-Fuchs protocol to form the dibromo 
olefin 4.08 from aldehyde 4.02. 

 

Entry  CBr 4 PPh3 PMe3 Temperature  Yield  
Recovered 

aldehyde 4.02  

A 2.0 2.0  ï78 ᴈ Ÿ rt 33% 35% 

B 3.0 3.0  ï40 ᴈ Ÿ rt 46% 30% 

C 5.0 5.0  ï78 ᴈ Ÿ rt 42% 23% 

D 3.0  3.0 -10 ᴈ Ÿ rt 36% 34% 

E 2.0 4.0  ï10 ᴈ Ÿ rt 77% 10% 

       

273,274275ï278progressing at the low temperatures used initially and increasing 

the temperature from ï78 ᴈ to ï10 ᴈ resulted in a further increase in yield 

to a satisfying 77% (Table 4.1, entry E). The poor reactivity of the aldehyde 

is likely due to the increased electron density placed on the carbonyl carbon 

of C1 by the benzyl protecting groups, reducing the reactivity of the 

aldehyde to the ylide. 

The second step of the Corey-Fuchs protocol to obtain the alkyne is the 

treatment of the dibromoolefin 4.08 with n-BuLi (Scheme 4.9A).  

Metal-exchange occurs upon the addition of n-BuLi, followed by elimination 

of LiBr. Sahu et al., through the use of deuterium-labelling experiments, 

were able to determine that the mechanism proceeds exclusively via  

Ŭ-elimination to form the carbene 4.14, outlined in Scheme 4.9B.279 The 

alkyne is obtained following a 1,2-shift or Fritsch-Buttenberg-Wiechell 

(FBW) rearrangement.279 The yield for the formation of 4.09 proved limited 

by decomposition, which was observed upon the addition of excess n-BuLi 

to 4.08. To compensate, n-BuLi was added very slowly over an increased 

period of time and was quenched upon the first signs of decomposition on 

TLC. This approach led to consistent yields of 55% of alkyne 4.09. 

  

279279 
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Scheme 4.9. A) Second step of the Corey-Fuchs protocol to yield the terminal alkyne 4.09. 
B) Mechanism of the alkyne formation from a dibromide alkene 4.12 determined by Sahu 
et al.279 

To allow for the installation of the SATE protected phosphate selectively 

at C5, the primary benzyl group was converted to an acetate with the use 

of ZnCl2 in AcOH and Ac2O as previously described. The crude acetate 

intermediate 4.16 was deacetylated with potassium carbonate and 

methanol to yield 4.10 in 68% yields from 4.09. During purification, ~18% of 

4.09 was also recovered but no acetate intermediate 4.16 was observed. 

 

Scheme 4.10. Primary functionalisation to acetate 4.16 and the subsequent deacetylation 
to obtain 4.10. 

This highlights the initial selective debenzylation reaction to be the 

limiting step. This reaction can be performed for a longer period of time in 

order to generate more of the desired product. However, reaction times over 

4 hours resulted in a decrease in yield and due to additional debenzylation 

occurring across the molecule. Increasing the reaction length, thus resulted 

in a loss of regioselectivity.  

The same SATE protected phosphate methodology that was outlined in 

Chapter 3 and in the synthesis of probe A above, was used (Scheme 4.11) 

to obtain the monosubstituted 2-bromoethylphosphate intermediate from 

4.10 in 68% yield. Attempts to form the di(2-bromoethyl)phosphoester 4.17  
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Scheme 4.11. A) SATE protected phosphate installation on 4.10. B) Structures of the two 
major side products observed in the formation of 4.17. 

were, although successful, hampered by the presence of multiple 

byproducts. A phosphodiester 4.18 was found to be present by reacting 

directly with another molecule of 3.09 (Scheme 4.11B). Another by-product 

found to be present was the triflate pentitol 4.19 (Scheme 4.11B), caused 

by unreacted triflic anhydride. With careful control over the addition of the 

reagents, the desired product 4.17 was obtained in a 68% with a significant 

decrease in the presence of the triflate side product 4.19. The unreacted 

starting material was also recovered. 

Completion of the SATE protecting group installation was achieved by 

the substitution with potassium thioacetate in pyridine to obtain 4.11. 

Variations in the yields were partially due to degradation observed during 

silica column chromatography. By starting with pure 4.17, it was found this 

purification step could be avoided and the salts could be filtered after 

substitution, producing pure 4.11 from the bromoethylphosphate 

intermediate 4.17. 

Having obtained the SATE-protected, benzylated and alkyne-modified 

ribitol-phosphate derivative 4.11 for the first time, the final two steps 

(Scheme 4.12) in the synthetic strategy were to cleave the benzyl groups 

with BCl3 to obtain D-PO and acetylate to obtain D-PA. This was 
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successfully achieved yielding both D-PO and D-PA ready for biological 

testing to be conducted. 

 

Scheme 4.12. Debenzylation and acetylation of 4.11 to obtain final phosphorylated Rbo5P 
probes D-PO and D-PA. 

Having obtained the SATE protected phosphate probes D-PO and D-PA, 

the attention turned to non-phosphorylated ribitol derivatives. The 

intermediate 4.09 proved to be an excellent precursor for the synthesis of 

D-SA and D-SO. Alkyne 4.09 was treated with BCl3 to yield the deprotected 

sugar D-SO. Additionally, the crude product obtained was acetylated to 

obtain D-SA (Scheme 4.13). D-SA was obtained in 63% yield from 4.09 and 

its structure was confirmed by HRMS and NMR. 

 

Scheme 4.13. Synthesis of D-SO and D-SA from 4.09. 

60606"ҭ"Cfxcpegogpvu"kp"vjg"u{pvjguku"qh"rtqdgu 

The successful synthesis of four variations of alkyne-tagged ribitol and 

Rbo5P metabolic labelling tools was a great achievement, but the synthetic 

routes outlined are not only long and poor yielding but proved to be a 

challenge to repeat the work on a large scale. As such an alternative 

strategy was developed in order to improve the overall yield and efficiency 

of the synthetic approach. 

The original methods benefitted from D-ribose as a starting material being 

very affordable and commercially available in high quantities. Alternative 
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starting materials were explored in an attempt to shorten the synthetic 

approach. The most useful commercially available compound is  

5-O-allyl-2,3,4-tri-O-benzyl-D-ribitol 4.20. This molecule offers the C1 

position available for functionalisation and the C5 position protected in a 

manner that allows it to be selectively cleaved in the presence of the benzyl 

protecting groups.  

To install the alkyne at C1, using a Grignard reaction for probe A or  

Corey-Fuchs procedure for probe D, requires formation of the aldehyde 

4.21. This was obtained in high yield from 4.20 with the use of Dess-Martin 

periodinane (DMP) with no purification required (Scheme 4.14). For probe 

A, as an alternative to making the Grignard in situ was to use a 1.0 M 

solution of ethynylmagnesium bromide. Followed by the immediate 

benzylation of the crude material, 4.23 was obtained in a 43% yield as a 2:1 

mixture of diastereoisomers, where R is believed to be the favoured 

stereochemistry. 

 

Scheme 4.14. Optimised synthetic approach to obtain 4.05 from commercially available 
4.20. Standard deallylation conditions shown not to form the desired product 4.05 and result 
in a decomposition of the starting material 4.23. DMBA = 1,3-dimethylbarbituric acid. 

This is a large decrease in the diastereomeric ratio when compared to 

the observed ratio in the previous synthesis (7:1). This difference is due to 

the nucleophile changing from TMS-protected acetylene to the significantly 

smaller ethynylmagnesium bromide (Scheme 4.14). The smaller 

nucleophile is less sterically hindered and as such, nucleophilic attack is 

observed at either side of the aldehyde leading to a smaller diastereomeric 

excess. 
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To selectively remove the allyl group the most common approach, first 

described by Ogawa and Kaburaggi but used by many, is the use of 

palladium chloride in methanol and Barbier et al. shows that methanol is 

required to act as a nucleophile.280ï287 The alkyne-modified allyl protected 

4.23 was exposed to these conditions where rapid depletion of the starting 

material was observed, however, no desired product was obtained and 

unfortunately, it proved not possible to determine the structure of the 

compound obtained. As such a variety of literature conditions were 

evaluated (Table 4.2). 

288ï293294ï298Table 4.2. Attempted conditions for the deallylation of 4.23 to 4.05.  

 

Entry  Catalyst (equiv)  Additives (equiv)  
Solvent 

(anhydrous)  
Result  

Original  PdCl2 (0.2) - MeOH Side reaction 

A [CpRu(CH3CN)3]PF6 (0.01) Quinaldic Acid (0.02) MeOH No reaction 

B Pd(PPh3)4 (0.1) - MeOH No reaction 

C Pd(PPh3)4 (0.1) K2CO3 (3.0) MeOH Side reaction 

D Pd(PPh3)4 (0.1) PPh3 (0.2), 
Pyrrolidine (8.0) 

CH2Cl2 No reaction 

E Pd(PPh3)4 (0.1) Morpholine (10.0) CH2Cl2 No reaction 

F Pd(PPh3)4 (0.1) DMBA (2.0) CH2Cl2 Product* 

G Pd(PPh3)4 (0.1) DMBA (2.0) MeOH Product 

Reactions were monitored by TLC. Degradation products were not isolated. *The side 
reaction or degradation was still observed. DMBA = 1,3-dimethylbarbituric acid 

As palladium chloride is d8 (PdII), it is considered to be more electrophilic 

and therefore prefers reacting with the -́electrons in the alkyne of 4.23 

instead of the allyl ether. These characteristics make PdII the choice of 

catalyst for cycloisomerisations, allyl rearrangements and even alkyne 

participation in cyclisations.288ï293 Alternatively, many literature examples 

describe the use of tetrakis(triphenylphosphine)palladium0 (Pd(PPH3)4), a 

source of Pd0, in anhydrous dichloromethane or methanol to perform the 
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allylation of ethers in the presence of an alkyne.294ï298 The mechanism 

involves coordination of the Pd0 metal centre with the alkene and oxidative 

addition to obtain a PdII ́-allyl complex in situ, limiting the potential for 

unwanted side reactions with the alkyne. Various additives are used in the 

literature and a range were tested with Pd(PPh3)4 but did not result in the 

desired product, but some side product formation was observed for entry C 

(Table 4.2). With no degradation being observed, this approach showed 

promise. 

Next, a Tsuji-Trost reaction was attempted.294 The use of  

1,3-dimethylbarbituric acid (DMBA) as an allyl scavenger in addition to the 

catalyst resulted in the formation of the desired product 4.05 (entries F and 

G, Table 4.2). The allyl ether oxidatively adds to the Pd0 catalyst to produce 

the palladium -́allyl complex 4.24 (Scheme 4.15), the DMBA reacts as a 

nucleophile to afford the desired product. Following the reductive elimination 

of the by-product 4.26 the catalyst is regenerated. Entry B highlights that  

295 
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Scheme 4.15. General mechanism for Tsuji-Trost reaction adapted and applied to the 
DMBA facilitated deallylation reaction, adapted from Tsukamoto.294 

the methanol alone is not enough to react with the allyl complex and the 

addition of DMBA is essential. Tsukamoto et al. later reported the use of 

methanol as the solvent increases the rate of the oxidative addition and as 

such improves the yield and speed of the reaction.295 This change 

successfully increased the yield of 4.05 to 60%. Obtaining this key 

intermediate from the commercially available 4.20 means that the same 

approach can be applied for the synthesis of probe D. 

An alternative procedure includes the one step Seyferth-Gilbert 

Homologation and the use of Ohira-Bestmann reagent which allows the 

reaction to be conducted in milder conditions, (Scheme 4.16A).299ï301 The 

original Seyferth-Gilbert conditions involve potassium tert-butoxide to  

deprotonate dimethyl (diazomethyl)phosphonate. However, due the highly 

basic conditions, this would not be ideal for a reaction with aldehyde 4.21 

as the presence of the Ŭ-hydrogen increases the likelihood of enol 

formation. This potential enol formation would raise two issues,  

1) racemisation of the Ŭ-centre (C2) which would result in a mixture of 

pentitol compounds that would be very difficult to isolate and characterise, 

2) the enol formed would be more likely to undergo aldol condensation 

reaction to result in a racemic mixture shown clearly in Scheme 4.16B. 

Fortunately, the Ohira-Bestmann protocol allows the formation of the 

dimethyl (diazomethyl)phosphonate anion under mild acyl cleavage 

conditions, yielding alkynes from enolisable aldehydes (Scheme 4.16C). 
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Scheme 4.16. A) Synthesis of 4.27 from 4.21 under two different reaction conditions. The 
original Seyferth-Gilbert procedure was compared to the improved Ohira-Bestmann 
reagent that allows for significantly milder reaction conditions. B) Potential enol formation 
under highly basic conditions that may result in racemisation of the C2 Ŭ-carbon aldehyde. 
C) Mechanism of Ohira-Bestmann reagent reacting with aldehyde 4.21 to produce the 
terminal alkyne 4.27. 

This reaction was attempted with aldehyde 4.21 and alkyne 4.27 was 

successfully obtained in 59% (Scheme 4.17). Alkyne 4.27 was then 

subjected to the same deallylation conditions described above to generate 

the primary alcohol 4.10 in a 66% yield. 
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Scheme 4.17. Successful application of the Ohira-Bestmann procedure to obtain the 
terminal alkyne 4.27. Deallylation in the presence of the alkyne proved to be successful 
with the use of Pd(PPh3)4. 
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This chapter has introduced the idea of synthesising a range of alkyne-

tagged Rbo5P metabolic labelling tools. These metabolic labelling tools will 

be used to study ribitol and Rbo5P in the glycobiology of mammalian cells 

and may provide a key tool to study Ŭ-DG. Four different probe designs have 

been described and the successful synthesis of two of these probes is 

described in detail. For each of the probes, two alkyne-tagged ribitol 

derivatives were synthesised, with and without acetyl protecting groups to 

allow for testing of their differences in solubility and cell permeability. Two 

alkyne-tagged Rbo5P compounds were also synthesised using SATE 

protecting groups to mask the phosphate. These phosphotriesters were 

installed using the methodology outlined in more detail in Chapter 3. 

Synthetic development has allowed the synthesis of key intermediate 

4.05 in 3 steps with a 26% overall yield, which offers an improvement over 

the alternative strategy from D-ribose described above which involved 6 

steps (24% overall yield, Scheme 4.18).  

 

Scheme 4.18. Summary of the synthesis of key intermediates 4.05 and 4.10 in the 
synthesis of probes A and D from alternative commercially available starting materials. 

The D-ribose methodology, however, offers an approach from a cheap 

commercially available starting material that is scalable and offers multiple 

stable intermediate species. To increase the yield, the alkyne addition and 

subsequent benzylation could be performed using the commercially 

available ethynylmagnesium bromide solution. The lack of the TMS group 



33; 

 

should negate the current need for large excessive quantities of sodium 

hydride and benzyl bromide. However, the synthetic approach from 4.20 

offers a quicker and shorter approach to obtain the key intermediate 4.05. 

Although similar yielding, it has proven to be significantly more reliable and 

consistent. The deallylation could be investigated further in an attempt to 

improve the yield. The cost of the starting material may slightly outweigh the 

benefits of this approach. 

For probe D, compound 4.10 was obtained in 16% yield in 5 steps from 

D-ribose, in comparison to 39% yield when starting from 4.20 in 3 steps. In 

this case, it is clear that the alternative approach starting from the more 

expensive material 4.20 proves to be highly beneficial. It should be noted 

that the Ohira-Bestmann reaction worked significantly better than the  

two-step Corey-Fuchs protocol. The deallylation step that hindered the 

synthesis of the probe A, yielded the desired product in a cleaner reaction, 

and significantly less side product or degradation was observed on TLC, 

and recovered by column chromatography. 
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All reactions were conducted in oven-dried glassware under nitrogen atmosphere. Dry 

solvents were either freshly distilled (CH2Cl2, DMF, toluene, THF) or used directly from a 

SureSeal bottle (pyridine). Anhydrous MeOH was obtained by drying over activated 3 ¡ 

molecular sieves overnight. Triflic anhydride was distilled over P2O5 prior to use and 

pyridine was used from a SureSeal bottle stored over molecular sieves. Flash column 

chromatography was run either manually with high purity 220-400 ɛm particle size silica 

(Sigma) or on an automated system (Teledyne, CombiFlash NextGen 300+) with 20 to 40 

ɛm particle size silica (RediSep Rf Gold Normal-Phase Silica columns) as specified. 

Reactions and column fractions were monitored by TLC using aluminium-back TLC plates 

and visualised by UV and staining. For sugars, the staining consisted of charring with 10% 

H2SO4 in MeOH or p-anisaldehyde stain; for phosphate reactions a KMnO4 stain was used. 

IR spectra were obtained by thin film ATR on a Perkin Elmer Spectrum 2. 1H and 13C NMR 

spectra were obtained either on a JEOL ECS400A spectrometer (400 and 101 MHz 

respectively) or a Bruker AVIIIHD600 spectrometer (600 and 150 MHz respectively). 

Structural assignments were corroborated by homo and heteronuclear 2D NMR methods 

(COSY, HMQC and DEPT) where necessary. Chemical shifts are reported in parts per 

million (ppm, ŭ) relative to the solvent (CDCl3, ŭH 7.26; (CD3)2SO, ŭH 2.50; D2O, ŭH 4.79). 

1H NMR splitting patterns are designated as singlet (s), doublet (d), triplet (t), quartet (q), 

doublet of doublets (dd), doublet of doublets of doublets (ddd), doublet of triplets (dt), 

apparent triplet (ap. t), or multiplet (m). Coupling constants (J) are reported in Hertz (Hz). 

The integrals reported in the 1H NMR peak list for mixtures of anomers were normalised so 

that the numbers of protons for each anomer are reported in whole integers. The actual 

anomeric ratios are also given and were determined from the relative integration of the 

respective anomeric proton peaks. Where indicated, yields of product within impure 

mixtures were calculated from the isolated mass based on the relatively peak ratios on 1H 

NMR. Where one anomer is in a large excess, 13C NMR peaks may not be visible for the 

minor anomer and data are reported for the major anomer only. 

60803"ҭ"*4U.5U.6T+/4.5.6.7/vgvtcmku/Q/dgp|{nrgpvcpcn"Q/ogvj{n"qzkog"

*6023+ 

 

D-Ribose (3.00 g, 20.0 mmol, 1.0 equiv) and methoxyamine hydrochloride (2.00 g, 24.0 

mmol, 1.2 equiv.) were dissolved in dry pyridine (28 mL) under N2 atmosphere. The reaction 

mixture was stirred at 70 ᴈ for 12 hours. When TLC showed no more presence of starting 

material, the reaction was concentrated in vacuo and left to dry on high vacuum. The crude 

residue was dissolved in DMF (180 mL) and cooled to 0 ᴈ. NaH (6.50 g of a 60% 
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suspension in mineral oil, 160 mmol, 8.0 equiv.) was added in 4 portions and the mixture 

stirred at 0 ᴈ for 1 hour. Bu4NI (1.85 g, 5.00 mmol, 0.25 equiv) and BnBr (11.9 mL, 100 

mmol, 5.0 equiv.) were added and the reaction was stirred at room temperature for 3 hours. 

The reaction was quenched with the addition of H2O (200 mL) and extracted with EtOAc  

(5 Ĭ 100 mL). The organics were combined and washed with brine, dried with MgSO4, 

filtered, and concentrated in vacuo. The crude mixture was purified through silica flash 

column chromatography (0-20% EtOAc/hexane) to obtain the desired product 4.01 (8.28 

g, 15.0 mmol, 75%) in a 5:1 ratio of isomers (E:Z) as a yellow oil. Rf 0.75 (4:1 

hexane/EtOAc). HRMS (ESI) calculated for C34H37NNaO5 [M+Na]+ 562.2569, found 

562.2564. 1H NMR major E isomer (400 MHz, CDCl3) ŭH 7.37 (d, J = 8.0 Hz, 1H, H1), 7.28 

ï 7.19 (m, 20H, Aromatic H), 4.76 (d, J = 11.4 Hz, 1H, CH2Ph), 4.64 (d, J = 11.4 Hz, 1H, 

CH2Ph), 4.60 ï 4.56 (m, 2H, CH2Ph), 4.54 (d, J = 11.4, 1H, CH2Ph), 4.44 (ap. s, 2H, CH2Ph) 

4.39 (d, J = 11.9 Hz, 1H, CH2Ph), 4.30 (dd, J = 8.0, 4.0 Hz, 1H, H2), 3.92 (dd, J = 6.7, 4.0 

Hz, 1H, H3), 3.84 (s, 3H, OMe), 3.69 ï 3.63 (m, 2H, H4 + H5), 3.60 (dd, J = 10.5, 5.2 Hz, 

1H, H5). 1H NMR minor Z isomer (400 MHz, CDCl3) ŭH 7.28ï7.19 (m, 20H, Aromatic H), 

6.76 (d, J = 6.6 Hz, 1H, H1), 5.03 (dd, J = 6.6, 3.2 Hz, 1H, H2), 4.70 (d, J = 11.5 Hz, 1H, 

CH2Ph), 4.70 (d, J = 11.3 Hz, 1H, CH2Ph), 4.66 (d, J = 11.4 Hz, 1H, CH2Ph), 4.61 ï 4.58 

(m, 2H, CH2Ph), 5.54 (d, J = 11.4, 1H, CH2Ph), 4.44 (ap. s, 2H, CH2Ph) 4.39 (d, J = 11.9 

Hz, 1H, CH2Ph), 3.92 (dd, J = 6.7, 3.2 Hz, 1H, H3), 3.84 (s, 3H, CH3), 3.84 ï 3.55 (m, 3H, 

H4 + H5 + H5ô). 13C NMR major isomer (101 MHz, CDCl3) ŭC 148.8 (C1=N), 138.5 (Ar-C), 

138.5 (Ar-C), 138.4 (Ar-C), 138.1 (Ar-C), 135.1 (Ar-C), 130.5 (Ar-C), 128.5 (Ar-C), 128.4 

(Ar-C), 128.4 (Ar-C), 128.2 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 

127.7 (Ar-C), 127.7 (Ar-C), 79.8 (CH2Ph), 78.1 (CH2Ph), 77.3 (CH2Ph), 74.2 (CH2Ph), 73.4 

(C2), 72.7 (C3), 71.1 (C4), 69.5 (C5), 61.9 (CH3). 

These data are consistent with those published in the literature.258 

60804"ҭ"*4U.5U.6T+/4.5.6.7/vgvtcmku/Q/dgp|{nrgpvcpcn"*6024+ 

 

Oxime 4.01 (1.70 g, 3.15 mmol, 1.0 equiv) was dissolved in THF (22.5 mL) and 37% 

formaldehyde solution(aq) (9.00 mL, 111 mmol, 32 equiv) was added. To the solution 

TsOHĿH2O (600 mg, 3.15 mmol, 1.0 equiv) was added and the mixture was stirred at room 

temperature overnight. Upon completion, the reaction was quenched with saturated 

NaCO3(aq) (100 mL) and extracted with EtOAc (4 Ĭ 70 mL). The organic layers were 

combined and washed with H2O (2 Ĭ 150 mL) and brine (2 Ĭ 150 mL), dried over MgSO4, 

filtered, and concentrated in vacuo to obtain a crude yellow residue. The desired product 

4.02 was purified by silica flash column chromatography (0-20% EtOAc/hexane) as a 

yellow oil (1.22 g, 2.39 mmol, 76%). Rf 0.67 (1:4 EtOAc/hexane). HRMS (ESI) calculated 

for C33H35NaO5 [M+Na]+ 533.2304, found 533.2306. 1H NMR (400 MHz, CDCl3) ŭH 9.49 (s, 
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1H, H1), 7.35 ï 7.21 (m, 20H, Aromatic H), 4.76 ï 4.68 (m, 3H, CH2Ph), 4.60 (d, J = 2.5 

Hz, 1H, CH2Ph), 4.58 (d, J = 2.2 Hz, 1H, CH2Ph), 4.55 ï 4.46 (m, 3H, CH2Ph), 4.11 (d, J = 

2.2 Hz, 1H, H2), 4.02 (dd, J = 8.7, 2.2 Hz, H3), 3.91 (ddd, J = 8.7, 4.5, 2.4 Hz, 1H, H4), 

3.71 (dd, J = 10.5, 2.4 Hz, 1H, H5), 3.62 (dd, J = 10.5, 4.5 Hz, 1H, H5ô). 13C NMR (101 

MHz, CDCl3) ŭC 201.3 (C1), 138.3 (Ar-C), 138.1 (Ar-C), 137.7 (Ar-C), 137.6 (Ar-C), 128.6 

(Ar-C), 128.5 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C), 

127.8 (Ar-C), 127.7 (Ar-C), 82.9 (CH2Ph), 80.6 (CH2Ph), 76.8 (C2), 73.5 (CH2Ph), 73.2 

(CH2Ph), 72.9 (C4), 72.8 (C3), 69.2 (C5). 

These data are consistent with those published in the literature.258 

60805"ҭ" *4U.5T.6T+/4.5.6.7/Q/dgp|{n/3/gvj{p{nvtkogvj{nukncpg/3/

j{ftqz{/rgpvcpg"*6025+ 

 

n-BuLi: Under a N2 atmosphere, TMS-acetylene (570 ɛL, 4.10 mmol, 5.0 equiv) was 

stirred in THF (0.5 mL) at ï78 ᴈ. 1.2 M n-BuLi (2.05 mL, 2.46 mmol, 3.0 equiv) was added 

slowly at ï78 ᴈ and stirred at ï78 ᴈ for 45 minutes. To the mixture the aldehyde 4.02 (419 

mg, 820 ɛmol, 1.0 equiv) in THF (0.7 mL) was added slowly and stirred for 10 minutes 

before allowing the mixture to warm to 0 ᴈ over 1 hour. Upon completion the reaction was 

quenched with saturated NH4Cl(aq) solution (10 mL). The mixture was extracted with EtOAc 

(4 Ĭ 20 mL). The organic layers were combined and washed with brine (2 Ĭ 60 mL), dried 

over MgSO4, filter and concentrated in vacuo. The crude mixture was purified via silica 

flash column chromatography (0-10% EtOAc/hexane) to obtain 4.03 (305 mg, 500 ɛmol, 

61%, dr 4:1). 

Grignard: To anhydrous THF (3.0 mL) at 0 ᴈ, 3.0 M ethylmagnesium bromide (1.02 

mL, 3.06 mmol, 1.2 equiv) was added. TMS-acetylene (530 ɛL, 3.82 mmol, 1.5 equiv) was 

added slowly and the mixture stirred at 0 ᴈ for 1 hour. The reaction was then cooled to  

ï78 ᴈ before a solution of aldehyde 4.02 (1.30 g, 2.55 mmol, 1.0 equiv) in anhydrous THF 

(3.0 mL) was very slowly added to the reaction, after which additional THF (0.5 mL) was 

used to rinse the flask. The reaction was stirred for 1.5 hours and allowed to warm to 0 ᴈ. 

The reaction was quenched with saturated NH4Cl(aq) solution (10 mL). The mixture was 

extracted with EtOAc (4 Ĭ 40 mL). The organic layers were combined and washed with 

brine (2 Ĭ 80 mL), dried over MgSO4, filter and concentrated in vacuo. The crude compound 

was purified by silica flash column chromatography (0-10% EtOAc/hexane) to yield 4.03 

(1.13 g, 1.85 mmol, 73%, dr 7:1) Rf 0.55 (1:4 EtOAc/hexane). HRMS (ESI) calculated for 

C38H44NaO5Si [M+Na]+ 631.2856, found 631.2860. 1H NMR major (400 MHz, CDCl3) ŭH 

7.36 ï 7.24 (m, 20H, Aromatic H) 4.79 ï 4.71 (m, 4H, CH2Ph), 4.62 (d, J = 2.8 Hz, 1H, H1), 

4.60 ï 4.59 (m, 2H, CH2Ph), 4.46 (d, J = 2.9 Hz, 1H, CH2Ph), 4.03 (dd, J = 8.0, 2.4 Hz, 1H, 
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H3), 4.00 (ap. td, J = 5.1, 2.4 Hz, 1H, H4), 3.80 (dd, J = 8.0, 2.8 Hz, 1H, H2), 3.7 (m, 2H, 

H5), 0.18 (s, 9H, C(CH3)3). 13C NMR major (101 MHz, CDCl3) ŭC 138.4 (Ar-C), 138.3  

(Ar-C), 138.1 (Ar-C), 138.0 (Ar-C), 128.6 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.2 (Ar-C), 

128.1 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 127.8 (Ar-C), 127.7 

(Ar-C), 127.7 (Ar-C), 105.1 (C7), 90.6 (C6), 81.1 (C3), 80.0 (C2), 78.1 (C4), 73.9 (C1), 73.6 

(CH2Ph), 73.5 (CH2Ph), 72.7 (CH2Ph), 69.9 (C5), 64.3 (CH3), ï0.04 (SiC(CH3)3).  

60806"ҭ"*4U.5T.6T+/3.4.5.6.7/Q/dgp|{n/3/gvj{p{n/rgpvcpg"*6026+ 

 

The propargyl alcohol 4.03 (841 mg, 1.38 mmol, 1.0 equiv, dr 2.2:1) was dissolved in 

THF (8 mL) and cooled to 0 ᴈ. NaH (332 mg of a 60% suspension in mineral oil, 8.29 

mmol, 6.0 equiv.) was added slowly at 0 ᴈ and stirred for 30 minutes at 0 ᴈ. BnBr (820 

ɛL, 6.91 mmol, 5.0 equiv) was added slowly and the reaction was stirred at 0 ᴈ for 30 

minutes before stirring at room temperature for 2 hours. The reaction mixture quenched 

with ice and extracted with EtOAc (4 Ĭ 25 mL). The organic layers combined and washed 

with brine (2 Ĭ 50 mL), dried over MgSO4, filtered, and concentrated in vacuo to obtain the 

crude residue. This was purified via silica flash column chromatography (5-15% 

EtOAc/hexane) to obtain 4.04 (694 mg, 1.09 mmol, 80%, dr 1.6:1) as a colourless oil. Rf 

0.46 (1:4 EtOAc/hexane). HRMS (ESI) calculated for C42H42NaO5 [M+Na]+ 649.2930, found 

649.2928. 1H NMR major (400 MHz, CDCl3) ŭH 7.35 ï 7.25 (m, 23H, Aromatic H), 7.22 ï 

7.20 (m, 2H, Aromatic H), 4.93 (d, J = 11.3 Hz, 1H, CH2Ph), 4.86 (d, J = 11.6 Hz, 1H, 

CH2Ph), 4.73 ï 4.58 (m, 6H, CH2Ph + H1), 4.47 (d, J = 11.6 Hz, 1H, CH2Ph), 4.44 (ap. s, 

2H, CH2Ph), 4.04 (ap. q, J = 4.7 Hz, 1H, H4), 3.98 ï 3.93 (m, 2H, H2 + H3), 3.67 (d, J = 

4.7 Hz, 2H, H5), 2.54 (d, J = 2.3 Hz, 0.16H, H7 minor), 2.52 (d, J = 2.5 Hz, 1H, H7). 13C 

NMR major (101 MHz, CDCl3) ŭC 139.0 (Ar-C), 138.7 (Ar-C), 138.6 (Ar-C), 138.5 (Ar-C), 

137.9 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.4 (Ar-C), 128.3 (Ar-C), 128.2 (Ar-C), 128.2 

(Ar-C), 128.1 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 127.8 (Ar-C), 127.7 (Ar-C), 127.7 (Ar-C), 

127.6 (Ar-C), 127.6 (Ar-C), 127.6 (Ar-C), 127.5 (Ar-C), 80.5 (C6), 79.9 (C2 or C3), 79.3 (C2 

or C3), 79.0 (C4), 75.7 (C7), 74.1 (CH2Ph), 74.0 (CH2Ph), 73.3 (C1), 72.6 (CH2Ph), 71.4 

(CH2Ph), 71.2 (CH2Ph), 70.6 (C5). 

60807"ҭ"*4U.5T.6T+/3.4.5.6/Q/dgp|{n/7/cegv{n/3/gvj{p{n/rgpvcpg"*6029+ 

 

To ZnCl2 (740 mg, 5.40 mmol, 5.0 equiv), 1:5 acetic acid/acetic anhydride (4 mL) was 

added and cooled to 0 ᴈ. Then a solution of 4.04 (680 mg, 1.08 mmol, 1.0 equiv, dr 7:1) in 

1:5 AcOH/Ac2O (1 mL) was added dropwise. The mixture was stirred and allowed to reach 
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room temperature. After 2 hours the reaction mixture was quenched with ice-water (15 mL) 

and diluted with EtOAc (15 mL). The organic layer was washed with H2O (2 Ĭ 15 mL), brine 

(25 mL) and dried with MgSO4, filtered, and concentrated in vacuo. The crude residue of 

4.07 was analysed and the crude mixture was used without further purification. Rf 0.31 (1:4 

EtOAc/hexane). HRMS (ESI) calculated for C37H38NaO5 [M+Na]+ 601.2566, found 

601.2561. 1H NMR major (400 MHz, CDCl3) ŭH 7.37 ï 7.26 (m, 25H, Aromatic H), 5.14 ï 

5.10 (m, 1H, CH2Ph), 4.95 (d, J = 11.3 Hz, 1H, CH2Ph), 4.86 (d, J = 11.5 Hz, 1H, CH2Ph), 

4.73 ï 4.67 (m, 2H, CH2Ph), 4.63 ï 4.57 (m, 4H, CH2Ph + H1), 4.47 (d, J = 11.6 Hz, 1H, 

CH2Ph), 4.29 (dd, J = 12.0, 3.2 Hz, 1H, H5), 4.15 (dd, J = 12.0, 6.7 Hz, 1H, H5ô), 3.96 (dt, 

J = 6.7, 3.2 Hz, 1H, H4), 3.93 ï 3.91 (m, 2H, H2 + H3), 2.57 (d, J = 2.2 Hz, 0.1 Hz, H7 

minor), 2.53 (d, J = 2.1 Hz, 1H, H7), 1.96 (s, 3H, OAc). 13C NMR major (101 MHz, CDCl3) 

ŭC 171.0 (C=O), 138.4 (Ar-C), 138.1 (Ar-C), 137.7 (Ar-C), 128.7 (Ar-C), 128.4 (Ar-C), 128.4 

(Ar-C), 128.4 (Ar-C), 128.3 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C), 127.8 (Ar-C), 

127.7 (Ar-C), 127.7 (Ar-C), 80.5 (C7), 79.6 (C2), 78.6 (C3), 77.6 (C4), 75.7 (C6), 74.2 

(CH2Ph), 73.9 (CH2Ph), 72.3 (C1), 71.3 (CH2Ph), 71.1 (CH2Ph), 66.4 (CH2Ph), 64.1 (C5), 

21.1 (OCH3). 

60808"ҭ"*4U.5T.6T+/3.4.5.6/Q/dgp|{n/7/j{ftqz{n/3/gvj{p{n/rgpvcpg"

*6027+ 

 

From 4.07: Acetate 4.07 (628 mg, 1.08 mmol, 1.0 equiv, dr 7:1) was dissolved in 

methanol (11 mL). K2CO3 (750 mg, 5.40 mmol, 5.0 equiv) was added and stirred at room 

temperature for 4 hours. The reaction was concentrated in vacuo and purified by silica flash 

column chromatography (20% EtOAc/hexane) to yield the title compound 4.05 (413 mg, 

770 ɛmol, 71% from 4.06, dr 7:1).  

From 4.23: Allyl 4.23 (2.50 g, 4.46 mmol, 1.0 equiv, dr 2:1) was dissolved in dry 

methanol (50 mL) under a N2 atmosphere. 1,3-Dimethylbarbituric acid (1.39 g, 8.92 mmol, 

2.0 equiv) was added, followed by tetrakis(triphenylphosphine) palladium (512 mg, 450 

ɛmol, 0.1 equiv). The mixture was stirred overnight. The reaction is filtered through a celite 

pad to remove the palladium and the mixture concentrated in vacuo. The title compound 

4.05 was obtained by silica flash column chromatography (10-70% EtOAc/pet ether) as a 

viscous colourless oil (1.36 g, 2.66 mmol, 60%, dr 2.8:1). Rf 0.19 (1:4 EtOAc/hexane). 

HRMS (ESI) calculated for C35H36NaO5 [M+Na]+ 559.2460, found 559.2455. 1H NMR Major 

(400 MHz, CDCl3) ŭH 7.38 ï 7.23 (m, 20H, Aromatic H), 4.94 (d, J = 11.3 Hz, 1H, CH2Ph), 

4.86 (d, J = 11.5 Hz, 1H, CH2Ph), 4.71 ï 4.68 (m, 2H, CH2Ph), 4,63 (d, J = 11.1 Hz, 1H, 

CH2Ph), 4.60 ï 4.56 (m, 2H, CH2Ph + H1), 4.51 (d, J = 11.6 Hz, 1H, CH2Ph), 4.47 (d, J = 

11.5 Hz, 1H, CH2Ph), 3.97 (dd, J = 6.0, 4.0 Hz, 1H, H3), 3.93 (dd, J = 6.0, 4.6 Hz, 1H, H2), 

3.80 (ap. q, J = 4.5 Hz, 1H, H4), 3.74 ï 3.67 (m, 1H, H5), 3.66 ï 3.61 (m, 1H, H5ô), 2.55 (d, 
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J = 2.0 Hz, 1H, H7). 13C NMR Major (101 MHz, CDCl3) ŭC 138.3 (Ar-C), 138.1 (Ar-C), 138.0 

(Ar-C), 137.6 (Ar-C), 128.7 (Ar-C), 128.5 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.2 (Ar-C), 

127.9 (Ar-C), 127.9 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 127.1 (Ar-C), 80.6 (C7), 79.7 (C2), 

79.2 (C4), 79.2 (C3), 75.7 (C6), 74.2 (CH2Ph), 74.1 (CH2Ph), 72.0 (CH2Ph), 70.8 (CH2Ph), 

65.5 (C1), 61.5 (C5).  

60809"ҭ"*4U.5T.6T+/Q/dgp|{n/fk/4/dtqoqgvj{n/rjqurjcvg/3/gvj{p{n/

rgpvcpg"*6028c+ 

 

To a solution of PO(OCH2CH2Br)3 3.09 (145 mg, 350 ɛmol, 1.0 equiv) in anhydrous 

CH2Cl2 (3 mL) in oven dried glassware under a N2 atmosphere, freshly distilled Tf2O (87.0 

ɛL, 520 ɛmol, 1.5 equiv) was added, and the reaction stirred. After 10 minutes anhydrous 

pyridine (56.0 ɛL, 690 ɛmol, 2.0 equiv) was added, and the reaction stirred for 10 minutes. 

To the solution, 4.05 (372 mg, 665 ɛmol, 1.9 equiv, dr 7:1) in anhydrous CH2Cl2 (2 mL) was 

added and the reaction was stirred at room temperature for 1.5 hours. The reaction was 

diluted with CH2Cl2 (5 mL) and dried directly onto silica. The crude mixture was purified by 

silica flash column chromatography (10-60% EtOAc/hexane) to obtain 4.06a (190 mg,  

220 ɛmol, 65%, dr 8:1). Rf 0.45 (1:1 EtOAc/hexane). HRMS (ESI) calculated for 

C39H4379Br2NaO8P [M+Na]+ 851.0960, found 851.0955. 1H NMR major (400 MHz, CDCl3) 

ŭH 7.39 ï 7.28 (m, 23H, Aromatic H), 4.95 (d, J = 11.4 Hz, 1H, CH2Ph), 4.85 (d, J = 11.75 

Hz, 1H, CH2Ph), 4.70 ï 4.65 (m, 3H, CH2Ph), 4.60 (s, 2H, CH2Ph), 4.57 (dd, J = 4.2, 2.2 

Hz, 1H, H1), 4.46 (d, J = 11.5 Hz, 1H, CH2Ph), 4.32 (ddd, J = 11.2, 6.5, 3.1 Hz, 1H, H5), 

4.25 ï 4.13 (m, 5H, H5ô + H8), 4.03 (ap. dq, J = 6.5, 3.9 Hz, 1H, H4), 3.98 ï 3.92 (m, 2H, 

H3 + H2), 3.37 (dt, J = 17.7, 6.1 Hz, 4H, H9), 2.58 (d, J = 2.2 Hz, 0.1H, H7 minor), 2.54 (d, 

J = 2.2 Hz, 1H, H7). 13C NMR major (101 MHz, CDCl3) ŭC 138.3 (Ar-C), 138.2 (Ar-C), 138.0 

(Ar-C), 137.6 (Ar-C), 129.2 (Ar-C), 128.5 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.3 (Ar-C), 

128.1 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 80.5 (C6), 79.9 (C2), 

78.4 (C3), 78.3 (C4), 75.8 (C7), 74.3 (CH2Ph), 73.9 (CH2Ph), 72.7 (CH2Ph), 71.2 (CH2Ph), 

70.8 (C1), 68.0 (d, J = 5.8 Hz, C5), 66.9 (d, J = 5.7 Hz, C8), 29.6 (d, J = 7.7 Hz, C9ô), 29.5 

(d, J = 7.7 Hz, C9). 

6080:"ҭ"*4U.5T.6T+/Q/dgp|{n/fk/UCVG/rjqurjcvg/3/gvj{p{n/rgpvcpg"

*6028+ 
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Dibromoethylphosphate intermediate 4.06a (460 mg, 560 ɛmol, 1.0 equiv, dr 8:1) was 

dissolved in anhydrous pyridine (4.6 mL). KSAc (317 mg, 2.78 mmol, 5.0 equiv) was added 

and the reaction was stirred overnight at room temperature. Upon completion the reaction 

was diluted with EtOAc and filtered through a syringe filter (0.2 ɛm) to remove salts and 

concentrated in vacuo to yield the target compound 4.06 in a quantitative yield (448 mg, 

560 ɛmol, quant., dr 8:1). Rf 0.32 (3:2 EtOAc/hexane). HRMS (ESI) calculated for 

C43H49NaO10PS2 [M+Na]+ 843.2402, found 843.2397. 1H NMR major (400 MHz, CDCl3) ŭH 

7.37 ï 7.23 (m, 20H, Aromatic H), 4.94 (d, J = 11.3 Hz, 1H, CH2Ph), 4.85 (d, J = 11.7 Hz, 

1H, CH2Ph), 4.70 ï 4.59 (m, 5H, CH2Ph), 4.58 ï 4.56 (m, 1H, H1), 4.46 (d, J = 11.5 Hz, 1H, 

CH2Ph), 4.28 (ddd, J = 11.1, 6.0, 3.0 Hz, 1H, H4), 4.22 ï 4.17 (m, 1H, H3), 4.06 ï 3.98 (m, 

5H, H8 + H5), 3.97 ï 3.94 (m, 1H, H2), 3.91 (dd, J = 6.0, 3.9 Hz, 1H, H5ô), 3.05 (dt, J = 9.0, 

6.5 Hz, 4H, H9), 2.58 (d, J = 2.1 Hz, 0.14H, H7 minor) 2.53 (d, J = 2.2 Hz, 1H, H7), 2.29 

(s, 3H, SAc), 2.28 (s, 3H, SAc). 13C NMR major (101 MHz, CDCl3) ŭC 194.8 (C=O), 138.3 

(Ar-C), 138.3 (Ar-C), 138.1 (Ar-C), 137.7 (Ar-C), 128.5 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 

128.3 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 127.7 

(Ar-C), 122.7 (Ar-C), 80.5 (C6), 79.9 (C2), 78.5 (C3), 78.4 (C4), 75.8 (C7), 74.3 (CH2Ph), 

73.9 (CH2Ph), 72.7 (CH2Ph), 71.2 (CH2Ph), 70.9 (C1), 67.9 (d, J = 5.9 Hz, C5), 66.0 (d, J 

= 5.6 Hz, C8), 30.6 (CH3), 29.3 (d, J = 7.4 Hz, C9). 

6080;"ҭ"7/fk/UCVG/rjqurjcvg/3/gvj{p{n/rgpvcpg"*C/RQ+ 

 

Benzylated probe A derivative 4.06 (114 mg, 140 ɛmol, 1.0 equiv, 2:1) was dissolved in 

dry CH2Cl2 (1.4 mL) under a N2 atmosphere. The solution was cooled to ï78 ᴈ. 1.0 M BCl3 

(1.40 mL, 1.40 mmol, 10 equiv) was added very slowly over the course of 40 minutes and 

stirred for a further hour at ï78 ᴈ. The reaction was quenched by stirring for 5 minutes with 

20:1 MeOH/H2O mixture and concentrated to dryness in vacuo. The mixture was 

resuspended in CH2Cl2, filtered through a syringe filter (0.2 ɛm), and purified by automated 

silica flash column chromatography (2-10% MeOH/CH2Cl2) to obtain A-PO as a yellow oil 

(14.8 mg, 32 ɛmol, 23%, 2:1). Rf 0.58 (1:9 MeOH/CH2Cl2). HRMS (ESI) calculated for 

C15H25NaO10PS2 [M+Na]+ 483.0524, found 483.0519. 1H NMR (600 MHz, CDCl3) ŭH 4.71 

(d, J = 18.9 Hz, 1H, H1), 4.37 ï 4.29 (m, 2H, H5), 4.19 ï 4.13 (ap. h, J = 7.0 Hz, 4H, H9), 

4.07 ï 3.99 (ap. d, J = 20.4 Hz, 1H, H4), 3.90 ï 3.84 (m, 2H, H2 + H3), 3.75 ï 3.24 (br. s, 

4H, OH), 3.19 (dt, J = 9.8, 4.3 Hz, 4H, H8), 2.59 (br. s, 0.6H, H7 major), 2.55 (s, 0.4H, H7 

minor), 2.37 (s, 6H, SAc). 13C NMR (151 MHz, CDCl3) ŭC 195.4 (C=O), 195.4 (C=O), 82.8 

(C6 minor), 81.8 (C6 major), 75.5 (C7 major), 75.3 (C2 minor), 75.1 (C2 major), 74.2 (C7 

minor), 72.9 (C4 minor), 72.5 (C4 minor), 71.1 (C3 major), 70.0 (C3 minor), 69.6 (C5), 66.6 

(C8), 64.3 (C1 major), 63.1 (C1 minor), 30.8 (SAc, CH3), 29.2 (C9). 



349 

 

608032"ҭ"*4U.5T.6T+/Q/cegv{n/fk/UCVG/rjqurjcvg/3/gvj{p{n/rgpvcpg"

*C/RC+ 

 

Crude A-PO (54.0 mg, 117 ɛmol, 1.0 equiv) was dissolved in pyridine (1.0 mL) and Ac2O 

(500 ɛL, 5.29 mmol, 45 equiv) was added. The reaction mixture was stirred at room 

temperature overnight. The mixture was concentrated to dryness in vacuo. The crude 

mixture was purified by automated silica flash column chromatography (40-80% EtOAc/pet 

ether) to obtain the title compound A-PA as a yellow residue (22.9 mg, 36 ɛmol, 31%) as 

a mixture of diastereoisomers (batch 1 - 7:1, batch 2 ï 1.2:1). Rf 0.44 (7:3 EtOAc/hexane). 

HRMS (ESI) calculated for C23H33NaO14PS2 [M+Na]+ 651.0947, found 651.0942. 1H NMR 

(400 MHz, CDCl3) ŭH 5.61 (dd, J = 4.4, 2.3 Hz, 1H, H1), 5.43 (dd, J = 6.4, 4.6 Hz, 1H, H3), 

5.36 (dd, J = 6.4, 4.4 Hz, 1H, H2), 5.34 ï 5.25 (m, 1H, H4), 4.29 (ddd, J = 11.4, 6.4, 3.2 Hz, 

1H, H5), 4.18 ï 4.06 (m, 6H, H8 + H5ô), 3.17 (q, J = 6.3 Hz, 4H, H9), 2.54 (d, J = 2.1 Hz, 

0.12H, H7 minor) 2.52 (d, J = 2.3 Hz, 1H, H7 major), 2.36 (s, 3H, SAc, CH3), 2.36 (s, 3H, 

SAc, CH3), 2.16 (s, 3H, OAc, CH3), 2.11 (s, 6H, OAc, CH3), 2.10 (s, 3H, OAc, CH3).  

13C NMR (101 MHz, CDCl3) ŭC 194.8 (C=O), 169.3 (C=O), 76.7 (C7 minor), 75.9 (C7), 70.6 

(C4), 70.2 (C2), 69.2 (C3), 66.3 (d, J = 5.8 Hz, C8), 65.4 (d, J = 5.0 Hz, C5), 62.5 (C1), 

60.5 (C1 minor), 30.7 (SAc, CH3), 29.2 (C9), 21.0 (OAc, CH3), 20.9 (OAc, CH3), 20.9 (OAc, 

CH3), 20.8 (OAc, CH3). 

608033"ҭ"3/gvj{p{n/F/tkdkvqn"*C/UQ+ 

 

Benzylated alkyne-ribitol intermediate 4.04 (72.0 mg, 409 ɛmol, 1.0 equiv, dr 2:1) was 

dissolved in anhydrous CH2Cl2 (3.8 mL) under N2 atmosphere and cooled to ï78 ᴈ. 1.0 M 

BCl3 in CH2Cl2 (3.8 mL, 3.80 mmol, 9.5 equiv) was added very slowly, and the mixture was 

stirred for 3 hours at ï78 ᴈ. Upon completion the reaction was quenched with 20:1 

MeOH/H2O and stirred for 30 minutes before warming to room temperature. The mixture 

was evaporated to dryness in vacuo. The sample was purified by reverse phase column 

chromatography using a C18 column on an ACCQPrep (10-80% H2O/acetonitrile/0.1% 

formic acid) to obtain the desired compound A-SO as a dark orange residue (22.8 mg, 130 

ɛmol, 32%, dr 1.1:1). Rf 0.56 (1:4 MeOH/CH2Cl2). HRMS (ESI) calculated for C7H12NaO5 

[M+Na]+ 199.0582, found 199.0577. 1H NMR of isomeric mixture (400 MHz, DMSO-D6) 

ŭH 4.90 (d, J = 6.4 Hz, 1H, OH), 4.61 (d, J = 4.6 Hz, 1H, OH), 4.48 (t, J = 6.8 Hz, 2H, OH), 

4.43 (dd, J = 5.0, 2.1 Hz, 1H), 4.35 (dq, J = 4.6, 2.3 Hz, 2H), 4.27 (dd, J = 8.0, 1.6 Hz, 1H, 

OH), 3.66 ï 3.54 (m, 8H), 3.22 (dd, J = 8.7, 6.4 Hz, 1H, H7). 13C NMR (101 MHz, DMSO-
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D6) ŭC 107.6 (C6-major), 106.9 (C6-minor), 77.2 (C1-major), 77.0 (C1-minor), 75.2 (C4-

major), 73.5 (C4-minor), 70.2 (C7), 69.8, 69.3, 65.5, 65.0, 63.6. 

608034"ҭ"3/gvj{p{n/F/tkdkvqn"rgpvccegvcvg"*C/UC+ 

 

A-SO (16.9 mg, 96.1 ɛmol, 1.0 equiv, dr 8:1) was dissolved in Ac2O (0.5 mL) and 

pyridine (1.0 mL) and stirred overnight at room temperature. The reaction was quenched 

at 0 ᴈ with cold MeOH. The mixture was evaporated to dryness in vacuo and purified by 

silica flash column chromatography (20-80% EtOAc/pet ether) to yield the title compound 

A-SA as a pale-yellow residue (29.6 mg, 77 ɛmol, 85%, dr 10:1). Rf 0.53 (1:1 

EtOAc/hexane). HRMS (ESI) calculated for C17H22NaO10 [M+Na]+ 409.1111, found 

409.1105. 1H NMR major (400 MHz, CDCl3) ŭH 5.60 (ddd, J = 8.2, 4.3, 2.3 Hz, 1H, H1), 

5.46 ï 5.35 (m, 2H, H2 + H3), 5.32 ï 5.24 (m, 1H, H4), 4.33 (dt, J = 12.1, 3.6 Hz, 1H, H5ô), 

4.12 (td, J = 12.1, 7.0 Hz, 1H, H5), 2.52 (d, J = 2.3 Hz, 0.09H, H7 minor) 2.50 (d, J = 2.3 

Hz, 1H, H7), 2.17 ï 2.14 (m, 4H, OAc), 2.10 ï 2.07 (m, 9H, OAc), 2.06 ï 2.02 (m, 4H, OAc). 

13C NMR major (101 MHz, CDCl3) ŭC 170.7 (C=O), 170.1 (C=O), 169.7 (C=O), 169.4 

(C=O), 169.4 (C=O), 129.8 (C=O), 107.2 (C6), 75.7 (C7), 70.7 (C2), 69.9 (C3), 69.5 (C4), 

62.6 (C1), 61.7 (C5), 21.0 (CH3), 20.9 (CH3), 20.9 (CH3), 20.8 (CH3), 20.7 (CH3). 

608035"ҭ"*4U.5U.6T+/4.5.6.7/vgvtcmku/Q/dgp|{n/8.8/fkdtqoq/rgpv/8/gpg"

*602:+ 

 

To a solution of CBr4 (1.62 g, 4.88 mmol, 2.0 equiv) in anhydrous CH2Cl2 (20 mL) PPh3 

(2.56 g, 9.76 mmol, 4.0 equiv) was added and stirred at ï10 ᴈ for 15 minutes under a N2 

atmosphere. Then Et3N was added (351 ɛL, 2.44 mmol, 1.0 equiv) before a solution of 

aldehyde 4.02 (1.24 g, 2.44 mmol, 1.0 equiv) in CH2Cl2 (15 mL) was added slowly and the 

reaction temperature was kept below 0 ᴈ. Upon completion the reaction filtered through a 

silica plug and washed with Et2O (500 mL). The filtrate was concentrated in vacuo and 

purified by silica flash column chromatography (0-10% EtOAc/hexane) to obtain the desired 

product 4.08 as a yellow oil (1.25 g, 1.88 mmol, 77%). Rf 0.54 (1:4 EtOAc/hexane). HRMS 

(ESI) calculated for C34H3479Br2O4 [M+Na]+ 687.0701, found 687.0716. 1H NMR (400 MHz, 

CDCl3) ŭH 7.35 ï 7.27 (m, 20H, Aromatic H), 6.64 (d, J = 9.1 Hz, 1H, H1), 4.81 (d, J = 11.4 

Hz, 1H, CH2Ph), 4.72 (d, J = 11.4 Hz, 1H, CH2Ph), 4.67 ï 4.47 (m, 7H, CH2Ph + H2), 3.93 

(dd, J = 6.6, 3.4 Hz, 1H, H3), 3.79 ï 3.74 (m, 1H, H5), 3.69 ï 3.65 (m, 2H, H5ô + H4). 13C 

NMR (101 MHz, CDCl3) ŭC 138.5 (Ar-C), 138.4 (Ar-C), 138.2 (Ar-C), 136.4 (C1), 128.5 (Ar-

C), 128.4 (Ar-C), 128.4 (Ar-C), 128.4 (Ar-C), 128.2 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 127.8 
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(Ar-C), 127.7 (Ar-C), 127.6 (Ar-C), 93.3 (C6), 80.0 (C2), 79.6 (C3), 78.1 (C4), 74.3 (CH2Ph), 

73.5 (CH2Ph), 72.3 (CH2Ph), 71.1 (CH2Ph), 69.1 (C5). 

608036"ҭ"*4U.5U.6T+/4.5.6.7/Vgvtcmku/Q/dgp|{n/rgpv/3.8/{pg"*602;+ 

 

To a solution of dibromoolefin 4.08 (1.91 g, 2.86 mmol, 1.0 equiv) in THF (35 mL) at  

ï78 ᴈ under a N2 atmosphere, 1.2M n-BuLi (7.15 mL, 8.58 mmol, 3.0 equiv) was dropwise. 

The reaction stirred for 1 hour at ï78 ᴈ. Additional 1.2M n-BuLi (4.77 mL, 5.72 mmol, 2.0 

equiv) was added and the reaction was stirred at ï78 ᴈ for 1 hour. Upon completion the 

reaction was quenched with H2O (10 mL) and warmed to room temperature. The reaction 

mixture was diluted with Et2O (50 mL) and washed with brine (2 Ĭ 50 mL). Dried with 

MgSO4, filtered, and concentrated in vacuo before being purified by silica flash column 

chromatography (10% EtOAc/hexane) to obtain alkyne 4.09 as a pale-yellow oil (800 mg, 

1.57 mmol, 55%). Rf 0.28 (1:9 EtOAc/hexane). HRMS (ESI) calculated for C34H34O4 

[M+Na]+ 529.2355, found 529.2349. 1H NMR (400 MHz, CDCl3) ŭH 7.35 ï 7.24 (m, 20H, 

Aromatic H), 4.92 (d, J = 11.4 Hz, 1H, CH2Ph), 4.87 (d, J = 11.5 Hz, 1H, CH2Ph), 4.69 (d, 

J = 11.4 Hz, 1H, CH2Ph), 4.63 (d, J = 11.4Hz, 1H, CH2Ph), 4.59 (dd, J = 3.5, 2.2 Hz, 1H, 

H2), 4.56 ï 4.47 (m, 4H, CH2Ph), 3.96 (dd, J = 7.4, 3.5 Hz, 1H, H3), 3.81 (ddd, J = 7.4, 4.9, 

2.7 Hz, 1H, H4), 3.76 (dd, J = 10.3, 2.7 Hz, 1H, H5), 3.64 (dd, J = 10.3, 4.9 Hz, 1H, H5ô), 

2.52 (d, J = 2.2 Hz, 1H, H6). 13C NMR (101 MHz, CDCl3) ŭC 138.5 (Ar-C), 138.4 (Ar-C), 

137.8 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.4 (Ar-C), 128.3 (Ar-C), 128.1 (Ar-C), 127.8 

(Ar-C), 127.6 (Ar-C), 127.6 (Ar-C), 80.2 (C1), 79.5 (C3), 78.2 (C4), 75.7 (C6), 74.5 (CH2Ph), 

73.4 (CH2Ph), 72.7 (CH2Ph), 71.2 (CH2Ph), 71.1 (C2), 69.2 (C5). IR (Vmax) 3285, 3026, 

2865, 1496, 1091, 1027, 733, 694 cmï1. 

608037"ҭ"*4U.5U.6T+/4.5.6./vtku/Q/dgp|{n/7/cegv{n/rgpv/3.8/{pg"*6038+ 

 

Alkyne 4.09 (560 mg, 1.10 mmol, 1.0 equiv) was dissolved in AcOH/Ac2O (1:5, 2 mL) 

and added dropwise to a solution of ZnCl2 (750 mg, 5.50 mmol, 5.0 equiv) in AcOH/Ac2O 

(1:5, 5 mL) at 0 ᴈ. Stirred for 15 minutes at 0 ᴈ before warming to room temperature. After 

2 hours the reaction was quenched with ice and diluted with EtOAc (5 mL). The organic 

layers were washed with H2O (2 Ĭ 10 mL), brine (10 mL) and dried with MgSO4, filtered, 

and concentrated in vacuo. The crude residue 4.16 was used in the next step with no further 

purification. Rf 0.56 (1:4 EtOAc/hexane). HRMS (ESI) calculated for C29H30NaO5 [M+Na]+ 

481.1991, found 481.1998. 1H NMR (400 MHz, CDCl3) ŭH 7.39 ï 7.24 (m, 15H, Aromatic 

H), 4.94 ï 4.89 (m, 2H, CH2Ph), 4.70 (d, J = 11.4 Hz, 1H, CH2Ph), 4.64 (d, J = 11.4 Hz, 1H, 
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CH2Ph), 4.59 (dd, J = 3.4, 2.2 Hz, 1H, H2), 4.55 ï 4.49 (m, 3H, CH2Ph + H5), 4.16 (dd, J = 

12.0, 4.6 Hz, 1H, H5ô), 3.92 (dd, J = 7.4, 3.4 Hz, 1H, H3), 3.82 (ddd, J = 7.4, 4.6, 2.7 Hz, 

1H, H4), 2.54 (d, J = 2.2 Hz, 1H, H6), 1.98 (s, 3H, OAc). 13C NMR (101 MHz, CDCl3) ŭC 

171.0 (C=O), 138.1 (Ar-C), 137.7 (Ar-C), 137.6 (Ar-C), 128.7 (Ar-C), 128.6 (Ar-C), 128.5 

(Ar-C), 128.4 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 127.9 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 

79.9 (C6), 78.7 (C3), 76.8 (C4), 76.1 (C1), 74.3 (CH2Ph), 72.6 (CH2Ph), 71.3 (CH2Ph), 71.0 

(C2), 62.6 (C5), 21.1 (CH3). 

608038"ҭ"*4U.5U.6T+/4.5.6./vtku/Q/dgp|{n/rgpv/3.8/{p/7/qn"*6032+ 

 

From acetate 4.16: To a solution of acetate 4.16 (697 mg, 1.50 mmol, 1.0 equiv) in 

MeOH (14 mL), K2CO3 (1.05 g, 7.60 mmol, 5.0 equiv) was added and stirred for 4 hours at 

room temperature. Upon completion, the reaction was filtered. The filtrate was 

concentrated and purified by silica flash column chromatography to obtain 4.10 as a 

colourless oil (430 mg, 1.03 mmol, 68% over 2 steps from 4.09). 

From allyl 4.27: Allyl protected 4.27 (597 mg, 1.31 mmol, 1.0 equiv) was dissolved in 

dry methanol (25 mL) under a N2 atmosphere. Dimethylbarbituric acid (409 mg, 2.62 mmol, 

2.0 equiv) was added, followed by tetrakis(triphenylphosphine) palladium (150 mg, 130 

ɛmol, 0.1 equiv). The mixture was stirred overnight at room temperature. The reaction was 

filtered through a celite pad to remove the palladium and the filtrate was concentrated in 

vacuo. The title compound 4.10 was obtained by silica flash column chromatography (0-

60% EtOAc/pet ether) as a viscous colourless oil (361 mg, 870 ɛmol, 66%). Rf 0.23 (1:4 

EtOAc/hexane). HRMS (ESI) calculated for C27H28O4 [M+Na]+ 439.1886, found 439.1880. 

1H NMR (400 MHz, CDCl3) ŭH 7.52 ï 7.06 (m, 15H, Aromatic H), 4.92 (d, J = 11.4 Hz, 1H, 

CH2Ph), 4.88 (d, J = 11.7 Hz, CH2Ph), 4.70 (d, J = 11.4 Hz, 1H, CH2Ph), 4.61 ï 4.53 (m, 

2H, CH2Ph), 4.52 ï 4.47 (m, 2H, CH2Ph + H2), 3.93 (dd, J = 7.0, 3.3 Hz, 1H, H3), 3.77 ï 

3.74 (m, 2H, H5 + H5ô), 3.70 (ap. dd, J = 7.0, 3.8 Hz, 1H, H4), 2.53 (d, J = 2.2 Hz, 1H, H6). 

13C NMR (101 MHz, CDCl3) ŭC 138.1 (Ar-C), 137.8 (Ar-C), 137.5 (Ar-C), 128.6 (Ar-C), 128.5 

(Ar-C), 128.5 (Ar-C), 128.5 (Ar-C), 128.1 (Ar-C), 128.1 (Ar-C), 128.0 (Ar-C), 127.9 (Ar-C), 

127.9 (Ar-C), 79.9 (C6), 79.9 (C3), 78.8 (C4), 76.1 (C1), 74.4 (CH2Ph), 72.4 (CH2Ph), 71.2 

(CH2Ph), 70.7 (C2), 61.0 (C5). IR (Vmax) 3397, 3285, 3030, 2872, 1454, 1095, 1027, 736, 

696 cmï1. 

608039"ҭ"4.5.6/Vtk/Q/dgp|{n/fk/4/dtqoqgvj{n/rjqurjcvg/rgpv/3.8/{pg"

*6033C+ 
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To a solution of PO(OCH2CH2Br)3 3.09 (183 mg, 440 ɛmol, 1.0 equiv) in anhydrous 

CH2Cl2 (4 mL) in oven dried glassware under a N2 atmosphere, freshly distilled Tf2O  

(110 ɛL, 660 ɛmol, 1.5 equiv) was added, and the reaction stirred. After 10 minutes 

anhydrous pyridine (70.0 ɛL, 880 ɛmol, 2.0 equiv) was added, and the reaction stirred for 

10 minutes. To the solution, 4.10 (355 mg, 836 ɛmol, 1.9 equiv) in anhydrous CH2Cl2  

(3 mL) was added and the reaction was stirred at room temperature for 1.5 hours. The 

reaction was diluted with CH2Cl2 (5 mL) and dried directly onto silica. The crude mixture 

was purified by silica flash column chromatography (0-60% EtOAc/hexane) to obtain 4.11A  

(178 mg, 250 ɛmol, 57%). Rf 0.37 (2:5 EtOAc/hexane). HRMS (ESI) calculated for 

C31H3579Br2NaO7P [M+Na]+ 731.0385, found 731.0379. 1H NMR (400 MHz, CDCl3) ŭH 7.37 

ï 7.35 (m, 15H, Aromatic H), 4.94 (d, J = 11.2 Hz, 1H, CH2Ph), 4.89 (d, J = 11.8 Hz, 1H, 

CH2Ph), 4.68 (t, J = 10.9 Hz, 3H, CH2Ph), 4.56 ï 4.52 (m, 3H, H2 + CH2Ph), 4.47 (ddd, J 

= 11.1, 6.4, 2.3 Hz, 1H, H5ô), 4.39 (ap. dt, J = 8.4, 6.1 Hz, 1H, H7), 4.28 ï 4.17 (m, 4H, H7 

+ H5), 3.90 (dd, J = 7.2, 3.7 Hz, 1H, H3), 3.84 (ddd, J = 9.2, 3.7, 2.3 Hz, 1H, H4), 3.57 (t, J 

= 6.1 Hz, 1H, H8), 3.43 (td, J = 6.1, 3.1 Hz, 1H, H8), 3.37 (t, J = 6.1 Hz, 2H, H8), 2.54 (d, J 

= 2.2 Hz, 1H, H6). 13C NMR (101 MHz, CDCl3) ŭC 138.1 (Ar-C), 137.6 (Ar-C), 137.5 (Ar-C), 

128.5 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.3 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 128.0 

(Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 79.7 (C6), 79.0 (C3), 77.6 (C4), 76.2 (C1), 74.4 (CH2Ph), 

72.7 (CH2Ph), 71.2 (CH2Ph), 70.6 (C2), 67.3 (d, J = 5.6 Hz, C5), 67.0 (d, J = 5.8 Hz, C7), 

29.5 (d, J = 7.3 Hz, C8).  

60803:"ҭ"4.5.6/Vtk/Q/dgp|{n/fk/UCVG/rjqurjcvg/rgpv/3.8/{pg"*6033+ 

 

Dibromoethylphosphate intermediate 4.11A (170 mg, 240 ɛmol, 1.0 equiv) was 

dissolved in anhydrous pyridine (6.0 mL) under a N2 atmosphere. KSAc (137 mg, 1.20 

mmol, 5.0 equiv) was added and the reaction was stirred overnight at room temperature. 

Upon completion the solvent was removed in vacuo, and the crude compound was purified 

by silica flash column chromatography (0-50% EtOAc/hexane) to obtain 4.11 (116 mg, 170 

ɛmol, 70%) Rf 0.39 (2:5 EtOAc/hexane). HRMS (ESI) calculated for C35H41NaO9PS2 

[M+Na]+ 723.1828, found 723.1822. 1H NMR (400 MHz, CDCl3) ŭH 7.38 ï 7.25z (m, 15H, 

Aromatic H), 4.93 (d, J = 11.2 Hz, 1H, CH2Ph), 4.89 (d, J = 11.8 Hz, 1H, CH2Ph), 4.70 (d, 

J = 11.1 Hz, 1H, CH2Ph), 4.66 (d, J = 11.2 Hz, 1H, CH2Ph), 4.56 ï 4.50 (m, 3H, H2 + 

CH2Ph), 4.43 (ddd, J = 11.3, 6.2, 2.2 Hz, H5), 4.21 (ddd, J = 11.3, 7.4, 4.5 Hz, 1H, H5ô), 

4.10 ï 4.00 (m, 4H, H7), 3.90 (dd, J = 7.2, 3.2 Hz, 1H, H3), 3.82 (ddd, J = 7.2, 4.5, 2.2 Hz, 

1H, H4), 3.09 (t, J = 6.5 Hz, 2H, H8), 3.05 (t, J = 6.5 Hz, 2H, H8), 2.52 (d, J = 2.2 Hz, 1H, 

H6), 2.31 (s, 3H, CH3), 2.30 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) ŭC 194.9 (C=O), 

138.2 (Ar-C), 137.7 (Ar-C), 137.6 (Ar-C), 128.6 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.3 

(Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 79.8 (C6), 79.1 (C3), 77.7 
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(C4), 76.2 (C1), 74.4 (CH2Ph), 72.8 (CH2Ph), 71.3 (CH2Ph), 70.7 (C2), 66.7 (d, J = 5.9 Hz, 

C5), 66.1 ï 66.0 (m, C7), 30.7 (CH3), 29.3 (d, J = 7.0 Hz, C8), 29.3 (d, J = 7.0 Hz, C8). 

60803;"ҭ"4.5.6/Vtkj{ftqz{n/fk/UCVG/rjqurjcvg/rgpv/3.8/{pg"*F/RQ+ 

 

A solution of 4.11 (110 mg, 160 ɛmol, 1.0 equiv) in CH2Cl2 (3.1 mL) was cooled to  

ï78 ᴈ. To the reaction 1.0 M BCl3 (1.57 mL, 1.57 mmol, 10 equiv) was added slowly. The 

reaction was stirred at ï78 ᴈ for 1 hour before being allowed to reach 0 ᴈ over 1.5 hours. 

Upon completion, the reaction was quench with 20:1 MeOH/H2O solution (3 mL), stirred for 

15 minutes and concentrated in vacuo. The mixture was dissolved in CH2Cl2 (2 mL), and 

half was purified by silica flash column chromatography (0-5% MeOH/CH2Cl2) to obtain  

D-PO. The remaining half was used in the following step without further purification. 

Compound has been identified by HRMS and from the 1H NMR. Rf 0.38 (1:19 

MeOH/CH2Cl2). HRMS (ESI) calculated for C14H23NaO9PS2 [M+Na]+ 453.0419, found 

453.0413. 1H NMR (400 MHz, CDCl3) ŭH 4.76 ï 4.71 (m, 1H, H2), 4.42 (dd, J = 10.8, 4.2 

Hz, 1H, H5), 4.40 ï 4.31 (m, 1H, H5ô), 4.21 ï 4.11 (m, 5H, H7), 3.98 ï 3.88 (m, 1H, H4), 

3.83 ï 3.73 (m, 1H, H3), 3.41 (d, J = 7.1 Hz, 1H, C4-OH), 3.34 (d, J = 5.5 Hz, 1H, C3-OH), 

3.19 (t, J = 6.8 Hz, 5H, H8), 2.90 (d, J = 7.1 Hz, 1H, C2-OH), 2.55 (d, J = 2.1 Hz, 1H, H6), 

2.37 (s, 8H, CH3), 2.14 (d, J = 3.5 Hz, 1H, OH). 

608042"ҭ"4.5.6/Vtk/cegv{n/fk/UCVG/rjqurjcvg/rgpv/3.8/{pg"*F/RC+ 

 

Crude D-PO (34.0 mg, 80.0 ɛmol, 1.0 equiv) was dissolved in pyridine (2.0 mL) and 

acetic anhydride (1.00 mL, 10.5 mmol, 131 equiv) was added. The reaction was stirred at 

room temperature overnight. The reaction was quenched with MeOH (2.5 mL) and 

concentrated in vacuo. The crude compound was purified by silica flash column 

chromatography (0-100% EtOAc/hexane) to obtain D-PA (15.0 mg, 27.2 ɛmol, 34% from 

4.11). Rf 0.21 (2:3 EtOAc/hexane). HRMS (ESI) calculated for C20H29NaO12PS2 [M+Na]+ 

579.0736, found 579.0730. 1H NMR (400 MHz, CDCl3) ŭH 5.67 ï 5.66 (m, 1H, H2), 5.41 

(dd, J = 7.6, 3.5 Hz, 1H, H3), 5.32 (ddd, J = 7.6, 4.2, 2.2 Hz, 1H, H4), 4.34 (ddd, J = 11.7, 

6.0, 2.2 Hz, 1H, H5), 4.19 ï 4.06 (m, 5H, H5ô + H7), 3.21 ï 3.13 (m, 4H, H8), 2.54 (d, J = 

2.4 Hz, 1H, H6), 2.35 (s, 6H, SAc, CH3), 2.14 (s, 3H, OAc, CH3) 2.13 (s, 3H, OAc, CH3), 

2.09 (s, 3H, OAc, CH3). 13C NMR (101 MHz, CDCl3) ŭC 194.8 (C=O), 169.7 (C=O), 169.5 

(C=O), 169.3 (C=O), 76.4 (C1), 76.1 (C6), 69.9 (d, J = 7.6 Hz, C4), 69.4 (C3), 66.3 (d, J = 
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5.7 Hz, C7), 65.3 (d, J = 5.7 Hz, C5), 62.7 (C2), 30.6 (SAc, CH3), 29.2 (d, J = 7.2 Hz, C8), 

21.0 (OAc, CH3), 20.8 (OAc, CH3), 20.8 (OAc, CH3). 

608043"ҭ"*4U.5U.6T+/4.5.6.7/Vgvtc/j{ftqz{/rgpv/3.8/{pg"*F/UQ+ 

 

4.09 (180 mg, 350 ɛmol, 1.0 equiv) was dissolved in anhydrous CH2Cl2 (10 mL) and the 

reaction mixture was cooled to ï78 ᴈ under a N2 atmosphere. 1.0 M BCl3 in CH2Cl2  

(1.75 mL, 1.75 mmol, 5.0 equiv) was added slowly to the reaction. The mixture was stirred 

at ï78ᴈ for 2 hours before warming to 0 ᴈ over 3 hours. The reaction was quenched with 

a MeOH/H2O (20:1, 20 mL) mixture and the reaction mixture was concentrated to dryness 

in vacuo. HRMS (ESI) calculated for C6H10KO4 [M+K]+ 185.0216, found 185.0211. 1H NMR 

(400 MHz, CD3OD) ŭH 4.56 ï 4.55 (ap. t, J = 3.1 Hz, 1H, H2), 3.76 (dd, J = 11.1, 2.7  Hz, 

1H, H5), 3.68 ï 3.56 (m, 3H, H3 + H4 + H5), 2.77 (d, J = 2.2 Hz, 1H, H6). 13C NMR (101 

MHz, CD3OD) ŭC 82.9 (C6), 75.4 (C4), 75.4 (C2), 73.6 (C3), 64.9 (C2), 64.5 (C5). 

608044"ҭ"*4U.5U.6T+/4.5.6.7/Vgvtc/cegv{n/rgpv/3.8/{pg"*F/UC+ 

 

Crude D-SO (51.0 mg, 350 ɛmol, 1.0 equiv) was dissolved in pyridine (400 ɛL) and 

acetic anhydride was added (200 ɛL, 2.11 mmol, 6.0 equiv) and the mixture as stirred at 

room temperature for 6 hours. The reaction mixture was quenched with methanol at 0 ᴈ 

and the solvent was evaporated in vacuo. The crude mixture was suspended in EtOAc and 

washed with 1M HCl(aq), H2O and brine. The organic layer was dried over MgSO4, filtered, 

and concentrated in vacuo. The desired product D-SA was purified by silica flash column 

chromatography (20-40% EtOAc/pet ether) as a yellow oil (63.0 mg, 200 ɛmol, 57%). Rf 

0.42 (3:2 EtOAc/hexane). HRMS (ESI) calculated for C14H18NaO8 [M+Na]+ 337.0899, found 

337.0894. 1H NMR (400 MHz, CDCl3) ŭH 5.64 (dd, J = 3.7, 2.3 Hz, 1H, H2), 5.37 (dd, J = 

7.7, 3.7 Hz, 1H, H3), 5.32 (ddd, J = 7.7, 4.7, 2.7 Hz, 1H, H4), 4.35 (dd, J = 12.5, 2.7 Hz, 

1H, H5), 4.17 (dd, J = 12.5, 4.7 Hz, 1H, H5ô), 2.52 (d, J = 2.3 Hz, 1H, H6), 2.10 (s, 3H, 

OAc), 2.08 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.03 (s, 3H, OAc). 13C NMR (101 MHz, CDCl3) 

ŭC 170.7 (C=O), 169.7 (C=O), 169.6 (C=O), 169.3 (C=O), 76.5 (C6), 76.0 (C1), 69.7 (C4), 

69.5 (C3), 62.7 (C2), 61.6 (C5), 21.0 (CH3), 20.8 (CH3), 20.8 (2 Ĭ CH3). 

608045"ҭ"*4U.5U.6T+/4.5.6/vtk/Q/dgp|{n/7/Q/cnn{n/rgpvcpcn"*6043+ 
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2,3,4-tri-O-benzyl-D-ribitol 4.20 (2.70 mL, 6.60 mmol, 1.0 equiv) was dissolved in 

anhydrous CH2Cl2 under a N2 atmosphere. Dess-Martin periodinane (4.20 g, 9.90 mmol, 

1.5 equiv) was added to the reaction at room temperature for 3 hours. Upon completion, 

the reaction was quenched with saturated Na2SO3(aq) solution and stirred for 5 minutes 

before filtering off the salts. The mixture was concentrated in vacuo, and any remaining 

salts were precipitated with CH2Cl2 and filtered through a 0.45 ɛm syringe filter, the filtrate 

was dried in vacuo yielding the title compound 4.21 with no further purification required as 

a colourless oil (3.19 g, 6.60 mmol, quant.). Rf 0.54 (1:4 EtOAc/hexane). HRMS (ESI) 

calculated for C29H32NaO5 [M+Na]+ 483.2147, found 483.2142. 1H NMR (400 MHz, CDCl3) 

ŭH 9.48 (s, 1H, H1), 7.36 ï 7.26 (m, 16H, Aromatic H), 5.93 ï 5.81 (m, 1H, H7), 5.28 ï 5.20 

(m, 1H, H8), 5.15 (dd, J = 10.5, 1.6 Hz, 1H, H8), 4.78 ï 4.69 (m, 3H, CH2Ph), 4.63 ï 4.50 

(m, 3H, CH2Ph), 4.11 (d, J = 2.3 Hz, 1H, H2), 4.01 ï 3.87 (m, 4H, H6 + H4 + H3 ), 3.68 (dd, 

J = 10.7, 2.4 Hz, 1H, H5), 3.57 (dd, J = 10.7, 4.6 Hz, 1H, H5ô). 13C NMR (101 MHz, CDCl3) 

ŭC 201.3 (C1), 138.1 (Ar-C), 137.8 (Ar-C), 137.6 (Ar-C), 134.9 (Ar-C), 128.6 (Ar-C), 128.5 

(Ar-C), 128.4 (Ar-C), 128.3 (Ar-C), 128.1 (Ar-C), 128.1 (Ar-C), 117.1 (C8), 82.6 (C2), 80.6 

(C3), 77.0 (C4), 73.2 (CH2Ph), 73.0 (CH2Ph), 72.8 (CH2Ph), 72.5 (C7), 69.3 (C5). 

608048"ҭ" *4U.5T.6T+/3.4.5.6/Q/dgp|{n/7/Q/cnn{n/3/gvj{p{n/rgpvcpg"

*6045+ 

 

Aldehyde 4.21 (5.50 g, 12.0 mmol, 1.0 equiv) was dissolved in anhydrous THF (100 mL) 

under a N2 atmosphere and cooled to ï20 ᴈ. 0.5 M ethynylmagnesium bromide in THF 

(60.0 mL, 30.0 mmol, 2.5 equiv) was added slowly over 20 minutes and the reaction stirred 

for 30 minutes at ï20 ᴈ before allowing the reaction to warm to 0 ᴈ over 2 hours and stir 

overnight at room temperature. The reaction was quenched by the addition of saturated 

NH4Cl(aq) solution and extracted with EtOAc (3 Ĭ 100 mL). The organic layers were 

combined and washed with brine, dried with MgSO4, filtered, and concentrated in vacuo to 

obtain a crude mixture of 4.22. Crude 4.22 (5.80 g, 12.0 mmol, 1.0 equiv) was redissolved 

in dry THF (100 mL) under a N2 atmosphere and cooled to 0 ᴈ. NaH (960 mg of a 60% 

suspension in mineral oil, 24.0 mmol, 2.0 equiv) was added and the mixture stirred for 30 

minutes. Benzyl bromide (4.30 mL, 36.0 mmol, 3.0 equiv) was added and the mixture 

stirred for 17 hours. The reaction was quenched with MeOH, diluted with H2O. The mixture 

was extracted with EtOAc (3 Ĭ 100 mL). The organic layers were combined and washed 

with brine, dried over MgSO4, filtered, and concentrated in vacuo. The sample was purified 

using automated silica flash column chromatography (0-40% EtOAc/pet ether) to obtain 

the title compound 4.23 as a faint yellow oil (2.60 g, 4.50 mmol, 37%, dr 2:1). Rf 0.59 (1:4 

EtOAc/hexane). HRMS (ESI) calculated for C38H40NaO5 [M+Na]+ 599.2773, found 

599.2768. 1H NMR (400 MHz, CDCl3) ŭH 7.39 ï 7.26 (m, 20H, Aromatic H), 5.89 (ddt, J = 
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17.6, 10.5, 5.1 Hz, 1H, H9), 5.24 (dd, J = 17.6, 1.9 Hz, 1H, H10), 5.15 (dd, J = 10.5, 1.9 

Hz, 1H, H10), 4.96 (d, J = 11.0 Hz, 1H, CH2Ph), 4.88 (d, J = 11.6 Hz, 1H, CH2Ph), 4.78 ï 

4.67 (m, 5H, CH2Ph), 4.67 ï 4.57 (m, 7H, H1, CH2Ph), 4.52 ï 4.45 (m, 3H, CH2Ph), 4.07 ï 

3.89 (m, 5H, H2, H3, H4, H8), 3.64 (d, J = 5.0 Hz, 2H, H5), 2.56 (d, J = 1.9 Hz, 0.4H, H7 

minor), 2.54 (d, J = 2.3 Hz, 1H, H7 major). 13C NMR (101 MHz, CDCl3) ŭC 139.0 (Ar-C), 

138.6 (Ar-C), 138.5 (Ar-C), 137.9 (Ar-C), 135.1 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.4 

(Ar-C), 128.4 (Ar-C), 128.3 (Ar-C), 128.3 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 127.9 (Ar-C), 

127.8 (Ar-C), 127.8 (Ar-C), 127.6 (Ar-C), 127.4 (Ar-C), 116.7 (C10), 79.9 (C2), 79.3 (C3), 

79.0 (C1), 75.7 (C7), 74.1 (CH2Ph), 74.0 (CH2Ph), 72.6 (CH2Ph), 72.2 (CH2Ph), 71.5 (C4), 

71.2 (C8), 70.5 (C5). 

608049"ҭ"*4U.5U.6T+/4.5.6./vtku/Q/dgp|{n/7/cnn{n/rgpv/3.8/{pg"*6049+ 

 

Crude 4.21 (1.00 g, 2.20 mmol, 1.0 equiv) was dissolved in dry methanol (20 mL) under 

a N2 atmosphere and cooled to 0 ᴈ. K2CO3 (1.09 g, 7.92 mmol, 3.6 equiv) was added 

followed by the 10% dimethyl (1-diazo-2-oxopropyl)phosphonate solution in acetonitrile 

(570 ɛL, 3.52 mmol, 1.6 equiv) and the mixture was allowed to reach room temperature 

and monitored by TLC. After 17 hours, additional K2CO3 (486 mg, 3.52 mmol, 1.6 equiv) 

and 10% dimethyl (1-diazo-2-oxopropyl)phosphonate solution in acetonitrile (410 ɛL, 2.64 

mmol, 1.2 equiv) were added and stirred for a further 3 hours at room temperature. The 

reaction was concentrated in vacuo and resuspended in CH2Cl2 (50 mL) and NaHCO3(aq) 

(50 mL). The aqueous layer was extracted with CH2Cl2 (3 Ĭ 30 mL). The organic layers 

were combined and washed with brine, dried with MgSO4, filtered, and concentrated in 

vacuo. The crude residue was purified by silica flash column chromatography (5-40% 

EtOAc/pet ether) to obtain the title compound 4.27 as a pale-yellow residue (590 mg, 1.31 

mmol, 59%). Rf 0.59 (1:4 EtOAc/hexane). HRMS (ESI) calculated for C36H40KO5 [M+K]+ 

495.1938, found 495.1932. 1H NMR (400 MHz, CDCl3) ŭH 7.39 ï 7.26 (m, 15H, Aromatic 

H), 5.94 ï 5.82 (m, 1H, H8), 5.25 (dt, J = 17.4, 1.8 Hz, 1H, H9ô), 5.15 (dt, J = 10.5, 1.8 Hz, 

1H, H9), 4.94 (d, J = 11.3 Hz, 1H, CH2Ph), 4.88 (d, J = 11.4 Hz, 1H, CH2Ph), 4.75 ï 4.65 

(m, 2H, CH2Ph), 4.61 ï 4.50 (m, 3H, H2 + CH2Ph), 3.95 (m, 3H, H3 + H7), 3.81 (ddt, J = 

7.3, 5.1, 2.4 Hz, 1H, H4), 3.72 (dd, J = 10.6, 2.4 Hz, 1H, H5ô), 3.59 (ddd, J = 10.6, 5.1, 1.6 

Hz, 1H, H5), 2.51 (d, J = 1.2 Hz, 1H, H6). 13C NMR (101 MHz, CDCl3) ŭC 138.6 (Ar-C), 

138.4 (Ar-C), 137.8 (Ar-C), 135.0 (Ar-C), 128.5 (Ar-C), 128.4 (Ar-C), 128.4 (Ar-C), 128.3 

(Ar-C), 128.1 (Ar-C), 127.8 (Ar-C), 127.7 (Ar-C), 116.9 (C9), 80.3 (C6), 79.6 (C3), 78.3 (C4), 

75.8 (C1), 74.5 (CH2Ph), 72.8 (CH2Ph), 72.4 (CH2Ph), 71.2 (CH2Ph), 71.0 (C2), 69.4 (C5). 
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703"ҭ"Cduvtcev 

Studying Ŭ-dystroglycan (Ŭ-DG) has always been a great challenge 

because of its high level of glycosylation and heterogenous nature of the 

functional O-mannosyl glycans on this protein. There are no chemical tools 

currently existing to explore the cell surface glycan or its biosynthetic 

pathway. Previous chapters detailed the successful synthesis of four  

alkyne-tagged ribitol and ribitol-5-phosphate (Rbo5P) derivatives. This 

chapter evaluates the biological activity of these novel alkyne-tagged 

metabolic labelling tools in mammalian cells. Using in-gel fluorescence, this 

work identifies the first active Rbo5P probe (A-PA) capable of consistently 

and functionally modifying multiple glycoproteins in cultured cells. This 

represents the first potential evidence of intracellular Rbo5P-containing 

glycoproteins, though further work is needed to identify these proteins. 

While endogenous Ŭ-DG levels were too low to confirm successful 

incorporation of A-PA into the core M3 glycan, experiments using an 

overexpressed FLAG-tagged Ŭ-DG construct confirmed that the A-PA 

probe successfully labels this glycoprotein. This marks the first reported 

successful use of a chemical tool to label Ŭ-DG, paving the way for more  

in-depth studies of Ŭ-DG glycosylation and the use of Rbo5P within 

mammalian cells. 
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704"ҭ"Kpvtqfwevkqp 

Ŭ-Dystroglycan (Ŭ-DG) is an O-mannosylated protein that makes up a 

key part of the dystrophin-glycoprotein complex (DGC) in mammalian cells. 

Ŭ-DG is the extracellular subunit of dystroglycan that is bound to the 

transmembrane subunit Ç-dystroglycan (Ç-DG) which is bound to dystrophin 

intracellularly. The structure of Ŭ-DG core M1, M2 and M3 glycans are 

discussed in more detail in Chapter 1. Ŭ-DG binds to laminin G domains in 

extracellular matrix proteins via its longer heavily glycosylated matriglycan. 

The matriglycan extends from Ŭ-DG by the O-mannose linked core M3 

glycan. Without this glycosylation Ŭ-DG is unable to form the essential 

extracellular binding interactions with laminin, resulting in membrane 

instability in muscle tissues.11ï18 Failures in the correct biosynthesis of Ŭ-DG 

have been found in patients with a range of muscular dystrophies  

(Figure 5.1) and cancers.11ï18 Therefore multiple tools have been 

developed in an attempt to image and study the presence of Ŭ-DG in cell 

samples. 

 

Figure 5.1. Schematic representation of failures in the normal biosynthesis of cell surface 
glycans (Ŭ-DG) which results in a loss of the key binding with extracellular proteins leading 
to membrane instability. The loss of the Ŭ-DG has been found in samples from patients 
suffering with muscular dystrophies.  

The structure of Ŭ-DG was elucidated by mass spectrometry analysis 

with the use of overexpressed peptides to increase the presence of Ŭ-DG in 

the cell sample.47ï51 Typically, to quantify the presence of Ŭ-DG, antibodies 
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are used and visualised by western blotting. These antibodies bind to 

specific parts of Ŭ-DG and allow the level of Ŭ-DG to be monitored 

quantitatively. The IIH6 antibody binds specifically to the matriglycan and 

has been used to successfully quantify the extent of glycosylation of Ŭ-DG, 

however, it does not recognise Ŭ-DG in its non-glycosylated form, present 

in the patients with mutations in the LARGE protein responsible for 

matriglycan formation.302ï304 Alternatively, the DAG-6F4 antibody has been 

shown to bind to the core of the Ŭ-DG protein and its signal has been shown 

to not be dependent on the presence of the matriglycan.305,306 

Nonetheless the use of these antibodies does not allow for a 

comprehensive study of the native glycan, and most studies to date have 

required the overexpression of Ŭ-DG. On the other hand, chemical tools 

such as metabolic labelling tools allow for covalent labelling of glycoproteins 

in cells. These tools allow for native glycoproteins to be fluorescently 

labelled and offer multiple methods for their enrichment. Fluorescent 

labelling of Ŭ-DG would allow for the study of live cells and enrichment would 

allow for the native glycan to be studied. To date there are no chemical tools 

available that allow for the labelling Ŭ-DG. This also includes cells with 

mutations that are known to cause muscular dystrophies specific to Ŭ-DG 

(Ŭ-dystroglycanopathies). Chemical tools could provide valuable insight into 

Ŭ-DG that the current use of antibodies may not be able to achieve. 

The use of metabolic labelling tools can be used to study mutations in the 

biosynthetic pathways of glycoproteins, as they are processed within the 

cell by the natural biosynthetic pathway. Metabolic labelling uses metabolic 

oligosaccharide engineering (MOE) to design an unnatural tagged 

monosaccharide that will utilise the natural biosynthetic pathway and be 

incorporated into the glycan. This allows for bioorthogonal chemistry to be 

used to incorporate reporter groups onto the glycoprotein. MOE and 

metabolic labelling approaches are outline in more detail in Chapter 2. 
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705"ҭ"Ckou 

The chemical tools synthesised in the previous chapter are designed to 

enable the study of Ŭ-DG and other potential ribitol- or ribitol-5-phosphate 

(Rbo5P)-containing glycoproteins. This chapter aims to evaluate these 

alkyne-tagged probes through metabolic labelling studies in mammalian 

cells. The first objective is to perform an initial screening of the probes to 

evaluate their incorporation into cellular glycoproteins. After cell treatment, 

lysates will be labelled using click chemistry to conjugate fluorophores to 

enable imaging with in-gel fluorescence. Secondly, the probes will be used 

to assess the labelling of Ŭ-DG providing valuable insights into how these 

metabolic labelling tools may be incorporated into Ŭ-DG. This enables the 

assessment of whether each probe derivative is successfully being 

incorporated into the biosynthetic pathway of Ŭ-DG. 

 

Figure 5.2. A scheme adapted from Figure 1.8  with the testing and screening of novel 
metabolic labelling tools highlighted, as the work of Chapter 5 . 

To date the only known Rbo5P containing glycoprotein is Ŭ-DG. These 

probes may provide identification of other ribitol- or Rbo5P-containing 

glycoproteins. The identification of labelled glycoproteins will be 

accomplished through protein mass spectrometry, contributing to a deeper 

understanding of ribitol and Rbo5P usage by mammalian cells. The variation 
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in the probes assessed will provide insights into the enzyme tolerance to 

substrate modification within the biosynthetic pathway.  
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706"ҭ"Tguwnvu"cpf"fkuewuukqp 

After the successful synthesis of multiple ribitol and Rbo5P derivatives, 

outlined in Chapter 4, the next step is the screening of these compounds in  

 

 

Figure 5.3. Top)  Structures of the probes studied within this chapter. Bottom)  Structure of 
all the tools used to assess the activity of the probes. The standard (Ac4GalNAlk), click 
reaction ligand (tris-hydroxypropyltriazolylmethylamine, THPTA) and the fluorescent dyes 
Cy3 and Cy5 used in the form of a picolyl azide conjugate. 
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mammalian cells. For this purpose, cultured cells were treated with the 

probes (A-PA, A-PO, A-SA or A-SO), and the lysates were then labelled 

through click chemistry with the azido-fluorophores shown in Figure 5.3. 

The established metabolic labelling probe Ac4GalNAlk (Figure 5.3) was 

used as a positive control for successful cell growth and click reaction, while 

dimethylsulfoxide (DMSO) was used as a negative control. 

For the initial studies with the C1-azido derivative, HEK293T cells were 

used225 and as such the same cell line was utilised here to allow for a direct 

comparison. To assess the biological activity of the various derivatives, the 

cells were fed with DMSO (0.4%), alkyne-tagged probe (200 ɛM), or 

Ac4GalNAlk (200 ɛM) and reacted with the clickable fluorophore Cy5 picolyl 

azide in the presence of CuSO4, tris(benzyltriazolylmethyl)amine (THPTA) 

and sodium ascorbate in a copper-catalysed azide-alkyne cycloaddition 

(CuAAC) reaction. The clicked fluorophores were visualised by in-gel 

fluorescence.  

The results displayed in Figure 5.4 show that A-PA exhibits some 

biological activity, with 3 distinct labelled bands (labelled with green arrows) 

appearing after click labelling in lysates of the probe-treated cells. In 

comparison, the non-acetylated form of the probe, A-PO, showed no 

labelling at the same concentration as A-PA. Upon increasing the 

concentration to 1.0 mM it was then possible to visualise the metabolic 

labelling occurring with the same pattern observed for A-PA (Figure 5.4). 

This is consistent with the hypothesis that acetylating derivatives increases 

the cell permeability by decreasing the polarity of the compound, in turn 

allowing the probe to be dosed at a lower concentration.307 There is a large 

amount of labelling observed with A-SA with more labelled bands appearing 

in comparison to A-PA. It is important to note that the A-SA treated cells 

showed reduced cell viability by the end of the experiment (data not shown). 

The fluorescent labelling by the non-phosphorylated probe A-SA 

suggests that an enzyme, likely FGGY, is actively phosphorylating the ribitol 

derivative in the cell.65 However, it remains unknown whether the cell has 
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Figure 5.4. A) Structures of probe A derivatives screened for biological activity. B) Cy5 
fluorescence image of treated HEK293T cell lysate clicked with Cy5 picolyl azide. Cells 
were treated with 200 ɛM of probe A-PA, A-SA, Ac4GalNAlk or 1,000 ɛM of A-PO or  
A-SO before being lysed. The expanded image was taken removing the Ac4GalNAlk control 
lane, to clarify the bands visible in adjacent lanes. Appearance of new fluorescent bands 
marked by green arrows. Coomassie stain was used as the loading control 

the ability to interconvert ribitol into an alternative monosaccharide, which 

may result in labelling non-ribitol containing glycans resulting in the increase 

in fluorescence labelling observed. As such it is not possible to be certain 

that the labelling observed with the use of A-SA is due to the presence of 

ribitol or Rbo5P. Mass spectrometry evidence or monosaccharide analysis 

of the labelled glycans would be required to confirm the identity of the 

incorporated tag. No activity was observed for the non-acetylated ribitol 

derivative A-SO, which is expected to be due to low ribitol uptake by 

mammalian cells. Examples in the literature have shown that feeding cells 

with ribitol, at significantly higher concentrations (>10 mM), can increase the 

amount of Ŭ-DG detected, presumably due to increased intracellular 

concentrations of ribitol.75,76,308 These studies were not conducted with the 

use of HEK293T cells but do suggest that some mammalian cells have a 

mechanism for ribitol uptake. Due to the large difference in concentrations 

used in the literature and the availability of the probe along with the time 
































































































































































