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Abstract 

α-dystroglycan is a cell-surface protein which provides essential links between the 

extracellular matrix and the cytoskeleton through interactions between O-linked glycans on α-

dystroglycan, and extracellular proteins involved in regulating tissue architecture and signalling 

pathways. Some of these binding interactions are essential for maintaining muscle integrity and  

loss of these binding interactions causes a subset of muscular dystrophies named 

dystroglycanopathies.1-3 In recent years, the glycan responsible for these essential interactions has 

been shown to possess a unique tandem D-ribitol-5-phosphate linker which was not previously 

known to exist within mammalian cells. The possibility remains for this unique monosaccharide to be 

present elsewhere within mammalian cell glycans. Detailed in this Thesis is the synthesis of a panel 

of 1-azido-analogues of D-ribitol-5-phosphate as metabolic labelling probes, carrying different levels 

of protection suitable for in vitro enzyme assays and in vivo glycan labelling studies. A 12-step 

synthetic route to the fully-protected 1-azido probe has been developed from the starting sugar D-

ribose, and the method development and protecting group manipulations explored in this route 

have aided the development of synthetic routes to 2- and 3-azido-D-ribitol-5-phosphate probes. A 

key challenge in the synthesis of the cell-permeable probes was the incorporation of a bis(S-acetyl-2-

thioethyl) phosphate group onto the ribitol scaffold. This was overcome by the development of new 

methodology that introduces the protected phosphotriester via a two-step process that utilises an 

easy-to-synthesise tris(2-bromoethyl) phosphate starting material. The synthesised probes enable 

the development of a highly specific labelling technique to target α-dystroglycan, which if 

metabolised provide a powerful tool to study this protein, enabling the monitoring of levels of 

glycosylated α-dystroglycan, changes to protein glycosylation in response to cellular stimuli and 

differences between healthy and disease models. Additionally, with successful metabolic labelling, 

these probes possess the ability to uncover new sites of ribitol-5-phosphate incorporation, 

enhancing our understanding of the cellular use and significance of this uncommon sugar. 

 

1. M. Kanagawa and T. Toda, J. Neuromuscul. Dis., 2017, 4, 259-267. 
2. L. Wells, J. Biol. Chem., 2013, 288, 6930-6935. 
3. H. Manya and T. Endo, Biochim. Biophys. Acta Gen. Subj., 2017, 1861, 2462-2472. 
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Chapter 1: Introduction 

1.1 O-Mannosylation in Mammals  

Glycosylation is a common, highly diverse post-translational protein modification within 

eukaryotic cells.  Though only 10 different monosaccharides are found in mammals, these can be 

assembled through numerous possible glycosidic linkages differing in both regio- and1-3 

stereochemistry, since the anomeric position of one sugar is, in principle, able to link to any 

unmodified hydroxyl group on the other, with either an α- or β- configuration. Additionally, the 

ability to form linkages with any free hydroxyl group allows for the formation of branching glycan 

chains, which produces further diversity in chain structure (Figure 1). This is in contrast to DNA and 

peptides which have a linear structure. The vast diversity in the structure of glycans allows for a wide 

range of functions. These biological functions can be split into three main classes, (1) to maintain 

protein structure and stability; (2) to store nutrients; (3) to allow for recognition by glycan-binding 

proteins, allowing for communication between cells and the extracellular matrix.4 Not only do these 

varying functions highlight glycan diversity but also their optimised structures for different roles.  

 

Figure 1: Glycan formation results in a wide diversity of potential carbohydrate structures. Overview presenting an array of 
possible donors, sugars, glycosidic bond configurations and schematic glycan structures representing a variety of chain 
lengths and branches.  

Within eukaryotes, five different classes of glycans exist. These are classified as N-

glycosylation, O-glycosylation, C-glycosylation, phosphoglycosylation and glypiation.5 N-, O- and C-

glycosylation is defined by the atom linking the amino acid to the glycan chain.  Phospho-

glycosylation is defined by the binding of the glycan to a phosphate of a serine residue, and in the 

case of glypiation, glycophosphatidylinositol (a lipid anchor) is added to the C-terminus of a protein. 

N-glycosylation is the most common and widely understood of the classes.6-9 N-glycans are 
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covalently linked to the nitrogen of asparagine residues and all N-glycans share a common core 

structure, GlcNAc2Man3. Contrastingly, O-glycosylation is a lot more varied, with O-glycans extending 

from serine and threonine residues. Though they are initiated by many sugars, the most common in 

mammals are O-N-acetylglucosamine (O-GlcNAc), O-N-acetylgalactosamine (O-GalNAc), O-mannose 

(O-Man), and O-xylose (O-Xyl). Glycosylation can occur in multiple organelles; the cytoplasm for 

cytosolic proteins, and the endoplasmic reticulum (ER) or Golgi apparatus for extracellular and 

secreted proteins. The monosaccharide building blocks are provided by activated nucleotide- and 

dolichol-linked donors which are synthesised within the cytosol of cells. The most common 

nucleotide for activation is uridine-di-phosphate (UDP).10   

O-mannosylation is a sub-category of O-glycosylation, with the first residue being mannose, 

and is an essential sub-class of glycosylation conserved between fungi, mammals and humans. O-

mannosyl glycans were first identified within Baker’s yeast in 1968,11 where they are frequent 

modifications of secreted cell wall proteins and consist of repeated mannose residues.12  In 

mammals, the initial mannose can be elongated into three core structures, which unlike the yeast 

glycan do not contain further mannose residues (See Section 1.3 α-Dystroglycan Biosynthesis, pg. 

23). It has been shown that O-mannosyl glycans make up around 30% of O-glycans in the brain.13, 14  

1.2 α-Dystroglycan 

It was not until 1997 that O-mannosyl glycans were identified in mammals,3 in the basement 

membrane protein α-dystroglycan (α-DG).15,13 12 α-DG is a highly glycosylated glycoprotein and is a 

major component of the dystrophin-glycoprotein complex (DGC), which acts across the cell 

membrane and is responsible for maintaining skeletal muscle integrity and the functionality of the 

central nervous system.1, 15-17 The DGC, shown in Figure 2, is a multi-component complex that 

possesses both stabilising and signalling roles between the intracellular cytoskeleton, cell membrane 

and the extracellular matrix. Mutations within components of the DGC have been shown to cause 

muscular dystrophy so understanding the key components, as well as their assembly, is of great 

biological interest.  



Page 22 of 311 
 

 
 

Figure 2: Overall Structure of the DGC, showing the position of the α- and β-dystroglycan (DG) subunits and the three types 
of O-mannosyl glycans that are all found on α-DG. 

α-DG is encoded by the DAG113 gene and was first isolated from skeletal muscle.18  It is 

translated as a single peptide that is post-translationally cleaved into two subunits, alpha and beta.19 

Evidence of this α/β- peptide was first reported in 2000 by Campbell and co-workers.19 Following 

cleavage of this peptide, the beta subunit forms a transmembrane protein that binds to both 

dystrophin,15, 20 and the highly glycosylated extracellular alpha subunit. α-DG is composed of three 

domains: an N-terminal domain, a serine-threonine-rich mucin-like domain, and a C-terminal 

domain.18 The serine-threonine rich domain contains approximately 40 Ser/Thr residues, and this 

mucin-like domain carries all three types of O-Man glycans including the core M3 glycan responsible 

for binding extracellular matrix proteins. 

α-DG has a predicted mass of 74 kDa, though when purified from native tissues appears at a 

much higher mass of 156 kDa in muscle, and 120 kDa within the brain. This is due to the great 

amount of post-translational modification with several types of glycans expressed on α-DG. α-DG 

contains three different classes of O-mannosyl glycans, named Core M1, M2 and M3. Core M1 

glycans are formed by extension of the initial Man residue with GlcNAc and Gal and further 

modification to this glycan can occur through the addition of N-acetylneuraminic acid (Neu5Ac) or 

fucose (Fuc) residues.21 By the addition of another GlcNAc-Gal branch to the Man residue branched 

Core M2 glycans are formed (Figure 3), which again can be extended by further modification. The 

Core M3 glycan is also formed by the addition of a GlcNAc residue, though this is linked through 1,4-

linkage to mannose instead of the 1,2- and 1,6-linkages found in core M1 and core M2 glycans, 

followed by a GalNAc residue. The Core M3 structure further differs from the Core M1 and M2 
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through the phosphorylation of the O6 site of mannose. The Core M3 glycan is often termed ‘the 

functional glycan’ as this Core M3 structure is further extended with a large glycan of repeating 

GlcA-Xyl disaccharide units, named matriglycan (see section ‘Matriglycan’, pg. 25), which gives the 

glycan its ligand-binding capabilities. The functions of Core M1 and Core M2 are currently unknown, 

though the majority of O-mannosyl glycans within cells are Core M1 and M2 types, with only a small 

number of Core M3 glycans known to exist solely on α-DG.  

Many extracellular matrix proteins with varying functions bind to the matriglycan of α-DG. 

These include; agrin, a large proteoglycan that is released at muscle fibres to stimulate receptor 

aggregation;22 perlecan, a key component of the vascular matrix;23 neurexin, a transmembrane 

protein that functions on the cell surface of neurons;24 pikachurin, a protein with an essential role in 

interactions between the photoreceptor ribbon synapse and bipolar dendrites (the branched 

extensions of nerve cells);25 slit, a protein with important roles for axonal guidance in the 

mammalian nervous system;26 and laminin. Laminins are the best characterised extracellular 

proteins found to bind to α-DG and play a central role in establishing networks among other 

extracellular matrix proteins as well as connecting the membrane to the surfaces of adjacent cells.15 

This ligand binding is crucial for the proper function of the DGC so further understanding the 

structure and biosynthesis of the glycans on α-DG is of great importance. In addition, a lack of 

functional matriglycan at the cell surface, due to malfunctioning of the glycan’s biosynthetic 

pathway, can lead to a subset of congenital muscular dystrophies (see 1.5 Muscular Dystrophies 

page 32). 

1.3 α-Dystroglycan Biosynthesis 

Core M1 and M2 Glycan Biosynthesis  

The Core M1 glycan was initially identified in the early ’90s by Endo and colleagues from 

purified bovine α-DG. 27 Attachment of the initial mannose unit onto the Ser and Thr residues in α-

DG is catalysed by the Protein O-Mannosyltransferase 1 and 2 (POMT1/POMT2) complex (Figure 3).28 

This complex is localised in the ER and catalyses the transfer of mannose from dolichol phosphate 

mannose (Dol-P-Man) onto α-DG.29 The function of POMT1 and 2 in humans was identified in 2004, 

based on yeast homologues whose same role was already identified.30 Following mannose addition, 

protein O-mannose β-1,2-N-acetylglucosaminyltransferase (POMGnT1) transfers a GlcNAc residue 

from UDP-GlcNAc to the O-mannosyl proteins, forming a GlcNAcβ1-2Man linkage. POMGnT1 was 

first characterised by Yoshida-Moriguchi and co-workers in 2001 and was shown to be a 660 amino 

acid sequence, 71.5 kDa type II membrane protein with activity in the brain.31  Knockout of 

POMGnT1 has been shown to cause the loss of laminin-binding, despite this enzyme not being 
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present in the biosynthetic pathway of the functional Core M3 glycan. This indicates a link between 

Core M1 and 2 with the biosynthetic pathway of Core M3. Modification of the Core M1 glycan is 

achieved by the addition of a β-1,6-GlcNAc branch. This modification is conducted by α-1,6-

Mannosylglycoprotein 6-β-N-Acetylglucosaminyltransferase B (GnT-IX) and leads to the formation of 

the Core M2 glycan. GnT-X1 is expressed only in the brain,32, 33 therefore, the Core M2 is found 

primarily in the brain and has a very minor population in skeletal muscle.18 Extension of both the 

core M1 and M2 glycans is conducted by the addition of a β-1,4-galactose residue by a β-1,4-

galactosyltransferase (GalT), with extension of the core M2 glycan occurring after the branched 

structure has formed.14 

 

Figure 3: Schematic representation of the biosynthesis of the core glycans of α-DG, showing linkage types and the enzymes 
responsible for the formation of each glycosidic bond. Shown is just the unextended M1 and M2 glycan structures, further 
modification to these glycans can occur through the addition of N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic 
acid (Neu5Gc) or fucose (Fuc) residues.21 

Core M3 Glycan Biosynthesis  

It was not until after the discovery of Core M1 and M2 glycans that glycans with C6 

phosphorylated mannose units were discovered. These were termed Core M3 glycans and the full 

structure of the Core M3 glycan is shown below in Figure 4. This glycan contains three distinct units; 

the core M3 phosphorylated trisaccharide (labelled in blue), the ribitol-5-phosphate linking region 

(shown in red) and the extended matriglycan chain (labelled in green) which directly binds 

extracellular matrix ligands. The biosynthesis of each of these units will be explained further. 
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Figure 4: The full structure of the core M3 glycan, including the two uncommon phosphodiester linkages and the 
matriglycan structure which is unique to this glycan. 

Matriglycan  

In 2004, the enzyme LARGE xylosyl- and glucuronyltransferase 1 (LARGE) was found to 

restore laminin-binding of α-DG within mice with muscular dystrophy.34 The highest expression of 

LARGE is found in the brain, heart and skeletal muscle, much like the distribution of functional α-

DG.35 This led to further investigation of the role of LARGE, and in 2012, its ability to form a 

polysaccharide of xylose-glucuronic acid repeat units extending the Core M3 glycan of α-DG was 

discovered.36 This extending polysaccharide unit has since been termed ‘matriglycan’15 and is 

responsible for the physical link between extracellular species and α-DG. As well as synthesising the 

matriglycan chain, it is believed that LARGE is also responsible for determining the length of the 

formed polysaccharide, potentially through competition with the sulfotransferase Human Natural 

Killer 1 (HNK-1) which has recently been shown to modulate glucuronic acid residues in 

matriglycan.37 The brain form of α-DG has a higher affinity for laminin than within muscle, which 

indicates LARGE’s ability to vary the affinity of the glycan for ECM ligands in different contexts.15 

Different chain lengths of matriglycan are found in different distributions around the body, though 

the minimum length of repeat units needed to bind to a sufficient number of laminin units for 

proper function remains unknown.38 Over-expression of LARGE in cells containing fully formed α-DG 

has been shown to lead to further glycosylation and extension of matriglycan.34 Though this is key 

evidence in the hypothesis that matriglycan length is determined by the amount of LARGE 

expression, further research is required for it to be fully established.  

After the discovery of matriglycan and the Core M3 trisaccharide, a linking region between 

these units was identified (see 1.4 The Tandem D-Ribitol-5-Phosphate Linker, pg. 26). Once identified as 

a tandem ribitol-5-phosphate unit, it was found that LARGE was unable to directly add the 

matriglycan chain to ribitol-5-phosphate. Instead, two priming enzymes add the initial xylose and 

glucuronic acid residues. These were identified as Ribitol Xylosyltransferase 1 (TMEM5), and Beta-

1,4-Glucuronyltransferase 1 (B4GAT1) respectively.39 TMEM5 shows sequence similarity with other 

glycosyltransferases and was initially identified in screenings of genes uncovered in loss of anti-
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dystroglycan antibody (IIH6) binding activity.39-41 In 2016, Praissman and co-workers were able to 

identify TMEM5 as a xylosyltransferase, able to transfer xylose from UDP-xylose onto CDP-ribitol, 

but not ribitol or ribitol-5-phosphate, suggesting the need for ribitol-5-phosphate to be linked 

through a phosphodiester linkage to act as an acceptor.42 Further evidence for the involvement of 

TMEM5 came from knockdown of TMEM5 in zebrafish causing muscular dystrophy symptoms, 

specifically those matching Walker-Warburg-Syndrome (See 1.5 Muscular Dystrophies, pg. 32).39 The 

function of B4GAT1 (also known as B3GNT1) was identified before TMEM5 by Willer and colleagues 

in 2014.42  

1.4 The Tandem D-Ribitol-5-Phosphate Linker 

Identification 

In 2010 Yoshida-Moriguchi and co-workers identified the presence of a phosphate diester 

moiety on the Core M3 glycan of α-DG. They achieved this by treatment of α-DG with aqueous HF, 

which specifically cleaves phosphate esters. The loss of both immunoreactivity activity with an IIH6 

antibody, as well as loss of laminin-binding activity in treated α-DG samples proved the presence of 

phosphate esters linking matriglycan to the Core M3 glycan.43 Immobilized metal affinity 

chromatography (IMAC) beads, which bind monoester and not diester moieties, were able to bind α-

DG in congenital muscular dystrophy muscle tissue, but not fully glycosylated α-DG from control cell 

extracts. This proved that the phosphate in functional α-DG was in a phosphodiester linkage, though 

lead to the hypothesis that matriglycan was linked to the C6 phosphate of mannose within the Core 

M3 trisaccaride.   

It was later in 2016 that the linking region was fully elucidated as a tandem D-ribitol-5-

phosphate linkage between the Core M3 trisaccharide and matriglycan.39, 44, 45 The identification of 

the phosphodiester linkage location and the carbohydrate residues involved proceeded by varied 

methods, conducted by three separate groups. 3, 39, 44-46 Both Praissman and co-workers39 and 

Kanagawa’s group47 utilised mass spectrometry studies alongside treatment of recombinant α-DG 

fragments with HF. The sites of possible cleavage are shown within Figure 5. Kanagawa’s group 

utilised this method to identify the presence of a cleaved ring-open pentitol phosphate unit which 

was proven to be ribitol by GC-MS analysis.44 Praissman’s group utilised HF treatment to identify the 

presence of a linear pentitol on a Xyl-GlcA fragment among further extended matriglycan 

fragments.39 Searching for evidence of the other half of the phosphodiester linkage, they discovered 

that mild periodate treatment, which cleaves vicinal diols (Figure 5), led to the formation of a 

phosphoribitol fragment linked to the Core M3 trisaccharide. This oxidative cleavage also proved the 

ring-open formation of the ribitol sugar. As periodate does not affect glycosidic bonds, cleavage of 
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vicinal diols within furanose (ring closed) sugars leaves the chain intact, whereas cleavage of pentitol 

(ring open) sugars leads to the formation of two separate fragments (Figure 5). Comparatively, 

Bommer and co-workers identified the phosphodiester linking moiety following the identification of 

the roles of the key enzymes, 2-C-methyl-D-erythritol-4-phosphate cytidyltransferase (ISPD), Fukutin 

(FKTN) and Fukutin Related Protein (FKRP) in its formation.45 Their findings are detailed in sections 

ISPD, pg. 28, and FKTN and FKRP, pg. 29, respectively. 

 

Figure 5: Potential cleavage sites of the phosphodiester linkages in the core M3 O-mannosyl glycan by HF and NaIO4 (top) 
and periodate cis-diol oxidation products for both furanose and linear sugar structures presenting both the intact and split 
glycan products (bottom). 

Previous studies had identified phosphorylation at the C6 position of mannose within the 

Core M3 trisaccharide (see Figure 4 pg. 25) and it had been initially hypothesised that functional 

extension occurred at this phosphate.43 However, utilising NMR analysis, Kanagawa and colleagues 

were able to identify the site of addition of the phosphate diester at the third carbon of the GalNAc 

residue of the core M3 trisaccharide.44 At the same time, the Praissman group's periodate cleavage 

experiments also detected the presence of phosphate, in addition to the C6 mannose 

phosphorylation, on the obtained Core M3 fragments, further reinforcing that ribitol was not bound 

to the C6 phosphate of mannose, and that two phosphates were attached to the Core M3 

trisaccharide unit.39 Since the discovery of the phosphodiester linkage, the knowledge of the 

biosynthesis of the Core M3 glycan has grown significantly. Multiple genes with previously unknown 

functions have been found to play a role in the formation of this moiety. These genes have since 

been found to encode enzymes responsible for the addition of ribitol-5-phosphate onto the core M3 

glycan (FKTN and FKRP) as well as the enzyme that produces the CDP-activated donor that is needed 

for the phosphoribitol transfer reactions (ISPD). All of these findings lead to the full biosynthetic 

pathway of the Core M3 glycan detailed below in Figure 6. 
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Figure 6: Schematic structure of the Core M3 Glycan of α-DG with the biosynthetic enzymes responsible for each glycosidic 
bond or phosphoester bond formation indicated in orange. 

2-C-methyl-D-erythritol-4-phosphate cytidyltransferase (ISPD) 

2-C-methyl-D-erythritol-4-phosphate cytidyltransferase (ISPD) is an enzyme with homologs in 

other organisms including plants and bacteria, where it is a major component of the non-

mevalonate pathway (MEP pathway).48, 49 Within this pathway, ISPD functions in converting 

methylerythritol phosphate and CTP into 4-Diphosphocytidyl-2-C-methylerythritol (CDP-Me), 

releasing pyrophosphate (PPi). ISPD in humans (hISPD), was first linked to muscular dystrophy and 

improper laminin-binding of α-DG in 2012.40, 50, 51 In mammals, however, the MEP pathway is absent, 

indicating the presence of a different ISPD function that is essential for the proper function of α-DG.   

The function of ISPD in mammalian cells was first identified by Riemersma and colleagues in 

2015, following their determination of a crystal structure of ISPD, which showed strong homology to 

other cytidyltransferases.10 Immune cytochemical staining showed a staining pattern consistent with 

ISPD being expressed in the cytosol. Assays with malachite green, to monitor the release of PPi 

representing cytiydylyltransferase activity, against several hexose and pentose phosphate substrates 

was attempted. The activity with pentose-5-phosphate was found to be considerably higher than for 

hexose sugars, with the highest levels recorded for ribose-5-phosphate and ribulose-5-phosphate. 

Ribitol-5-phosphate was then shown to be converted into CDP-ribitol (Scheme 1), with a conversion 

rate that was higher than reactions using ribulose- and ribose-5-phosphate as the substrates. This 

cytidyltransferase activity of mammalian ISPD has been further confirmed in two separate studies 

published the following year, by Kanagawa44 and Praissman39 who both confirmed the formation of 

CDP-ribitol from ribitol-5-phosphate and CTP.  More recently, Toda et al have demonstrated the 

ability to restore abnormal glycosylation of α-DG within ISPD-deficient muscular dystrophy exhibiting 

mice by the administration of cell permeable CDP-Rbo derivatives in which the sugar and nucleotide 

base were partially, or fully, acetylated.52 Not only does this indicate a potential for CDP-ribitol-

based pro-drug therapies for the treatment of muscular dystrophies caused by mutations in ISPD, 

but this also further enforces the role of ISPD in the formation of functional α-DG. 
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Scheme 1: Schematic representation of the formation of CDP-ribitol by ISPD 

It is currently not known how mammalian cells produce D-ribitol-5-phosphate, the substrate 

used by ISPD to generate CDP-ribitol. In certain gram-positive bacteria, which use ribitol-5-

phosphate as a prominent building block of cell wall teichoic acids,53, 54  the formation of CDP-ribitol 

has been shown to proceed via two different enzymatic pathways. H. Influenzae contains the gene 

BCS1, which encodes an enzyme able to reduce ribulose-5-phosphate to ribitol-5-phosphate with 

NADPH, and its subsequent reaction with CTP to form CDP-ribitol.53-55 Alternatively, other bacteria, 

such as Streptococcus pneumonae, rely on separate enzymes, TarJ and TarI which catalyse the 

reduction of ribulose-5-phosphate, and cytidyl transfer to ribitol-5-phosphate separately.56  To be 

able to verify whether ISPD was able to reduce ribulose-5-phosphate to ribitol-5-phosphate and 

consequently generate CDP-ribitol, the Riemersma group incubated ribulose-5-phosphate and ISPD 

in the presence of CTP alongside reducing agents NADH and NADPH.10 Neither reaction generated 

CDP-ribitol, showing that human ISPD does not exhibit additional ribulose-5-phosphate reducing 

activity, and acts only as a cytidyltransferase for ribitol-5-phosphate.  

There are currently two hypotheses for the biosynthesis of ribitol-5-phosphate within 

mammalian cells. Treatment of cells with Sorbinil, an aldose reductase inhibitor, has been shown to 

decrease cellular levels of CDP-ribitol, indicating the reduction of ribose or ribose-phosphate to 

ribitol(-phosphate) by an unknown enzyme may be involved in CDP-ribitol formation.45 On the other 

hand, supplementing cells with ribitol has been shown to increase the levels of CDP-ribitol 

irrespective of treatment with Sorbinil, indicating that a kinase might be able to directly 

phosphorylate ribitol to generate ribitol-phosphate that is needed as a substrate by ISPD. This kinase 

is hypothesised to be the D-ribulokinase FGGY,45, 57 knockdowns of which have been shown to 

prevent increased levels of CDP-ribitol on the addition of ribitol to cells, though this effect is not 

detected in the absence of ribitol supplementation.  

Fukutin (FKTN) and Fukutin Related Protein (FKRP) 

Mutations within the Fukutin (FKTN) gene were identified as causative for Fukuyama type 

muscular dystrophy in 1998 by Toda and co-workers.58 In 2001, Fukutin Related Protein (FKRP) was 

found to be causative for muscular dystrophy as well.59  Despite their function remaining unknown 
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until 2016, as early as 1999, the study of other Fukutin family genes, as well as a computational 

study of FKTN’s sequence indicated it worked as a cell surface modifier, capable of transferring 

phospholigands to glycoproteins expressed on the cell-surface.60, 61 Site-specific monoclonal 

antibody studies showed FKTN to be a very low abundance protein, localised to the Golgi, with 

certain disease-causing mutations shown to lead to a mislocalisation to the ER.62 A first indication of 

the involvement of FKTN in the functional glycosylation of α-DG was reported in 2006, in a study that 

found FKTN to localise and interact with glycosylated α-DG.63 Similar enzymes within bacteria have 

been proven to transfer both choline phosphate and ribitol-5-phosphate onto cell surface 

glycoproteins.56, 64, 65 The discovery of a tandem D-ribitol-5-phosphate unit, alongside the presence of 

the highly similar proteins FKTN and FKRP with unknown functions was an important indicator of the 

functions of the enzymes in the formation of the phosphodiester linkage. 

The link between the function of ISPD and FKTN and FKRP was first noted in 2012 by Roscolli 

and colleagues,40, 51 and, following the identification of the phosphodiester linkage and the function 

of ISPD, this link was further explored. The role of FKTN and FKRP in the synthesis of α-DG was 

confirmed by two groups in 2016.44, 45 Gerin and co-workers were able to confirm the function of 

FKTN and FKRP utilising isotopically labelled CDP-ribitol derivatives with either the phosphate 

attached to ribitol (32P) or the adjacent ribitol unit (3H at C1) labelled. These were incubated with 

either FKTN or FKRP with purified α-DG fragments, and subsequently radioactivity was detected. 

Significant incorporation of these probes was seen in the presence of catalytically active FKTN and 

FKRP. The incorporation of the 32P label suggested that the ribitol residue was transferred as ribitol-

5-phosphate from CDP-ribitol.  In separate cell studies, knockout of FKTN lead to complete loss of 

ribitol-5-phosphate incorporation, whereas knockout of FKRP still showed evidence of ribitol-5-

phosphate incorporation. Therefore, the sequential addition of two ribitol-5-phosphate units by 

FKTN and FKRP was hypothesised. This was confirmed in a parallel study conducted by Kanagawa 

and colleagues in 2016,44 who hypothesised the function of FKTN and FKRP as ribitol-5-phosphate 

transferases and modified a synthetic α-DG peptide with the Core M3 trisaccharide. This was utilised 

as an acceptor substrate and underwent incubation with FKTN and CDP-ribitol. HPLC analysis 

alongside MS showed the addition of a ribitol-5-phosphate unit to the Core M3 trisaccharide. The 

same experiment was conducted with FKRP, incubating with CDP-ribitol and either the Core M3 

trisaccharide-modified peptide or the ribitol-5-phosphate modified peptide generated by FKTN. Only 

the ribitol-5-phosphate modified peptide was altered by the addition of a second ribitol-5-phosphate 

unit to form the tandem phosphodiester linkage, with the non-modified Core M3 trisaccharide 

unchanged by FKRP. A schematic representation of this reaction sequence is presented in Scheme 2. 

Further confirming the formation of the tandem ribitol-5-phosphate linker by the actions of FKTN 
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and FKRP, a 2022 publication by Toda et al has also been able to show in vitro the subsequent 

elongation of this linker by the action of TMEM5, B4GAT1 and LARGE respectively.66 

 
Scheme 2: Schematic representation of the enzymatic function of FKTN and FKRP in the formation of the tandem ribitol-5-
phosphate modification of the Core M3 Glycan 

The catalytic mechanisms for FKTN and FKRP are yet to be elucidated. The structure of FKTN 

is still unknown, although a crystal structure for FKRP has recently been published by Kuwabara and 

colleagues.67 The group were able to obtain crystal structures of FKRP alongside structures in 

complex with CDP-ribitol, CMP, and the Core M3 trisaccharide plus ribitol-5-phosphate. FKRP had 

previously been shown, in 2011, to exist as homodimers, coordinated by disulphide linkages through 

cysteine residues that exhibit two-fold symmetry,68 and this was corroborated by this work. Their 

structure also showed the recognition of the ribitol-5-phosphate moiety by the catalytic domain as 

well as the O-mannose C6 phosphorylation being recognised by the stem domain of another subunit. 

The structure of the region of the catalytic domain is similar to the catalytic domain of the 

nucleotidyltransferase (NTase) family. The similar metal coordination at two sites, alongside co-

ordination of asparagine residues in a similar pattern, indicates that their mechanism may be shared, 

though this is yet to be confirmed. A CDP-ribitol soak with FKRP crystals containing two Mg2+ ions 

showed degradation of CDP-ribitol to CMP and ribitol-5-phosphate. This shows that at least one of 
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the Mg2+ ions has a catalytic function. The authors also note that the catalytic domain of FKRP and 

FKTN have sequence similarities, with the sugar donor site expected to be the same, and the sugar 

acceptor site expected to be different due to the specificity of the tandem addition of FKRP and 

FKTN. A crystal structure is still yet to be obtained for FKTN, and additional studies are needed to 

elucidate mechanisms for these enzymes.  

1.5 Muscular Dystrophies   

The identification of POMGnT mutations within Muscle Eye Brain disease (MEB) patients was 

the first indication of a link between the glycosylation of α-DG and muscular dystrophies. Since then 

17 different genes have been shown to be causative for dystroglycanopathies, though for around 

half of the patients diagnosed with dystroglycanopathies the causative gene is unknown.69 This 

highlights the diverse range of dystroglycanopathies and the difficulties in finding a ‘one size fits all’ 

cure. 

Of the over 40 different known congenital muscular dystrophies (CMDs) predominantly only 

the dystrophies associated with O-mannose glycosylation defects have a significant neurological 

component. This includes symptoms such as cobblestone lissencephaly - disorganisation of the 

neurons within the cortex due to increased migration, which produces a characteristic nodularity on 

the brain surface as the folds within the brain muscle become less distinguished;3 muscle weakness 

and delayed motor function development; atrophy to the optic nerve and other ocular abnormalities 

causing a reduction in sight;70 and in many cases severe retardation of the affected individual.15, 71, 72 

These are key characteristics for patients suffering from Fukuyama CMD which is the second most 

common form of muscular dystrophy and is a common genetic disease in Japan.2, 73 This disease is 

caused by mutations within FKTN, so further understanding this enzyme and having ways to 

effectively target it is of great importance to being able to treat this disease and similar conditions. 

Mutations within FKRP have also been shown as causative for muscular dystrophy, more specifically 

Limb-girdle muscular dystrophy type 2I. Limb-girdle muscular dystrophy is a term used to describe a 

group of diseases that cause muscle weakness and wastage. Early stages of these diseases show a 

characteristic walking gait and inability to run, with the disease progressing to a stage where 

wheelchair assistance is required for mobility. Unlike Fukuyama CMD, occurrences of Limb-girdle 

muscular dystrophy are less specific to a single country, and cases are spread more equally 

worldwide.74  

Mutations in ISPD are the second most common cause of Walker-Warburg syndrome.2, 10 

Walker-Warburg syndrome sufferers display symptoms similar to those with Fukuyama CMD and 

other FKTN caused muscular dystrophies with decreased muscle function, eye abnormalities and 
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brain lissencephaly.  This is explained by the newly understood biosynthetic pathway from ribitol-5-

phosphate to functionally glycosylated α-dystroglycan, as without conversion of ribitol-5-phosphate 

to CDP conducted by ISPD, FKTN and FKRP are unable to transfer ribitol-5-phosphate units to the 

dystroglycan chain, which ultimately leads to loss of laminin-binding and α-dystroglycan malfunction 

similar to that caused by FKTN and FKRP mutations. Like limb-girdle muscular dystrophy, Walker-

Warburg syndrome is widely spread worldwide, and is estimated to affect 1 in 60,500 newborns 

worldwide.75 It should be noted that Walker-Warburg syndrome can be caused by mutations in at 

least a dozen genes including FKTN and FKRP,76 and cases are not limited to ISPD mutations. 

1.6 Questions Still to be Answered 

Though great advancements in the understanding of the formation of the phosphate linking 

moiety, as well as the formation of CDP-ribitol, have been achieved there are still numerous 

questions still to be answered. Previously mentioned was the still unidentified mechanism for both 

FKTN and FKRP, as well as an FKTN crystal structure. Many aspects of core M3 glycan structure and 

function remain unclear, such as the regulation of matriglycan length, its possible presence on other, 

as yet unidentified, cell surface proteins, and the dynamics of glycan levels and structure in response 

to various stimuli and pathological conditions.   

Also unclear is the biosynthesis of ribitol-5-phosphate within cells.28 ISPD has been shown to 

have no ribitol-5-phosphate dehydrogenase activity and it is possible that, in a similar way to TarI 

and TarJ, there is a further ISPD-related, unidentified enzyme able to catalyse this transformation 

within humans, which could be one of the as-of-yet unidentified CMD causing genes. More 

interestingly, identification of D-ribitol-5-phosphate within the core M3 glycan represented its first, 

and currently only, identification within mammalian cells, and there is a possibility that this moiety is 

also present in other (unidentified) glycan structures.  

1.7 Project Aims 

This project aims to metabolically label D-ribitol-5-phosphate containing glycans through the 

use of azide-containing D-ribitol-5-phosphate (RboP) analogues. These labelling studies hold the 

potential to reveal new sites or new glycoconjugates in which this sugar moiety is present. If 

unsuccessful in uncovering new sites of ribitol-5-phosphate incorporation, the azide-tagged probes 

possess the ability to act as specific labelling tools in the study of core-M3 modified dystroglycan. At 

present, specific imaging and quantification of fully functional α-DG is highly challenging, relying on 

the use of low-affinity antibodies or complex mass spectrometry techniques (the latter of which has 

not yet been performed on the native glycoprotein). Therefore, the development of a highly specific 

labelling technique will provide a great tool for the study of α-DG, enabling the monitoring of levels 
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of glycosylated protein, changes to protein glycosylation in response to cellular stimuli, as well as 

study of the differences between healthy and disease models.  The developed probes will also 

provide insight into ISPD and FKTN’s tolerance to modified ribitol-5-phosphate, which will influence 

future generations of metabolic labelling probes.  

Utilising metabolic labelling with modified monosaccharides is a commonplace technique to 

gain insight into biological systems (Chapter 2, pg. 40). As the biosynthetic pathway of D-ribitol-5-

phosphate within mammalian cells is unknown, and the metabolistic pathway from D-ribitol-5-

phosphate onto the Core M3 glycan via the enzymes ISPD, FKTN and FKRP has been previously 

proven, our probe design is based on this phospho-pentitol structure (Figure 7A). The bioorthogonal 

labelling strategy for these probes utilises azide as a tag because of its small size, and high 

prevalence as a metabolic labelling tool. It can be reacted with a desired reporter group through 

either Staudinger-Bertozzi ligations or through the use of copper(I)-catalysed or copper-free azide-

alkyne cydloadditions. In order to transport the chemical probes across the cell-membrane for in 

vivo analysis, cell-permeable protecting groups will be utilised for protection of both hydroxyl (R1) 

and phosphate (R2).  

Parallel to the synthesis of these phosphate containing probes will be the synthesis of non-

phosphorylated reporters (Figure 7B). Though the biosynthetic pathways is unknown for D-ribitol-5-

phosphate, a number of reports suggest it may be biosynthesised from ribitol.45, 57 These simpler 

probes not only allow us to gain insight into to the possible biosynthetic pathway of D-ribitol-5-

phosphate, they also avoid the more complex synthetic steps for incorporation of the phosphate 

triester. Additionally, synthesis of the unprotected azido-RboP probes (Figure 7C), will allow for in 

vitro testing on purified ISPD and FKTN enzymes. This will not only give insight into the kinetics of 

probe turnover and the positions along the ribitol backbone at which these enzymes are more 

tolerant towards modification, it will also aid in troubleshooting should in vivo metabolic labelling 

studies be unsuccessful.  
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Figure 7: Azide-tagged analogues of ribitol-5-phosphate this project aims to synthesise A) phosphate containing probes for 
in vivo labelling studies with protection of both hydroxyl (R1) and phosphate (R2) groups B) Ribitol probes for in vivo cell 
studies with protected hydroxyl groups (R1) C) Unprotected probes for in vitro studies.  
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Chapter 2: Chemical Reporters to Study Mammalian O-

glycosylation 

2.1 Abstract 

Glycans play essential roles in a range of cellular processes and have been shown to 

contribute to various pathologies. The diversity and dynamic nature of glycan structures and the 

complexities of glycan biosynthetic pathways make it challenging to study the roles of specific 

glycans in normal cellular function and in disease. Chemical reporters have emerged as powerful 

tools to characterise glycan structures and monitor dynamic changes in glycan levels in a native 

context. A variety of tags can be introduced onto specific monosaccharides via the chemical 

modification of endogenous glycan structures, or by metabolic or enzymatic incorporation of 

unnatural monosaccharides into cellular glycans. These chemical reporter strategies offer unique 

opportunities to study and manipulate glycan functions in living cells or whole organisms. Herein is 

discussed the recent advances in metabolic oligosaccharide engineering and chemoenzymatic glycan 

labelling, focusing on their application to the study of mammalian O-linked glycans. Described within 

are the current barriers to achieving glycan labelling specificity, and the innovations that have 

started to pave the way to overcome these challenges.  

2.2 Introduction 

Glycans play crucial roles in a diversity of cellular processes. Glycoproteins are essential 

mediators of cell-cell and cell-matrix interactions, they are involved in cell recognition and signalling 

events, and they control the stability, localisation and function of proteins.77, 78 Glycans are also key 

in a range of pathological processes, including host-pathogen interactions,79 neurodegenerative 

disorders,80 and cancer metastasis.81 The major types of vertebrate glycans are N-linked and O-linked 

glycans, which are attached to the side chain nitrogen atom of asparagine residues or the hydroxyl 

group of an amino acid side chain (usually serine or threonine), respectively. N-linked glycans consist 

of a universal core structure that starts with an N-acetylglucosamine (GlcNAc) and is further 

extended and edited by networks of glycosyltransferases and other glycan-modifying enzymes, 

resulting in a large diversity of mature N-glycan structures.78  

https://doi.org/10.1042/BST20200839
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Contrastingly, O-glycans do not have a common core structure and are classified by the 

nature of the first monosaccharide residue that is linked to the protein. The most common type of 

cell surface O-glycosylation is mucin type glycosylation, in which the first monosaccharide is an N-

acetylgalactosamine (GalNAc).82 Other types of O-glycosylation include glycans initiated by GlcNAc, 

mannose, fucose, glucose or xylose residues.78 A unique form of glycosylation found on nuclear, 

cytosolic and mitochondrial proteins of eukaryotic cells is the O-GlcNAc modification, in which a 

single GlcNAc residue is attached to serine or threonine hydroxyl groups. The O-GlcNAc modification 

is not further extended and is a highly dynamic regulator of diverse cellular processes.83  

The immense structural diversity of glycans, their non-genetically encoded nature and the 

complexity of glycan biosynthesis make it difficult to unravel the biological function and structures of 

individual glycan species. At the same time, a cell’s glycome - the total set of glycans that is present 

in a cell at any given time - is dynamic and will vary in response to changes in the physiological state 

of the cell. Tools and techniques that help to characterise glycans and modulate their function in a 

native cellular context offer great opportunities to advance our understanding of glycobiology and 

can provide avenues for therapeutic intervention. Chemical reporters enable the visualisation, 

enrichment and/or modulation of glycan structures by the introduction of unnatural tags into 

specific monosaccharide residues within native glycans of live cells or organisms. In some cases, the 

introduced tag is a fluorophore or other reporter group, but more commonly, it is a small group with 

unique chemical reactivity that serves as a handle for further conjugation to a second reagent 

through what is known as ‘bioorthogonal chemistry’.84, 85 Bioorthogonal reactions involve reagents 

that can react selectively and efficiently with each other in a biological environment but are inert 

towards functionalities present in biomolecules, a classic example being the ‘click’ cycloaddition 

reaction between azides and alkynes.86, 87  

Early approaches for the covalent tagging and enrichment of cell surface glycans relied on 

the chemical or enzymatic oxidation of specific carbohydrate residues, leading to the formation of 

aldehydes that can be conjugated to an amine-linked reporter group (Figure 8A).88, 89 While these 

methods are still used today, they are limited to the labelling of sialic acid and galactose- or GalNAc-

containing glycans and offer little flexibility in the choice of labelling chemistry. Over the past 

decades, various chemical reporters have been developed that enable the labelling of endogenous 

glycans through metabolic and chemoenzymatic glycan engineering strategies.90-95 In these 

approaches, termed metabolic oligosaccharide engineering (MOE, Figure 8B) and chemoenzymatic 

glycan labelling (CeGL, Figure 8C), unnatural carbohydrate derivatives are incorporated into glycans 

either by the cell’s own metabolic machinery or by the action of recombinant glycosyltransferases, 
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respectively. Advances made in these areas, in combination with a growing number of bioorthogonal 

ligation reactions,84, 96 have greatly expanded the available glycan labelling toolkit.  

 
 

Figure 8: Chemical reporter strategies to study glycans. A) Chemical or enzymatic oxidation of glycans enables the labelling 
of specific monosaccharide residues by reaction with amine-functionalised reporter groups. B) Metabolic oligosaccharide 
engineering makes use of the cell’s endogenous glycan biosynthetic machinery to install unnatural monosaccharide 
derivatives into glycans. The introduced tags can be further labelled by bioorthogonal ‘click’ reactions. C) Chemoenzymatic 
glycan labelling exploits the activity of recombinant glycosyltransferases to transfer unnatural monosaccharides onto 
specific glycans. 

2.3 Oxidation of Cell Surface Glycans 

A subset of natural monosaccharides, including sialic acids and galactose, display a cis diol 

motif that is susceptible to oxidative cleavage by reagents such as sodium periodate. This unique 

property forms the basis of a chemical tagging strategy based on the chemical oxidation of glycans, 

which specifically targets monosaccharides with cis diol containing monosaccharides (Figure 9).88 

The resulting aldehyde intermediates provide handles for further reaction with amine nucleophiles 

such as hydrazine or aminooxy reagents. The utility of this approach, especially in the context of live 

cell imaging, has been limited due to the slow kinetics of the oxime ligation step, and its optimal 

reaction pH of 5-6. A considerable advancement to this methodology was made by the Paulson 

group, who introduced an aniline catalyst that drastically enhanced labelling efficiency at neutral 

pH.97 Termed periodate oxidation and aniline catalysed oxime ligation (PAL), this approach allows 

the labelling of glycans on the surface of living cells without affecting cell viability.  
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Figure 9: Chemical oxidation of cell surface glycans. Monosaccharides that carry a cis diol motif, such as sialic acids, are 
sensitive to oxidation by periodate treatment. The aldehyde generated upon oxidative cleavage can react with an amine 
nucleophile such as hydrazide for conjugation to a desired reporter group. 

Selectivity for the labelling of certain glycan types can be achieved by careful tuning of the 

oxidation conditions. Mild periodate oxidation leads to the selective oxidation of cell surface sialic 

acids, a strategy that was used to enrich sialylated N- and O-glycans,98 while harsher oxidation 

conditions can be used to oxidise trans diols in carbohydrates such as GlcNAc. This approach permits 

the isolation and characterisation of O-GlcNAc modified proteins.99 Alternatively, cell surface glycans 

can be oxidised by enzymatic oxidation using a specific galactose oxidase that targets terminal 

galactose- and GalNAc-containing glycans.88 As for PAL, oxidation is followed by an oxime ligation 

step accelerated by the use of an aniline catalyst.100 Specificity for other types of monosaccharides 

has been achieved by the generation of engineered variants of galactose oxidase that target, for 

example N-glycolylneuraminic acid (NeuAc).101  

The main limitation of the chemical oxidation approaches is the potential for off-target 

reactivity, which can occur during either the ligation step, due to the presence of naturally occurring 

carbonyl groups, or periodate oxidation step through oxidation of 2-amino alcohols found in N-

terminal serine and threonine amino acids of proteins.99 One solution to this problem is the 

protection of the N-terminus via dimethyl labelling, which inhibits oxidation at these sites.102 Despite 

these drawbacks, both chemical and enzymatic oxidation strategies are useful methods to monitor 

changes in glycosylation status, which are often a hallmark of disease.103 Kohler and co-workers used 

both sialic acid labelling with PAL and labelling with galactose oxidase to identify host glycoproteins 

that are desialylated by pneumococcal neuraminidases.104 Neuraminidase substrates were identified 

by detecting either a loss in PAL-mediated labelling or a gain in galactose oxidase-mediated labelling 

due to the exposure of galactose residues upon the loss of sialic acids.  

2.4 Metabolic Oligosaccharide Engineering (MOE) 

As an alternative to the direct chemical modification of native glycan structures, MOE 

exploits the flexibility in the cell’s own metabolic machinery for the introduction of tagged 

monosaccharides into desired glycans (Figure 3). This approach was pioneered by Reutter and co-

workers who showed that cells fed with unnatural derivatives of N-acetylmannosamine (ManNAc) 
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are able to convert them into the corresponding cytidine monophosphate (CMP)-sialic acid donors 

and incorporate the unnatural substrates into cell surface glycans.105 Although the strategy was not 

used to install tags for detection, it demonstrated that the cellular machinery for glycan biosynthesis 

tolerates structurally modified analogues of ManNAc and sialic acid with larger N-acyl substituents 

than their natural counterparts. The Bertozzi group then showed that the same principle can be 

applied to the introduction of ketone- or azide-tagged sialic acids into cell surface glycans (the azide 

strategy is shown in Figure 10A).106, 107 The azide is one of the most popular bioorthogonal tags and is 

typically labelled through azide-alkyne cycloadditions, which are catalysed by the use of either a 

copper(I) catalyst (Figure 10B) or a ring strained cyclooctyne reagent (Figure 10A).108, 109 Following 

these initial reports, the scope of MOE has expanded to include derivatives of a wide variety of 

different monosaccharides and diverse types of bioorthogonal tags, which are not covered here. 

Instead, for comprehensive overviews of the various chemical reporters and bioorthogonal 

chemistries that have been developed to date, consult these recent reviews.84, 85, 91-96 

 
Figure 10: Metabolic oligosaccharide engineering. Cells are fed with unnatural, tagged derivatives of naturally occurring 
monosaccharides, such as the peracetylated azide-tagged derivatives of ManNAc and GlcNAc shown. After uptake and 
deprotection of the acetyl groups (bottom left), the metabolic precursors enter the cellular pathways for conversion into the 
corresponding CMP- or UDP-activated donors which are then used for glycan biosynthesis. ManNAc derivatives are 
incorporated as sialic acids into cell surface glycans (A) while GlcNAc derivatives label intracellular proteins that are targets 
for O-GlcNAc modification (B). The azide-tagged glycans can be labelled by bioorthogonal ligation reactions such as the 
strain-promoted (A) or the copper(I)-catalysed (B) azide-alkyne cycloaddition. 

One of the key considerations for the design and evaluation of MOE probes is glycan 

specificity. As most monosaccharides enter multiple glycan biosynthetic pathways, tagged 

derivatives of these carbohydrates will similarly be incorporated into various glycan structures. For 

example, while N-azidoacetylglucosamine (GlcNAz) labels primarily intracellular proteins that are O-

GlcNAc modified (Figure 10B),110 it can also be installed in both N-glycans and mucin type O-glycans 

on the cell surface.111, 112 A study by Boyce et al. revealed that the N-acetylgalactosamine derivative 
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GalNAz also provides access to O-GlcNAc modified proteins through an endogenous cellular pathway 

that interconverts uridine diphosphate (UDP)-GlcNAc and UDP-GalNAc donors.113 While this 

discovery made it possible to label O-GlcNAcylated proteins with higher efficiency than that 

observed for GlcNAz itself, it also highlights the potential complication of MOE experiments due to 

crosstalk between metabolic pathways.  

The type of bioorthogonal tag and its position on a monosaccharide can have an impact on 

both the incorporation efficiency of chemical reporters and their selectivity for certain glycan 

types.112, 114, 115 Pratt and co-workers demonstrated the dramatic effects that an apparently small 

change in tag, going from an azide to an alkyne, can have on the overall labelling efficiency of MOE 

as well as on the set of glycans that is labelled.112 This effect was shown to be dependent on cell type 

and the type of monosaccharide used. While initial MOE approaches relied on attachment of the 

unnatural tag at the N-acyl group of hexosamines, several more recent studies have explored the 

substitution of hydroxyl groups,116-120 or the N-acyl group in GlcNAc121 with a bioorthogonal tag. In 

many cases, this strategy has led to the development of chemical reporters with enhanced 

selectivity towards specific classes of glycans. For instance, 6-azido-6-deoxy-GlcNAc is selectively 

installed onto O-GlcNAc modified proteins but not on cell surface glycans.116 Strikingly, selectivity 

within a glycan class was reported for a neuraminic acid derivative carrying a sydnone ligation 

handle at C9.118 In contrast to its C9-azide-tagged analogue, the sydnone probe selectively labels a 

subpopulation of sialylated glycoproteins in a glycosidic linkage-specific manner. 

The overall success of MOE approaches relies on both the efficiency of unnatural 

carbohydrate incorporation into glycans and the efficiency of the ensuing bioorthogonal labelling 

reaction. Comparative studies by Dold et al. revealed that incorporation efficiency can vary widely, 

even for structurally closely related probes, from less than 1% to more than 60%.122, 123 Advances in 

bioorthogonal ligation kinetics have been shown to enable efficient glycan labelling even if 

incorporation rates of the MOE probes are as low as 1%.124 At the same time, other studies have 

demonstrated that improved reaction kinetics do not always lead to improvements in glycan 

labelling, suggesting that the efficiency of metabolic conversion is equally important for the success 

of MOE probes.125 Quantification of cellular levels of monosaccharides and the corresponding 

nucleotide-activated glycosyl donors can provide additional insights into the effects of specific 

structural changes on the efficiency with which unnatural carbohydrate derivatives are taken up and 

metabolised by cells.122, 126, 127 

The hydroxyl groups in chemical reporters are often protected with acetyl groups to reduce 

polarity and thereby enhance cell permeability of the molecules. In a cautionary report, however, 
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Chen and co-workers demonstrated that peracetylated monosaccharides can cause non-enzymatic 

labelling of cysteine residues, which leads to misidentification of endogenous glycosylation sites.128 It 

was later reported that the extent of S-glycosylation is dependent on the reporter used,129 and that 

partial protection of azide-tagged N-acyl hexosamines at the C1 and C3 positions alleviates the 

problem.130 It has also been shown that acetyl groups can also enhance the cytotoxicity of chemical 

reporters, especially when installed at C6,121, 131 although these effects appear to depend on other 

structural properties of the reporters as well.115, 132 In light of the potentially harmful properties of 

acetyl groups, it is interesting to note that not all chemical reporters will need to cross the cell 

membrane. Gilormini et al. studied the cellular uptake mechanisms of unprotected alkyne-tagged 

ManNAc and sialic acid derivatives and concluded that these are internalised by an as yet 

unidentified transporter and endocytosis, respectively.133 A GLUT1 transporter was shown to be 

responsible for the cellular uptake of peracetylated galactose-derived probes.119 

Moving beyond the metabolic labelling of single types of monosaccharides, several groups 

have explored combinations of multiple bioorthogonal ligations for the simultaneous labelling of two 

glycan populations on the same cells.124, 132, 134 Building on the latest advances in bioorthogonal 

chemistry, a triple labelling of cell surface glycans using ManNAc derivatives with three different tags 

has also been described.135 The Vocadlo group used a dual bioorthogonal strategy to verify the 

existence of co-translational O-GlcNAcylation, a modification that had thus far been believed to 

occur only post-translationally.136 Two other innovations in MOE-based glycan labelling involved the 

imaging of protein-specific O-GlcNAcylation,137 and the use of a directly fluorescently labelled MOE 

probe.138 Doll et al. used FLIM-FRET (Fluorescence lifetime imaging microscopy - Förster resonance 

energy transfer) imaging to monitor the glycosylation status of individual proteins in living cells by 

combining genetically encoded fluorescent tags (EGFP) with a chemical reporter for O-GlcNAc that 

was reacted with a cell-permeable fluorophore.137 Vocadlo and co-workers developed a 

fluorescently labelled metabolic precursor for UDP-GlcNAc that is tolerated by O-GlcNAc transferase 

(OGT) and allows the direct visualisation of O-GlcNAcylated proteins in cells without the need for 

bioorthogonal ligation.138 Approaches such as these hold great potential for studying the dynamics 

of protein-specific glycosylation and glycosyltransferase activity in living cells. 

The developments in MOE made over the past decade have made a great impact on our 

ability to visualise, characterise and/or modulate glycan structures in live cells and even in whole 

organisms.91, 139, 140 Even though exogenous monosaccharides can impact metabolic pathways and 

glycan structures,141 the direct incorporation of tags into endogenous glycans nonetheless provides 

great opportunities for monitoring cellular glycans and dynamic changes that occur, for example, 

during cell maturation and development.109, 120, 142 A key challenge remains labelling selectivity, 
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which is limited by the incorporation of monosaccharides into multiple glycan types and the cellular 

interconversion of monosaccharide metabolites. Recent advances in the targeted delivery of MOE 

probes enable the labelling or engineering of glycans on specific cell types only. Examples include 

the use of liposomes for targeted delivery,117, 143   and methods that exploit enzymatic ‘uncaging’ of 

inactive MOE precursors at a target site.144 Cell type specific MOE can in turn serve as a targeting 

strategy for the selective delivery of nanoparticles carrying, for example, imaging agents or 

therapeutics.145, 146 

2.5 Chemoenzymatic Glycan Labelling (CeGL) 

To address the glycan specificity issues of MOE, an alternative labelling strategy has been 

developed termed chemoenzymatic glycan labelling (CeGL).94 This method exploits the specialised 

activity of specific recombinant glycosyltransferases to transfer a modified monosaccharide 

analogue from a suitable glycosyl donor onto a specific glycan acceptor. First described in 1979 for 

the transfer of radiolabelled [14C]-sialic acid onto cell surface glycans,147 the field of CeGL has since 

grown in parallel to the fields of MOE and bioorthogonal chemistry. It now encompasses many 

different bioorthogonal tags and reporter groups and offers the ability to target a variety of 

monosaccharide acceptor and donor specificities.94, 140, 148, 149 
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Figure 11: Tandem chemoenzymatic glycan engineering. In CeGL, recombinant glycosyltransferases are used to transfer 
unnatural monosaccharides from appropriate donors onto glycan acceptors. A double labelling strategy was designed with 
successive reactions catalysed by ST3Gal1 and ST6Gal1, installing the same alkyne-tagged CMP-sialic acid derivative onto 
unextended Gal-GalNAc disaccharides present on O-glycans or uncapped Gal-GlcNAc disaccharides at the non-reducing end 
of N-glycans, respectively. Tagged glycans were labelled via two separate azide-alkyne cycloaddition reactions for the 
simultaneous visualisation of both glycan types at the cell surface with different fluorophores. 

CeGL facilitates the selective targeting of N- or O-glycans by exploiting the substrate 

specificity of the sialyltransferases ST6Gal1 and ST3Gal1, respectively.150-153 The approach was first 

demonstrated in 2013 for the specific labelling of N-glycans with C9 azido- tagged CMP-sialic acid 

(CMP-Neu5Ac9N3) by ST6Gal1.154 In a comparative study, O- and N-glycans were labelled with either 

MOE using the chemical reporter Ac4ManNAz or CeGL (referred to as SEEL) using ST3Gal1 and 

ST6Gal1.152 Metabolic labelling occurred almost exclusively in O-glycans, while the spectral count 

from MS analysis was significantly higher for CeGL tagged glycans. Building on the selective labelling 

profiles of ST3Gal1 and ST6Gal1, Wu and co-workers utilised a double labelling approach with both 

enzymes in their study of human cancers.153 This approach allowed differential visualisation of both 

N- and O-glycans in the same tissue by utilising successive labelling with ST3Gal1 and ST6Gal1. While 

both enzymes transferred an alkyne-tagged CMP-sialic acid donor onto their target glycans, 

differential fluorescent labelling was achieved through two sequential ligation steps (Figure 11).  
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In addition to specificity towards the broader classes of O- and N- glycans, selectivity of the 

CeGL methodology has been narrowed down to the identification and labelling of specific glycan 

structures. In 2011, Zheng et al developed an effective method for labelling N-acetyllactosamine 

(LacNAc), a galactose(Gal)-β1,4-GlcNAc disaccharide, by utilising a recombinant H. pylori 

α(1,3)fucosyltransferase.155 Other groups have applied similar strategies, using azido and alkynyl 

derivatives of GalNAc for selective labelling of Galβ1,3-GalNAc disaccharides – also known as the 

Thomsen−Friedenreich antigen,156 fucose(Fuc)-α(1-2)-Gal glycan biomarkers,157 and the NeuAc−α(2-

3)-Gal linkage.158 Zhu and co-workers developed a strategy to distinguish between α2,3- and α2,6-

linkages within Neu5Ac-Gal disaccharides.159  

Another attractive aspect of CeGL is the ability to employ enzymes with higher tolerance 

towards donor modifications. This allows for incorporation of larger reporters than what is generally 

possible for MOE, where structural flexibility is restricted by tolerance of the cell’s endogenous 

metabolic machinery restricts promiscuity towards bulky substrates. The direct incorporation of 

fluorophores or affinity tags has been reported to improve the efficiency of cell surface labelling of 

glycoconjugates compared to both two-step CeGL and MOE.160 One-step CeGL with fluorescent 

donors has vastly grown in popularity and scope. Recent applications include the labelling of 

fucosyltransferase substrates with multiple fluorescent Fuc derivatives,161 O-GlcNAc modified 

proteins via a tandem labelling strategy with a fluorescent glucuronic acid (GlcA) derivative,162 and 

terminal galactose on N- and O-glycans with BODIPY-tagged sialic acid derivatives.163 These studies 

reveal efficient labelling that demonstrates the high tolerance of glycosyltransferases to functional 

group modification, as well as the ability of CeGL to allow for direct functionalisation of target 

glycans. 

With the aim of further advancing the scope of CeGL, Wen et al. chemoenzymatically 

synthesised a library of UDP-GlcNAc and UDP-GalNAc derivatives, which they screened against 

multiple enzymes reported to label Fucα1,2-Gal and Neu5Acα2,3-Gal epitopes.164 The new 

derivatives covered a range of functionalities that broadened the scope of glycosyl donor structures. 

Additionally, Hong et al. have recently screened for bacterial glycosyltransferases able to directly 

incorporate Cy3-fluorophore and Biotin containing sugars.165 These additions to the CeGL toolkit will 

facilitate further discoveries in this field.  

Bump-and-Hole Strategies 

Bump-and-hole methodology is an approach that relies on the engineering of enzyme active 

sites, forming a ‘hole’ able to accommodate unnaturally modified, or ‘bumped’ substrates. The 

power of this approach to augment the scope of MOE was demonstrated by Yu et al. in a strategy 
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designed to overcome the cell’s poor tolerance towards a photocrosslinker-tagged GlcNAc 

derivative.166 Though technically not considered true bump-and-hole, this work demonstrated that 

overexpression of a mutant of AGX1, the enzyme responsible for the final step in the biosynthesis of 

UDP-GlcNAc, led to successful metabolic labelling of O-GlcNAcylated proteins.166 Specific engineering 

of glycosyltransferases to accommodate non-natural, bioorthogonally tagged sugars was first 

reported by Qasba and Ramakrishnan in 2002.167 Over recent years, bump-and-hole strategies have 

been used to label glycans in a cellular context. Bertozzi and co-workers used bump-and-hole 

methodology for the labelling of cellular glycans with engineered GalNAc transferases that accept 

bumped GalNAc donors.168, 169 Following on from this work, Debets et al. were able to develop a new 

metabolic labelling probe (GalNAzMe) that selectively labels mucin type O-linked glycans when 

combined with an appropriate GalNAc transferase, but is not converted into GlcNAc and therefore 

leads to high specificity in O-glycan labelling.170 Though promising results have been obtained by 

‘bump-and-hole’, some challenges to this method remain including the stable expression of mutant 

enzymes in cells and the delivery of modified sugar nucleotides across the cell membrane.169 With 

‘bump-and-hole’ techniques for glycosyltransferases in their infancy, there is certainly potential for 

this method to expand the scope of chemical reporter strategies for glycan labelling.171, 172 
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Chapter 3: Synthesis of 1-Azido-D-Ribitol-5-Phosphate 

Probes 

3.1 Abstract 

Glycans play an essential role in a wide range of cellular processes, and this is reflected in 

the great diversity in their structure and function. In recent years, the cell surface protein α-

dystroglycan has been shown to possess a unique tandem D-ribitol-5-phosphate linker. This linear 

pentitol was not previously known to exist within mammalian cells, though it is commonly found 

within teichoic acids produced by Gram-positive bacteria. The possibility remains for this unique 

monosaccharide to be present elsewhere within mammalian cell glycans. Described in this Chapter is 

the synthesis of a panel of 1-azido analogues of ribitol-5-phosphate, suitable for in vitro and in vivo 

metabolic labelling studies. Utilising newly developed chemistry for the addition of the S-Acetyl-

ThioEthyl (SATE) protected phosphate moiety, a 12-step synthetic route has been developed from D-

ribose to a fully protected, cell-permeable D-ribitol-5-phosphate analogue. Adjustments to this route 

allowed for the synthesis of an array of 1-azido ribitol based probes with varied protecting group 

strategies, both with and without phosphate, for in vivo labelling. Additionally, a fully deprotected 

phosphate-containing probe was formed for in vitro studies. Treatment of live cells with these 

probes possesses the potential to metabolically label D-ribitol-5-phosphate containing glycans in 

vivo, revealing new insight into the presence of this unique monosaccharide within mammalian cells. 

The successful synthesis of these 1-azido analogues, combined with the phosphotriester method 

development on the path to their synthesis, will also pave the way for the production of future 

generations of D-ribitol-5-phosphate based metabolic labelling probes. 

3.2 Introduction 

D-Ribitol-5-phosphate is typically associated with teichoic acids; the major component of 

bacterial cell walls.56 It was not until 2016 that this unique sugar moiety was identified as a tandem 

linker in a cell surface glycan within mammalian cells.39, 44, 45 Contained within the Core M3 

‘functional’ glycan of α-dystroglycan (α-DG), this linking unit is responsible for connecting 

matriglycan (the unit responsible directly for the interactions between α-DG and extracellular matrix 

components) to the core M3 trisaccharide (which is directly bound to α-DG). Incorrect formation of 

the tandem D-ribitol-5-phosphate linker, through mutation of the enzymes responsible for its 

formation, ISPD, FKTN and FKRP, has been shown to cause a subset of muscular dystrophies, termed 

dystroglycanopathies.2, 10, 73 
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To date D-ribitol-5-phosphate within mammalian cells is only known to exist within α-DG, so 

this provides a unique target for the labelling of functional α-DG, for example through the use of 

ribitol-phosphate-derived probes for metabolic labelling (see Chapter 2, pg. 40). In addition to the 

selective targeting of α-DG, metabolic labelling with D-ribitol-5-phosphate provides us with the 

possibility of unveiling other sites where this unique sugar moiety is present in mammalian cells. In 

the design of metabolic labelling probes there are three main considerations; 1) the structure of the 

probes, 2) the bioorthogonal handle for labelling, and 3) the protecting group strategy.  

Structure 

The biosynthetic pathway of D-ribitol-5-phosphate within cells is currently unknown. 

Therefore, the structure of our probes will be based on this phospho-pentitol structure, specifically 

the D-isomer of ribitol-5-phosphate. Phosphate-containing probes can increase the efficiency by 

which nucleoside analogues are metabolically converted within cells, as they bypass the initial rate-

limiting phosphorylation step,173, 174 and studies have indeed shown the increased efficiency of 

protected phosphate prodrugs vs non-phosphorylated nucleotides.175 There is, however, also 

evidence that at high cellular concentrations of D-ribitol, the enzyme FGGY can directly convert D-

ribitol into D-ribitol-5-phosphate,45, 57 and the uptake and conversion of 13C labelled D-ribitol into 13C 

labelled CDP-ribitol has been shown within cells.176 This opens up the possibility of testing non-

phosphorylated ribitol derivatives as metabolic labelling tools. As well as shining further light on the 

biosynthetic pathway of D-ribitol-5-phosphate in cells, if successful, D-ribitol based probes will also 

provide an easier to synthesise structure to utilise in future metabolic labelling studies.  

Bioorthogonal Handle 

Metabolic incorporation of labelled sugars is a commonplace technique to gain insight into 

biological systems and relies on the use of bioorthogonal reactions to allow specific labelling of the 

incorporated metabolic handle (see Chapter 2, pg. 40). The term ‘bioorthogonal’ was first coined by 

Bertozzi in 2003,177 and is used to describe a reaction that “neither interacts nor interferes with a 

biological system”.178 The most frequently utilised bioorthogonal reaction at present, is the Copper 

(I) catalysed Azide-Alkyne Cycloaddition (CuAAC) reaction, more commonly referred to as the Cu-

catalysed ‘Click reaction’. The Click reaction relies on the metabolic incorporation of either an azide 

or alkyne moiety. The development of the ring-Strain Promoted Azide-Alkyne Cycloaddition (SPAAC), 

which utilises highly reactive strained alkynes, avoids the use of the cytotoxic copper catalyst and 

allows in vivo labelling. To be able to utilise this copper-free method, an azide will be utilised as the 

metabolic tag in the D-ribitol-5-phosphate derived probes.  
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Protecting Group Strategy 

When considering a protecting group strategy for metabolic labelling probes there are two 

potential hurdles: 1) being able to cross the cell membrane, and 2) being utilised in the required 

biosynthetic pathway for incorporation into the biological target. For sugars, the high proportion of 

highly polar hydroxyl groups makes crossing the cell membrane to the site of action a difficult task, 

and this is only increased further with the addition of a negatively charged phosphate. Therefore the 

use of cell-permeable, cell-cleavable protecting groups of both sugar and phosphate hydroxyl groups 

is required.  

Acetate groups are commonplace in the protection of cell-permeable sugar-based metabolic 

labelling probes. These small ester groups have been shown to increase the cell permeability of 

chemical probes,179 and they are readily cleaved within the cell by non-specific esterase and/or 

lipase activity. Recent studies have raised concerns about the non-enzymatic labelling of cysteine 

residues caused by acetate protection,128, 130 though these effects depend heavily on the structure of 

the acetylated chemical reporter.18, 19  As phosphotriester cleaving enzymes have not been 

discovered within mammalian cells, the cleavage of phosphate protecting groups relies on other 

known enzymatic and biochemical processes. S-Acetyl-2-ThioEthyl (SATE) phosphate protecting 

groups display high stability, and their degradation products have been shown to not exhibit 

cytotoxicity.180 The cellular cleavage of SATE groups is initiated by the cleavage of the terminal 

thioacetate groups. Once cleaved, the newly-uncovered thiols can undergo self-cyclisation, releasing 

episulfide alongside the free phosphate mono-ester within the cell as shown in Scheme 3.180  

 

Scheme 3: Enzymatic cleavage of SATE protected phosphates 

3.3 Aims 

This chapter aims to describe the synthesis of a panel of ribitol-5-phosphate and ribitol 

based metabolic labelling probes. Of the various sites of azide incorporation proposed (see 1.7 

Project Aims, Figure 7, pg. 335), the probes with an azide substituting the primary hydroxyl group at 

C-1 (Figure 12) were expected to have the most straightforward synthesis so were focused on 
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initially. The ribitol-5-phosphate probes 1-Az-OAc-SATE and 1-Az-OH-SATE, and ribitol based probes 

1-Az-OH and 1-Az-OAc will be utilised for in vivo labelling experiments (where protection is required 

for cell permeability), and synthesis of the fully deprotected probe 1-Az-OH-Phos will allow for in 

vitro testing (where unprotected probes serve as enzyme substrates).  

 

Figure 12: Structure of 1-azido-2,3,4-tri-O-acetyl-D-ribitol-5-bis(S-acetyl-thioethyl)phosphate (1-Az-OAc-SATE) and related 
probes 

3.4 Results and Discussion 

Retrosynthesis Design 

An array of azide-tagged ribitol-based probes were designed for use within metabolic 

labelling studies targeting ribitol-containing glycoconjugates (Figure 12). Having the site of azide 

incorporation at the 1-position of D-ribitol meant that this site could be effectively targeted with the 

use of primary selective protecting groups (Scheme 4A). Equally, due to the site of azide 

incorporation being achiral, the inversion of stereochemistry when performing SN2 substitution of a 

hydroxyl group to an azide would not be an issue. The ribitol pentitol structure is symmetrical, and 

this, combined with the achiral site of azide addition, meant synthesis could proceed from either L- 

or D-ribose (Scheme 4C).  

For ease of clarity within all schemes, the site of phosphate incorporation is shown in blue, 

and the site of azide addition is shown in red. When referring to numbered carbons, ring-closed 

ribose numbering follows the standard for sugars, where C-1 is the anomeric carbon, and C-5 is the 

CH2. Once either D- or L-ribose is ring-opened to give ribitol, the pentitol is numbered as for D-ribitol, 

where the site of phosphate incorporation is numbered C-5 and the site of azide incorporation C-1 

(Scheme 4D).  
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Scheme 4: Protecting group strategies for the synthesis of 1-Az probes: A) protecting group strategies for pentose (ring 
closed) and pentitol (ring-opened) sugars; B) structures of protecting groups discussed within this thesis; C) proposed 
retrosynthetic pathway from the fully protected 1-Az-OAc-SATE probe to ribose starting materials. R = protecting group. D) 
Compound numbering for D- and L-ribose and D-ribitol 

The synthesis of the 1-Azido probes can proceed with either the site of azide or phosphate 

incorporation initially uncovered depending on whether D- or L- ribose is utilised. This primary 

hydroxyl group can be selectively protected with various protecting groups (Scheme 4A,B). Ring-

opening exposes the second primary alcohol site for alternative functionality with an azide or 

phosphate, which can be protected by the use of a second, orthogonal, primary selective protecting 
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group. This requires the use of two orthogonal primary selective protecting groups (R1 and R2). The 

triphenylmethyl (trityl) and the tert-butyldiphenyl/methyl silyl (TBDPS/TBDMS) groups are the most 

readily utilised primary protecting groups within carbohydrate chemistry. While the trityl group is 

readily cleaved under acidic conditions,181-183 silyl ethers are cleaved under more selective 

conditions, utilising fluoride sources such as TBAF184, 185 or HF.186, 187 Additionally, the ability to 

protect the anomeric hydroxyl group by Fisher glycosylation provides a third alternative method for 

the site-selective protection of the 1-position of D- or L-ribose (Scheme 4A). Typically protected by 

methyl groups, these groups are cleaved under much harsher conditions than trityl or silyl ethers, 

requiring low pH and a high temperature.188, 189  

Protecting the remaining secondary hydroxyl groups with non-selective protecting groups 

(R3) provides a pentitol with a general structure referred to as Key intermediate 1 (Scheme 4C),  

where both azide and phosphate sites can be selectively unmasked by the removal of R1 or R2 

respectively. For non-selective protection, acetate and benzyl groups are commonplace. Acetate 

groups are beneficial to the synthesis of the target probes as they are required in the final product, 

however, the ester structure has been shown to undergo migration in the presence of free hydroxyl 

groups.190, 191 This makes benzyl groups a favourable alternative. Their structure prevents migration 

from occurring, however the need to convert them to acetate groups in the final product does 

increase the number of synthetic steps required to reach the final products. Another ether-based 

protecting group is the allyl group, though their use within carbohydrate chemistry is less common, 

and more typically limited to selective anomeric protection.192, 193 Therefore, strategies utilising both 

benzyl and acetyl groups will be investigated to reach the final 1-Az probes.  

Removal of the primary protecting group (R1) at C-1 of Key Intermediate 1 allows for the 

selective incorporation of an azide moiety. Following azide incorporation, removal of the protecting 

group at C-5 (R2) produces Key Intermediate 2. This intermediate is of high significance as not only 

does this allow for the site-specific addition of phosphate to take place at C-5, but the route at this 

point can also diversify, allowing for the formation of an array of differentially protected 1-azido-

ribitol phosphate derivatives (Scheme 5). From Key Intermediate 2 the ribitol based probes can be 

obtained from an acetylated intermediate by acetylation of the free OH and global de-acetylation to 

form the 1-Az-OAc and 1-Az-OH probes, respectively, or from a benzylated intermediate by the 

removal of the benzyl groups and global acetylation. The 1-Az-OAc-SATE and 1-Az-OH-SATE probes 

are formed after the bis-SATE-phosphate addition in a similar manner. The fully deprotected 1-Az-

OH-Phos probe is the largest digression from the overall route, with the incorporation of a 

phosphate monoester requiring different chemistry than the addition of the fully protected SATE 
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phosphate. The synthetic route to this probe depends on either the direct incorporation of a free 

phosphate moiety or the addition of a protected phosphate which can be subsequently deprotected. 

 
Scheme 5: Retrosynthetic pathway of 1-Az Probes from Key Intermediate 2 
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Route 1 

 
Scheme 6: Route 1 from L-Ribose to the 1-Az-OAc-SATE probe. Reagents and Conditions: a) i) HCl, MeOH, r.t., 2 hr, ii) 
TBDPS-Cl, pyridine, r.t., 24 hrs, (55%), b) BnBr, NaH, TBAI, DMF, r.t. 2 hrs, (67%) c) DIBAL-H, toluene, 10 min, 60°C (0%) 
Proposed Conditions: d) BnBr, TBAI, DMF, e) TBAF, THF, f) i) TsCl, pyridine, ii) NaN3, DMF, g) AcOH, 80°C, h) i) PO(OEt-2Br)3, 
Tf2O, pyridine, DCM, ii) KSAc, acetone, i) i) BCl3, DCM, ii) Ac2O, pyridine 

The initially proposed synthetic route to the 1-Az-OAc-SATE probe (Scheme 6) proceeds by 

the selective protection of the anomeric position with a methoxy group and the primary alcohol at C-

5 with TBDPS. This provides selective protection of the sites of addition for phosphate and azide 

respectively. Benzylation of the remaining hydroxyl groups leads to the formation of the fully 

protected compound 1. After the ring-opening step, benzylation of the newly uncovered alcohol 

group in compound 2 would give compound 3 which follows the general structure previously 

referred to as Key Intermediate 1. This fully protected intermediate can then undergo selective 

deprotection of the C-1 or C-5 positions, enabling the site-selective addition of the azide and 

phosphate groups. The azide moiety was chosen to be installed first, as the phosphate triester was 

expected to be unstable towards the conditions needed for deprotection of the TBDPS group at C-1, 

as well as the elevated temperature required for azide introduction. Therefore, from compound 3, 

TBDPS would be removed to give compound 4 which would allow site-specific azide incorporation to 

afford compound 5. With the azide introduced to the ribitol compound, removal of the methoxy 

group would provide the Key Intermediate 2 structure 6, which can undergo SATE phosphate 

incorporation to yield the bis-SATE-phosphate compound 7. The benzyl protecting groups can then 
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be substituted for acetate to provide the final fully protected probe 1-Az-OAc-SATE. This final 

protecting group conversion from OBn to OAc would utilise BCl3 for the benzyl group removal, as 

using the typical debenzylation conditions of hydrogenation with Pd/C would cause reduction of the 

azide to an amine group.194-196  

The initially proposed route to obtain 1-Az-OAc-SATE (Scheme 6) was attempted as 

discussed from the starting sugar L-ribose. Fischer glycosylation to yield the 1-methoxy intermediate, 

followed by protection of the primary alcohol at C-5 with TBDPS-Cl was successful and provided 

selective protection of the sites of phosphate and azide addition. Benzylation of the remaining free 

alcohol groups yielded the desired fully protected product 1. Ring-opening of compound 1 was 

attempted by the procedure reported by Sollogoub and co-workers with the reducing agent DIBAL-

H.197 Their method was shown to be both successful on five-membered sugars with an anomeric 

methoxy group, and tolerant of benzyl protecting groups.  

This reaction was attempted on compound 1, however, none of 

the desired compound 2 was obtained. Instead, the isolation of the side 

products 8 and 9 (Figure 13) suggested that the TBDPS group was 

cleaved before the ring-opening reaction had occurred. Analysis of these 

side products with MS, IR and 1H NMR showed the loss of signals relating 

to the presence of TBDPS, as well as the lack of an anomeric peak for 

compound 8 proving that the ring-opening had occurred.  

Unsurprisingly, the lack of a free alcohol at the anomeric position 

of 1 meant that ring-opening with NaBH4, a procedure typically used for 

reductive carbohydrate ring-opening, was unsuccessful even after leaving 

the reaction for several days.198 An alternative procedure, using TFA to cleave the methyl group, 

which would allow for ring-opening with NaBH4,
199 would also cause possible cleavage of TBDPS,200, 

201 so was not attempted. The ring-opened product that was formed (compound 8) could, 

theoretically, be converted into compound 2, however, this would require multiple additional 

protection and deprotection steps to allow for selective azide addition.  Therefore, an alternative 

route for the synthesis of the 1-Az-SATE probe was designed, utilising trityl ether protection as 

shown in Scheme 7.  

 
 

 

 
Figure 13: Ring opening side 
products 8 and 9 formed by 
the reaction of compound 1 
with DIBAL-H, in respective 
yields of 45% and 55%.  
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Route 2 

 
Scheme 7: Route 2 for the synthesis of the 1-Az-OAc-SATE Probe. Reagents and Conditions a) TrCl, pyridine, r.t., 24 h, (48%) 
b) NaBH4, EtOH, r.t., 2 h, (0%)  Proposed Conditions c) TBDPS-Cl, pyridine, d) BnBr, TBAI, DMF, e) p-TsOH, MeOH, f) i) TsCl, 
pyridine, ii) NaN3, DMF, 60°C, g) TBAF, DMF, h) PO(OEt-2Br)3, Tf2O, pyridine, DCM, ii) KSAc, acetone, i) Ac2O, H2SO4, 

The newly proposed route (Scheme 7) proceeded with the protection of the primary alcohol 

at the site of azide substitution, directly followed by ring-opening. By avoiding the use of Fischer 

glycosylation to install an anomeric methoxide, this ring-opening step could proceed with NaBH4. 

The site of phosphate addition would then be selectively protected, with the use of a second, 

orthogonal, primary selective protecting group. The protecting group at the site of phosphate 

addition would need to withstand harsh conditions, such as the elevated temperatures required for 

azide substitution, so TBDPS was selected for the protection of this site rather than a trityl group. 

Additionally, trityl ethers had been shown within the literature to withstand ring-opening with both 

DIBAL-H202, 203 and NaBH4,
204, 205 so the trityl group was chosen to be installed on the ring-closed 

sugar. Route 2 was initiated with primary protection with trityl to give compound 10. After the 

subsequent ring-opening to form compound 11, TBDPS protection of the newly uncovered primary 

alcohol would provide compound 12, in which the positions for azide and phosphate are selectively 

protected. Subsequent benzyl protection would give compound 13 which fits the general structure 

of Key Intermediate 1. Removal of the trityl group under acidic conditions would provide 14 and 

allow for azide addition at the desired position to form compound 15. Selective removal of the 
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TBDPS group would lead to compound 6 in the structure of Key Intermediate 2, which would allow 

for the continuation of the route to the 1-Az-OAc-SATE probe as described within Route 1 (Scheme 

6).  

Attempts at following this newly proposed route were unsuccessful. Though the tritylation 

of L-ribose appeared to proceed by TLC of the crude reaction, following purification and isolation the 

resulting tritylated sugar 10 was found to be highly unstable and decomposed within both the ring-

opening reaction and samples of pure compound dissolved for use as a TLC standard. Despite the 

successful synthesis of the similar 5-trityl-D-ribose sugar in literature,206 a repeat of this synthesis 

following the same procedure was again found to be unsuccessful. More recent literature for the 

synthesis of this sugar proceeds via the corresponding trityl lactone intermediate, however, the 

reported conditions and yields for this synthesis matched those without the additional oxidation 

step.207 To test the compatibility of the trityl group with NaBH4, the ring-opening reaction was 

repeated on a sample of 5-trityl-D-arabinose available within the lab.208 This starting material was 

found to not only be much more stable but also able to undergo the ring-opening reaction with 

moderate yields (68%). These findings indicate a stability issue of the trityl group specific to the ring 

closed L-ribose sugar, with the trityl group stable on both the D-arabinose substrate, and able to 

withstand ring-opening.  This demonstrates the great effects of differing ring-closed structures on 

trityl group stability.  These findings led to the adapted route presented within Scheme 8.  

Route 3a 

 
Scheme 8: Route 3 for the synthesis of 1-Az-OAc-SATE Reagents and Conditions a) TBDPS-Cl, pyridine, r.t. 48 h, (60%) b) 
NaBH4, EtOH, r.t., 2 h (43%), c) TrCl, pyridine, 60°C, 48 h, (60%) d) Ac2O, pyridine, r.t., 48 h, (78%), e) HCl, AcOH, DCM, r.t., 1 
h, (22%) Proposed Conditions f) i) TsCl, pyridine, ii) NaN3, DMF, 60°C, g) TBAF, DMF, h) PO(OEt-2Br)3, Tf2O, pyridine, DCM, ii) 
KSAc, acetone 
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In a third proposed route, the starting sugar was changed from L- to D-ribose, meaning that 

the sites for the addition of the azide and phosphotriester groups were reversed. Therefore the 

primary alcohol initially available for protection is the position of phosphorylation, and the later 

uncovered primary alcohol is the site of azidation. Having the position of phosphorylation initially 

available meant this could be protected with TBDPS, which was previously shown to be much more 

stable on the ring-closed sugar than trityl, and trityl would be utilised second, meaning it was only 

required to be stable for one protection step before its removal. Initial protection of D-ribose with a 

TBDPS group would yield compound 16, which could then be ring-opened to allow for selective trityl 

protection to form compound 12. To avoid the need for additional substitution steps at the end of 

the route, this route then investigated the protection of the secondary alcohols with acetate, instead 

of benzyl groups. From the now acetylated Key Intermediate 1 (17) the 1-Az-SATE-Probe was 

synthesised as seen previously with the removal of trityl (18), azidation (19), and the removal of 

TBDPS to provide the Key Intermediate 2 compound 20. The incorporation of the SATE phosphate 

group would then yield the final 1-Az-OAc-SATE probe without the need for conversion to OAc from 

OBn groups.      

Utilising acetate groups would not only be more efficient for the synthesis of 1-Az-OAc-SATE 

but also for the non-phosphorylated ribitol-based probes. Acetylation of the free alcohol in 

compound 20 would now lead directly to the 1-Az-OAc probe and the unprotected derivative 1-Az-

OH could then be obtained through subsequent de-acetylation. The synthesis of 1-Az-OH-Phos could 

proceed as previously presented, with the removal of acetates rather than benzyl groups after 

phosphate incorporation. However, the synthesis of the 1-Az-OH-SATE probe would not be possible 

as the removal of the acetate groups also causes deacetylation of the SATE thioesters.209-211 

Following this route initially proved successful. Primary protection with TBDPS gave a good 

yield of 59%, with the major side product formed being the double addition product. This double 

addition TBDPS product was observed even when TBDPS-Cl was utilised in 0.8 equivalents, indicating 

a preference for the formation of the double addition product. Once purified, compound 16 was 

effectively ring-opened with the use of NaBH4 in EtOH. The high overall polarity of compound 21 

caused a low recovery of sugar from the aqueous workup of the reaction mixture (75%), which led to 

a lower than expected yield after purification (40%). To increase yields, attempts were made to 

purify the product from the crude reaction mixture following quenching of the reaction with AcOH 

and removal by rotary evaporation without a work-up, however, the presence of acid in the crude 

reaction mixture caused issues when purifying by column chromatography and gave only a small 

increase in yield (43%). The addition of trityl to the newly uncovered primary position was found to 

be much slower than the initial TBDPS protection and required extended reaction times (72 h) at 
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elevated temperature (60°C). The obtained yield of mono-substituted product 12 was also affected 

by the formation of double-addition side products, though the reaction gave a reasonable yield of 

60%. Subsequent acetylation of this product lead to the desired fully protected ribitol intermediate 

17 which mimicked the Key Intermediate 1 structure.  

The next step in this route was the selective removal of the trityl protecting group to allow 

for site-selective azidation. The selective removal of the trityl group was found to be challenging due 

to ensuing acid catalysed acetate migration forming side products 22 and 23 presented within Table 

1. This migration is believed to progress in acidic conditions by the mechanism shown in Scheme 

9.212 The mixture of products formed led to low yields, and the similarity in the polarity of the side 

products caused challenging purification. Various reaction times, solvents, and acid catalysts were 

trialled for this deprotection as detailed within Table 1. 

 

Scheme 9: Acid catalysed acetate migration mechanism 

Table 1: Reagents and conditions for acid catalysed trityl deprotection 

 

Entry Acid (Quantity) Solvent Time 

Trityl 
Deprotection 

Combined Yield 
(19, 22 + 23) 

Ratio of 
products 

(19:22:23) 

Desired 
Product 

Yield (10) 

1  p-TsOH (0.3 
equiv) 

MeOH 5 h 29% - a - a 

2  p-TsOH (0.2 
equiv) 

MeOH 4 days 22% - a - a 

3  CSA (0.2 equiv) 4:1 DCM:MeOHb 24 h 54% 1:1.5:1 14% 

4  CSA (0.1 equiv) 4:1 DCM: MeOHb 3 days 33% 1:1:1 11% 

5  HCl (cat.) 1:1 DCM:AcOH 1 h 45% 1:0.5:0.5 22% 

6  Pyr p-TsOH (0.5 
equiv) 

DCM 4 days 50% 1:1:1 17% 

7  Pyr p-TsOH (0.5 
equiv) with TIPS 
as ion scavenger 

DCM 4 days Results are the same as without TIPS addition. 
(Entry 6) 

aSide products 22 and 23 not known at this point, only yield of combined products known  
bCSA only partially soluble in DCM  

 

Initial trityl deprotection strategies followed literature conditions with p-TsOH in methanol, 

and CSA in DCM: MeOH (Entries 1-4).213-215 These procedures gave varied reaction times from hours 
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to days, however, even after days with TsOH as a catalyst (entry 2), the trityl starting material 18 

remained mostly intact with only a small amount of conversion to the deprotected product. Upon 

following the alternate reaction with CSA (entries 3 and 4), the presence of the undesired side 

products from acetate migration were identified. Despite the much higher rate for loss of the trityl 

group (i.e. faster conversion of starting material), the presence of the undesired acetate migration 

products lead to low overall product yields. Following this, an alternative procedure utilising catalytic 

HCl in DCM: AcOH was investigated as detailed in literature on a trityl and acetate protected 

disaccharide.216 This procedure (entry 5) had a much higher rate of trityl deprotection with the 

majority of the starting material 18 consumed within 1 hour. The overall yield of trityl deprotected 

product from the HCl catalysed deprotection was 45% with small amounts of side product from the 

loss of the TBDPS group also observed. Despite the fast reaction rates seen, acetate migration 

products were still formed in large quantities reducing the yield of the desired product to 22%. 

Estimates of pKa values for the conjugate acids of the trityl ether in comparison to the acetyl 

carbonyl show the acetate to have a pKa value that is 2 units lower (Table 2), meaning it is 100 times 

more acidic than the trityl oxygen. This means that the trityl oxygen should be preferentially 

protonated, and therefore deprotected in preference to the migration of acetate. An alternative 

procedure, which utilised the pyridinium salt of p-TsOH was investigated, which had been shown in 

literature as a catalyst for trityl deprotection.217-219 As its pKa was much higher than the previously 

utilised catalysts, and the reaction mixture much less acidic, it was hoped this would even more 

greatly favour trityl deprotection over acetate migration. As expected the rate for trityl deprotection 

was much lower than seen before (entry 6), however, acetate migration was still observed. As a way 

of aiming to accelerate the trityl removal, the addition of 2 equivalents of TIPS to the p-TsOH 

pyridinium salt deprotection was investigated. This compound is commonly utilised as an ion 

scavenger for trityl-derived cations during peptide synthesis,220 and it was hoped that scavenging the 

trityl ion as it was formed would drive the equilibrium to cause further trityl deprotection. However, 

this did not occur and reaction rates and yields were found to match those without the addition of 

TIPS (entry 7). 

Table 2: Approximate pKa values for the acetate-carbonyl and trityl-ether conjugate acids and acid catalysts221-223 

Compound pKa 

Protonated trityl ether oxygen -3 (approx.) 

Protonated ester carbonyl oxygen -7 (approx.) 

p-Toluene sulphonic acid -2.8 

Camphor sulphonic acid 1.2 

HCl -6.3 

Pyridinium p-Toluene sulphonate 5.2 
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The much higher rates for acetate migration on the ribitol substrate vs the rates reported for 

the previously mentioned disaccharide in literature216 can be rationalised by the ring-opened 

structure of ribitol. This structure offers a much higher amount of flexibility which allows the 

deprotected alcohol to more easily adapt to the conformation required for an attack on the 

neighbouring acetate group. Conversely, it is much harder for a primary alcohol on a ring closed 

pyranose sugar to reach the desired orientation. As well as the loss of flexibility, the fixed orientation 

of neighbouring groups on opposite faces of the ring, as seen within the abovementioned 

disaccharide, further increases the relative distances between the free alcohol and acetyl groups 

preventing migration. This same effect is also seen later within Chapter 5: Synthesis of Glucose 

Substrates, (pg. 144), where a C-6-deprotected acetylated glucose derivative is efficiently 

synthesised through trityl deprotection in moderate yields. In that case acetate migration was 

observed to a much lesser degree than for the ribitol compound. 

Following the results from acidic cleavage, the removal of the trityl group in the presence of 

hydrogen with activated Pd/C  was attempted as reported by Wróblewski and Bąk-Sypień in 2007.224 

After leaving the reaction in a hydrogen atmosphere under balloon pressure for 24 h, no change was 

seen by either TLC or MS (ESI) of the crude reaction mixture. After filtering through celite, the filtrate 

was dried in vacuo to give only pure starting material, as evidenced by 1H NMR. Other literature 

procedures for hydrogenation of trityl ethers utilise high-pressure hydrogenation to achieve results, 

but with no sign of reaction seen under atmospheric pressure and the lack of easily accessible high-

pressure hydrogenation equipment available this methodology was not further investigated 

Route 3b 

Moving forward, an alternative pathway to synthesis of the desired azido ribitol compound 

19 was investigated, this time utilising a toluene sulphonate group (tosylate) as a primary hydroxyl 

selective group. As well as being selective for the primary hydroxyl group, this group also serves as 

an efficient leaving group for the conversion of alcohols to azides.225, 226 The alternative proposed 

route from compound 21 to 19 is presented in Scheme 10. 
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Scheme 10: Alternative route to the synthesis of compound 19, Reagents and Conditions a) TsCl, pyridine, 0°C, 3 h, then 
Ac2O, 0°C, 4 h (27%) b) NaN3, DMF, 60°C, 24 h (25%)  

Initial attempts at this synthesis found that leaving the 

tosylation step overnight, followed by acetylation overnight at 

room temperature, led to very low formation of the desired tosyl 

intermediate 24. Instead, the major product isolated was the fully 

acetylated side-product 25, alongside a small amount of non-fully 

acetylated tosylated product. A mixture of mono- and di-acetylated tosyl-containing side products 

were obtained, and leaving these to acetylate overnight at 4 °C produced mainly the fully acetylated 

side product 25 (70%). These results suggested that the tosyl group was unstable to the acetylation 

conditions. In an attempt to monitor both reactions more closely and prevent the loss of the tosyl 

group, each of the steps was run for 3 hours at 0°C. This led to the formation of the desired 

intermediate 24 and fully acetylated product 25 in addition to a new undesired side product. This 

side product is believed to be compound 26 (Scheme 11A), formed by the ring-closing elimination of 

tosylic acid through SN2 substitution by the attack of the alcohol at the 4-position. Evidence for the 

identification of this product came from the presence of an ESI-MS peak correlating to the 

elimination of tosylic acid. Furthermore, no double bond or carbonyl peaks were seen within the 1H 

NMR or 13C NMR spectra which would have been present had elimination occurred to form the 

corresponding elimination product 27 or its tautomer 28 (Scheme 11B). Additional proof of the 

formation of compound 26 came from the lack of reaction with the reducing agent NaBH4. This 

would be expected to reduce a ketone or double bond-containing species 27 and 28.227-229 Although 

this reagent is also used for ring-opening reduction, the absence of an anomeric alcohol in 26 

prevents this from occurring. 

Figure 14: Fully acetylated major side 
product 25 formed in the synthesis of 
compound 19 from 21 
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Scheme 11: A) Formation of elimination product compound 26, B) Mechanism for the formation of alternative possible 
elimination products 27 or 28 

From compound 21 the tosylated, acetylated intermediate 24 was obtained by an optimised 

method running each step for 3 hours at 0°C, giving a yield of 27% over two steps with the product 

obtained in quantities of around 100 mg. Azide substitution of the tosylate in 24 at 60°C overnight 

gave a yield of 25%. Overall, this produced compound 19 in a yield of 7.1% from compound 21 

(Scheme 10). Though the overall yield for these steps was low (4% from D-ribose), this synthesis 

required fewer synthetic and purification steps and took less time than the previously proposed 

method (route 3A utilising acidic removal of trityl, yielding 7% up to the point of azide substitution). 

Additionally, the starting material for this reaction (21) was easy to synthesise in the large quantities 

required for the scale-up of this route.  

 
Scheme 12: Attempted synthesis of 1,2,3,4-tetra-O-acetyl ribitol 29 and side products formed 30 and 31 Reagents and 
Conditions: TBAF, THF, 0°C-r.t. 18 h (44% 2:3 mixture of 30 and 31) 

It was realised that side-product 25 provided a useful intermediate towards a tetra-

acetylated ribitol derivative on which the SATE phosphate addition could be explored (29). TBDPS 

deprotection was attempted, however, similarly to the trityl deprotection seen previously, removal 

of the TBDPS group also caused acetate migration. Rather than the desired 5-position being 

deprotected, migration caused formation of the side products 1,2,3,5-tetra-O-acetyl-ribitol 30 and 

1,2,4,5-tetra-O-acetyl-ribitol 31 (Scheme 12). As this prevented the addition of a phosphate 

selectively at C-5, the synthesis of 1-Az-OAc-SATE via the use of acetate protecting groups (Scheme 
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10) was abandoned. All of the previously synthesised azido-containing ribitol compound (19) was 

pooled to synthesise the fully acetylated, non-phosphorylated probe 1-Az-OAc. Synthesis of this 

acetylated probe was conducted as presented in Scheme 13 via a one-pot deprotection-acetylation 

procedure. This method gave an overall yield of 85% over 2 steps affording 5.5 mg of the pure 1-Az-

OAc probe. This probe can be utilised for metabolic labelling of cells, with successful labelling of 

functional α-DG providing insight into the biosynthetic pathway of D-ribitol-5-phosphate.  

 
Scheme 13: Synthesis of the 1-Az-OAc probe Reagents and Conditions: a) TBAF, THF, 3 h, 0°C-r.t. b) Ac2O, pyridine, DMAP 
cat., r.t., 20 h, (91% over 2 steps) 
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Route 4a 

 
Scheme 14: Route 4a for the synthesis of the 1-Az-OAc-SATE probe Reagents and Conditions: a) TBDPS-Cl, DMAP cat., 
pyridine, r.t., 72 h, (60%) b) NaBH4, EtOH, r.t., 5 h, (43%) c) TrCl, NEt3, DCM, r.t., 72 h, (60%) d) BnBr, NaH, TBAI, DMF, 0°C-
r.t., 2 h, (25%) Proposed Conditions: e) p-TsOH, MeOH, r.t., 4.5 h, f) MsCl, NET3, DCM, r.t., 24 h, then, NaN3, DMF, 60°C, 24 
h, g) TBAF, THF, 0°C-r.t., 2 h, h) PO(OEt-2Br)3, Tf2O, pyridine, DCM, ii) KSAc, acetone, i) BCl3, DCM, -78°C, 2 h, j) Ac2O, 
pyridine, DMAP, r.t, 24 h. 

To avoid the issues arising from the use of acetate groups, a new route was designed that 

reverts back to the use of benzyl groups. The benzyl ether structure (as previously discussed and 

presented within Scheme 4) prevents migration from occurring as the ester carbonyl structure 

required for acetate migration (Scheme 9) is not present. It should be noted that the migration of 

the bulkier benzoyl and pivaloyl ester groups would also be expected to be much slower, and 

unspecific cleavage less likely to occur than for acetate groups.190 Though commonly utilised 

protecting groups within carbohydrate chemistry, these alternative ester groups were unsuitable for 

the synthesis of our SATE containing probes as the conditions for their cleavage (NaOMe in MeOH) 

would also cleave thioacetate groups on the SATE phosphate.210, 211, 230 

Route 4A (Scheme 14), which utilises benzyl groups, proceeds by the initial formation of 12 

as seen in previous routes 2 (Scheme 7) and 3A (Scheme 8). Continuing on, the protection of the 

secondary alcohols with benzyl groups instead of acetates would yield the fully protected compound 
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13, in the structure of Key Intermediate 1. Selective removal of the trityl group would then allow for 

site-selective azide substitution at C-1 yielding 15. Removal of the TBDPS group would then provide 

the Key Intermediate 2 compound 6 which allows for the formation of all 5 1-Az probes as 

previously discussed (Scheme 5).  

Unfortunately, the benzylation of compound 12 to form the fully protected compound 13 

was found to cause the loss of the TBDPS group. This led to the formation of the undesired side 

product 32 alongside the desired 13 (Scheme 15).  

 
Scheme 15: Benzylation of compound 12 Reagents and Conditions: NaH, BnBr, TBAI, DMF, 0°C – r.t., 4 h (13 = 25%, 32 = 
20%) 

This side reaction is referenced within literature,231, 232 though it is reported to occur to a 

much lesser degree. Even when following these literature conditions, the desired compound was 

obtained in a ratio of 1.3:1 to the undesired side-product, as well as in low overall benzylation yield 

(44%). The close polarity of these two products led to difficulties in isolating them from one another 

by flash column chromatography. Different conditions to optimise the benzylation of compound 12 

were attempted. These included varying reaction times, increasing the equivalents of reagents, and 

adding reagents portion-wise over longer periods. These reactions all gave evidence of the loss of 

TBDPS, in addition to the incomplete benzylation of the rest of the free hydroxyl groups. Large 

amounts of incompletely protected product were obtained, even when following the same 

conditions as for the high yielding formation of 1,2,3,4,5-O-penta-benzyl-ribitol 33 (Scheme 17). 

Upon closer monitoring of the reaction by TLC, the loss of TBDPS was shown to occur on the addition 

of NaH before adding BnBr. To avoid this issue, an alternative benzylation procedure utilising BaO 

and Ba(OH)2 was investigated but this was still shown to cause loss of TBDPS and resulted in no 

formation of desired compound 13.  

It was hypothesised that compound 6 could be synthesised from the 1-azido-2,3,4,5-tetra-O-

benzylated-ribitol sugar 36, by utilising primary selective debenzylation of the benzyl group at the 5-

position. In literature, the selective acetolysis of primary benzyl groups has been successful on a 

wide range of sugars of varied structures both ring-closed,233, 234 ring-opened,235 and in the presence 

of azides.236 This methodology utilises ZnCl2 in the presence of acetic anhydride in acetic acid. The 

selectivity of this site-specific acetolysis is believed to be promoted by the higher accessibility of the 

primary site to be activated by ZnCl2 as shown in Scheme 16. Once the benzyl group is converted to 

an acetate group, this can be selectively cleaved with the use of sodium methoxide in methanol. 
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Scheme 16: General mechanism of the ZnCl2-mediated site-selective acetolysis of benzylated sugars 

To test the primary-selective acetolysis reaction on a ribitol substrate, the reaction was 

initially run on the fully benzylated ribitol substrate, 1,2,3,4,5-penta-O-benzyl-ribitol 33 (Scheme 17). 

 

Scheme 17: Selective debenzylation test with fully benzylated ribitol 33 Reagents and Conditions: a) BnBr, NaH, TBAI, DMF, 
0°C-r.t., 24 h, (67%) b) ZnCl, Ac2O, AcOH, r.t., 3 h, (92%) 

This reaction was found to be successful, providing the expected acetylated intermediate 34 

in very high yields (92%). Following on from the success of this reaction, the final route to 1-Az-OAc-

SATE was designed (Scheme 18), utilising the selective deprotection of the primary benzyl group in 

an optimised strategy to compound 6.  
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Route 4b 

 
Scheme 18: Route 4b for the synthesis of 1-Az-OAc-SATE Reagents and Conditions: a) TBDPS-Cl, DMAP cat., pyridine, r.t., 
72 h, (60%) b) NaBH4, EtOH, r.t., 5 h, (43%) c) TrCl, NEt3, DCM, r.t., 72 h, (60%) d) TBAF, THF, 0°C-r.t., 2 h, (75%) e) BnBr, 
NaH, TBAI cat., DMF, 0°C-r.t., 2 h, (82%) f) p-TsOH, MeOH, r.t., 4.5 h, (75%) g) MsCl, NEt3, DCM, r.t., 24 h, then, NaN3, DMF, 
60°C, 24 h, (46%) h) i) ZnCl, Ac2O, AcOH, r.t., 2 h, ii) NaOMe, MeOH, r.t., 2 h, (69% over 2 steps) i) PO(OEt-2Br)3, Tf2O, 
pyridine, DCM, (42%) ii) KSAc, acetone, (quant.) j) BCl3, DCM, -78°C, 2 h, (quant.) k) Ac2O, pyridine, DMAP, r.t, 24 h (quant). 

The synthesis was adapted as presented within Scheme 18, with de-silylation of the ring 

opened compound 12 and subsequent benzylation providing compound 32 which was then 

selectively de-tritylated under acidic conditions to afford compound 35. With a new method for the 

synthesis of compound 6 from 35 designed, an investigation into the best method for azidation of 35 

to form 36 took place. As azidation via a tosyl intermediate had previously been investigated and 

utilised within Route 3B, this was chosen as a starting point in the synthesis of 36. Previously the 

primary selectivity arising from the larger steric bulk of the tosyl group was required, so the use of a 

mesyl group was not considered. However, with only the site of azide addition uncovered in 35, the 

use of this smaller group was considered. To investigate the effect on reaction time and yields 

between the two intermediates, the azidation of compound 35 to reach 36 was attempted utilising 

both tosylation and mesylation (Scheme 19). 
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Scheme 19: Synthesis of 36 via OMs and OTs intermediates Reagents and Conditions: a) MsCl, pyridine, DCM, 0°C-r.t., 3 h, 
b) TsCl, pyridine, DCM, 0°C-r.t., 24 h c) NaN3, DMF, 80°C, 24 h, (46% via OMs, 28% via OTs) 

As anticipated from their respective sizes, the mesyl intermediate 37 formed much faster 

than the tosyl compound, requiring 3 h for full conversion compared to the 24 h of the tosyl 

intermediate 38. In addition, azidation via the mesylate intermediate was found to provide higher 

yields of product 36 (46% vs 28%). In both cases, the unreacted starting material was recovered, and 

no intermediate mesyl or tosyl product was recovered from the reaction. Additionally, no side 

products from elimination reactions were seen, despite this being reported elsewhere.225 With 

compound 36 successfully synthesised, the selective debenzylation of intermediate 36 was run 

following the same procedure as before (Scheme 20), providing 39 in a yield of 93%. NMR showed 

the product to be pure after work-up, so this product was directly used without further purification 

for the de-acetylation step to form 6 in 75% yield (69% over two steps from 36).  

 
Scheme 20: Two-step selective debenzylation of the primary benzyl group of 36 to form 6 a) ZnCl, Ac2O, AcOH, r.t., 2 h (93%) 
b) NaOMe, MeOH, r.t., 3.5 h, (73%) 

With the synthesis of compound 6 now successful, all 5 1-Az probes could be produced as 

previously discussed (Scheme 5). Incorporation of the SATE phosphate moiety proceeded via a newly 

developed methodology for SATE phosphate synthesis based on 2018 literature for the synthesis of 

di-ethyl phosphates (See Chapter 4, pg. 107).237, 238 This two-step procedure involves the initial 

incorporation of a bis(2-bromoethyl) protected phosphate and subsequent substitution of bromine 

with thioacetate to yield the desired bis(SATE) protected phosphotriester probe. SATE phosphate 

incorporation at the 5- position of compound 6 by this method was successful, yielding the desired 

SATE containing benzylated intermediate 7 in an initial yield of 13%, which after the optimisation 

conducted within Chapter 5 (see Table 8, pg. 141) rose to 42% (Scheme 21). To synthesise the 

desired 1-Az-OH-SATE and 1-Az-OAc-SATE probes, in which the ribitol hydroxyl groups are 

unprotected or acetylated, respectively, compound 7 was treated with an excess of BCl3 in 
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anhydrous DCM to cleave the benzyl groups and subjected to column chromatography to yield the 1-

Az-OH-SATE probe. This was then acetylated in a 1:2 ratio of acetic anhydride: pyridine to yield the 

fully protected 1-Az-OAc-SATE probe. Both the debenzylation and acetylation via these methods 

were found to give quantitative yields. This led to overall yields of 42% from the key intermediate 6 

to both the 1-Az-OH-SATE and 1-Az-OAc-SATE probes, and an overall yield of 0.93% over 12 steps 

from D-ribose.  

 

Scheme 21: Synthesis of final ribitol and ribitol-5-phosphate probes from Key Intermediate compound 6: Reagents and 
Conditions a) i) PO(OEt-2Br)3, Tf2O, pyridine, DCM ii) KSAc, acetone, (42%) b) BCl3, DCM, -78°C, 4h, (quant.) c) Ac2O, 
pyridine, DMAP r.t., 24h, (quant.)  d) BCl3, DCM, -78°C, 4h, (quant.) e) Ac2O, pyridine, DMAP, r.t., 24h, (quant.) f) EtO3PO, 
Tf2O, pyridine, r.t., 1.5 h, (55%) g) i) TMSBr, DCM, r.t., 16 h, ii) BCl3, DCM, -78°C, 4 h, (56% over two steps) 

To obtain ribitol-based non-phosphorylated probes compound 6 was subjected to the same 

conditions for debenzylation providing the 1-Az-OH probe. Acetylation then afforded the 1-Az-OAc 

probe in quantitative yield, and an overall yield from D-ribose of 2.3% over 10 steps. In future, the 

synthesis of the non-phosphorylated probes can be further simplified by obtaining them from the 

fully benzylated azido-ribitol substrate 36 because they do not require selective deprotection of the 

5-position.  
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Incorporation of a Deprotected Phosphate Monoester for the 

Synthesis of 1-Az-OH-Phos 

The formation of the fully deprotected 1-Az-OH-Phos probe was the largest divergence from 

the route to the alternative probes. Initial tests for the formation of this probe considered the 

addition of a phosphate group by reaction with POCl3, followed by hydrolysis (Scheme 22A). This 

procedure was investigated utilising the model alcohol 3-phenyl-propanol (40). Despite a peak for 

the desired phosphate product (41) being seen by ESI-MS, ion-exchange chromatography was found 

to be unsuccessful in isolating the desired product, and no product was recovered. Additional 

concerns about this methodology were raised over the use of POCl3 in the presence of benzyl 

groups, as benzyl groups are deprotected by the use of Cl- ions.239-241 

 
Scheme 22: Investigated methodologies for the synthesis of the free-phosphate containing probe utilising the simple alcohol 
3-phenyl-propanol as a model substrate Reagent and Conditions a) POCl3, pyridine, THF, H2O (0%), b: via Mistunobu) DIAD, 
PPh3, NEt3, THF, r.t., 16 h (0%), via DCC coupling) DCC, NEt3, DCM, r.t., 18 h (16%) via dibenzyl-chlorophosphate) oxalyl 
chloride, NaH, DCM, r.t., 3 h, (32%) d) triethyl phosphate, Tf2O, pyridine, DCM, (39%) Proposed Reagents and Conditions c) 
BCl3, DCM, e) TMSBr  

Alternative methods for the synthesis of the 1-Az-OH-Phos probe were based on the 

incorporation of a protected phosphate moiety which could subsequently be cleaved to produce the 

deprotected probe. Incorporation of a protected phosphate would enable column chromatography 

for purification, which is not possible after the incorporation of a free phosphate. The initially 

investigated phosphate for this addition was dibenzyl phosphate. Not only was the diphosphate 

starting material required for this synthesis commercially available, but the removal of benzyl groups 

to form the free phosphate would utilise BCl3, which simultaneously would cause desirable 

deprotection of the benzyl groups on the sugar.240, 241  

Literature shows numerous methods for the coupling of diester phosphates to alcohols. 

These include Mitsunobu reaction,242, 243 the use of coupling reagents such as DCC,244 and by 

activation with oxalyl chloride to form an acid chloride in situ which can undergo substitution to 
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form the benzylated phosphate product.245, 246 Each of these methodologies was attempted on the 

model alcohol 3-phenyl-propanol.  

The Mitsunobu methodology, utilising PPh3 and DIAD, was found to be unsuccessful on the 

simple 3-phenyl-propanol substrate with no product obtained following column chromatography 

(Scheme 22B). Contrastingly the DCC coupling method was found to be successful, though in low 

yield (16%, Scheme 22B). A higher yield was obtained through the chlorophosphate methodology, by 

activation of the di-benzyl phosphate with oxalyl chloride. On substitution of this activated 

phosphate with 3-phenyl-propanol, a yield of 32% for compound 42 was obtained (Scheme 22B).  

The reduced reactivity seen for the phosphate addition with both Mitsunobu and DCC 

coupling conditions can be rationalised by the mechanisms for these reactions (Scheme 23 and 

Scheme 24 respectively). In the case of both the mechanisms for the DCC coupling and Mitsunobu 

methodology the nucleophilic attack of the reacting alcohol (3-phenyl-propanol) occurs at a large 

sterically hindered intermediate formed by the reaction with DCC or DIAD respectively. As well as 

steric hindrance for the attack of the alcohol, the higher bulk of the dibenzyl phosphate will also 

negatively affect interaction between the phosphate and either DCC or DIAD. Contrastingly, in the 

case of the chlorophosphate reaction, the attack of the alcohol occurs at a less sterically hindered, 

more highly reactive activated phosphate intermediate (Scheme 25).  
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Scheme 23: Mechanism for the Mitsunobu reaction between dibenzyl phosphate and 3-phenyl-propanol 40 

 

 

Scheme 24: Mechanism for the DCC coupling reaction between dibenzyl phosphate and 3-phenyl-propanol 40 
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Scheme 25: Mechanism for the oxalyl chloride activated reaction between dibenzyl phosphate and 3-phenyl-propanol 40 

With the pre-activation with oxalyl chloride providing the highest yield in the 3-phenyl-

propanol screens, this reaction was attempted on the tetra-benzyl-ribitol compound 35 (Scheme 

26).  Initial tests utilising the same reaction conditions for the reaction with 3-phenyl-propanol 

provided the desired fully benzylated product in yields of 20%. To increase the yield for this reaction, 

attempts were made to increase the activation of the diphosphate starting material by using a 

higher number of equivalents of oxalyl chloride. Rather than increase yields, however, this lead to 

the formation of no desired product and instead degradation and loss of starting material was seen 

(only 50% of the starting material sugar was recovered by column chromatography). Alongside this, 

the presence of a major diphosphate side product was noticed and this was identified as the product 

forming through the addition of dibenzyl phosphate to itself.  The inability to increase the final yield 

of this reaction above the initial 20%, and the difficulties in isolating this compound from the starting 

sugar, lead to an alternative methodology being investigated. 

One promising possibility was the triflic anhydride/pyridine activation of phosphotriesters, 

which was explored in great depth for the synthesis of SATE protected phosphates (See Chapter 4, 

pg. 104).  The literature procedure on which the SATE methodology was based,237 utilised 

incorporation of a bis-ethyl phosphate by reaction with tri-ethyl-phosphate and this reaction was 

shown to be successful on a benzylated substrate during the development of the SATE methodology. 

Indeed, the formation of the ethyl phosphate derivative of 6 was successful with yields of 55% and 

the purification of this product was much simpler than for the benzyl phosphate product (Scheme 

26)  
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Scheme 26: Formation of the 1-Az-OH-Phos probe from compound 6  Reagents and Conditions a) tri-ethyl phosphate, Tf2O, 
pyridine, DCM, r.t., 1h, (55%) b) TMSBr, c) BCl3, DCM, -78°C, 3 h, (56% over 2 steps) 

With compound 43 successfully synthesised, work moved towards deprotection of this 

compound to yield the 1-Az-OH probe. This was attempted via a two-step deprotection. Initially, the 

phosphate protecting groups were cleaved by the use of TMSBr. This reaction was found to be 

successful, yielding compound 44 with no loss of benzyl groups observed. There was no evidence of 

incompletely deprotected phosphate, though a sugar side product was present which is believed to 

be an alkyl bromide formed by substitution of the phosphate moiety by bromine as indicated within 

the crude 1H NMR spectrum. No evidence was seen for any ethyl- or silyl-containing side products 

indicating these were all removed by co-evaporation of the crude reaction mixture with toluene. The 

crude product of this reaction was carried through to the next step without purification. 

Debenzylation of compound 44 with BCl3 was found to be successful as 

evidenced by a peak in ESI-MS for the desired product and NMR analysis. There 

was no longer evidence for the brominated side-product within the ESI-MS or by 

NMR, and instead, the only other product seen within the NMR was the side 

product 45. This is believed to have formed similarly to the tosylation side 

products described previously (Scheme 11, pg. 71). 1H and 13C NMR data 

obtained for the crude product confirmed the desired 1-Az-OH-Phos probe, and all other peaks 

correlated with literature data for the side product 45.   

With the crude deprotected phosphate probe now in hand, ion-exchange chromatography 

was explored for purification of this probe using a model system consisting of glucose and glucose-1-

phosphate. However, this was unsuccessful and showed decomposition of the sugar-phosphate. 

Literature for the synthesis of similar phospho-sugars typically utilises purification by HPLC, however, 

the lack of access to preparative HPLC meant this was not possible.  Since the only identified side 

 
Figure 15: Side product 45 
formed by the 
deprotection of 44 
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product 45 does not carry a phosphate, it will likely not interfere with any planned biological tests 

and in vitro studies of the 1-Az-OH-Phos probe in the presence of compound 45 can still be run.a  

In summary, through the development and optimisation of a synthetic route to compound 6, 

all 5 of the 1-Az probes were successfully synthesised, while only the 1-Az-OH-Phos probe has been 

synthesised but not yet fully purified.  

Synthesis of Probes from Commercially Available Starting Sugar 5-

Allyl-2,3,4-tri-O-Benzyl-D-Ribitol  

 
Scheme 27: Synthesis of compound 6 from commercially available 5-allyl-2,3,4-tri-O-benzyl-ribitol Reagents and Conditions 
a) i) MsCl, pyridine, r.t., 3 h ii) NaN3, DMF, 100°C, 72 h, (57%)  b) PdCl2, MeOH, r.t., 18 h (63%)  

Having developed a successful route to all five of the 1-Az probes from D-ribitol, an 

alternative procedure to synthesise compound 6 starting from commercially available 5-allyl-2,3,4-

tri-O-benzyl-D-ribitol (46) was explored. Efficient synthesis of the key intermediate 6 was achieved in 

2 steps (Scheme 27). Initial azidation of the free alcohol utilising a mesylate intermediate yielded the 

allyl containing ribitol substrate 47, after which the selective cleavage of the allyl group was 

achieved by the use of catalytic quantities of palladium(II)dichloride (PdCl2) in dry methanol. This 

gave selective cleavage of the allyl group leaving the benzyl groups fully untouched, with the only 

other recovered sugar being identified as the unreacted starting material. 

 

Scheme 28: Proposed mechanism for the selective allyl deprotection with PdCl2 based on literature observations reported by 
Barbier et al247 

The proposed mechanism for the selective allyl deprotection is presented within Scheme 28. 

Evidence for this mechanism is based on observations within literature.247 The majority of allyl 

deprotection reactions reported with Pd catalysts run in the presence of KCO3 or a copper-

containing regeneration catalyst.248 In our case these are not present, though the reaction was still 

found to be moderately high yielding with only catalytic quantities of PdCl2 (63%, 0.2 equivalents). A 

                                                           
a Preliminary tests run by Willems group PhD student Tom Ward using recombinant ISPD with ribose-

phosphate as a substrate and a CMP-Glo kinetic assay for the readout of enzymatic activity showed no 
turnover, indicating that pentose sugars are unlikely to cause issues and suggesting the side-product 45 will 
indeed not interfere with in vitro testing. 
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publication by Barbier and co-workers reports a variety of different allyl deprotection conditions.247 

They note that the selective removal of allyl groups with PdCl2 is successful in methanol, but not 

dichloromethane, tert-butanol, or butylamine. This indicates that methanol itself is essential for the 

deprotection to proceed. Within the same publication, they propose a mechanism for a similar 

mercury catalysed allyl deprotection. This mechanism relies on the rearrangement of the allyl double 

bond, and coordination of mercury to the allyl ether group. This coordination then allows the 

removal of the allyl group through the attack of water at this coordinated site. As well as explaining 

why in the absence of alcohol the palladium catalysed deprotection is unable to proceed, and the 

lack of regeneration catalyst, this also explains why only the allyl groups are cleaved and the benzyl 

ethers remain untouched, as benzyl groups do not include a site for this metal coordination.  

The new synthesis of the Key Intermediate 2 compound 6 from commercially available 5-

allyl-2,3,4-tri-O-benzyl-ribitol gave an overall yield of 37% over two steps. This provides a much more 

efficient and shorter method for the synthesis of the 1-Az probes. Overall this route is 7 steps 

shorter and gives an overall yield 32% higher than the route to 6 starting from D-ribose.  

3.5 Conclusion 

The synthesis of a panel of 1-azido-ribitol-5-phosphate metabolic labelling probes has been 

successful, with five probes of varied protecting group strategy obtained for biological testing. As 

well as accessing final compounds, these routes have utilized the newly developed method of SATE 

phosphate synthesis which is described in Chapter 4. In addition to the 12-step route from the 

starting sugar D-ribose, a shorter, higher-yielding, route from the commercially available 5-allyl-

2,3,4-tri-O-benzyl-ribitol sugar has been proven to be successful. While this starting material is more 

expensive, the costs are compensated by the faster, more efficient method that is 7 steps shorter 

and improves the yield of key intermediate 6 by over 30%, which will be particularly useful for 

larger-scale synthesis. Furthermore, the method development and protecting group manipulations 

discovered will provide a foundation on which routes to alternative ribitol-5-phosphate based 

probes can be built.  

 By obtaining probes for use in both in vivo and in vitro studies we can monitor these probes 

both in live-cell systems and on the relevant recombinant enzymes ISPD, FKTN and FKRP in vitro to 

confirm whether the 1-azido modifications are tolerated by the enzymes which incorporate ribitol-5-

phosphate onto α-DG. Additionally, the non-phosphate-containing ribitol-based probes will allow us 

to not only gain further information about the biosynthesis of ribitol-5-phosphate within cells, but, if 

successful, will provide an easier-to-synthesise structure for future generations of probes.  
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3.6 Experimental 

General Experimental  

All reactions were conducted in oven dried glass wear under nitrogen, and where specified 

dry solvents used were either freshly distilled (DCM, DMF, toluene, THF) or from a SureSeal bottle, 

(DCE, pyridine). Flash column chromatography was run either manually with high purity 220-400 μm 

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

to 40 μm particle size silica (RediSep Rf Gold Normal-Phase Silica columns) here specified. Reactions 

and column fractions were monitored by TLC 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; and for azido compounds the procedure involved initial reaction with 10% PPh3 in DCM, 

followed by staining with ninhydrin.  

For phosphate addition reactions all starting materials were dried prior to use by co-

evaporation with toluene three times and drying on a high vacuum manifold overnight. Triflic 

anhydride was distilled over P2O5 prior to use and pyridine was used from a SureSeal stored over 

molecular sieves. 

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) where 

specified. 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, δ) 

relative to the solvent (CDCl3, δ 7.26; CD3OD, δ 3.31; D2O, δ 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 (apt t), and so forth. Splitting 

patterns that could not be visualized or easily interpreted were designated as multiplet (m). Coupling 

constants are reported in Hertz (Hz).  Where sugar NMR data is reported in a ratio of anomers, the 

NMR data is assigned with integrals as whole integers corresponding to the number of protons 

within the peak. Where one anomer is greatly preferred, 13C NMR may not be visible for the minor 

anomer and in those cases the 13C NMR data is reported for only the major anomer. This is denoted 

by ‘13C NMR (α) δ’ 

IR spectra were obtained by thin film ATR on a Perkin Elmer Spectrum 2 and [α]D 

measurements obtained on a Bellingham Stanley ADP400 polarimeter at the in the given solvent at 

specified concentration where C = 1 = 10 mg/mL. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/two-dimensional-nuclear-magnetic-resonance-spectroscopy
https://www.sciencedirect.com/topics/chemistry/heteronuclear-multiple-bond-coherence
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Methyl-5-O-tert-butyldiphenylsilyl-α,β-L-ribofuranoside 

To a stirring solution of L-Ribose (495 mg, 3.30 mmol, 1.00 equiv.) in dry MeOH (20 mL), was added HCl (2 M 

solution in Et2O, 0.60 mL, 1.2 mmol, 0.36 equiv.). The resulting solution was allowed to stir at RT for 1 h after 

which pyridine (10 mL) was added and the solvents removed in vacuo. The residue was co-evaporated with 

pyridine (2 x 7 mL) and left under high vacuum for 30 mins. Pyridine (5 mL) and TBDPS-Cl (1.1 mL, 4.2 mmol, 

1.3 equiv.) were added and the resulting solution was stirred for 24 hrs. The reaction mixture was 

concentrated under reduced pressure and the resulting residue was dissolved in EtOAc (20 mL) and washed 

with H2O (20 mL). The aqueous layer was further extracted with EtOAc (3 x 10 mL) before the combined 

organic layers were dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified by 

flash column chromatography on an automated system (gradient 0% to 60% EtOAc in hexane) to afford the 

title compound as a pale yellow oil (706 mg, 1.82 mmol, 55%) in a ratio of 1:8 α:β. 

HRMS-ESI: Calculated for: [C22H30O5Si + Na+]: 425.1863, found: 425.1858 1H NMR (400 MHz, CHLOROFORM-D) 

δ 1.05 (s, 9H, α C(CH3)3 TBDPS)1.07 (s, 9H, β C(CH3)3 TBDPS), 2.33 (d, J = 5.6 Hz, 1H, β OH), 2.55 (d, J = 8.2 Hz, 

1H, α OH), 2.66 (d, J = 3.4 Hz, 1H, β OH), 2.89 (d, J = 9.6 Hz, 1H, α OH), 3.31 (s, 3H, β OCH3), 3.49 (s, 3H, α 

OCH3), 3.77 (dd, J = 10.5, 5.5 Hz, 2H, α CH-5, β CH-5), 3.83 (dd, J = 10.6, 4.9 Hz, 2H, α CH-5’, β CH-5’), 4.00 – 

4.07 (m, 4H, α CH-3, CH-4, β CH-3, CH-4), 4.19 – 4.26 (m, 1H, α CH-2), 4.30 – 4.39 (m, 1H, β CH-2), 4.85 (d, J = 

1.3 Hz, 1H, β CH-1), 4.94 (d, J = 4.1 Hz, 1H, α CH-1), 7.35 – 7.47 (m, 12H, CH arom.), 7.63 – 7.72 (m, 8H, CH 

arom.) 13C NMR (101 MHz, CHLOROFORM-D) (β) δ ppm : 19.34 (C(CH3)3 TBDPS), 26.92(C(CH3)3 TBDPS), 55.31 

(OCH3), 65.17 (CH-5), 72.73 (CH-2), 75.41 (CH-3), 83.06 (CH-4), 108.19 (CH-1), 127.84 129.88, 133.29,  135.66 

((CH arom.) IR (vmax, film) 3392, 3074, 2930, 2857, 1593, 1471, 1427, 1105, 1050, 974, 893, 699, 502 cm-1  

 

Methyl-2,3-di-O-benzyl-5-O-tert-butyldiphenylsilyl-α,β-L-ribofuranoside (1) 

To a stirring solution of Methyl-5-O-tert-butyldiphenylsilyl-α,β-L-ribofuranoside (187 mg, 0.465 mmol, 1.00 

equiv.) in dry DMF (6.5 mL) at 0°C was added BnBr (0.25 mL, 1.9 mmol, 4.1 equiv.), TBAI (5.0 mg, 14 μmol, 

0.029 equiv.) and NaH (60% dispersion in mineral oil, 78 mg, 2.0 mmol, 4.2 equiv.) under N2. The reaction was 

allowed to stir at RT for 2 hrs before the reaction was quenched by the addition of MeOH (7 mL) and the 

reaction mixture was concentrated under reduced pressure. The crude residue was purified by automated 

flash column chromatography (gradient 0% to 50% EtOAc in hexane) to afford the title compound as a 

colourless oil (181 mg, 0.310 mmol, 67%) in a ratio of 1:8 α:β. 

HRMS-ESI: Calculated for: [C36H42O5Si + Na+]: 605.2699, found: 605.2698. 1H NMR (400 MHz, CHLOROFORM-D) 

δ 1.04 (s, 9H, β C(CH3)3 TBDPS), 1.08 (s, 9H, α C(CH3)3 TBDPS), 3.32 (s, 6H, α OCH3, β OCH3,),  3.72 (dd, J = 11.1, 

4.2 Hz, 2H, α CH-5, β CH-5),   3.79 – 3.92 (m, 4H, α CH-4, CH-5’, β CH-4, CH-5’), 4.18 (dd, J = 6.8, 4.3 Hz, 2H, α 

CH-3, β CH-3), 4.27 (dt, J = 6.8, 4.0 Hz, 2H, α CH-2, β CH-2), 4.46 (d, J = 11.9 Hz, 2H, α/β CH2 OBn), 4.53 (d, J = 

11.8 Hz, 2H, α/β CH2 OBn), 4.60 (d, J = 12.1 Hz, 2H, α/β CH2 OBn), 4.68 (d, J = 12.0 Hz, 2H, α/β CH2 OBn), 4.95 

(s, 1H, β CH-1), 5.11 (s, 1H, α CH-1), 7.27 – 7.46 (m, 32H, CH arom.), 7.64 – 7.71 (m, 8H, CH arom.). 13C NMR 

(101 MHz, CHLOROFORM-D) (β) δ ppm: 19.56 (C(CH3)3 TBDPS),  27.08 (C(CH3)3 TBDPS),  55.54 (OCH3), 64.38 

(CH-5), 72.57, 72.68 (CH OBn), 77.88 (CH-4), 80.20, 82.25 (CH-2, CH-3), 106.50 (CH-1),  127.98, 128.08, 128.30, 

128.64, 128.70, 129.91, 129.96, 133.72, 135.92 (CH arom.) IR (vmax, film) 3023, 2928, 2856, 1452, 1427, 1105, 

608, 503 cm-1  
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Attempted Synthesis of methyl-2,3-di-O-benzyl-5-O-tert-butyldiphenylsilyl-α,β-L-ribitol (2) 

To a stirring solution of methyl-2,3-di-O-benzyl-5-O-tert-butyldiphenylsilyl-α,β-L-ribofuranoside (1) (45 mg, 77 

μmol, 1.0 equiv.) in dry toluene (0.75 mL) was added a solution of DIBAL-H (in toluene, 2 M, 0.45 mL, 6.0 

equiv) at RT. The reaction was heated to 60°C for 10 mins, after which the reaction was cooled to 0°C and 

quenched by the addition of 10% NaOH sol. (5 mL). The organic products were extracted with DCM (3 × 10 

mL), and the organic layers were combined, dried over MgSO4, filtered and concentrated in vacuo. The 

resulting crude residue was purified by flash column chromatography (20%-33% EtOAc in hexane) but gave no 

desired product, instead partially deprotected side products including both ring opened methyl-2,3-di-O-

benzyl-ribitol (8) (12 mg, 34 μmol, 45%) and ring closed methyl-2,3-di-O-benzyl- α,β-L-ribanose (9) (15 mg, 43 

μmol, 55%) were obtained as clear oils.  

 
Ring Opened methyl-2,3-di-O-benzyl-D-ribitol (8) 

HRMS-ESI: Calculated for: [C20H26O5 + Na+]: 369.1678, found: 369.1675 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 2.03 (s, 1H, OH), 2.73 (br s, 1H, OH) 3.37 (s, 3H, OCH3) 3.58 (ddd, J = 10.4, 4.1, 1.6 Hz, 1H, CH-5), 3.65 – 

3.77 (m, 4H, CH-1, CH-2, CH-1’, CH-5’), 3.77 – 3.88 (m, 2H, CH-2, CH-3), 4.61 (d, J = 11.7 Hz, 2H), 4.67 (d, J = 11.4 

Hz, 2H), 4.75 (d, J = 11.7 Hz, 1H), 7.27 - 7.42 (m, 10H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 59.36 

(OCH3), 63.70 (CH-1), 71.30 (CH-5), 72.23 (CH OBn), 74.09 (CH-2), 79.01, 79.18 (CH-3, CH-4), 128.08, 128.10, 

128.20, 128.66, 137.85 (CH arom.). IR (vmax, film) 3400, 2876, 1496, 1530, 1206, 1097, 1027, 735, 696, 604 cm-1 

[α]D
20 = +2.53 (c = 1.0, DCM) 

 
Ring Closed methyl-2,3-di-O-benzyl-α,β-L-ribofuranoside (9) 

HRMS-ESI: Calculated for: [C20H24O5 + Na+]: 367.1521, found: 367.1515 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.37 (s, 3H, CH3), 3.52 - 3.60 (m, 1H, CH-5), 3.74 - 3.81 (m, 1H, CH-5’), 3.87 (d, J = 4.7 Hz, 1H, CH-4), 4.06 – 4.17 

(m, 1H, CH-2/3), 4.24 – 4.33 (m, 1H, CH-2/3), 4.50 (d, J = 11.4 Hz, 1H, CH OBn), 4.57 (d, J = 11.5 Hz, 1H, CH 

OBn), 4.63 (d, J = 11.6 Hz, 1H, CH OBn), 4.67 (d, J = 11.8 Hz, 1H, CH OBn), 4.89 (s, 1H, CH-1), 7.28 – 7.43 (m, 

10H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 55.15 (OCH3), 62.79 (CH-5), 72.64 (CH-4), 72.82 (CH2 

OBn), 82.45 (CH-2, CH-3), 106.98 (CH-1), 128.03, 128.07, 128.15, 128.60 (CH arom.) IR (vmax, film) 3455, 3035, 

2920, 1496, 1453, 1320, 1094, 1027, 934, 735, 696, 567 cm-1  

 

5-O-trityl-α,β-L-ribofuranose (11) 

To a stirring solution of L-Ribose (493 mg, 3.28 mmol, 1.00 equiv.) in dry pyridine (7 mL) was added TrCl (1.05 

g, 3.75 mmol, 1.14 equiv.) and the resulting solution was allowed to stir for 27 hours at RT after which DMAP 

(40 mg, 0.32 mmol 0.1 equiv.) was added and the reaction was continued at RT for a further 24 hours. The 

reaction was quenched by the addition of MeOH (1 mL) and the reaction mixture was concentrated under 

reduced pressure and co-evaporated with toluene (2 × 5 mL). The resulting residue was dissolved in DCM (10 

mL), washed with sat. NaHCO3 solution (10 mL), dried over MgSO4, filtered and concentrated in vacuo to afford 

the crude product. The crude product was purified by flash column chromatography (gradient 20-33% ethyl 

acetate in hexane) to afford the title product as a white foam (621 mg, 1.58 mmol, 48%) that was found to 

degrade to ribose and the free trityl group. NMR Data unable to be obtained.  
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5-O-tert-butyl-diphenyl-silyl-α,β-D-ribofuranose (21) 
To two stirring solutions of D-ribose (6.50 g, 43.3 mmol, 1.00 equiv.) and DMAP (50 mg, 0.41 mmol, 0.010 

equiv.) in dry pyridine (150 mL) at 0°C was added TBDPS-Cl (11.2 mL, 43.3 mmol, 1.00 equiv.) dropwise. The 

reactions were allowed to stir at RT for 72 hrs after which each reaction was quenched by the addition of 

MeOH (20 mL) and the reation mixture was concentrated under reduced pressure and co-evaporated with 

toluene (3 x 50 mL). The resulting residues were combined and dissolved in DCM (500 mL), washed with 0.5 M 

HCl (150 mL), water (150 mL) and brine (150 mL). Each aqueous layer was re-extracted with EtOAc (200 mL) 

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

crude product. The crude product was purified by automated flash column chromatography (gradient 20 to 

70% EtOAc in hexane) to afford the title product as a pale yellow oil (20.1 g, 51.8 mmol, 60%) in a 3:1 ratio of 

α:β.  

HRMS-ESI Calculated for [C21H28O5Si + Na+]: 411.1498 found: 411.1500 1H NMR (400 MHz, CHLOROFORM-D) δ 

1.03 (s, 9H, β C(CH3) TBDPS), 1.06 (s, 9H, α C(CH3) TBDPS), 3.64 – 3.77 (m, 2H, α CH-5, CH-5’), 3.78 – 3.85 (m, 

1H, CH-5), 3.85 – 3.92 (m, 1H, β CH-5’), 3.97 – 4.07 (m, 1H, β CH-4), 4.14 – 4.24 (m, 3H, α CH-2, CH-3, CH-4), 

4.47 (t, J = 5.3 Hz, 1H, β CH-3), 4.66 – 4.76 (m, 1H, β CH-2), 5.24 (s, 1H, β  CH-1), 5.35 (s, 1H, α CH-1), 7.30 – 

7.53 (m, 12H, CH arom.), 7.53 – 7.84 (m, 8H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) (α) δ ppm: 18.44 

(C(CH3)3 TBDPS), 26.94 (C(CH3)3 TBDPS), 64.23 (CH-5), 71.97, 73.70 (CH-2, CH-3), 85.86 (CH-4), 95.87 (CH-1), 

127.43, 128.57, 129.99, 130.59, 131.73, 133.33, 135.67, 136.49 (CH arom.) IR (vmax, film) 3380, 3079, 2931, 

2858, 1427, 1111, 737, 701 cm-1  

 
5-O-tert-butyl-diphenyl-silyl-D-ribitol (21) 

To a stirring solution of 5-O-tert-butyl-diphenyl silyl-α,β-D-ribofuranose (16) (10.0 g, 25.7 mmol, 1.00 

equiv.) in EtOH (250 mL) at 0°C was added NaBH4 (1.96 g, 51.5 mmol, 2.00 equiv.). The reaction was allowed to 

warm to RT and allowed to stir for 6 hours. The reaction was quenched by the dropwise addition of AcOH (35 

mL) and the solvents were removed in vacuo. The resulting residue was dissolved in EtOAc (200 mL). After 

stirring for 10 mins the resulting salt was removed by filtration and the reaction mixture concentrated under 

reduced pressure. The crude product was purified by automated flash column chromatography (gradient 10 to 

100% EtOAc in hexane) to afford the title compound as a pale yellow foam (4.31 g, 11.1 mmol, 43%).  

HRMS-ESI Calculated for [C21H30O5Si + Na+]: 413.1755, found: 413.1750 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.04 (s, 9H, C(CH3)3 TBDPS) 3.50-3.80 (m, 7H, CH-1, CH-2, CH-3, CH-4, CH-5), 7.34-7.40 (m, 6H, CH arom.), 

7.62-7.68 (m, 4H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 19.28 (C(CH3)3 TBDPS), 26.95 (C(CH3)3 

TBDPS), 63.31 (CH-1), 65.62 (CH-5), 72.24, 72.91, 73.10, (CH-2, CH-3, CH-4), 127.99, 130.26, 133.22, 135.63, 

138.57 (CH arom.) IR (vmax, film) 3369, 3071, 2930, 2888, 2857, 1427, 1105, 1046, 699, 486 cm-1 

[α]D
20 = +4.40 (c = 1.0, DCM) 

 
5-O-tert-butyl-diphenylsilyl-1-O-trityl-ribitol (12) 

To a stirring solution of 5-O-tert-butyl-diphenyl-silyl-D-ribitol (21) (4.40 g, 11.1 mmol, 1.00 equiv.) in dry 

DCM (180 mL) was added NEt3 (3.3 mL, 24 mmol, 2.1 equiv.) and TrCl (3.75 g, 13.5 mmol, 1.22 equiv.), and the 

resulting solution was heated to 60°C for 48 hours. The reaction was quenched with MeOH (10 mL) and the 

solvent removed in vacuo. The crude mixture was then dissolved in EtOAc (500 mL) and washed consecutively 

with 1M HCl (200 mL), sat. aqueous NaHCO3 solution (200 mL) and brine (200 mL), and the combined organic 

layers were dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified by 
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automated flash column chromatography (gradient from 0 to 60% EtOAc in hexane) to afford the title 

compound as a pale yellow oil (4.18 g, 6.61 mmol, 60%) 

HRMS-ESI Calculated for [C40H45O5Si + Na+]: 655.2850, found: 655.2863 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.05 (s, 9H, C(CH3)3TBDPS), 2.91 – 3.14 (m, 2H, CH-1, CH-1’), 3.35 (dd, 1H, J=9.9, 4.7 Hz, CH-5) 3.48 (dd, J = 

9.9, 4.0 Hz, 1H, CH-5), 3.68 (m, 1H, CH-2), 3.63 – 3.70 (m, 1H, CH-2), 3.70 – 3.79 (m, 1H, CH-4), 3.83 (dd, J = 4.7, 

1.8 Hz, 1H, CH-3),  7.22 - 7.52 (m, 21H, CH arom.), 7.49 - 7.73 (m, 4H, CH arom.) 13C NMR (101 MHz, 

CHLOROFORM-D ) δ ppm 19.19(C(CH3)3 TBDPS), 21.01 26.84 (C(CH3)3 TBDPS),  65.13 (CH-1), 65.35 (CH-5), 71.84 

(CH-3), 72.53 (CH-2), 73.26 (CH-3), 87.35 (C(Ph)3 Trityl),  127.22, 127.83, 127.91, 127.99, 128.51, 129.95, 

132.62, 135.49, 143.48 (CH arom.) IR (vmax, film) 3466, 3056, 2930, 2857, 1471, 1111, 1053, 700, 504 cm-1 

[α]D
20 = -3.61 (c = 1.00, DCM) 

 
2,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-1-O-trityl-ribitol (17) 

To a stirring solution of 5-O-tert-butyl-diphenylsilyl-1-O-trityl-ribitol (12) (910 mg, 1.44 mmol, 1.00 equiv.) in 

dry pyridine (10 mL), was added Ac2O (1.4 mL, 5.4 mmol, 3.8 equiv.) and DMAP (40 mg, 0.33 mmol, 0.24 

equiv.). The reaction was allowed to stir for 72 hours at RT before the solvents were removed in vacuo and co-

evaporated with toluene (3 x 10 mL). The resulting residue was dissolved in DCM (30 mL) and washed with H2O 

(30 mL), the aqueous layer was further extracted with DCM (3 x 30 mL) and the combined organic layers 

washed with sat. aqueous NaHCO3 solution, dried over MgSO4, filtered and concentrated in vacuo to afford the 

crude product. The crude product was purified by automated column chromatography (gradient 0-50% EtOAc 

in hexane) to afford the title compound as a clear oil (850 mg, 1.12 mmol, 78%) 

HRMS-ESI Calculated for [C46H54O8Si + Na+]: 781.3167, found: 781.3184 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.08 (s, 9H, C(CH3)3 TBDPS), 1.83 (s, 3H, CH3 OAc), 1.85 (s, 3H, CH3 OAc), 1.96 (s, 3H, CH3 OAc) 3.18 (dd, J = 

10.3, 6.1 Hz, 1H, CH-1) 3.32 (dd, J=10.3, 3.2 Hz, 1H, CH-1’) 3.73 (dd, J=11.2, 6.1 Hz, 1H, CH-5) 3.83 (dd, J=11.2, 

3.7 Hz, 1H, CH-5’), 5.25 - 5.28 (m, 1H, CH-4), 5.36 - 5.42 (td, J = 6.1, 3.2, 1H, CH-2), 5.48 (dd, J = 6.1, 4.8 Hz, 1H, 

CH-3), 7.17 – 7.31 (m, 10H, CH arom.), 7.32 – 7.45 (m, 12H, CH arom.), 7.57 – 7.66 (m, 3H, CH arom.) 13C NMR 

(101 MHz, CHLOROFORM-D) δ ppm 18.60 (C(CH3)3 TBDPS), 23.54 (C(Ph)3 Trityl), 25.06 (C(CH3)3 TBDPS), 25.16, 

25.22, 25.29 (CH3 OAc), 66.45 (CH-1), 66.58 (CH-5), 73.88 (CH-3), 75.51 (CH-2), 77.00 (CH-4), 86.66 (C(Ph)3 

Trityl), 131.45, 132.12, 133.01, 134.16, 137.44, 137.47, 139.99, 147.97, (CH arom.)  173.63, 173.66, 174.21 

(C=O) IR (vmax, film) 2940, 2853, 1750, 1431, 1360, 1219, 1114, 1049, 702, 510 cm-1 [α]D
20 = +1.28 (c = 1.0, DCM) 

 

2,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (18) 
To a stirring solution of 2,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-1-O-trityl-ribitol (17) (101 mg, 0.133 

mmol, 1.00 equiv.) in 1:1 DCM:MeOH (2.5 mL) was added HCl (cat.). After 5 hours at RT the reaction was 

quenched with addition of sat. aqueous NaHCO3 solution (10 mL) and the aqueous layer was further extracted 

with EtOAc (3 x 15 mL). The combined organic layers were washed with brine (10 mL), dried over MgSO4, 

filtered and concentrated in vacuo to afford the crude product which was purified by automated column 

chromatography (gradient 0-30%) to afford the title product as a clear oil (20 mg, 38 μmol, 22%) alongside 

1,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (10 mg, 19 μmol, 11%) and 1,2,4-tri-O-acetyl-5-O-tert-

butyldiphenylsilyl-ribitol (10 mg, 19 μmol, 11%) 

HRMS-ESI Calculated for [C27H36O8Si + Na+]: 539.2072, found: 539.2067 1H NMR (400 MHz, CHLOROFORM-D) δ 

1.06 (s, 9H, C(CH3)3 TBDPS), 2.02 (s, 3H, CH3 OAc), 2.05 (s, 3H, CH3 OAc), 2.08 (s, 3H, CH3 OAc), 3.57 (dd, J = 

10.5, 5.5 Hz, 1H, CH-5), 3.70 (dd, J = 10.5, 3.2 Hz, 1H, CH-5’), 4.12 (dd, J = 8.0, 4.4 Hz, 1H, CH-3), 4.27 (dd, J = 

11.7, 7.4 Hz, 1H, CH-1), 4.38 (dd, J = 11.7, 3.2 Hz, 1H, CH-1’), 5.19 (dd, J = 8.0, 3.2 Hz, 1H, CH-2), 5.47 (ddd, J = 

8.0, 5.5, 3.2 Hz, 1H, CH-4), 7.35 – 7.52 (m, 7H, CH arom.), 7.64 (dddt, J = 8.7, 6.4, 4.6, 2.2 Hz, 4H, CH arom.). 13C 

NMR (101 MHz, CHLOROFORM-D) δ 19.26 (C(CH3)3 TBDPS), 20.95, 21.03 (CH3 OAc), 26.77 (C(CH3)3 TBDPS), 
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62.14 (CH-1), 65.23 (CH-5), 68.64 (CH-2), 72.12 (CH-3), 72.37 (CH-4), 127.59, 130.04, 132.70, 135.72 (CH 

arom.), 170.08, 170.59, 171.35 C=O). IR (vmax, film) 3474, 2931, 2857, 1741, 1427, 1369, 1215, 1111, 1045, 504 

cm-1 [α]D
20 = -4.21  (c = 1.0, DCM)  

 

1,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (22) 
1H NMR (400 MHz, CHLOROFORM-D) δ 1.05 (s, 9H, C(CH3)3 TBDPS), 2.02 (s, 3H, CH3 OAc), 2.06 (s, 3H, CH3 OAc), 

2.08 (s, 3H, CH3 OAc), 3.85 (dd, J = 12.3, 3.2 Hz, 1H, CH-5), 3.98 (dd, J = 11.4, 4.6 Hz, 1H, CH-5’), 4.05 – 4.19 (m, 

1H, CH-2), 4.26 (dd, J = 12.4, 6.0 Hz, 1H, CH-1), 4.48 (dd, J = 12.4, 3.2 Hz, 1H, CH-1’), 4.90 – 4.95 (m, 1H, CH-3), 

5.13 (td, J = 6.2, 3.0 Hz, 1H, CH-4), 7.35 – 7.50 (m, 6H, CH arom.), 7.60 – 7.71 (m, 4H, CH arom.) 

 

1,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (23) 
1H NMR (400 MHz, CHLOROFORM-D) δ 1.05 (s, 9H, C(CH3)3 TBDPS), 2.02 (s, 3H, CH3 OAc), 2.02 (s, 3H, CH3 OAc), 

2.08 (s, 3H, CH3 OAc), 3.81 (dd, J = 11.0, 5.0 Hz, 1H, CH-5), 3.89 (dd, J = 11.0, 4.8 Hz, 1H, CH-5’), 4.08 – 4.23 (m, 

3H, CH-1, CH-1’, CH-3), 5.23 (dd, J = 6.6, 3.9 Hz, 1H, CH-2), 5.32 (dd, J = 5.0, 4.8 Hz, 1H, CH-4), 7.42 (ddd, J = 

14.2, 7.6, 5.7 Hz, 6H), 7.66 (td, J = 7.8, 1.8 Hz, 4H). 

 
1-Azido-2,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (19) 

To a stirring solution of 5-O-tert-butyl-diphenylsilyl-D-ribitol (21) (156 mg, 0.400 mmol, 1.00 equiv.) in dry 

pyridine (2 mL) at 0°C was added TsCl (110 mg 0.575 mmol, 1.43 equiv.). The reaction was maintained at 0°C 

for 3 hrs before the addition of Ac2O (0.60 mL, 2.3 mmol, 6.1 equiv.). The reaction was maintained at 0°C for a 

further 3 hrs before quenching by the addition of MeOH (1 mL) and the reaction mixture was concentrated 

under reduced pressure. The crude product was purified by automated flash column chromatography 

(gradient 0 to 50% EtOAc in hexane) to afford the desired tosyl intermediate (67 mg, 0.11 mmol, 27%) which 

was dissolved in dry DMF (1 mL) and NaN3 (28 mg, 0.42 mmol, 4.2 equiv.) added. The resulting solution was 

heated to 60°C for 24 hours before the reaction was quenched by the addition of sat. aqueous NaHCO3 

solution (10 mL) and the product was extracted with EtOAc (3 x 10 mL). The combined organic layers were 

washed consecutively with sat. aqueous NaHCO3 solution (20 mL) and brine (20 mL), dried over MgSO4, filtered 

and concentrated in vacuo. The crude product was purified by automated flash column chromatography 

(gradient 0 to 100% EtOAc on hexane) to afford the title product as a yellow oil (15 mg, 27 μmol, 25% from the 

tosylated intermediate, 7.1% overall) 

HRMS-ESI Calculated for [C27H35O7N3Si + Na+]: 564.2136, found: 564.2150 1H NMR (400 MHz, CHLOROFORM-D) 

δ ppm 1.09 (s, 9H, C(CH3)3 TBDPS), 1.86 (m, 3H, CH3 OAc), 2.03 (s, 3H, CH3 OAc), 2.08 (s, 3 H, CH3 OAc), 3.34 (dd, 

J = 13.4, 7.0 Hz, 1H, CH-1), 3.41 (dd, J = 13.4, 3.3 Hz, 1H, CH-1’), 3.96-4.06 (m, 3H, CH-2, CH-5, CH-5’), 5.20 (dd, J 

= 5.5, 3.9 Hz, 1H, CH-3), 5.36 - 5.43 (m, 1H, CH-4), 7.22 - 7.48 (m, 6H, CH arom.), 7.55 – 7.61 (m, 2H, CH arom.), 

7.68 – 7.73 (m, 2H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 19.26, 20.35, 20.68 (CH3 OAc), 

25.55 (C(CH3)3 TBDPS), 26.27 (C(CH3)3 TBDPS), 50.11 (CH-1), 64.78 (CH-5), 67.92 (CH-3), 70.45 (CH-2), 72.06 (CH-

4), 127.58, 130.24, 135.61, 136.06, (CH arom.), 169.30, 169.69, 170.51 (C=O OAc) IR (vmax, film) 2931, 2858, 

2103, 1743, 1427, 1368, 1222, 1104, 701, 504 cm-1   
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1-2,3,4,5-tetra-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol  (25) 

HRMS-ESI Calculated for [C29H38O9 + Na+]: 581.2177, found: 581.2173 1H NMR (400 MHz, CHLOROFORM-D) δ 

1.05 (s, 9H, C(CH3)3 TBDPS), 1.97 (s, 3H, CH3 OAc), 2.01 – 2.07 (m, 9H, CH3 OAc), 3.73 (dd, J = 11.4, 5.5 Hz, 1H, 

CH-5), 3.79 (dd, J = 11.4, 3.7 Hz, 1H, CH-5’), 4.06 – 4.19 (m, 1H, CH-1), 4.32 (td, J = 11.4, 3.0 Hz, 1H, CH-1’), 5.14 

– 5.28 (m, 1H, CH-4), 5.28 – 5.38 (m, 1H, CH-2), 5.43 (app t, J = 4.9 Hz, 1H, CH-3), 7.34 – 7.42 (m, 6H, CH arom.), 

7.61 – 7.74 (m, 4H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 19.59 (C(CH3)3 TBDPS), 21.16, 21.24, 

21.37, 27.03, 27.22, (CH3 OAc, C(CH3)3 TBDPS) 62.45, 62.49 (CH-1, CH-5), 69.84 (CH-2), 70.25 (CH-4), 72.58 (CH-

3), 128.22, 130.29, 130.32, 133.33, 133.38, 136.00, 136.06, 136.60 (CH arom.), 169.85, 170.31, 170.41, 171.09 

(C=O OAc). 

 
1,4-anhydro-2,3-di-O-acetyl-5-tert-butyldiphenylsilyl-deoxy-D,L-ribitol (26) 

1H NMR (400 MHz, CHLOROFORM-D) δ 1.06 (s, 9H, C(CH3)3 TBDPS), 1.95 (s, 3H, CH3 OAc), 2.08 (s, 3H, CH3 OAc), 

3.67 (dd, J = 10.5, 6.0 Hz, 1H, CH-5), 3.74 (dd, J = 10.5, 3.7 Hz, 1H, CH-5’), 3.96 (ddd, J = 6.9, 5.5, 3.7 Hz, 1H, CH-

4), 4.15 – 4.23 (m, 2H, CH-2, CH-3), 4.97 (dd, J = 6.9, 5.0 Hz, 1H, CH-1), 5.17 – 5.26 (m, 1H, CH-1’), 7.36 – 7.47 

(m, 6H, CH arom.), 7.56 – 7.76 (m, 4H, CH arom.). 

 
1,2,3,4-tetra-O-acetyl-D-ribitol (29) 

To a stirring solution of 1,2,3,4-tetra-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (120 mg, 0.215 mmol, 1.00 

equiv) in THF (3.5 mL) was added TBAF (1 M in THF, 0.40 mL, 0.40 mmol, 1.9 equiv). After 18 hours at RT, the 

reaction was quenched by the addition of sat. aqueous NH4Cl solution (20 mL) and EtOAc (20 mL). The layers 

separated, and the organic layer was washed with water (20 mL), dried over MgSO4, filtered and concentrated 

in vacuo to afford the crude product which was purified by flash column chromatography (20% EtOAc in 

hexane) to afford a clear oil (31 mg, 90 μmol, 44%). NMR analysis shows a 2:3 ratio of 1,2,3,5-tetra-O-acetyl-D-

ribitol 30 and 1,2,4,5-tetra-O-acetyl-D-ribitol 31  

 

 HRMS-ESI Calculated for [C13H20O9 + Na+]: 343.1000, found: 343.0998 1H NMR (400 MHz, CHLOROFORM-D) δ 

2.06 (s, 2H, CH3 OAc), 2.06 (s, 7H, CH3 OAc), 2.08 (s, 3H, CH3 OAc), 2.08 (s, 3H, CH3 OAc), 2.09 (d, J = 1.4 Hz, 4H, 

CH3 OAc), 2.12 (s, 8H, CH3 OAc), 3.96 (t, J = 6.0 Hz, 1H, CH-3), 4.05 (td, J = 7.1, 3.4 Hz, 1H, CH-4), 4.12 (dd, J = 

12.5, 7.3 Hz, 1H, CH-5), 4.19 (dd, J = 12.5, 3.4 Hz, 1H, CH-5’), 4.23 – 4.26 (m, 1H), 4.26 – 4.30 (m, 2H), 4.36 – 

4.45 (m, 3H) (CH-1, CH-1’, CH-1, CH-1’, CH-5, CH-5’) 5.09 (td, J = 5.7, 3.4 Hz, 2H, CH-2, CH-4), 5.15 (dd, J = 7.1, 

4.1 Hz, 1H, CH-3), 5.42 (ddd, J = 7.3, 4.1, 3.0 Hz, 1H, CH-2). 13C NMR (101 MHz, CHLOROFORM-D) δ 20.91 (CH3 

OAc), 21.05 (CH3 OAc), 21.09 (CH3 OAc), 62.22, 62.29 (CH-1, CH-1, CH-5), 65.27 (CH-5), 69.02 (CH-4), 69.33 (CH-

3), 70.43 (CH-2), 71.45 (CH-3), 71.79 (CH-2, CH-4), 169.97, 170.24, 170.48, 171.02, 171.16 (C=O OAc)  
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2,3,4,5-tetra-O-acetyl-1-azido-D-ribitol (1-Az-OAc Probe) 

To a stirring solution of 1-Azido-2,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (4.0 mg, 0.0074 mmol, 1.0 

equiv.) in 200 μL THF was added 16 μL TBAF (1 M in THF, 16 μmol, 2.2 equiv.) at 0°C. After 3.3 hours at RT the 

reaction was quenched by the addition of MeOH (2 mL) and the reaction mixture was concentrated under 

reduced pressure. The resulting residue was dissolved in EtOAc (0.5 mL) and washed with sat. NH4Cl solution 

(0.5 mL). The aqueous layer was further extracted with EtOAc (5 x 0.5 mL) before the combined organic layers 

were dried over MgSO4, filtered and concentrated in vacuo to afford the crude de-silated intermediate.* The 

crude residue was dissolved in pyridine (200 μL) and treated with Ac2O (15 μL, 80 μmol, 11 equiv.). The 

reaction mixture was allowed to stir at RT for 18 h before the reaction mixture was concentrated under 

reduced pressure and co-evaporated with toluene (3 x 2 mL). The crude product was purified by manual flash 

column chromatography (gradient 25% EtOAc in hexane) to afford the pure compound as a clear oil (2.1 mg, 

0.0068 mmol, 91%) 

HRMS-ESI Calculated for [C13H19N3O8 + Na+]: 368.1064, found: 368.1063 1H NMR (400 MHz, CHLOROFORM-D) 

δ ppm 2.04 (s, 3H, CH3 OAc), 2.09 (s, 6H, CH3 OAc), 2.12 (s, 3H, CH3 OAc), 3.41 (dd, J = 13.4, 6.9 Hz, 1H, CH-1), 

3.50 (dd, J = 13.4, 3.6 Hz, 1H, CH-1), 4.13 (dd, J = 12.2, 6.0 Hz, 1H, CH-5), 4.31 (dd, J = 12.2, 3.2 Hz, 1H, CH-5), ), 

5.15 – 5.23 (m, 1H, CH-2), 5.24 (ddd, J = 5.9, 6.0, 3.2 Hz, 1H, CH-4), 5.32 (dd, J = 5.8, 5.3 Hz, 1H, CH-3), 13C NMR 

(101 MHz, CHLOROFORM-D) δ ppm 20.57, 20.71, 20.74 (CH3 OAc), 50.14 (CH-1), 61.65 (CH-5),  69.41, 69.65 

(CH-2, CH-4), 70.38 (CH-3), 169.26, 169.71, 169.76, 170.43 (C=O OAc) [α]D
20 =  +12.59 (c = 0.67, DCM) 

*Crude 1H NMR showed a messy profile with a side product formed from the loss of an additional acetate and 

acetate migration products, the reaction was continued without further purification. 

 
2,3,4-tri-O-benzyl-5-O-tert-butyldiphenylsilyl-1-O-trityl-D-ribitol (13) 

With BnBr and NaH  

To a stirring solution of 5-O-tert-butyl-diphenylsilyl-1-O-trityl-D-ribitol (12) (178 mg, 0.282 mmol, 1.00 

equiv.) in DMF (5 mL) was added NaH (60% in mineral oil, 60 mg, 1.5 mmol, 5.4 equiv.) and BnBr (0.18 mL, 1.5 

mmol, 5.4 equiv.) at 0°C. After 2 h at RT the reaction was quenched by the addition of MeOH (1 mL), and 

dissolved in EtOAc (20 mL). The solution was washed with 1M HCl (10 mL), sat. aqueous NaHCO3 solution (10 

mL) and brine (10 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified 

by automated flash column chromatography (gradient 0-20% EtOAc in hexane) the afford title compound as a 

yellow oil (65 mg, 70 μmol, 25%) and the side product 2,3,4,5-tetra-O-benzyl-1-trityl-D-ribitol (32) as a clear oil 

(50 mg, 60 μmol, 20%) 

With BnBr, BaO and Ba(OH)2 

To a stirring solution of 5-O-tert-butyl-diphenylsilyl-1-O-trityl-D-ribitol (12) (100 mg, 0.158 mmol, 1.00 

equiv.) in DMF (1 mL) was added BaO (212 mg, 0.840 mmol, 5.30 equiv.) and Ba(OH)2 (27 mg, 0.10 mmol, 0.66 

equiv.) followed by dropwise addition of BnBr (85 μL, 0.71 mmol, 4.5 equiv.) at 0°C. After 24 h at RT the 

reaction was diluted with DCM (10 mL) and quenched by the addition of 1M HCl till the pH remained acidic (5 

mL), and allowed to stir for 30 mins. Crude ESI-MS showed no presence of desired compound 17, and instead 

showed evidence for formation of side product 30 and incompletely benzylated product. 

2,3,4-tri-O-benzyl-5-O-tert-butyldiphenylsilyl-1-O-trityl-D-ribitol (13) 
HRMS-ESI Calculated for [C61H62O5Si + Na+]: 925.4258, found: 925.4271 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.09 (s, 9 H, C(CH3)3 TBDPS), 3.19 – 3.60 (m, 2H, CH-1), 3.62 – 3.80 (m, 1H, CH-4), 3.81 – 3.98 (m, 2H, CH-

5), 4.03 – 4.14 (m, 1H, CH-2), 4.20 – 4.33 (m, 1H, CH-3), 4.38 – 4.77 (m, 6H, CH OBn), 6.89 – 7.75 (m, 40H, CH 
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arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 14.25 (C(CH3)3 TBDPS), 27.01 (C(Ph)3 Trityl), 27.21 (C(CH3)3 

TBDPS), 64.17 (CH-1), 65.36 (CH-5), 72.61, 73.22, 73.56 (CH OBn), 78.84 (CH-2), 79.78 (CH-3), 80.40 (CH-4), 

126.93, 127.28, 127.40, 127.51, 127.56, 127.65, 127.71, 127.73, 127.76, 127.81, 127.97, 128.12, 128.16, 

128.22, 128.28, 128.35, 128.53, 128.83, 128.94, 129.64, 133.54, 135.77, 135.83, 136.03, 136.38, 138.58, 

138.91 (CH arom.) IR (vmax, film) 3030, 2930, 2856, 1493, 1450, 1108, 1027, 737, 699 cm-1   

[α]D
20 = +7.71 (c = 1.0, DCM) 

 
2,3,4,5-tetra-O-benzyl-1-O-trityl-D-ribitol (32) 

HRMS-ESI Calculated for [C52H50O5 + Na+]: 777.3550, found: 777.3572 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.42 (dd, J = 10.2, 5.6 Hz, 1H, CH-5), 3.49 (dd, J = 10.3, 2.6 Hz, 1Hm CH-5’),  3.72 (dd, J = 10.4, 5.4 Hz, 1H, CH-1), 

3.77 (dd, J = 10.5, 3.1 Hz, 1H, CH-1), 3.90 – 4.06  (m, 3H, CH-2, CH-3, CH-4), ), 4.52 (d, J = 2.8 Hz, 2H, CH OBn), 

4.57 (d, J = 10.9 Hz, 1H, CH OBn), 4.60 (d, J = 11.6 Hz, 1H, CH OBn), 4.65 (d, J = 11.0 Hz, 2H, CH OBn), 4.73 (d, J = 

11.6 Hz, 1H, CH OBn), 4.83 (d, J = 11.5 Hz, 1H, CH OBn), 7.01 – 7.65 (m, 35H, CH arom.) 13C NMR (101 MHz, 

CHLOROFORM-D) δ ppm 64.08 (CH-1), 70.52(CH-5), 72.60, 72.77, 73.38, 73.76, (CH OBn), 78.88 (CH-2), 78.99 

(CH-3), 79.06 (CH-4), 127.02, 127.49, 127.53, 127.60, 127.78, 127.89, 127.93, 128.08, 128.30, 128.38, 128.42, 

128.45, 128.98, 138.59, 138.64, 138.85, 138.88 (CH arom.) IR (vmax, film) 3030, 2859, 1740, 1450, 1099, 1028, 

740, 697 cm-1 [α]D
20 =  +7.87  (c = 0.5, DCM) 

 
1,2,3,4,5-penta-O-benzyl-ribitol (33) 

To a stirring solution of D-ribitol (purchased from Sigma, 27 mg, 0.18 mmol, 1.0 equiv.) in DMF (1 mL) was 

added NaH (60% in mineral oil, 40 mg, 0.55 mmol, 3.1 equiv.). After 30 mins at RT the reaction was cooled in 

an ice bath to 0°C and BnBr (7.0 μL, 0.59 mmol, 3.3 equiv.) was added. After 2.5 hrs NaH (60% in mineral oil, 40 

mg, 0.55 mmol, 3.1 equiv.) added at RT and after 30 mins the reaction was cooled in an ice bath to 0°C and 

BnBr (7.0 μL, 0.59 mmol, 3.3 equiv.) was added. After a further 2.5 hrs NaH (60% in mineral oil, 40 mg, 0.55 

mmol, 3.1 equiv.) was added at RT and after 30 mins the reaction was cooled in an ice bath to 0°C and BnBr 

(7.0 μL, 0.59 mmol, 3.3 equiv.) added. The resulting suspension was allowed to stir at RT for 16 hrs. The 

reaction was quenched by the addition of MeOH (2 mL) and the reaction mixture was concentrated under 

reduced pressure.  The resulting residue was dissolved in DCM (10 mL) and washed with H2O (3 x 10 mL). The 

aqueous layer was further extracted with DCM (20 mL) and the organic layers combined, washed with brine (2 

x 20 mL), dried over MgSO4, filtered and concentrated in vacuo to afford the crude product. The crude product 

was purified by automated flash column chromatography (gradient from 0 to 15% EtOAc in hexane) to afford 

the title compound as a clear oil (73 mg, 0.12 mmol, 67%) 

HRMS-ESI Calculated for [CH42O5 + Na+]: 625.6924, found: 625.2936 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 3.60 – 3.71 (m, 4H, CH-1, CH-1’, CH-5, CH-5’), 3.82 – 3.90 (m, 3H, CH-2, CH-3, CH-4), 4.38 – 4.70 (m, 10H, 

CH OBn), 7.24-7.29 (m, 25H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 69.8 (CH-5, CH-1), 72.04, 

72.55, 73.49, 74.14 (CH OBn), 77.1 (CH-3), 78.4, 78.9 (CH-2, CH-4), 127.7, 127.8, 127.9, 128.0, 128.0, 128.2, 

128.5, 128.5, 128.5, 138.2, 138.3, 138.4 (CH arom.) IR (vmax, film) 3063, 3029, 2861, 1495, 1453, 1095, 1027, 

734, 696 cm-1 [α]D
20 = +2.27  (c = 1.0, DCM) 

 
1,5-di-O-acetyl-2,3,4-tetra-O-benzyl-D-ribitol (34) 

To a stirring solution of 1,2,3,4,5-penta-O-benzyl-ribitol (33) (22 mg, 35 μmol, 1.0 equiv.) in 1:5 AcOH:Ac2O 

(320 μL) at 0°C was added ZnCl2 (28 mg, 0.21 mmol, 5.7 equiv.). The resulting solution was stirred for 3 h at RT 

before addition of H2O (5mL) and Et2O (5 mL). The layers were separated and the resulting organic layer was 
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further washed with H2O (2 x 5 mL) and brine (5 mL), and dried over MgSO4, filtered and concentrated in 

vacuo. The solution was concentrated in vacuo and co-evaporated with toluene (5mL) to afford the title 

compound as a clear oil (14 mg, 33 μmol, 92%) 

HRMS-ESI Calculated for [C30H34O7 + Na+]: 529.2197, found: 529.2199 1H NMR (400 MHz, CHLOROFORM-D) 

1.97 (2 x s, 6H, CH3), 3.76 – 3.90 (m, 3H, CH-2, CH-3, CH-4), 4.16 (dd, J = 12.0, 5.4 Hz, 2H, CH-1, CH-5), 4.40 (tt, J 

= 12.0, 3.1 Hz, 2H, CH-1’, CH-5’) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm  δ 21.06 (CH3 OAc), 63.57, (CH-1, 

CH-5), 72.40, 73.77 (CH OBn)  76.94, (CH-3), 77.81 (CH-2, CH-4) , 127.84, 127.91, 128.13, 128.30, 128.47, 

129.01, 137.89, 137.99, (CH arom.), 170.98. (C=O OAc) IR (vmax, film) 2920, 1739, 1495, 1453, 1231, 1100, 740, 

698 cm [α]D
20 = +2.56  (c = 0.5, DCM) 

Data in accordance with literature values249 

 
1-O-trityl-D-ribitol (11) 

To a stirring solution of 5-O-tert-butyldiphenylsilyl-1-O-trityl-D-ribitol (12) (2.48 g, 3.96 mmol, 1.00 equiv.) in 

dry THF (50 mL) was added TBAF (1M in THF, 4.8 mL, 4.8 mmol, 1.2 equiv.) at 0°C. The resulting solution was 

allowed to warm to RT and stirred for 2.5 h. The reaction was diluted with EtOAc (100 mL), washed with sat. 

aqueous NH4Cl solution (100 mL) and extracted with EtOAc (2 x 100 mL). The combined organic layers were 

dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified by automated flash 

column chromatography (gradient 0 to 100% EtOAc in hexane) to afford the title compound as a white foam. 

(1.16 g, 2.97 mmol, 75%)   

HRMS-ESI Calculated for [C24H26O5 + Na+]: 417.1672, found: 417.1681  1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 3.12 – 4.04 (m, 7H, CH-1, CH-2, CH-3, CH-4, CH-5), 7.26 (m, 9H, CH arom), 7.43 (d, J = 7.6 Hz, 5H, CH 

arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 19.80 (C(Ph)3), 63.43 (CH-5), 65.35 (CH-1), 71.78, 72.98, 

73.29 (CH-2, CH-3, CH-4), 127.37, 128.12, 128.70, 143.65  (CH arom.) IR (vmax, film)  3368, 3058, 2932, 1596.54, 

1490, 1448, 1265, 1220, 1155, 1054, 901, 766, 746, 704, 633 cm-1 [α]D
20 = +0.31 (c = 0.5, DCM)  

 
2,3,4,5-tetra-O-benzyl-1-O-trityl-D-ribitol (32) 

To a stirring solution of 1-O-trityl-D-ribitol (11) (1.61 g, 4.09 mmol, 1.00 equiv.) in DMF (33 mL) at 0°C, was 

added NaH (60% in mineral oil, 380 mg, 9.50 mmol, 2.32 equiv.). The resulting suspension was maintained at 

0°C for 30 mins before the dropwise addition of BnBr (1.2 mL, 10 mmol, 2.4 equiv.). The resulting solution was 

allowed to warm to RT and left stirring for 2 h before the reaction was cooled to 0°C and NaH (60% in mineral 

oil, 380 mg, 9.5 mmol, 2.3 equiv.) was added. After 30 mins at 0°C, additional BnBr (1.2 mL, 10 mmol, 2.4 

equiv.) was added and the reaction warmed to RT. After a further 2h at RT the reaction was cooled to 0°C and 

NaH (60% in mineral oil, 380 mg, 9.5 mmol, 2.3 equiv.) was added again. After 30 mins at 0°C, BnBr (1.2 mL, 10 

mmol, 2.4 equiv.) was again added dropwise and the resulting reaction mixture was left to react overnight at 

RT. After 17 h the reaction was quenched by the addition of MeOH (10 mL) and the reaction mixture was 

concentrated under reduced pressure. The resulting residue was dissolved in DCM (100 mL) and washed with 

H2O (100 mL). The aqueous layer was further extracted with DCM (2 x 50 mL) and the combined organic layers 

washed with brine (100 mL), dried over MgSO4, filtered and concentrated in vacuo to afford the crude product 

which was purified by automated flash column chromatography (gradient from 0 to 60% EtOAc in hexane) to 

afford the title compound as a colourless oil (2.45 g, 3.35 mmol, 82%) 

HRMS-ESI Calculated for [C52H50O5 + Na+]: 777.3550, found: 777.3572 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.42 (dd, J = 10.2, 5.6 Hz, 1H, CH-1), 3.49 (dd, J = 10.2, 2.6 Hz, 1H, CH-1’), 3.72 (dd, J = 10.4, 5.4 Hz, 1H, CH-5), 

3.77 (dd, J = 10.4, 3.1 Hz, 1H, CH-5’), 3.90 – 4.06 (m, 3H, CH-2, CH-3, CH-4), 4.52 (d, J = 2.8 Hz, 2H, CH OBn), 

4.57 (d, J = 10.9 Hz, 1H, CH OBn), 4.60 (d, J = 11.6 Hz, 1H, CH OBn), 4.65 (d, J = 11.0 Hz, 2H, CH OBn), 4.73 (d, J = 
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11.6 Hz, 1H, CH OBn), 4.83 (d, J = 11.5 Hz, 1H, CH OBn), 7.12 (dd, J = 6.7, 3.0 Hz, 2H, CH arom.),  7.18 – 7.41 (m, 

27H, CH arom.), 7.51 (dd, J = 7.7, 1.8 Hz, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 64.03 (CH-1), 

70.48 (CH-5),  72.56, 72.73, 73.34, 73.73 (CH OBn), 78.84, 78.94,  79.01 (CH-2, CH-3, CH-4), 86.75 (C(Ph)3), 

126.98, 127.37, 127.46, 127.49, 127.56, 127.74, 127.85, 127.89, 128.04, 128.26, 128.34, 128.38, 128.41, 

128.93, 138.54, 138.60, 138.80, 138.84, (CH arom.) IR (vmax, film) 3030, 2859, 1740, 1450, 1099, 1028, 740, 697 

cm-1 [α]D
20 =  +7.87  (c = 0.5, DCM) 

 
2,3,4,5-tetra-O-benzyl-D-ribitol (35) 

To a stirring solution of 2,3,4,5-tetra-O-benzyl-1-O-trityl-D-ribitol (32) (283 mg, 0.375 mmol, 1.00 equiv.) in 

2:1 MeOH:DCM (15 mL) was added TsOH (38 mg, 0.22 mmol, 0.59 equiv.). The pH was checked to be pH 3 and 

the reaction was allowed to stir at RT for 2.5 h. The reaction mixture was concentrated under reduced 

pressure, and the resulting residue was dissolved in EtOAc (20 mL) and washed with sat. NaHCO3 (20 mL). The 

aqueous layer was further extracted with EtOAc (3 x 20 mL) and the combined organic were dried over MgSO4, 

filtered and concentrated in vacuo. The crude product was purified by automated flash column 

chromatography (gradient 0-30% EtOAc in hexane) to afford the title compound as a clear oil (144 mg, 0.281 

mmol, 75%) 

HRMS-ESI Calculated for [C33H36O5 + Na+]: 535.2455, found: 535.2453 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 3.59 – 3.71 (m, 5H, CH-1, CH-1’, CH-2, CH-5, CH-5’), 3.79 – 3.86 (m, 1H, CH-3), 3.95 (t, 1H, J = 4.8 Hz, CH-

4), 4.49 (d, J = 12.3 Hz, 1H, CH OBn), 4.53 (d, J = 11.9 Hz, 1H, CH OBn), 4.58 (s, 2H, CH OBn), 4.64 (d, J = 11.9 Hz, 

1H, CH OBn), 4.68 (d, J = 11.0 Hz, 1H, CH OBn), 4.71 (d, J = 11.9 Hz, 1H, CH OBn), 4.74 (d, J = 11.9 Hz, 1H, CH 

OBn), 7.25 (m, 20H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 61.2 (CH-1), 69.8 (CH-5), 72.04, 

72.55, 73.49, 74.14 (CH OBn), 77.1 (CH-2), 78.4 (CH-3), 78.9 (CH-4), 127.7, 127.8, 127.9, 128.0, 128.0, 128.2, 

128.5, 128.5, 128.5, 138.2, 138.3, 138.4 (CH arom.) IR (vmax, film) 3029, 2863, 1496, 1453, 1096, 1027, 735, 696 

cm-1 [α]D
20 = +5.67 (c = 1.0, DCM) 

 
1-azido-2,3,4,5-tetra-O-benzyl-D-ribitol (36) 

via OMs To a stirring solution of 2,3,4,5-tetra-O-benzyl-D-ribitol (33) (24 mg, 47 μmol, 1.0 equiv.) and 

pyridine (82 μL, 0.47 mmol, 10 equiv.) in dry DCM (0.3 mL) at 0°C was added MsCl (18 μL, 0.23 mmol, 4.9 

equiv.) dropwise. The resulting solution was left to warm to RT over 2 h. The reaction was quenched by the 

addition of MeOH (1 mL) and diluted with DCM (10 mL). This reaction mixture was washed with 1M HCl (10 

mL), sat. NaHCO3 (10 mL) and brine (10 mL). The resulting organic layer was dried over MgSO4, filtered and 

concentrated in vacuo, followed by a high vacuum line for 30 min to afford the crude mesylate intermediate 

1.35 which was used in the next step without further purification. This intermediate was dissolved in dry DMF 

(0.25 mL) and treated with NaN3 (14 mg, 0.21 mmol, 4.5 equiv.). The reaction was heated to 80°C. After 22 h 

the reaction was diluted with EtOAc (10 mL), washed with sat. NaHCO3 (10 mL) brine (10 mL), dried over 

MgSO4, filtered and concentrated in vacuo. The crude product was purified by flash column chromatography 

(gradient 10% EtOAc in hexane) to afford the title compound as a clear oil (12 mg, 21 μmol, 46%)  

via OTs To a stirring solution of 2,3,4,5-tetra-O-benzyl-D-ribitol (20 mg, 39 μmol, 1.0 equiv.) and pyridine (69 

μL, 0.39 mmol, 10 equiv.) in dry DCM (0.3 mL) at 0°C was added TsCl (37 mg, 0.2 mmol, 5.1 equiv.). The 

resulting solution was allowed to warm to RT and after 24 h the reaction was quenched by the addition of  

MeOH (1 mL). The resulting solution was diluted with DCM (10 mL) and washed wiht 1M HCl (10 mL), sat. 

NaHCO3 (10 mL) and brine (10 mL). The resulting organic layer was dried over MgSO4, filtered and 

concentrated in vacuo, followed by high vacuum line for 30 min to afford the crude tosyl intermediate (3.36) 

which was used in the next step without further purification. This intermediate was dissolved in dry DMF (0.25 
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mL) and treated with NaN3 (8.0 mg, 0.12 mmol, 3 equiv.). The reaction was heated to 80°C and after 22 h the 

reaction was diluted with EtOAc (10 mL), washed with sat. NaHCO3 (10 mL) and brine (10 mL). The resulting 

organic layer was then dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified 

by flash column chromatography (gradient 10% EtOAc in hexane) to afford the title compound as a clear oil 

(6.0 mg, 11 μmol, 28%)  

HRMS-ESI Calculated for [C33H35N3O5 + Na+]: 560.2525, found: 560.2527 1H NMR (400 MHz, CHLOROFORM-D) 

δ ppm 3.34 (dd, J = 13.1, 2.7 Hz, 1H, CH-1), 3.45 (dd, J = 13.1, 6.0 Hz, 1H, CH-1’), 3.66 (dd, J = 10.5, 5.0 Hz, 1H, 

CH-5), 3.72 (dd, J = 10.5, 3.7 Hz, 1H, CH-5’), 3.78 – 3.84 (m, 1H, CH-3), 3.83 – 3.91 (m, 2H, CH-2, CH-4), 4.47 (d, J 

= 11.8 Hz, 1H, CH2 Bn), 4.50 (d, J = 12.5 Hz, 1H, CH2 Bn), 4.56 – 4.63 (m, 3H, CH2 Bn), 4.63 – 4.69 (m, 2H, CH2 Bn), 

4.72 (d, J = 11.4 Hz, 1H, CH2 Bn), 7.13 – 7.43 (m, 20H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 

51.43 (CH-1), 69.65 (CH-5), 72.42, 72.52, 73.46, 73.97, (CH2 Bn), 77.93, (CH-3), 78.30, 78.61 (CH-2, CH-4), 

127.76, 127.81, 127.83, 128.04, 128.12, 128.47, 137.92, 138.30 (CH arom.) IR (vmax, film) 3068, 3069, 3031, 

2965, 2918, 2095, 1496, 1454, 1291, 1207, 1096, 1027, 912, 736, 697 cm-1  [α]D
20 = -6.09 (c = 0.75, DCM) 

 
5-O-acetyl-1-azido-2,3,4-tri-O-benzyl-D-ribitol (39) 

To a stirring solution of 1-azido-2,3,4,5-tetra-O-benzyl-D-ribitol (36) (471 mg, 0.877 mmol, 1.00 equiv.) in 1:5 

AcOH:Ac2O (3.5 mL) at 0°C was added ZnCl (300 mg, 2.21 mmol, 2.52 equiv.). The resulting solution was stirred 

for 3 h before the addition of H2O (25 mL) and EtOAc (25 mL). The layers were separated and the aqueous 

layer further extracted with EtOAc (2 x 25 mL). The organic layers were combined and washed with brine (25 

mL), dried over MgSO4, filtered and concentrated in vacuo, and co-evaporated toluene (5mL x 2) to afford the 

title compound as a clear oil (398 mg, 0.815 mmol, 93%) 

HRMS-ESI Calculated for [C28H31N3O5 + Na+]: 512.2156, found: 512.2159 1H NMR (400 MHz, CHLOROFORM-D) 

1.97 (s, 3H, CH3), 3.37 (dd, J = 13.1, 2.4 Hz, 1H, CH-1), 3.43 (dd, J = 13.1, 5.4 Hz, 1H, CH-1,), 3.73 – 3.86 (m, 3H, 

CH-2, CH-3, CH-4), 4.15 (dd, J = 12.0, 5.3 Hz, 1H, CH-5), 4.41 (dd, J = 12.0, 2.7 Hz, 1H, CH-5’), 4.51 – 4.73 (m, 6H, 

CH OBn), 7.02 – 7.44 (m, 15H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm  21.05 (CH3), 51.17 (CH-

1), 63.45 (CH-5), 72.26, 72.69, 73.99 (CH OBn), 76.72, 77.92, 78.24 (CH-2, CH-3, CH-4), 127.97, 128.19, 128.21, 

128.25, 128.37, 128.51, 128.54, 128.67, 137.69, 137.80, 137.86, (CH arom.), 170.94 (C=O) IR (vmax, film) 3031, 

2920, 2853, 2099, 1738, 1496, 1454, 1231, 1094, 789, 687 cm-1 [α]D
20 = +8.78  (c = 1.0, DCM) 

 

1-azido-2,3,4-tri-O-benzyl-D-ribitol (6) 

To a stirring solution of 5-O-acetyl-1-azido-2,3,4-tri-O-benzyl-D-ribitol (39) (398 mg, 0.815 mmol, 1.00 

equiv.) in MeOH (7.7 mL) was added NaOMe (0.5 M in MeOH, 0.40 mL, 0.19 mmol, 0.23 equiv.). After 3.5 h the 

reaction was quenched to pH 7 by the addition of DOWEX H+ resin and the resulting suspension filtered and 

concentrated under reduced pressure. The desired product was isolated by automated flash column 

chromatography (gradient of 0 to 30% EtOAc in hexane) to afford the title compound as a clear oil (265 mg, 

0.593 mmol, 73%) 

Alternative procedure from 5-O-allyl-1-azido-2,3,4-tri-O-benzyl-D-ribitol (47) 

To a stirring solution of 5-O-allyl-1-azido-2,3,4-tri-O-benzyl-D-ribitol (47) (900 mg, 1.85 mmol, 1.00 

equiv.) in dry MeOH (27 mL) was added PdCl2 (65 mg, 0.37 mmol, 0.19 equiv.). The resulting suspension 

was kept at RT for 16 h, after which the palladium was removed by filtering through celite, and a short 

pass silica column. The crude product was purified by automated flash column chromatography (gradient 0-

20% EtOAc in hexane) to afford the title compound as a pale yellow oil (444 mg, 0.993 mmol, 54%) 
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HRMS-ESI Calculated for [C26H29O4+ Na+]: 470.2050, found: 470.2061 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 3.36 (dd, J = 13.2, 3.5 Hz, 1H, CH-1), 3.49 (dd, J = 13.2, 6.4 Hz, 1H, CH-1), 3.61 – 3.67 (m, 1H, CH-4), 3.74 

(d, J = 4.2 Hz, 2H, CH-5, CH-5’), 3.79 – 3.84 (m, 1H, CH-2), 3.85 – 3.93 (m, 1H, CH-3), 4.57 (d, J = 11.9 Hz, 1H, CH 

OBn), 4.60 (d, J = 11.1 Hz, 1H, CH OBn), 4.63 (t, J = 11.4 Hz, 1H), CH OBn, 4.66 (d, J = 11.3 Hz, 1H, CH OBn), 4.70 

(t, J = 7.3 Hz, 2H, CH OBn), 7.27 – 7.44 (m, 15H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm  51.21 

(CH-1), 61.23 (CH-5), 72.14, 72.62, 74.33 (CH-OBn), 78.45, 78.48  (CH-2, CH-4), 78.57 (CH-3), 128.13, 128.17, 

128.27, 128.31, 128.63, 128.68, 137.65, 137.83, 137.88. (CH arom.) IR (vmax, film), 3068, 3069, 3031, 2964, 

2016, 2098, 1496, 1453, 1291, 1207, 1096, 1027, 912, 736, 697, 460 cm-1 [α]D
20 = -0.12 (c = 0.6, DCM)  

 

5-O-allyl-1-azido-2,3,4-tri-O-benzyl-D-ribitol (47) 

To a stirring solution of 5-O-Allyl-2-3-4-tri-O-benzyl-D-ribitol (46) (1.90 g, 4.12 mmol, 1.00 equiv, 

purchased from CarboSynth) in dry DCM (60 mL) at 0°C was added dry pyridine (7.6 mL, 43 mmol, 10 

equiv.) and MsCl (1.7 mL, 22 mmol, 5.3 equiv.) dropwise. The resulting solution was allowed to warm to 

RT and stirred for 2 h after which the reaction was quenched by the addition of MeOH (10 mL). The 

resulting reaction mixture was diluted with DCM (100 mL) and washed with 1M HCl (100 mL), sat. 

aqueous NaHCO3 solution (100 mL) and brine (100 mL). The resulting organic layer was dried over MgSO4, 

filtered and concentrated in vacuo to afford the crude mesylate intermediate. This crude was suspended 

in DMF (35 mL) and NaN3 (2.8 g, 43 mmol, 10 equiv.) added. The resulting suspension was heated to 

80°C for 72 h, before cooling to RT and diluting with EtOAc (150 mL). The solution was washed with sat. 

aqueous NaHCO3 solution (2 x 100 mL) and brine (100 mL). The resulting organic layer dried over MgSO4, 

filtered and concentrated in vacuo to afford the crude product. The purified product was obtained by 

automated flash column chromatography (gradient 0 to 30% EtOAc in hexane) to afford the title product as a 

pale yellow oil (1.15 g, 2.36 mmol, 57%) 

HRMS-ESI Calculated for [C29H33N3O4  + Na+]: 510.2364, found: 510.2361 1H NMR (400 MHz, CHLOROFORM-D) 

δ 3.37 (dd, J = 12.7, 2.4 Hz, 1H, CH-1), 3.49 (dd, J = 12.7, 5.4 Hz, 1H, CH-1), 3.62 (dd, J = 10.4, 5.1 Hz, 1H, CH-5), 

3.70 (dd, J = 10.4, 3.8 Hz, 1H, CH-5), 3.80 (dt, J = 8.4, 5.1 Hz, 1H, CH-4), 3.85 – 3.95 (m, 2H, CH-2, CH-3), 3.97 

(dt, J = 5.4, 1.5 Hz, 2H, CH2 OAllyl), 4.59 – 4.78 (m, 6H, CH2 OBn), 5.24 (ddd, J = 16.9, 5.0, 1.5 Hz, 2H, CH=CH2 

OAllyl), 5.80 – 5.98 (m, 1H, CH=CH2 OAllyl), 7.29 – 7.45 (m, 15H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-

D) δ 51.44 (CH-1), 69.63 (CH-5), 72.38, 72.45, 72.51 (CH2 OBn x 2, CH2 OAllyl), 73.99 (CH2 OBn), 77.88 (CH-4), 

78.33, 78.61 (CH-2, CH-3), 117.11 (CH2=CH OAllyl), 127.78, 127.83, 127.87, 128.07, 128.14, 128.48, 128.51 (CH 

arom.), 134.84 (CH=CH2 OAllyl), 137.94, 138.28, 138.32 (CH arom.) δ IR (vmax, film) 3065, 3038, 2926, 2867, 

2100, 1699, 1652, 1497, 1454, 1288, 1094, 1028, 920, 736, 628 cm-1 [α]D
20 = - 1.54 (c = 0.18, DCM) 

 

1-azido-2,3,4-tri-O-benzyl-D-ribitol-5-(bis-2-bromoethyl-phosphate) (7) 

To a stirring solution of tri-2-bromoethyl-phosphate 65 (30 mg, 72 μmol, 1.0 equiv.) in dry DCM (700 μL) was 

added Tf2O (18 μL, 0.11 mmol, 1.5 equiv.). After 10 mins at RT dry pyridine (12 μL, 0.14 mmol, 2.0 equiv.) was 

added and the resulting suspension was allowed to stir at RT for 10 mins before the addition of 1-azido-2,3,4-

tri-O-benzyl-D-ribitol (1.06) (64 mg in 300 μL of DCM, 0.14 mmol, 2.0 equiv.). The sugar flask was rinsed with 

an additional dry DCM (150 μL) which was added to the reaction and the resulting solution was allowed to 

stirat RT for 1.5 h. The reaction was diluted with DCM (1 mL), and concentrated under reduced pressure in 

vacuo to afford the crude product which was purified by flash column chromatography (gradient 30% EtOAc in 

hexane) to afford the pure product as a clear oil (23 mg, 31 μmol, 44%) 
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HRMS-ESI Calculated for [C30H36Br2N3O7P+ Na+]: 762.0550, found: 762.0560. 1H NMR (600 MHz, 

CHLOROFORM-D) δ ppm 3.27 – 3.55 (m, 6H, CH-1, CH-1’, CH2Br)  3.70 – 3.90 (m, 3H, CH-2, CH-3, CH-4), 4.14 – 

4.33 (m, 5H, OCH2CH2Br, CH-5), 4.33 – 4.44 (m, 1H, CH-5’), 4.52 – 4.78 (m, 6H, CH OBn), 7.28 – 7.43 (m, 15H, CH 

arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 29.50 (d, J = 7.5 Hz, CH2Br), 29.60 (d, J = 7.3 Hz, CH2Br), 

51.07 (CH-1), 67.02 (dd, J = 5.2, 2.4 Hz, CH-5), 67.20 (d, J = 6.0 Hz, CH2CH2Br), 72.55, 72.65, 74.02, (CH2 OBn), 

77.39, 77.64, (CH-2, CH-4), 78.17 (CH-3), 128.00, 128.03, 128.10, 128.12, 128.19, 128.54, 128.57, 128.61, 

137.58, 137.61, 137.77 (CH arom.) IR (vmax, film) 3289, 2898, 2101, 2049, 1977, 1709, 1454, 1395, 1352, 1221, 

1175, 1164, 1102, 1050, 1020, 977, 918, 832, 745, 709, 699, 586 cm-1 [α]D
20 = +11.36 (c = 0.1, DCM) 

 

 

1-azido-2,3,4-tri-O-benzyl-D-ribitol-5-(bis-S-acetyl-2-thioethyl-phosphate) 

To a stirring solution of 1-azido-2,3,4-tri-O-benzyl-D-ribitol-5-(di-2-bromoethyl-phosphate) (7) (62 mg, 77 

μmol, 1.0 equiv.) in acetone (2.5 mL) was added KSAc (51 mg, 0.43 mmol, 5.7 equiv.) The resulting suspension 

was allowed to stir at RT for 18 h before the reaction mixture was concentrated under reduced pressure. The 

crude product was purified by flash column chromatography (gradient 40% EtOAc in hexane) to afford the title 

compound as a clear oil (50 mg, 68 μmol, 88%)  

HRMS-ESI Calculated for [C34H42N3O9PS2  + Na+]: 754.1992, found: 754.2012, 1H NMR (600 MHz, 

CHLOROFORM-D) δ 2.29 (s, 6H, CH3), 3.09 (td, J = 12.3, 6.1 Hz, 4H, CH2SAc), 3.35 (dd, J = 12.9, 2.5 Hz, 1H, CH-

1), 3.45 (dd, J = 12.9, 2.2 Hz, 1H, CH-1’), 3.74 – 3.89 (m, 3H, CH-2, CH-3, CH-4), 4.00 – 4.13 (m, 4H, OCH2-

CH2SAc), 4.21 (ddd, J = 11.3, 7.3, 3.9 Hz, 1H, CH-5), 4.35 (ddd, J = 11.3, 6.2, 2.1 Hz, 1H, CH-5’), 4.51 – 4.78 (m, 

6H, CH2  OBn), 7.26 – 7.44 (m, 15H, CH arom.).13C NMR (101 MHz, CHLOROFORM-D) δ ppm 29.26 (d, J = 2.8 Hz), 

29.31 (d, J = 3.0 Hz), (CO-CH3), 30.66, 32.07, (CH2SAc), 51.22 (CH-1), 66.11, 66.15, (OCH2CH2SAc), 67.04 (d, J = 

6.0 Hz, CH-5), 72.59, 72.73, 74.08 (CH2 OBn), 77.4642, 77.79, (CH-2, CH-4), 78.31 (CH-3), 128.04, 128.19, 

128.24, 128.59, 128.61, 137.73, 137.74, 137.91, (CH arom.), 194.82 (C=O). 31P NMR (162 MHz, C 

CHLOROFORM-D)  δ -0.90. IR (vmax, film) 3031, 2917, 2100, 1694, 1497, 1454, 1355, 1278, 1098, 1060, 1017, 

957, 738, 699, 624 cm-1 [α]D
20 = -2.66 (c = 0.125, DCM) 

 

1-azido-D-ribitol-5-(bis-S-acetyl-2-thioethyl-phosphate) (1-Az-OH-SATE Probe) and 2,3,4-tri-O-
acetyl-1-azido-D-ribitol-5-(bis-S-acetyl-2-thioethyl-phosphate) (1-Az-OAc-SATE Probe)  

To a stirring solution of 1-azido-2,3,4-tri-O-benzyl-5-ribitol-(di-S-Acetyl-2-ThioEthyl-phosphate) (47 mg, 65 

μmol, 1.0 equiv.) in dry DCM (1.3 mL) at -78°C was added BCl3 (1M in DCM, 0.65 mL, 0.65 mmol, 10 equiv.). 

The reaction was allowed to stir at -78°C for 3 hours before the reaction was quenched by the addition of 1:1 

DCM: MeOH (1 mL) which was cooled to -78°C. The resulting reaction was left to warm to RT over 30 mins 

before the reaction mixture was concentrated under reduced pressure. The resulting crude intermediate was 

split in half, with half being purified by flash column chromatography (gradient 2 to 4% MeOH in DCM) to 

afford 1-azido-5-ribitol-(di- S-Acetyl-2-ThioEthyl-phosphate) (1-Az-OH-SATE Probe) (17 mg, 37 μmol, 

quant.) as a clear oil. The other half was dissolved in 1:2 Ac2O: pyridine (1.2 mL) and allowed to stir at RT for 18 

h. The reaction was quenched by the addition of MeOH (1 mL) at 0°C and the reaction mixture was 

concentrated under reduced pressure. The crude product was purified by flash column chromatography 

(gradient 50% EtOAc in hexane) to afford 2,3,4-tri-O-acetyl-1-azido-5-ribitol-(di-S-Acetyl-2-ThioEthyl-

phosphate) as a pale yellow oil (18 mg, 31 μmol, quant.)  
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1-Az-OH-SATE Probe 

HRMS-ESI Calculated for [C13H24N3O9PS2 + Na+]: 484.0584, found: 484.0597 1H NMR (600 MHz, CHLOROFORM-

D) δ 2.40 (s, 6H, CH3 SAc), 3.22 (dt, J = 6.2, 6.6 Hz, 4H, CH2SAc), 3.59 (dd, J = 12.6, 6.2 Hz, 1H, CH-1), 3.67 (dd, J = 

12.6, 2.9 Hz, 1H, CH-1’), 3.74 (t, J = 7.7 Hz, 1H, CH-3), 3.92 (dd, J = 8.1, 4.2 Hz, 1H, CH-4), 3.98 (dd, J = 6.9, 2.9 

Hz, 1H, CH-2), 4.11 – 4.25 (m, 4H, OCH2CH2SAc), 4.31 (td, J = 11.5, 2.3 Hz, 1H, CH-5), 4.45 (dd, J = 11.5, 4.2 Hz, 

1H, CH-5’). 13C NMR (151 MHz, CHLOROFORM-D) δ 29.14 (CH3 SAc), 30.77 (CH2SAc), 53.90 (CH-1), 66.60 (d, J = 

6.2 Hz, OCH2CH2SAc), 69.41 (d, J = 5.2 Hz, CH-5), 70.10 (CH-2), 73.06 (CH-3), 73.41 (d, J = 3.7 Hz, CH-4), 195.48 

(C=O SAc). 31P NMR (162 MHz, CHLOROFORM-D) δ 0.63. IR (vmax, film) 3382, 2910, 2853, 2088, 1588, 1058, 

1015, 955 cm-1 [α]D
20 = -21.85 (c = 0.045, DCM) 

1-Az-OAc-SATE Probe 

HRMS-ESI Calculated for [C19H30N3O12PS2  + Na+]: 610.0901, found: 610.0917 1H NMR (400 MHz, 

CHLOROFORM-D ) δ 2.14 (s, 3H, OAc CH3), 2.16 (s, 6H, OAc CH3), 2.38 (s, 3H, SAc CH3), 2.39 (s, 3H, SAc CH3), 

3.16 (dt, J = 6.4, 5.7 Hz, 4H, OCH2CH2SAc), 3.43 (dd, J = 13.3, 7.0 Hz, 1H, CH-1), 3.50 (dd, J = 13.3, 4.1 Hz, 1H, 

CH-1’),  4.06 – 4.17 (m, 5H, CH-5, OCH2CH2), 4.27 (ddd, J = 11.6, 6.3, 2.9 Hz, 1H, CH-5’), 5.18 – 5.24 (m, 1H, CH-

2), 5.23 (dd, J = 5.9, 2.9 Hz, 1H, CH-4), 5.30 (dd, J = 5.9, 4.4 Hz, 1H, CH-3). 13C NMR (151 MHz, CHLOROFORM-D) 

δ 20.64, 20.76, 20.82 (OAc CH3), 29.00, 29.05 (SAc CH3), 29.64, 30.50 (CH2 SAc), 50.09 (CH-1), 65.27 (d, J = 5.2 

Hz, CH-5), 66.19 (2 x d, J = 2.6 Hz, OCH2CH2SAc ), 69.32 (CH-2), 69.93 (d, J = 7.8 Hz, CH-4), 70.55 (CH-3), 169.27, 

169.75 (C=O OAc), 194.66 (C=O SAc). 31P NMR (162 MHz, CHLOROFORM-D) δ -1.15. IR (vmax, film) 2911, 2852, 

2088, 1750, 1705, 1205, 1058, 1000 cm-1 [α]D
20 = +6.34 (c = 0.025, DCM) 

 

2,3,4,5-tetra-O-acetyl-1-azido-D-ribitol (1-Az-OAc Probe) 

To a stirring solution of 1-azido-2,3,4-tri-O-benzyl-D-ribitol (6) (30 mg, 56 μmol, 1.0 equiv.) in dry DCM (1 mL) 

at -78°C was added BCl3 (1 M in DCM, 0.56 mL, 0.56 mmol, 10 equiv.) dropwise. The reaction was maintained 

at -78°C for 3 h before the reaction was quenched by the dropwise addition of 1:1 DCM: MeOH (1 mL) which 

had been cooled to -78°C. The reaction was allowed to stir at -78°C for 15 mins, 0°C for 15 mins and RT for 15 

mins before the reaction mixture was concentrated under reduced pressure. The resulting crude was dissolved 

in 1:2 Ac2O: pyridine (1 mL) and allowed to stir at RT for 18 h. The reaction was quenched by the addition of 

MeOH (1 mL) at 0°C and the reaction mixture was concentrated under reduced pressure. The crude product 

was purified by flash column chromatography (gradient 20-33% EtOAc in hexane) to afford the title compound 

as a clear oil (18 mg, 53 μmol, 95%) 

HRMS-ESI Calculated for [C13H19N3O8  + Na+]: 368.1064, found: 368.1065 1H NMR (400 MHz, CHLOROFORM-D) 

δ 2.05 (s, 3H, CH3 OAc), 2.10 (s, 6H, CH3 OAc x 2), 2.13 (s, 3H, CH3 OAc), 3.42 (dd, J = 13.4, 6.9 Hz, 1H, CH-1), 

3.51 (dd, J = 13.4, 3.4 Hz, 1H, CH-1’), 4.14 (dd, J = 12.2, 6.2 Hz, 1H, CH-5), 4.32 (dd, J = 12.2, 3.3 Hz, 1H, CH-5’), 

5.19 (ddd, J = 6.9, 5.3, 3.4 Hz, 1H, CH-2), 5.25 (td, J = 5.9, 3.3 Hz, 1H, CH-4), 5.33 (app. t, J = 5.3 Hz, 1H, CH-3). 
13C NMR (101 MHz, CHLOROFORM-D) δ 20.81, 20.95, 20.98, (CH3 OAc), 50.30 (CH-1), 61.85 (CH-5), 69.57 (CH-

2), 69.78 (CH-4), 70.57 (CH-3), 169.51, 169.97, 170.01, 170.70 (C=O OAc) IR (vmax, film) 2105, 1747, 1371, 1216, 

1050 cm-1 [α]D
20 = +12.59 (c = 0.67, DCM) 
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1-azido-ribitol (1-Az-OH Probe) 

To a stirring solution of 2,3,4,5-tetra-O-acetyl-1-azido-D-ribitol (1-Az-OAc Probe) (4.7 mg, 14 μmol, 1.0 

equiv.) in MeOH (0.3 mL) was added NaOMe (0.5 M in MeOH) till the pH reached pH 10 (approx. 7 

drops). The resulting solution was allowed to stir at RT for 24 h. The reaction was neutralised with 

DOWEX H+ resin and filtered to afford the crude product which was purified by flash column 

chromatography (gradient 10% MeOH in DCM) to afford the title compound as a  white solid (1.6 mg, 9.0 

μmol, 64%)  

HRMS-ESI Calculated for [C5H10N3O4
-]: 176.0677, found: 176.0668. 1H NMR (600 MHz, D2O) δ 3.45 (dd, J = 13.1, 

7.5 Hz, 1H, CH-1), 3.54 (dd, J = 13.1, 3.0 Hz, 1H, CH-1’), 3.58 – 3.66 (m, 1H, CH-5), 3.68 (t, J = 6.2 Hz, 1H, CH-5’), 

3.75 – 3.82 (m, 2H, CH-3, CH-4), 3.92 (ddd, J = 7.5, 6.4, 3.0 Hz, 1H, CH-2). 13C NMR (151 MHz, D2O) δ 52.83 (CH-

1), 62.30 (CH-5), 70.76 (CH-2), 72.08 (CH-4), 72.29 (CH-3).  IR (vmax, film) 3396, 3084, 3003, 29256, 2837, 2109, 

1601, 1514, 1302, 1181, 1148, 1050, 1088, 564 cm-1 [α]D
20 = +3.33 (c = 0.05, MeOH) 

 

3-phenylpropyl-1-phosphate (41) 

To a stirring solution of MeCN (1.6 mL) and H2O (180 μL) at 0°C was added POCl3 (0.20 mL, 2.2 mmol, 6.1 

equiv.). Pyridine (0.15 mL, 2.2 mmol, 6.1 equiv.) was added dropwise and the solution kept at 0°C for 10 mins 

before the addition of 3-phenyl-1-propanol (50 μL, 0.36 mmol, 1.0 equiv.). After 6 h the reaction was 

quenched by the addition of H2O (12 mL) and the solution stirred for 1 h before concentrating under reduced 

pressure to afford the crude product. ESI-MS confirmed presence of the desired phosphorylated product and 

ion exchange chromatography (Dowex 1X8 Resin Cl- form, eluting with increasing strength of formic acid: 0 to 

1M in 0.2M increments) was attempted. No title product observed following purification. 

 

3-phenylpropyl-1-(bis-benzyl-phosphate) (42) 

via Mitsunobu To a stirring solution of dibenzyl phosphate (204 mg, 0.733 mmol, 4.89 equiv.), PPh3 (193 mg, 

0.736 mmol, 4.91 equiv.) and 3-phenyl-1-propanol (20 mg, 0.15 mmol, 1.0 equiv.) in dry THF (5 mL) was added 

NEt3 (0.20 mL, 1.5 mmol, 10 equiv.) and DIAD (0.13 mL, 0.74 mmol, 5.0 equiv.). The reaction mixture was 

allowed to stir at RT for 18 h, and the reaction mixture was concentrated under reduced pressure onto silica. 

The crude product was purified by flash column chromatography (gradient 30% EtOAc in hexane). No desired 

product was obtained.  

via DCC Coupling A solution of dibenzyl phosphate (120 mg, 0.431 mmol, 1.95 equiv.) and DCC (90 mg, 0.436 

mmol, 1.98 equiv.) in dry DCM (5.5 mL) was stirred at RT for 4 h before the reaction mixture was filtered 

through a cotton wool plug. To the resulting clear pale yellow solution was added 3-phenyl-1-propanol (30 μL, 

0.22 mmol, 1.0 equiv.). After 16 h the reaction mixture was concentrated under reduced pressure and the 

crude product was purified by manual flash column chromatography (gradient of 30% EtOAc in hexane) to 

afford the title compound as a clear oil (14 mg, 40 μmol, 16%) 

via Oxalyl Chloride Chloro-phosphate formation To a stirring solution of dibenzyl phosphate (30 mg, 0.18 

mmol, 3.2 equiv.) in dry DCM (0.5 mL) with 3 drops of dry DMF (cat.) at 0°C was added oxalyl chloride (13 μL, 

0.12 mmol, 3.0 equiv.). After 1 h DCM (0.2 mL) was added to a dry flask containing 3-phenyl-1-propanol (5.0 
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μL, 34 μmol, 1.0 equiv.) and NaH (60% in mineral oil, 2.0 mg, 70 μmol, 1.7 equiv.). To this solution at 0°C was 

added half by volume of the activated phosphate solution diluted with DMF (0.4 mL). After 3 h the reaction 

was quenched by the addition of H2O (5 drops) and the reaction mixture was concentrated under reduced 

pressure. The desired title product was obtained by flash column chromatography (gradient 20-40% EtOAc in 

hexane) to afford the pure product as a clear oil (3.8 mg, 0.0098 mmol, 32%). 

HRMS-ESI Calculated for [C23H25O4P + Na+]: 419.1383, found: 419.1378  1H NMR (400 MHz, CHLOROFORM-D) δ 

1.87 – 1.97 (m, 2H, Ph-CH2-CH2), 2.64 (t, J = 7.4 Hz, 2H, Ph-CH2), 4.00 (dd, J = 6.6, 6.2 Hz, 2H, Ph-CH2), 4.99 – 

5.09 (m, 4H, CH2 OBn), 7.09 – 7.24 (m, 5H, CH arom.), 7.30-7.38 (s, 10H, CH arom.). 13C NMR 400 MHz, 

CHLOROFORM-D), 31.55 (OCH2CH2CH2Ph), 31.94 (OCH2CH2CH2Ph), 67.09 (J = 6.07 Hz, OCH2), 69.18 (CH2 OBn), 

69.24 CH2 OBn), 127.93, 128.42, 128.51, 128.57 (CH arom.) 31P NMR (162 MHz, CHLOROFORM-D) δ -0.17. IR 

(vmax, film) 2925, 2852, 1694, 1596, 1455, 1266, 1011, 880, 790, 697, 456 cm-1 

 

2,3,4,5-tetra-O-benzyl-ribitol-1-(bis-benzylphosphate) 

To a stirring solution of dibenzyl phosphate (30 mg, 0.18 mmol, 3.2 equiv.) in dry DCM (0.5 mL) with 3 drops of 

dry DMF (cat.) at 0°C was added oxalyl chloride (13 μL, 0.12 mmol, 3.0 equiv.). After 1 h DCM (0.2 mL) was 

added to a dry flask containing 2,3,4,5-tetra-O-benzyl-ribitol (33) (18 mg, 34 μmol, 1.0 equiv.) and NaH (60% in 

mineral oil, 2.0 mg, 70 μmol, 1.7 equiv.). To this solution at 0°C was added half by volume of the activated 

phosphate solution diluted with DMF (0.4 mL). After 3 h the reaction was quenched by the addition of H2O (5 

drops) and the reaction mixture was concentrated under reduced pressure. The crude product was purified by 

flash column chromatography (gradient 20-40% EtOAc in hexane) to afford the title compound as a clear oil 

(5.0 mg, 7.0 μmol, 20%). 

HRMS-ESI Calculated for [C47H49O8P + Na+]: 795.3057 found:.795.3092 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.60 – 3.70 (m, 2H, CH-5, CH-5’), 3.81 – 3.91 (m, 3H, CH-2, CH-3, CH-4), 4.21 (ddd, J = 11.1, 7.2, 5.3 Hz, 1H, CH-

1), 4.34 (ddd, J = 11.1, 6.1, 2.7 Hz, 1H, CH-1’), 4.46 (d, J = 1.3 Hz, 2H, CH2 OBn), 4.51 (d, J = 11. Hz, 1H, CH2 OBn), 

4.57 (d, J = 11.8 Hz, 1H, CH2 OBn), 4.59 – 4.70 (m, 4H, CH2 OBn), 4.90 – 5.04 (m, 4H, POCH2Ph), 7.18 – 7.24 (m, 

4H, CH arom.), 7.25 – 7.33 (m, 26H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 67.34 (d, J = 6.1 Hz, CH-

1), 69.23 (d, J = 2.1 Hz, POCH2Ph), 69.29 (d, J = 2.2 Hz, POCH2Ph), 69.90, CH-5), 72.51, 72.53, 73.42, 73.86 (CH2 

OBn), 78.07 (d, J = 7.5 Hz, CH-2), 78.21 (CH-3), 78.26 (CH-4), 127.63, 127.69, 127.74, 127.79, 127.91, 127.94, 

127.96, 128.03, 128.09, 128.42, 128.47, 128.51, 128.55, 128.66, 135.98 (d, J = 2.9 Hz), 136.08 (d, J = 2.9 Hz), 

138.21, 138.33, 138.58 (CH arom.).31P NMR (162 MHz, CHLOROFORM-D) δ -0.08. IR (vmax, film) 2960, 2918, 

2852, 2105, 1733, 1458, 1261, 1094, 1027, 699 cm-1 [α]D
20 = + 28.52 (c = 0.85, DCM) 

 

1-azido-2,3,4-tri-O-benzyl-D-ribitol-5-(diethyl-phosphate) (43) 

To a stirring solution of triethyl phosphate (18 mg, 0.10 mmol, 1.0 equiv.) in DCM (0.5 mL) was added freshly 

distilled Tf2O (25 μL, 0.15 mmol, 1.5 equiv.) at RT. The reaction was allowed to stir for 10 mins before the 

addition of pyridine (16 μL, 0.20 mmol, 2.0 equiv.). After a further 10 mins a solution of 1-azido-2,3,4-tri-O-

benzyl-D-ribitol (33) (80 mg, 0.18 mmol, 1.8 equiv.) in DCM (400μL) was added dropwise. The resulting 

solution was allowed to stir at RT for 1.5 hours before the reaction mixture was concentrated under reduced 

pressure onto silica. The pure product was obtained by column chromatography on an automated system 

(gradient 0-70% EtOAc in hexane) to afford the title compound as a golden oil (32 mg, 54 μmol, 55%) 

HRMS-ESI Calculated for [C26H29N3O7P-]: 526.1749, found: 526.1768. 1H NMR (400 MHz, CHLOROFORM-D) δ 

1.24 – 1.32 (m, 6H, CH3), 3.35 (dd, J = 13.1, 2.4 Hz, 1H, CH-1), 3.46 (dd, J = 13.1, 5.6 Hz, 1H, CH-1’), 3.81 – 3.88 

(m, 3H, CH-2, CH-3, CH-4), 4.00 – 4.13 (m, 4H, OCH2-H3), 4.19 (ddd, J = 11.6, 6.9, 4.1 Hz, 1H, CH-5), 4.33 (ddd, J 
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= 11.6, 6.1, 2.4 Hz, 1H, CH-5’), 4.57 – 4.76 (m, 6H, CH2 OBn), 7.26 – 7.40 (m, 15H, CH arom.). 13C NMR (101 

MHz, CHLOROFORM-D) δ 16.25 (d, J = 6.0 Hz, CH3), 51.23 (CH-1), 63.95 (d, J = 5.8 Hz, OCH2CH3), 66.57 (d, J = 

6.0 Hz, CH-5), 72.55, 72.70, 74.04 (CH2 OBn), 77.63 (d, J = 7.1 Hz, CH-2), 77.89 (CH-4), 78.35 (CH-3), 127.96, 

128.16, 128.54, 128.57, 137.76, 137.84, 137.95 (CH arom.) IR (vmax, film) 3065, 3034, 2984, 2908, 2872, 2100, 

1499, 1455, 1394, 1267, 1099, 1029, 745, 698 cm-1 31P NMR (162 MHz, CHLOROFORM-D) δ -0.15. 

[α]D
20 = -7.95 (c = 0.475, DCM) 

 

1-azido-D-ribitol-5-phosphate (1-Az OH Phos Probe) 

To a stirring solution of 1-azido-2,3,4-tri-O-benzyl-D-ribitol-(diethyl-phosphate) (43) (38 mg, 60 μmol, 1.0 

equiv.) in dry DCM (1.3 mL) at 0°C was added TMSBr (0.10 mL, 0.60 mmol, 10 equiv.) the resulting solution was 

allowed to warm to RT and left for 21 h after which the solvents were removed in vacuo and the excess TMSBr 

was removed by co-evaporation with MeOH and toluene. Crude ESI-MS and 1H NMR showed evidence of the 

free phosphate intermediate, and the crude was used in the following step without purification. The crude was 

dissolved in DCM (0.8 mL) and cooled to -78°C. BCl3 (1M in DCM, 0.60 mL, 0.60 mmol, 12 equiv.) was added 

dropwise. After 4 h the reaction was quenched by the addition of 1:1 MeOH:DCM (1 mL) an the reaction slowly 

warmed to RT. The solvents were removed in vacuo to yield a 3:1 ratio of product:side product 1,4-anhydro-5-

azido-5-deoxy-D,L-ribitol as a clear oil (11 mg, 36 μmol, 60%).  

 

HRMS-ESI Calculated for [C5H11N3O7P + Na+]: 256.0340, found: 256.0330. Calculated for [C5H8N3O3 + Na+]: 

158.0571, found: 158.0569 1H NMR (600 MHz, D2O) δ 3.41 (dd, J = 13.5, 5.6 Hz, 1H, CH-1), 3.48 (dd, J = 13.1, 

7.5 Hz, 1H, CH-1), 3.55 (dd, J = 13.1, 3.0 Hz, 1H, CH-1), 3.68 (dd, J = 13.5, 3.2 Hz, 1H, CH-1), 3.76 (t, J = 6.4 Hz, 

1H, CH-3), 3.82 (dd, J = 10.2, 2.4 Hz, 1H, CH-5), 3.93 (td, J = 6.4, 2.9 Hz, 1H, CH-2), 3.95 – 4.00 (m, 2H, CH-2, CH-

4), 4.02 (dt, J = 12.1, 6.2 Hz, 1H, CH-5), 4.07 – 4.15 (m, 3H, CH-3, CH-5, CH-5), 4.30 (td, J = 4.5, 2.4 Hz, 1H, CH-4). 
13C NMR (151 MHz, D2O) δ 51.83 (CH-1), 52.78 (CH-1), 66.59 (d, J = 4.4 Hz, CH-5), 70.74 (CH-2), 70.82 (d, J = 7.9 

Hz, CH-4), 70.96 (CH-4), 71.74 (CH-3), 72.45 (CH-5), 72.58 (CH-3), 79.85 (CH-2). 31P NMR (162 MHz, D2O) δ 1.30. 
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Chapter 4: Development of Novel Methodology for 

Synthesis of S-Acetyl-2-Thioethyl-Protected 

Phosphates 

4.1 Abstract 

S-acetyl-2-thioethyl (SATE) groups are commonly utilised in chemical biology within 

metabolic labelling studies which utilise carbohydrate phosphate derivatives as cell permeable 

labelling probes. These protecting groups are used to mask negatively charged phosphate groups, 

which increases the cell-permeability of phosphorylated small-molecule probes. Once taken up in 

cells, the acetyl groups are cleaved, initiating further decomposition of the remaining thioethyl 

groups to reveal the deprotected phosphate monoester. Though SATE protection is commonplace, 

the majority of recent literature on the synthesis of SATE-protected phosphates relies on the use of 

highly hazardous dichlorophosphine intermediates for the formation of an activated 

phosphoramidite intermediate. This chapter describes the research undertaken to uncover a new 

methodology for the synthesis of SATE-protected phosphates by a two-step process that utilises an 

easy-to-synthesise tris(2-bromoethyl)phosphate starting material. This methodology avoids the use 

of dichlorophosphine intermediates, not only improving the safety of the SATE-protected phosphate 

formation, but also increasing the ease of purification and isolation of the required phosphorylation 

reagent. By utilising readily available, affordable starting materials, this methodology is much more 

accessible than the phosphoramidite approach that is commonly reported and therefore has the 

potential to make the use of SATE protecting groups more prevalent, not only within metabolic 

labelling studies but also for their wider applications in phosphate-containing prodrugs.  

4.2 Introduction 

S-Acetyl-2-ThioEthyl (SATE) groups are commonly utilised phosphate protecting groups for 

small molecule phosphate-containing probes and pro-drugs which need to cross the cell membrane. 

Despite the inherently low cell permeability of phosphate-containing molecules, phosphate groups 

are often used to increase the efficiency of carbohydrate- or nucleoside-based molecules. 

Nucleotide analogues, for instance, are generally more efficient than their non-phosphorylated 

derivatives as they bypass the initial rate-limiting biosynthetic phosphorylation step.173, 174 One study 

published in 2005 demonstrated this point by comparing the inhibitory effects of C-6 substituted 

purine nucleosides to that of SATE-protected prodrugs of the corresponding 5’-monophosphate 
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nucleotide derivatives, with the latter displaying a much greater potency than their non-

phosphorylated counterparts.175 SATE groups mask the high polarity and charged nature of 

phosphate monoesters, enhancing cell permeability. Once the protected probe is taken up in the 

cell, non-specific esterase and lipase activity cleaves the terminal acetate of the SATE group, 

unveiling a thioethyl moiety that can self-cyclise releasing the deprotected phosphate (Scheme 

29).180 SATE groups give high stability in solution, and the by-products formed by their cleavage 

mechanism, acetic acid (48) and episulfide (49), have been shown not to induce additional 

cytotoxicity.250-253  

 

Scheme 29: Enzymatic cleavage of SATE protected phosphates 

The synthesis of SATE groups was first published by Lefebvre and co-workers in 1995,254 and 

their phosphoramidite approach remains the most commonly utilised method for the synthesis of 

SATE-protected phosphates in recent literature.120, 255 This method proceeds from the highly reactive 

dichlorophosphine intermediate 50 (Scheme 30).138, 175, 254 Initially, the two chlorines in 50 are 

substituted with S-acetyl-2-thioethanol to yield a SATE-protected phosphoramidite intermediate. 

Once protected, this phosphoramidite is then coupled to the required probe by the use of 1H-

tetrazole to yield a phosphite intermediate. This phosphite is then oxidised with m-CPBA to yield the 

final bis(SATE)-protected phosphate product (Scheme 30). The compound diisopropylamido-

(dichlorophosphine) 50 is pyrophoric and highly reactive in air and moisture making its isolation 

challenging. Due to safety concerns, the dichlorophosphine 50 is not commercially available in the 

UK and therefore the synthesis of this highly hazardous species is required in-house. More recently, 

safer alternatives for this intermediate have been investigated, the most notable being 

diethylamido(dichlorophosphine) 51, which has been utilised to incorporate SATE phosphates onto 

sugars and peptides.256, 257 Not only does the ethyl derivative have fewer safety concerns than its 

diisopropyl counterpart, but it is also commercially available in the UK. No direct comparisons for the 

yield of diisopropyl vs diethyl phosphoramidite intermediates are available, however, comparison of 

the yields on similar sugar substrates shows that yields are lower for the 

diethylamido(dichlorophosphine) 51 (6-42%)257, 258 compared to diisopropylamido-

(dichlorophosphine) 50 (25-61%).120, 138 Another issue with both of these reagents is that the yields 
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vary greatly between substrates138, 257 and the syntheses are not always reproducible.259 Though 

diethylamido(dichlorophosphine) 51 provides a safer approach to SATE phosphoramidite synthesis, 

the reagent’s highly reactive nature, and greatly varying yields fuel a desire to find a safer, more 

efficient methodology for the synthesis of SATE protected phosphates.  

 

Scheme 30: Traditional synthesis route towards bis(SATE) protected phosphoprobes, first presented by Lefebvre and co-
workers in 1995. Reagents and Conditions: a) S-Acetyl-2-thioethanol, NEt3, THF, -78°C-r.t, b) Probe-OH, 1H-tetrazole, THF, c) 
mCPBA, DCM, -40°C-r.t 

While the work described in this chapter was ongoing a modified 

approach to SATE-protected hexosamine-1-phosphates, utilising 

bis(diisopropylethylamino)chlorophosphine 52 (Figure 16), has been 

developed.259 This method incorporates a phosphoramidite intermediate onto 

the target sugar first by substitution of the chlorine atom of 52, after which 

the amines are substituted for SATE groups by the use of S-acetyl-2-

thioethanol. This yields a bis(SATE)phosphite which, as for the 

phosphoramidite procedure described previously (Scheme 30), is then oxidised with m-CPBA to form 

the desired SATE phosphate. This methodology gave an overall yield of 45% over 3 steps using 3,4,6-

tri-O-acetylated N-acetylglucosamine as a substrate. This yield is comparable to that obtained by the 

conventional phosphoramidite methodology on a similar azido glucosamine substrate (40% over 2 

steps),138 and 2,3,4,6-tetra-O-acetylated glucose (42% over 2 steps).258   

 

Scheme 31: Modified phosphoramidite approach to SATE-protected phosphates published by Kohler and colleagues in 
2021259 Reagents and Conditions a) bis(diisopropylamino)chlorophosphine 52, DBU, DCM, r.t., 1 h, b) S-acetyl-2-
thioethanol, 1H-tetrazole, DCM, r.t., 12 h, c) m-CPBA, DCM, -40°C to r.t., 3 h 

Though alternative methodologies for the synthesis of SATE protected phosphates are not 

commonplace, there are numerous strategies for the synthesis of protected or mixed phosphate 

 
Figure 16: Structure of 
bis(diisopropylamino-
chlorophosphine 52 
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triesters.173 These can be classed into three major categories (Scheme 32A-C); A) chloride 

substitution methods, highlighted in Scheme 32A is a newly published one-pot procedure that 

utilises the sequential substitution of the chlorides in POCl3 with hydroxyl groups of both probe and 

protecting groups;239 B) the coupling of protecting groups onto a free phosphate monoester already 

attached to the probe, and C) the addition of a partially protected phosphate (phosphodiester) to 

the free hydroxyl group of a probe. Additional to these core synthetic methodologies, more recent 

literature has utilised the activation of phosphotriesters with triflic anhydride as a method to 

generate mixed phosphates (Scheme 32D), though this methodology has not yet been applied more 

widely.260  

 

Scheme 32: Reported methodologies for the synthesis of protected phosphates A) Chlorine substitution methods, here 
illustrated by tri-substitution of POCl3, B) Protection of a phosphate monoester, C) Coupling of a probe to a protected 
phosphate, D) Synthesis of mixed phosphates by activation of phosphotriesters with triflic anhydride and pyridine Reagents 
and Conditions: a) NEt3, DCM b) MSNT, pyridine, or accessed via varied coupling conditions including via DCC coupling) 
DCC, NEt3, DCM,  c) varied coupling conditions including via Mistunobu) DIAD, PPh3, NEt3, THF, via DCC coupling) DCC, NEt3, 
DCM, via dichlorophosphate formation) oxalyl chloride, NaH, DCM  d) Tf2O, pyridine, DCM  

 4.3 Aims 

This chapter aims to explore the development of a new methodology for the synthesis of 

SATE-protected phosphates which avoids the use of highly hazardous dichlorophosphine 

intermediates. This method will be based on the more general methodologies used for mixed 

phosphotriester synthesis within the field (Scheme 35). The main purpose of this new methodology 

is for the synthesis of protected ribitol-5-phosphate derivatives, which are relevant as metabolic 

labelling probes for O-mannosyl glycans (Chapter 3, pg. 55). For this method to be applicable to the 

synthesis of these probes, it needs to be tolerant towards both azide and benzyl groups as well as an 

open-chain sugar structure. Once successful, broader application of the methodology to different 

classes of molecules will also be explored (Chapter 5, pg. 128).  
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4.4 Results and Discussion 

Initially the synthesis of SATE-protected phosphates was attempted via the already 

established phosphoramidite approach utilising diisopropylamido(dichlorophosphine) (50). With this 

intermediate being non-commercially available,261 the synthesis of the SATE-protected 

phosphoramidite was attempted through an adapted method published by Bhat and colleagues in a 

2017 patent (Scheme 33).262 Their method relies on the formation of S-acetyl-2-thioethanol (53) in 

situ by the reaction of β-mercaptoethanol (54) with acetic anhydride (55), rather than the much 

more toxic 2-iodoethanol and thioacetic acid utilised in the Lefebvre procedure. This reaction 

mixture is then treated with a crude mixture of the separately prepared dichlorophosphine 

intermediate 50, therefore avoiding isolation of this highly hazardous intermediate. Once protected 

with SATE groups, compound 56 can then be purified by column chromatography. 

 

Scheme 33: Attempted synthesis of phosphoramidite 56 through an adapted phosphoramidite methodology published by 
Bhat and colleagues262 Reagents and Conditions a) DBU, toluene, 0°C-r.t,  b) NEt3, THF, 0°C-r.t (0%)  

Unfortunately, on attempting this reaction no evidence of the desired SATE-protected 

phosphoramidite 56 was seen by ESI-MS analysis of the crude reaction mixture, and 1H NMR showed 

that the only product obtained after column chromatography was doubly acetylated β-

mercaptoethanol (57). The fact that this attempt at producing the required SATE-phosphate (56) was 

unsuccessful provided further evidence for the requirement of a methodology which utilises more 

accessible intermediates.  

Methods A and B: Discussion 

A methodology for the synthesis of allyl protected phosphates was recently described by the 

sequential reaction of two different alcohols with phosphorous oxychloride (POCl3).239 This two-step 

one-pot procedure (described by the general procedure in Scheme 34) utilises an excess of POCl3 

(1.5 equiv.), which allows for the selective addition of one alcohol group to the phosphine oxide 
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(step a). After a reaction time of 3 hours, an excess of the second alcohol (in the paper’s case allyl 

alcohol) is then added to substitute the remaining chloride groups on the phosphate, forming the 

desired allyl-protected phosphate (step b). It was hypothesised that by using the SATE alcohol 53 in 

the second step instead (step c), this methodology would be able to yield SATE-protected 

phosphates.  

 

Scheme 34: Synthesis of protected phosphates through the reaction of alcohols selectively with POCl3 Reagents and 
Conditions a) NEt3, DCM, r.t., 3 h, b) allyl alcohol, NEt3, DCM, r.t., 16 h, (70%) c) S-acetyl-2-thioethanol 53, NEt3, DCM, r.t., 
16 h, (46%) 

Despite this methodology proving successful for the synthesis of SATE-protected phosphates 

on the model alcohol 3-phenyl propanol (Scheme 34), ongoing work on the ribitol-based metabolic 

labelling probes (Chapter 3) lead to the conclusion that this methodology would be incompatible 

with the optimised protecting group strategy. With acetate migration issues being encountered in 

the synthesis of the 1-Azido probes, the routes to ribitol probes were adapted to utilising benzyl 

groups (see the explanation for protecting group choice in Chapter 3 –Route 4a, pg. 73). Therefore a 

phosphate synthesis strategy that was compatible with benzyl groups was required. In their 

publication, Spicer et al note that on running their reaction with a benzyl alcohol substrate, ‘chloride 

substitution of the alcohol[s is] instead isolated as the major product’.239 The same issues with 

deprotection of benzyl groups were believed to occur on a benzylated sugar substrate.b 

An alternative methodology for the formation of protected phosphates utilises the initial 

incorporation of a deprotected phosphate monoester onto a probe, which is later protected 

(approach B in Scheme 32), and this methodology had been previously utilised for the synthesis of S-

pivaloyl-2-thioethyl (tBu-SATE) phosphates.263, 264 The direct addition of a free phosphate onto a 

ribitol probe had indeed been attempted previously (See Chapter 3: Incorporation of a Deprotected 

Phosphate Monoester for the Synthesis of 1-Az-OH-Phos pg. 79), but issues with the isolation and 

                                                           
b This was also later corroborated by work within the Willems group conducted by PhD student Lloyd 

Murphy (unpublished findings). 
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purification of the deprotected phosphate species had caused this method to be unsuccessful. 

Therefore, this methodology (approach B in Scheme 32) was not investigated for SATE-phosphate 

synthesis. The next set of experiments instead focused on the coupling of phosphodiesters onto a 

free hydroxyl group of the probe (approach C in Scheme 32). 

Method C: Addition of a Phosphodiester  

 
Scheme 35: General synthesis strategy to SATE protected Phosphates utilising a bis(SATE)phosphate starting material 
Proposed reagents and Conditions: varied coupling conditions including via Mistunobu) DIAD, PPh3, NEt3, THF, via DCC 
coupling) DCC, NEt3, DCM, via dichlorophosphate formation) oxalyl chloride, NaH, DCM  d) Tf2O, pyridine, DCM 

In literature, the coupling of phosphodiesters to alcohols is a commonly used strategy for 

the formation of protected phosphates, as earlier discussed (approach C in Scheme 32). Benefits 

from this methodology are its compatibility with benzyl protecting groups, and the great variety of 

conditions possible for the coupling reaction; for example, coupling with DCC, via Mitsunobu 

reaction, and via a chloro-phosphate intermediate have all been utilised in previous work with the 

commercially available di-benzyl-phosphate (see Chapter 3: Incorporation of a Deprotected 

Phosphate Monoester for the Synthesis of 1-Az-OH-Phos, pg. 79). To utilise this chemistry for the 

synthesis of SATE-protected phosphoprobes, first, a method to synthesise a bis-SATE phosphate 

reagent 58 (Scheme 35) was required.   

It was hypothesised that the desired bis-SATE phosphate 58 could be synthesised by the 

formation of a mixed phosphotriester bearing one protecting group that could be selectively cleaved 

in the presence of SATE groups. A method was proposed that utilised the commercially available 

starting material phenyl-dichlorophosphate 59. This would allow for the formation of a phenyl-

bis(SATE)phosphate 60, either directly or through a bis-(2-bromoethyl) intermediate (see Chapter 3), 

after which the phenyl group could either be directly removed, or substituted for a benzyl group (61) 

which could then be selectively removed to afford 58 (Scheme 36).  
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Scheme 36: Proposed synthesis and deprotection strategies for the synthesis of bis(SATE)phosphate from phenyl-
dichlorophosphate Reagents and Conditions a) 2-bromoethanol, NEt3, DCM, r.t., 16 h, (64%) b) KSAc, acetone, r.t., 16 h, 
(74%) c) S-acetyl-2-thioethanol, NEt3, DCM, r.t., 16 h, (9%), Proposed Reagents and Conditions d) NaOH, e) BnOH, NaH, 
THF, f) BCl3, DCM 

The synthesis of both bis(SATE) (60) and bis(2-bromoethyl) (62) phenyl phosphates was 

successful with the introduction of the 2-bromoethyl group providing much higher yields than the 

addition of the SATE alcohol (56% vs 7%). Substitution of bromine with potassium thioacetate, as 

shown previously, gave a 60 in a yield of 64% from intermediate 62 and an overall yield of 40% from 

the phenyl dichlorophosphate starting material 59. Then direct, selective deprotection of the phenyl 

group was attempted on each of these substrates as presented by Yoshino and co-workers using 

sodium hydroxide under aqueous conditions.246 

The products identified after deprotection of 62 by mass spectrometry analysis showed 

evidence of substitution of bromine with hydroxide. The presence of masses corresponding to both 

compounds 63 and 64, shown in Scheme 37, suggests that this substitution occurred before the 

removal of the phenyl group. In the negative and positive ion mode mass spectra of the products 

identified after deprotection of 60, no peaks for the SATE-protected product 58 could be identified, 

and no starting material was seen either, showing that decomposition of the SATE groups had likely 

occurred. This is believed to be due to hydrolysis of the terminal acetate causing the cyclisation of 

the thiol to occur and total deprotection of the phosphate.  
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Scheme 37: Decomposition pathway of the 2-bromoethyl compound 62 following ESI-MS evidence of both compounds 63 
and 64 and the proposed decomposition of the SATE compound 60 

Alternative methodologies for the removal of the phenyl group from phosphate relied on 

either high-pressure hydrogenation or hydrogenation with a platinum catalyst.265 To avoid these 

more harsh conditions, transesterification of the phenyl phosphate with benzyl alcohol and sodium 

hydride to give compound 61 was attempted as reported in literature.266-268 The removal of the 

benzyl group could then proceed under much milder conditions with either atmospheric pressure 

hydrogenation,263 or by reaction with BCl3.
241, 269 This substitution was attempted as displayed in 

Scheme 38A, however, no reaction was observed over varied reaction times and reagent 

equivalencies. Direct formation of compound 61 was also attempted utilising the POCl3 methodology 

utilised for the synthesis of 3-phenyl-propyl substrates (Scheme 38B) however this was unsuccessful 

and afforded none of the desired benzyl phosphate.   

 
Scheme 38: Attempted synthesis of benzyl-bis(SATE)phosphate through A) transesterification of phenyl-bis(SATE)phosphate 
B) the POCl3 methodology Reagents and Conditions a) BnOH, NaH, THF, 0°C-r.t. (0%) b) BnOH, NEt3, DCM, r.t., 3 h, c) S-
acetyl-2-thioethanol 53, NEt3, DCM, r.t., 18 h (0%) 

Method D: Triflic Anhydride Activation of a Phosphotriester 

In a final strategy, the synthesis of SATE-protected phosphates was investigated based on a 

2018 paper by Huang and co-workers237 which presents a method for synthesising bis-ethyl-

protected phosphates from triethyl phosphate. Their method proceeds by the initial activation of 
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triethyl phosphate with triflic anhydride, and then reaction with pyridine. Following the formation of 

a reactive pyridinium species, substitution with a range of substrates provided an array of diethyl-

protected phosphates. It was hypothesised that this method could not only be useful in synthesising 

the desired benzyl-bis(SATE) phosphate 61 but may also provide a potential method for the direct 

formation of the SATE-protected phosphoprobes, by-passing the need for synthesis of the bis(SATE) 

phosphate intermediate 58. To test this hypothesis, the tris(SATE) phosphate 65 was synthesised 

from POCl3 via the 2-bromoethyl derivative 66 (Scheme 39).  

 
Scheme 39: Synthesis of tris(SATE)phosphate Reagents and Conditions a) i) 2-bromo-ethanol, NEt3, DCM, r.t., 16 h, (50%) b) 
KSAc, acetone, r.t., 18 h, (60%, 30% over two steps) 

The triflic anhydride/pyridine reaction was then attempted with tris(SATE) phosphate 65 and 

the substrates 3-phenyl-propanol 40 and previously synthesised sugar derivative 2,3,4,5-tetra-O-

benzyl ribitol 35 (Scheme 40), which was an intermediate in the route to the 1-azido-probes 

described in Chapter 3.  

 

Scheme 40: Test Reactions for the synthesis of SATE-protected phosphates with triflic anhydride and pyridine utilising 
tris(SATE)phosphate Reagents and Conditions a) i) Tf2O, pyridine, DCM, r.t., 10 min, ii) 3-phenyl-propanol, DCM, r.t., 30 
min, (33%) d) i) Tf2O, pyridine, DCM, r.t., 10 min, then 2,3,4,6-tetra-O-benzyl-ribitol, r.t., 30 min (0%) 

Despite this new SATE methodology proving successful on the model alcohol 3-phenyl-

propanol (33%), no product was seen from the reaction with the ribitol substrate 35. To compare 

these yields with the values obtained by Huang and co-workers, the reaction of both compounds 40 

and 35 with commercially available triethyl phosphate 67 was attempted (Scheme 41). 
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Scheme 41: Test Reactions for the synthesis of ethyl phosphates with triflic anhydride and pyridine utilising triethyl 
phosphate Reagents and Conditions a) i) Tf2O, pyridine, DCM, r.t., 10 min, ii) 3-phenyl-propanol, DCM, r.t. 30 min, (45%) b) 
i) Tf2O, pyridine, DCM, r.t. 10 min, then 2,3,4,6-tetra-O-benzyl-ribitol, r.t., 30 min, (14%) 

The reaction with 3-phenyl-propanol 40 and triethyl-phosphate 67 was found to give yields 

of product 68 which were comparable to those seen for the tris(SATE)phosphate, though lower than 

yields for the same reaction reported by Huang and co-workers. Significantly, the reaction with 

triethyl phosphate 67 and the tetra-benzylated ribitol substrate 35 was also successful yielding the 

desired ribitol-5-bis-ethyl phosphate 69 in a yield of 14%. In their publication, based on test 

reactions and DFT calculations, Huang et al propose an SN1 type reaction. Ethanol has a pKa of 16, 

while S-acetyl-2-thioethanol has a lower calculated pKa (13.6) due to the electron-withdrawing 

thioacetate groups. This means that the S-acetyl-2-thioethyl group should be a preferential leaving 

group over ethyl and give a higher reactivity. Given, however, that the triethyl phosphate reagent 

was able to react with the benzylated sugar while the tris(SATE) phosphate was not, it was 

hypothesised that the large size of the tris(SATE) phosphate, and not electronic effects, was 

dominating the reaction efficiency and that steric hindrance may explain the lack of reactivity 

between tris(SATE) phosphate 65 and the benzylated ribitol substrate 35.  

With the SATE phosphate 65 being bulkier than Huang’s original phosphate reagent, it was 

hypothesised that the addition of SATE-protected phosphates using this method could be performed 

selectively on the primary site of a partially protected (and therefore less sterically hindered) ribitol 

substrate. Therefore, the reaction was attempted on the 1-trityl (11), and 5-TBDPS (21) ribitol 

substrates previously synthesised in the routes towards 1-Az probes (Scheme 42, for synthesis, see 

Chapter 3). Unfortunately, both reactions with 1-trityl and 5-TBDPS substrates 11 and 21 were 

unsuccessful, with none of the desired products formed and no evidence of phosphate addition 

occurring. In addition to this, TLC analysis of the reaction showed degradation of the starting sugars 

and loss of TBDPS and Trityl groups, respectively. 
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Scheme 42: Attempted synthesis of bis(SATE) phosphate products Reagents and Conditions: a) i) Tf2O, pyridine, DCM, r.t. 10 
min then ii) 21, DCM, r.t., 1 h. (0%) b) i) TfO2, pyridine, DCM, r.t. 10 min then ii) 11, DCM, r.t., 1 h. (0%) c) i) TfO2, pyridine, 
CDCl3, r.t. 10 min then ii) 40, 2,3,4-tri-O-benzyl-5-TBDPS-1-trityl ribitol, CDCl3, r.t., 1 h. (sugar shown to have degraded by 
crude NMR) 

To further corroborate these findings, the test reaction of 65 with 3-phenyl-propanol 40 was 

repeated in the presence of the fully protected ribitol compound 13 (Scheme 42). While the benzyl 

groups were seen to be stable to the reaction conditions, crude 1H NMR showed degradation of the 

ribitol material, with loss of TBDPS and Trityl groups. Since the primary protecting groups utilised in 

the synthesis of the 1-Az probes were shown to not be stable to the reaction conditions, successful 

use of this phosphate methodology would require the addition of the phosphate moiety to the 

benzylated ribitol compound 35. However, as steric hindrance was believed to cause issues in adding 

the SATE phosphate directly to 35, it was hypothesised that the intermediate from the tris(SATE) 

phosphate synthesis, tris(2-bromoethyl)phosphate 66 may be more suitable for the triflic 

anhydride/pyridine catalysed reaction. The bromine provides a similar electron-withdrawing effect 

to the thioacetate, boosting the leaving group potential of the halogenated alkyl group over the 

ethyl leaving group, and bromine with its much smaller size should better mimic the size of the ethyl 

phosphate originally utilised in the literature procedure. The use of the alternative phosphate 

reagent 66 was thus explored on both the 3-phenyl-propanol and the tetra-benzylated ribitol 

substrates (Scheme 43).  
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Scheme 43: Test Reactions for the synthesis of SATE Phosphates with triflic anhydride and pyridine utilising tris(SATE) 
phosphate Reagents and Conditions a) i) Tf2O, pyridine DCM, r.t. 10 min, ii) 3-phenyl-propanol, DCM, r.t. 30 min (17%) b) i) 
Tf2O, pyridine, DCM, r.t. 10 min then 2,3,4,6-tetra-O-benzyl-ribitol, r.t., 30 min (11%), c) KSAc, acetone, r.t., 24 h, (72%)  

The reaction of tris(2-bromoethyl)phosphate 66 with 3-phenyl-propanol 40 was successful, 

yielding compound 70 in a yield of 17%. More significantly, the reaction of the 2-bromo-ethyl-

phosphate 66 was also found to be successful on the benzylated ribitol compound 35, providing the 

bis(2-bromoethyl) ribitol compound 71 in a yield of 11%. This benzylated ribitol-phosphate product 

71 was subsequently able to be converted to the corresponding SATE-protected phosphate by 

substitution with potassium thioacetate in acetone (72%) providing the corresponding SATE 

containing ribitol-phosphate compound in a yield of 8% over two steps. With a successful 

methodology now in hand, this procedure was applied to the synthesis of 1-azido-ribitol-5-

phosphate probes (Chapter 3) while concurrently work was continued to further optimise this 

methodology to increase yields and explore the scope of the reaction on a range of different 

substrates (Chapter 5). 

4.5 Conclusion 

This chapter has explored the development of a new methodology for the synthesis of SATE-

protected phosphates. Adapted from Huang and co-workers' methodology, the successful procedure 

utilises an easy-to-access phosphotriester starting material, tris(2-bromoethyl)phosphate, followed 

by a reaction with potassium thioacetate to incorporate SATE-protected phosphates onto a 

substrate hydroxyl group through a two-step synthesis. This methodology avoids the use of highly 

hazardous, and difficult to handle dichlorophosphine intermediates, and the improved stability of 

the 2-bromoethyl-phosphate intermediates allows for easier isolation and storage. With this 

methodology now in hand, future work will not only apply this approach to the synthesis of cell-

permeable ribitol-5-phosphate probes but also look into the application of this methodology to a 
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wider scope of substrates. Alongside this investigation, further work will be undertaken to optimise 

the yields of this reaction on the ribitol substrate above the initially reported 11%. 
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4.6 Experimental 

General Experimental  

All reactions were conducted in oven dried glass wear under nitrogen, and where specified 

dry solvents used were either freshly distilled (DCM, DMF, toluene, THF) or from a SureSeal bottle, 

(DCE, pyridine). Flash column chromatography was run either manually with high purity 220-400 μm 

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

to 40 μm particle size silica (RediSep Rf Gold Normal-Phase Silica columns) here specified. Reactions 

and column fractions were monitored by TLC and visualised by UV and staining. For sugars: charring 

with 10% H2SO4 in MeOH; for phosphate reactions: KMnO4 stain.  

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) where 

specified. 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, δ) relative to 

the solvent (CDCl3, δ 7.26; CD3OD, δ 3.31; D2O, δ 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 (apt t), and so forth. Splitting patterns that 

could not be visualized or easily interpreted were designated as multiplet (m). Coupling constants 

are reported in Hertz (Hz).  

IR spectra were obtained by thin film ATR on a Perkin Elmer Spectrum 2 and [α]D 

measurements obtained on a Bellingham Stanley ADP400 polarimeter at the in the given solvent at 

specified concentration where C = 1 = 10 mg/mL. 

Synthesis of compounds 11, 13, 21, and 35 is described in Chapter 3. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/two-dimensional-nuclear-magnetic-resonance-spectroscopy
https://www.sciencedirect.com/topics/chemistry/heteronuclear-multiple-bond-coherence
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S-acetyl-2-thioethanol (53) 

To a stirring solution of 2-bromo-ethanol (1.0 mL, 14 mmol, 1.0 equiv) in acetone (40 mL) was added KSAc (1.7 

g, 16 mmol, 1.1 equiv) The resultant reaction mixture was allowed to stir at RT for 18 hours before the 

precipitated KBr was removed by filtration. The filtrate was evaporated in vacuo and subjected to automated 

flash column chromatography (gradient 0 to 100% EtOAc in hexane) to afford the title compound as a pale 

yellow oil (890 mg, 7.4 mmol, 53%). 

HRMS-ESI Calculated for [C4H8O2S + Na+]: 143.0137, found: 143.0141 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.93 (t, 1H,  J = 5.95 Hz, OH) 2.35 (s, 3H, CH3) 3.07 (t, 2H, J = 5.95 Hz, CH2SAc) 3.75 (q, 2 H, J = 5.95 Hz, 

CH2OH)  13C NMR (101 MHz, CHLOROFORM-D) δ ppm 30.78 (CH3) 32.23 (CH2S), 61.94 (CH2OH), 196.50 (C=O) IR 

(Vmax, film) 3363, 2964, 2879, 1686, 1354, 1133, 623 cm-1  

Data in accordance with literature values270 

 

 
Attempted Synthesis of bis-S-Acetyl-2-thioethyl-N,N-diisopropyl phosphoramidate (50) 

To a stirring solution of PCl3 (50 μL mL, 0.57 mmol, 1.0 equiv.) in dry hexane (1 mL) at 0°C was added 

diispropylamine (0.16 mL, 0.92 mmol, 1.6 equiv.) over 15 mins. The solution was allowed to warm to RT and 

the formed inorganic salts were removed by filtration and rinsed with hexane (3 x 2 mL). The resulting solution 

was diluted with dry THF (10 mL) and the volume was reduced to approximately 3 mL in vacuo. This process 

was repeated three times to yield the crude phosphoramidate in a 3 mL solution of dry THF. 

To a stirring solution of 2-mercaptoethanol (70 μL, 1.0 mmol, 2.3 equiv) in dry DCM (1 mL) at 0°C was added 

NEt3 (60 μL, 0.43 mmol, 1.0 equiv.) and Ac2O (70 μL, 0.74 mmol, 1.7 equiv.). The reaction was left for 1 h at 0°C 

followed by 2 h at RT, before the reaction was diluted with DCM (5 mL) and washed sequentially with H2O (5 

mL), sat. aqueous NaHCO3 solution (5 mL) and brine (5 mL). The organic layer was concentrated in vacuo to 

yield the crude intermediate as a clear oil. This residue was dissolved in dry THF (1 mL) and to this solution was 

added NEt3 (60 μL, 0.43 mmol, 1.0 equiv.) and activated 4A molecular sieves. The reaction mixture was cooled 

to 0°C and the crude phosphoramidate in 3 mL of dry THF was added dropwise. After 2 hours at 0°C dry 

hexane (5 mL) was added and the resulting precipitate was removed by filtration. The resultant solution was 

dried in vacuo and purified by flash column chromatography (gradient 0 to 50% EtOAc in hexane). No desired 

title product was obtained. 

 

 3-Phenyl-propyl-1-bis-allyl-phosphate  

To a stirring solution of POCl3 (0.10 mL, 1.1 mmol, 1.5 equiv.) and NEt3 (0.18 mL, 1.1 mmol, 1.5 equiv.) in dry 

DCM (10 mL) was added 3-phenyl-propanol (0.10 mL, 0.74 mmol, 1.5 equiv.). The resulting solution was stirred 

at RT for 3 h before the addition of allyl alcohol (0.25 mL, 3.8 mmol, 5.0 equiv.) and NEt3 (0.52 mL, 3.8 mmol, 

5.0 equiv.). The solution was left to stir at RT for 16 hours before the addition of THF (20 mL). The resulting 

suspension was left at RT for 15 mins before the precipitated NEt3.HCl was removed by filtration, and the 

solvents were removed in vacuo. The resulting crude product was purified by automated flash column 

chromatography (gradient of 0 to 100% ethyl acetate in hexane) yielding the pure product as a pale yellow oil 

(150 mg, 0.51 mmol, 70%) 
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HRMS-ESI Calculated for [C15H21O4P + Na+]: 319.1070, found: 319.1056  1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.96-2.03 (m, 2H, CH2CH2CH2OP) 2.66-2.72 (m, 2H, CH2CH2OP) 4.03-4.17 (m, 2H, CH2OP) 4.51-4.70 (m, 4H, 

CH2 OAllyl) 5.21-5.39 (m, 4H, m, CH=CH2 OAllyl) 5.87-5.95 (m, 2H, CH=CH2 OAllyl) 7.15-7.19 (m, 2H, CH arom.) 

7.23- 7.28 (m, 2H, CH arom.) 7.37-7.39 (m, 1H, CH arom.)  13C NMR (101 MHz, CHLOROFORM-D δ ppm 31.75 

(CH2CH2CH2OP) 31.96 (d, J = 6.7 Hz, CH2CH2OP) 67.21 (d, J = 5.8 Hz, CH2OP) 68.25 (d, J = 5.3 Hz, CH2 OAllyl) 

118.41 (d, J = 3.8 Hz, CH=CH2 OAllyl), 122.67, 126.20, 128.60 (CH arom.) 132.63 (d, J = 6.7 Hz, CH=CH2) IR 

(Vmax, film) 3026, 2951, 1496, 1278, 1013 cm-1 31P NMR (162 MHz, CHLOROFORM-D) δ -0.11 

 
3-Phenyl-propyl-1-bis(SATE)phosphate 

Synthesis from POCl3 

To a stirring solution of POCl3 (0.10 mL, 1.1 mmol, 1.5 equiv.) and NEt3 (0.18 mL, 1.1 mmol, 1.5 equiv.) in dry 

DCM (10 mL) was added 3-phenyl-propanol (0.10 mL, 0.74 mmol, 1.0 equiv.). The resulting solution was stirred 

at RT for 3 h before the addition of S-acetyl-2-thioethanol (430 mg in 1 ml dry DCM, 3.7 mmol, 5.0 equiv.) and 

NEt3 (0.52 mL, 3.8 mmol, 5.1 equiv.). The solution was left to stir at RT for 16 hours before the addition of THF 

(20 mL). The resulting suspension was left at RT for 15 mins before the precipitated NEt3.HCl was removed by 

filtration, and the solvents were removed in vacuo. The resulting crude product was purified by automated 

flash column chromatography (gradient of 0 to 100% EtOAc in hexane) to afford the title compound as a pale 

yellow oil (140 mg, 0.33 mmol, 46%) 

Synthesis by tris(SATE)phosphate activation with Tf2O and Pyridine 

To a stirring solution of tris(SATE)phosphate 64 (23 mg, 56 μmol, 1.0 equiv.) in dry DCM (0.13 mL), was added 

Tf2O (12 μL, 71 μmol, 1.3 equiv) and pyridine (9 μL, 0.11 mmol, 2.0 equiv.). The resulting solution was left to 

stir at RT for 10 mins before the addition of 3-phenyl-propanol (25 μL, 0.18 mmol, 3.2 equiv.). The resulting 

solution was left to stir for a further 30 mins. The reaction mixture was concentrated in vacuo onto silica and 

purified by automated flash column chromatography (gradient 0 to 100% EtOAc in hexane) to afford the title 

compound as a pink oil (7.3 mg, 18 μmol, 33%) 

HRMS-ESI Calculated for [C17H25O6PS2 + Na+]: 420.0810, found: 420.0830  1H NMR (400 MHz, CHLOROFORM-D) 

δ ppm 2.05-2.13 (m, 2H, CH2CH2CH2OP) 2.32 (s, 6H, CH3 SAc) 2.79 (tt, 2H,  J = 2.7, 6.6 Hz, CH2CH2OP) 3.12-3.21 

(m, 4H, CH2SAc) 4.03-4.13 (m, 4H, CH2CH2SAc) 4.20-4.45 (m, 2H, CH2OP) 7.15-7.18 (m, 3H, CH arom.) 7.25-7.28 

(m, 2H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ ppm 28.69, 28.82 (CH2SAc) 30.19, 30.11 (CH3 SAc) 

31.13 (CH2CH2CH2OP) 31.58 (CH2CH2OP) 66.02 (d, J = 5.3 Hz, CH2CH2SAc) 66.07 (d, J = 5.7 Hz, CH2CH2SAc) 68.97 

(d, J = 6.3 Hz, CH2OP) 125.66, 128.02, 128.04, 140.37 (CH arom.), 194.17, 194.33 (C=O SAc) 31P NMR (162 MHz, 

CHLOROFORM-D) δ 1.17. IR (Vmax, film) 2956, 1690, 1452, 1232, 1011 cm-1 

 
3-Phenyl-propyl-1-bis(2-bromo-ethyl)phosphate (70) 

To a stirring solution of tris(2-bromoethyl)phosphate 66 (38 mg, 92 μmol, 1.0 equiv.) in dry DCM (0.5 mL) was 

added Tf2O (23 μL, 0.14 mmol, 1.5 equiv.) and pyridine (15 μL, 0.19 mmol, 2.1 equiv.). After 10 mins 3-phenyl-

propanol (25 μL, 0.18 mmol, 2.0 equiv.) was added and the resultant solution was allowed to stir for 1.5 h 

before the reaction mixture was concentrated in vacuo onto silica. The crude product was purified by 

automated flash column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title compound as 

a clear oil (6.7 mg, 16 μmol, 17%) 

HRMS-ESI Calculated for [C13H19Br2O4P + Na+]: 452.9260, found: 452.9249 1H NMR (400 MHz, CHLOROFORM-

D) δ 1.94–2.08 (m, 2H, CH2CH2CH2OP), 2.66–2.79 (m, 2H, CH2CH2OP), 3.56 (dt, J = 9.7, 6.0 Hz, 4H, CH2Br), 4.13 
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(q, J = 6.7 Hz, 2H, CH2OP), 4.37 (ddt, J = 19.7, 8.1, 6.1 Hz, 4H, CH2CH2Br), 7.16–7.24 (m, 2H, CH arom.), 7.29–

7.33 (m, 3H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 29.59, 29.66 (CH2Br), 31.61 (CH2Ph), 31.80 (d, J 

= 6.9, CH2CH2Ph), 67.00 (d, J = 5.6 Hz, CH2CH2Br), 67.79 (d, J = 6.5 Hz, CH2CH2CH2Ph), 126.26, 128.59, 140.83 

(CH arom.), 31P NMR (162 MHz, CHLOROFORM-D) δ -1.51. IR (Vmax, film) 2972, 2269, 1672, 1496, 1454, 1203, 

1071, 1007, 745, 699, 745, 699, 483 cm-1 

 

Phenyl-bis(2-bromoethyl)phosphate (62) 

To a stirring solution of phenyl dichlorophosphate (1.0 mL, 6.9 mmol, 1.0 equiv) in dry DCM (45 mL) at 0°C, was 

added NEt3 (5.0 mL, 34 mmol, 5.0 equiv.) and 2-bromoethanol (2.0 mL, 28 mmol, 4.0 equiv.). The resulting 

solution was left to stir at RT for 24 h. THF (60 mL) was added and the precipitated NEt3.HCl was removed by 

filtration, and the filtrate concentrated in vacuo. The crude product was purified by automated flash column 

chromatography (gradient 0 to 100% EtOAc in hexane) to afford the title compound as a clear oil (1.7 g, 4.4 

mmol, 64%) 

HRMS-ESI Calculated for [C10H14Br2O4P + Na+]: 408.8810, found: 408.8805 1H NMR (400 MHz, CHLOROFORM-

D) δ 3.53 (td, J = 6.2, 2.1 Hz, 4H, CH2Br), 4.34 – 4.51 (m, 4H, CH2CH2Br), 7.17 – 7.26 (m, 3H, CH arom.), 7.32 – 

7.39 (m, 2H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 29.22 (d, J = 7.6 Hz, CH3Br), 67.64 (d, J = 5.7 Hz, 

CH2CH2Br), 120.14 (d, J = 4.78 Hz), 125.65, 130.00 (CH arom.), 150.32 (d, J = 7.6 Hz, POCH arom.) 31P NMR (162 

MHz, CHLOROFORM-D) δ -6.60. IR (Vmax, film) 3061, 2968, 1771, 1673, 1591, 1489, 1276, 1207, 1067, 1013, 

945, 760, 735, 689, 538 cm-1 

 

 
Phenyl-bis(SATE)phosphate (60) 

To a stirring solution of Phenyl-bis(2-bromoethyl)phosphate (62) (261 mg, 0.678 mmol, 1.00 equiv) in acetone 
(17 mL) at RT, was added KSAc (170 mg, 1.49 mmol, 2.20 equiv). The resultant solution was allowed to stir at 
RT for 24 h after which the reaction was dissolved in DCM (100 mL) and washed with H2O (50 mL). The 
resultant organic layer was dried over MgSO4, filtered, and the solvents concentrated in vacuo. The resulting 
crude product was purified by automated flash column chromatography (gradient 0 to 100% EtOAc in hexane) 
to yield the pure product as a pale yellow oil (190 mg, 0.506 mmol, 74%) 

HRMS-ESI Calculated for [C14H19O6PS2 + Na+]: 401.0253, found: 401.0253 1H NMR (400 MHz, CHLOROFORM-D) 

δ 3.17 (t, J = 6.5 Hz, 4H, CH2SAc), 4.22 (dtd, J = 8.5, 6.5, 2.1 Hz, 4H, CH2CH2SAc), 7.12 – 7.24 (m, 3H, CH arom.), 

7.30 – 7.39 (m, 2H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 29.24 (d, J = 7.6 Hz, CH2SAc), 30.67 

(SAc), 66.74 (d, J = 5.8 Hz, CH2CH2SAc), 120.15, 125.45, 129.94 (CH arom), 150.53 (d, J = 7.0 Hz, POCH arom.), 

194.90 (C=O) 31P NMR (162 MHz, CHLOROFORM-D) δ -6.47. IR (Vmax, film) 3043, 2948, 2905, 1690, 1591, 

1490, 1355, 1278, 1206, 1136, 1063, 1007, 940, 760, 660, 622, 541 cm-1 

 
Attempted synthesis of bis(2-bromoethyl)phosphate 

Phenyl-bis(2-bromoethyl)phosphate (62) (32 mg, 76 μmol, 1.0 equiv.) in 1,4-dioxane (0.4 mL) and 4M NaOH 

(0.15 mL) and heated to 50°C for 2 hours. The reaction was then cooled to RT and 1M HCl was added until the 

solution reached pH 4 and the resulting solution was allowed to stir for 20 mins. Sat. aqueous NaHCO3 solution 

was then added until the solution reached pH 7. The solvents were removed under reduced pressure. No 
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starting material or desired product were observed by ESI-MS, instead, the substitution of the Br for OH was 

observed both before and after Ph deprotection. 

 
Attempted synthesis of bis(SATE)phosphate (58) 

Phenyl-bis(SATE)phosphate (60) (18 mg, 58 μmol, 1.0 equiv.) was dissolved in 1,4-dioxane (0.2 mL) and 4M 

NaOH (0.1 mL) and heated to 50°C for 2 hours. The reaction was then cooled to RT and 1M HCl was added until 

the solution reached pH 4. The resulting solution was allowed to stir for 20 mins. The resulting precipitate was 

removed by filtration and suspended in sat NaHCO3 (1.5 mL) wit stirring for 20 mins. The solvents were 

removed under reduced pressure. No starting material or desired product was observed by ESI-MS. 

 

Attempted synthesis of Benzyl-bis(SATE)phosphate (61) 

To a stirring solution of Phenyl-bis(SATE)phosphate (60) (60 mg, 0.16 mmol, 1.0 equiv.) in dry THF (5.5 mL) was 

added NaH (60% in mineral oil, 19 mg, 0.48 mmol, 3.0 equiv.) and BnOH (40 μL, 0.48 mmol, 3.0 equiv.). After 

3.5 h the reaction was quenched with sat. aqueous citric acid solution (4 mL) and the solvents were removed in 

vacuo. The resulting residue was suspended in brine (25 mL), and the products extracted with Et2O (3 x 25 mL). 

The combined organic layers were dried over MgSO4, filtered and the solvents removed in vacuo. No desired 

product was identified by crude ESI-MS or NMR analysis. 

 

tris(2-bromoethyl)phosphate (66) 

To a stirring solution of POCl3 (0.25 mL, 2.2 mmol, 1.0 equiv.) in dry DCM (15 mL) at 0°C was added 2-BrEtOH 

(0.77 mL, 11 mmol, 5.0 equiv) and NEt3 (1.5 mL, 11 mmol, 5.0 equiv.)  The resulting allowed to warm to RT and 

left stirring for 18 h. The reaction was diluted with THF (20 mL) and the precipitated NEt3.HCl was removed by 

filtration. The resulting crude was concentrated in vacuo, and the cude residue purified by automated flash 

column chromatography (gradient 0 to 100% EtOAc in hexane) to afford the title compound as a clear oil (450 

mg, 1.08 mmol, 50%).  

HRMS-ESI Calculated for [C6H12Br3O4P + Na+]: 440.7895, found: 440.7892 1H NMR (400 MHz, CHLOROFORM-D) 

δ ppm 3.56 (t, 6 H, J = 6.2 Hz, BrCH2) 4.38 (dt, 6H, J = 6.2, 8.2 Hz, CH2CH2Br) 13C NMR (101 MHz, CHLOROFORM-

D) δ ppm 29.53 (d, J = 7.6 Hz, CH2Br) 67.34 (d, J = 5.0 Hz, CH2CH2Br) 31P NMR (162 MHz, CHLOROFORM-D) δ -

1.94. IR (Vmax, film) 2967, 2885, 1455, 1422, 1270, 1235, 1064, 1004, 960, 944, 781, 572 cm-1  

 

tris(SATE)phosphate (65) 

To a stirring solution of tris(2-bromoethyl)phosphate (66) (400 mg, 0.959 mmol, 1.00 equiv) in acetone (10 mL) 

was added KSAc (450 mg, 3.95 mmol, 4.12 equiv.) and the resulting solution was allowed to stir for 24 hours at 

RT. The solvent was removed in vacuo, and the resulting residue was dissolved in DCM (25 mL) and washed 

with water (20 mL). The aqueous layer was re-extracted with DCM (2 × 25 mL), and the organic layers were 
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combined, dried over MgSO4, filtered and concentrated in vacuo to afford the crude product. The crude 

product was purified by automated flash column chromatography (gradient of 0 to 100% ethyl acetate in 

hexane) to afford the title compound as a pink oil (234 mg, 0.579 mmol, 60%).  

HRMS-ESI Calculated for [C12H21O7PS3 + Na+]: 427.0079, found: 427.0088 1H NMR (400 MHz, CHLOROFORM-D) 

δ ppm 2.32 (s, 9H, CH3), 3.14 (t, 6H, CH2SAc), 4.09 (dt, J = 7.4, 6.5 Hz, 6H, CH2CH2SAc) 13C NMR (101 MHz, 

CHLOROFORM-D) δ ppm 29.21 (d, J = 7.2 Hz, CH2SAc), 30.60 (CH3 SAc), 66.14 (d, J = 5.8 Hz, CH2CH2SAc) 194.76 

(C=O) 31P NMR (162 MHz, CHLOROFORM-D) δ -1.59. IR (Vmax, film) 2919, 2850, 1734, 1695, 1460, 1376, 1264, 

1133, 1062, 1015, 956, 623 cm-1 

 

3-phenyl-propyl-bis-ethyl-phosphate (70) 

To a stirring solution of PO(OEt)3 (16 mg, 87 μmol, 1.0 equiv) in DCM (0.4 mL), was added Tf2O (21 μL, 0.12 

mmol, 1.4 equiv) and pyridine (13 μL, 0.17 mmol, 2.1 equiv). The solution was allowed to stir at RT for 10 mins 

before the addition of 3-phenyl-propanol (100 μL, 1.6 M solution in DCM, 0.17 mmol, 2.1 equiv.) and the 

resultant solution was left to stir for a further 30 mins. The reaction mixture was concentrated in vacuo onto 

silica and purified by automated flash column (gradient 0 to 100% ethyl acetate in hexane) to afford the title 

compound as a clear oil ( 11 mg, 39 μmol, 43%)  

HRMS-ESI Calculated for [C13H21O4P + Na+]: 295.1071, found: 295.1070 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.38 (dt, 6H J = 1.0, 7.1 Hz, CH2CH3) 1.98-2.01 (m, 2H, PhCH2CH2) 2.74 (dd, 2H, J = 6.7, 8.6 z, PhCH2) 4.04-

4.17 (m, 6H, POCH2CH3 + POCH2CH2) 7.18-7.46 (5 H, m, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 

16.26 (d, J = 6.7 Hz, CH3), 31.76 (OCH2CH2CH2Ph), 31.99 (d, J = 6.8 Hz, OCH2CH2CH2Ph), 63.84 (d, J = 5.8 Hz, 

OCH2CH3), 66.87 (d, J = 5.6 Hz, OCH2CH2), 126.16, 128.57, 141.11. (CH arom.) 31P NMR (162 MHz, 

CHLOROFORM-D) δ -0.15.  

Data in accordance with literature values.237 

 
2,3,4,5-tetra-O-benzyl-ribitol-5-(bis-ethyl-phosphate) (69) 

To a stirring solution of PO(OEt)3 (6.0 μL, 32 μmol, 1.0 equiv.) in dry DCM (0.24 mL), was added Tf2O (9 μL, 54 

μmol, 1.6 equiv) and pyridine (8 μL, 0.1 mmol, 2.3 equiv). The resulting solution was left to stir at RT for 10 

mins before 120 μL of the reaction mixture was transferred to a dry flask containing 2,3,4,5-tetra-O-benzyl-D-

ribitol (35) (27 mg, 52 μmol, 2.0 equiv.). The resulting solution was allowed to stir for a further hour at RT 

before the solvents were removed in vacuo and co-evaporated with toluene (2 mL). The crude product was 

purified by manual flash column (gradient 0 to 33% EtOAc in hexane) to afford the title compound as a pale 

orange oil (2.8 mg, 4.3 μmol, 14%) 

 

HRMS-ESI Calculated for [C37H45O8P + Na+]: 671.2744, found: 671.2745 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.28 (dt, 6H, CH3) 3.57 – 3.78 (m, 3H, CH-2, CH-3, CH-4) 3.82 – 3.95 (m, 2H, CH-5) 4.02 (dddt, J = 14.3, 6.9, 

4.6, 2.6 Hz, 4H, CH2CH3) 4.19 (ddd, J = 11.0, 6.9, 5.5 Hz, 1H, CH-1) 4.33 (ddd, J = 11.0, 5.9, 2.7 Hz, 1H, CH-1) 4.58 

(d, J = 11.4 Hz, 1H, CH2 OBn), 4.63 (d, J = 11.7 Hz, 1H, CH2 OBn), 4.66 (s, 2H, CH2 OBn), 4.69 (d, J = 11.4 Hz, 1H, 

CH2 OBn), 4.72 (d, J = 11.7 Hz, 1H, CH2 OBn), 7.20 – 7.36 (m, 20H, CH arom.) 13C NMR (151 MHz, 

CHLOROFORM-D) δ 16.22 (d, J = 3.5 Hz, CH3), 16.27 (d, J = 3.1 Hz, CH3), 63.84 (d, J = 5.9 Hz, CH2CH3), 63.86 (d, J 

= 5.9 Hz, CH2CH367.18 (d, J = 6.3 Hz, CH-1), 69.98 (CH-5), 72.59, 72.61, 73.47, 73.91 (CH OBn) 78.22 (d, J = 7.7 

Hz, CH-2), 78.38 (CH-3), 78.42 (CH-4), 127.64, 127.70, 127.76, 127.81, 127.93, 128.01, 128.08, 128.48, 138.33, 

138.41, 138.47, 138.65 (CH arom.) 31P NMR (162 MHz, CHLOROFORM-D) δ -0.15. IR (Vmax, film) 2961, 2918, 

1852, 2105, 1733, 1459, 1262, 1095, 1028, 700 cm-1 [α]D
20 = + 11.80 (c = 0.045, DCM) 
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2,3,4,5-tetra-O-benzyl-ribitol-5-(bis(2-bromoethyl)phosphate) (71) 

To a stirring solution of tris(2-bromoethyl)phosphate (66) (30 mg, 72 μmol, 3.0 equiv) in DCM (0.36 mL), was 

added Tf2O (18 μL, 0.11 mmol, 4.5 equiv) and pyridine (12 μL, 0.15 mmol, 6.3 equiv). The solution was allowed 

to stir at RT for 10 mins before 120 μL of the reaction mixture was transferred to a dry flask containing 2,3,4,5-

tetra-O-benzyl-D-ribitol (35) (20 mg, 40 μmol, 1.6 equiv). The resultant solution was allowed to stir for a further 

hour at RT before the solvents were removed in vacuo and co-evaporated with toluene (2 mL). The crude 

product was purified by manual flash column (gradient 0 to 33% ethyl acetate in hexane) to afford the title 

compound as a pale orange oil (2.0 mg, 2.5 μmol, 11%)  
 

HRMS-ESI Calculated for [C37H43Br2O8P + Na+]: 827.0955, found: 827.0951 1H NMR (600 MHz, CHLOROFORM-

D) δ 3.37 (t, J = 6.2 Hz, 2H, CH2Br), 3.41 (q, J = 6.7 Hz, 2H, CH2Br), 3.67 (dd, J = 10.4, 5.1 Hz, 1H, CH-5), 3.71 (dd, 

J = 10.4, 3.5 Hz, 1H, CH-5’), 3.87 – 3.95 (m, 3H, CH-2, CH-3, CH-4), 4.14 – 4.29 (m, 5H, CH2CH2Br, CH-1), 4.40 

(ddd, J = 11.2, 6.3, 2.8 Hz, 1H, CH-1’), 4.49 (d, J = 2.6 Hz, 2H, CH2 OBn), 4.58 (d, J = 11.5 Hz, 1H, CH2 OBn), 4.63 

(d, J = 11.4 Hz, 2H, CH2 OBn), 4.66 (t, J = 2.0 Hz, 2H, CH2 OBn), 4.73 (d, J = 11.8 Hz, 1H, CH2 OBn), 7.27 – 7.36 (m, 

20H, CH arom.).  
13C NMR (151 MHz, CHLOROFORM-D) δ 29.51 (d, J = 7.6 Hz, CH2Br), 29.57 (d, J = 7.5 Hz, CH2Br), 66.93 (d, J = 5.4 

Hz, CH2CH2Br), 66.96 (d, J = 5.2 Hz, CH2CH2Br), 67.81 (d, J = 6.0 Hz, CH-1), 69.82 (CH-5), 72.59, 72.61, 73.51, 

73.91 (CH2 OBn), 78.04 (d, J = 7.2 Hz, CH-2), 78.20 (CH-4), 78.24 (CH-3), 127.73, 127.77, 127.84, 127.85, 127.95, 

128.10, 128.51, 128.52, 138.12, 138.31, 138.40, 138.56 (CH arom.). IR (Vmax, film) 2923, 2853, 1723, 1454, 

1376, 1264, 1071, 1017, 800, 737, 701 cm-1   [α]D
20 = - 2.20 (c = 0.105, DCM) 

 

 
2,3,4,5-tetra-O-benzyl-ribitol-5-bis(SATE)phosphate 

To a stirring solution of 2,3,4,5-tetra-O-benzyl-ribitol-5-bis(2-bromoethyl)phosphate (71) (2.0 mg, 2.5 μmol, 1.0 

equiv.) in acetone (200 μL) was added KSAc (5.0 mg, 30 μmol, 12 equiv). The resulting suspension was stirred 

at RT for 24 hours before the acetone was removed in vacuo. The resulting residue was dissolved in DCM (0.5 

mL) and the salts were removed by filtration to afford the title compound as a pink oil (1.4 mg 1.8 μmol, 72%) 

HRMS-ESI Calculated for [C41H49O10PS2 + Na+]: 819.2397, found: 819.2406 1H NMR (400 MHz, CHLOROFORM-D) 

δ ppm 2.28 (s, 6H, CH3) 3.05 (dt, 4H, J = 10.7, 6.5 Hz, CH2S) 3.56 – 3.79 (m, 3H, CH-2, CH-3, CH-4) 3.79 – 3.96 

(m, 2H, CH-5) 3.96 – 4.09 (m, 4H, CH2CH2S) 4.17 – 4.42 (2H, m, CH-1) 4.50 – 4.76 (8H, m, CH2 OBn) 7.20-7.47 

(m, 20H, CH arom.) 13C NMR (151 MHz, CHLOROFORM-D) δ 29.33, 29.51 (CH2SAc), 30.64 (CH3 SAc), 66.06 (d, J 

= 6.1 Hz, CH2CH2SAc), 66.31 (d, J = 6.3 Hz, CH-1) 69.92 (CH-5), 72.59, 72.61, 73.49, 73.92 (CH2 OBn), 78.05 (d, J 

= 7.14, CH-2) 78.28 (CH-3), 78.30 (CH-4), 127.69, 127.73, 127.82, 127.95, 128.07, 128.10, 128.48, 128.50 (CH 

arom.), 194.82 (C=O SAc). 31P NMR (162 MHz, CHLOROFORM-D) δ -0.90 IR (Vmax, film) 3034, 2921, 2851, 

1696, 1496, 1454, 1261, 1097, 1064, 1017, 955, 801, 736, 698 cm-1 [α]D
20 = + 0.31 (c = 0.085, DCM) 
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Chapter 5: Optimisation and Substrate Scope of the New S-

Acetyl-2-Thioethyl-Protected Phosphate Synthesis 

Methodology  

5.1 Abstract 

S-Acetyl-2-ThioEthyl (SATE) groups are commonly used phosphate protecting groups in 

phosphate-containing small-molecule probes. These cell-permeable, cleavable groups are typically 

synthesised utilising highly hazardous phosphoramidite intermediates. In 2018, two research groups 

published methodologies for the synthesis of mixed phosphonates with the use of triflic anhydride 

for the activation of diethyl phosphonates.238, 271 This methodology was later applied to the synthesis 

of diethyl phosphotriesters,237 and the adaption of this method to the synthesis of bis(SATE) 

phosphates has been previously described (Chapter 4, pg. 107).  With this new method in hand, 

work to optimise yields and explore the substrate scope of this reaction was undertaken. This 

chapter describes the optimisation of the SATE methodology, improving yields on a standard glucose 

substrate from 25% up to 64%. This method is compatible with common hydroxyl protecting groups 

including acetate, allyl, benzyl, and benzoyl, as well as the amine protecting groups Fmoc and CBz. In 

addition to these findings, the synthesis of an azide-containing metabolic glycan labelling probe 

previously described in literature further demonstrates the potential impact of this method to the 

wider field. By avoiding the use of highly hazardous dichlorophosphine intermediates and making 

use of readily available starting materials, this method will make the synthesis of SATE-protected 

phosphoprobes more practical and accessible. 

5.2 Introduction 

In 2018 multiple papers were published by two separate groups detailing the synthesis of 

mixed phosphonates by new methodologies which employ the initial electrophilic activation of a 

diethyl phosphonate with triflic anhydride.237, 238, 260, 271 Following activation with triflic anhydride, 

both methods then convert the intermediate species to a more reactive intermediate by addition of 

either a halogen donor or pyridine (Scheme 44).  
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Scheme 44: Comparison of the Adler et al and Huang et al methodologies for the synthesis of mixed phosphonates. Unique 
elements of the Huang et al method are shown in blue, and of the Adler et al method in red. 

Huang’s Method 

The Huang et al methodology was initially published for the synthesis of mixed 

phosphonates238 but later adapted by the same group to the synthesis of mixed phosphates.237 Their 

method proceeds by initial electrophilic activation of the phosphonate with triflic anhydride, yielding 

a phospho-triflate species which then can undergo substitution with pyridine to form a highly 

reactive pyridinium species. This species undergoes substitution with the target alcohol to afford the 

mixed phosphonate product (Scheme 44A). Significantly, these studies showed that the reaction did 

not proceed without the addition of pyridine, revealing the importance of the reactive intermediate 

for the alcohol substitution step.  

Evidence for mechanism 

The group were able to prove the formation of all reactive 

intermediates presented within their mechanism (Scheme 45) by 1H and 31P 

NMR studies alongside additional test reactions which were conducted to 

determine whether the substitution step between intermediates I and II was 

SN1 or SN2-like. They were able to prove an SN1-type substitution by the alcohol 

substrate through a reaction with the mixed methyl and isopropyl starting 

phosphonate 72. Substitution of only the more stable isopropyl leaving group 

suggests an SN1-type reaction mechanism for this activation. In a second test reaction, the reactivity 

of the double bonded oxygen atom of the phosphonate with triflate was investigated by a one-pot 

reaction in the presence of both a phenyl and nitro-phenyl phosphonate. Lack of reaction with the 

electron-withdrawing nitro-phenol substrate helped provide evidence that the terminal oxygen 

performs a nucleophilic attack on triflic anhydride. A final control experiment with 18O-labelled 

phosphonate starting material gave an unlabelled product, further demonstrating that the terminal 

oxygen acts as a nucleophile to generate a triflate intermediate that is subsequently lost from the 

product, supporting their proposed mechanism.  

 
Figure 17: Test 
substrate to prove the 
mechanism of 
substitution for the 
Huang et al method 
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Scheme 45: Mechanism proposed by Huang and co-workers for their method of synthesising mixed phosphonates 

Reported Optimisation 

When conducting optimisation of their method, Huang et al investigated a wide range of 

reaction conditions. The initial scope of nucleophiles found that phenols were tolerated, but 

sterically bulky substrates resulted in the isolation of triflated side-products. Amines and thiols were 

also shown to be incompatible. When screening different activating agents, the group investigated 

triflic, acetic and trifluoroacetic anhydrides as well as bromotrimethylsilane, however only triflic 

anhydride was successful.  Further screens tested a range of bases for the initial substitution step, 

including pyridine, 2,6-lutidine, DMAP, Et3N, DBU and K2CO3. Interestingly, the only base to give a 

positive result was pyridine, with all other bases yielding a triflated alcohol side-product as the major 

product. Additionally, no reaction was seen without the addition of a base, further reinforcing the 

need for formation of the activated pyridinium species to allow for substitution with the alcohol 

substrate. Solvents were also screened, with DCM being highest yielding. 
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Adler’s Method 

As seen for the Huang et al methodology, the method published by Adler et al proceeds with 

phosphonate activation by triflic anhydride. Adler et al then propose that this initiates an Arbuzov 

reaction to the phospho-triflate species, in contrast to the Huang et al methodology, in the presence 

of base. After activation, a halogen donor is added, forming a halo-phosphonate which upon 

addition of the deprotonated alcohol substrate undergoes substitution to the final product (Scheme 

44B). In contrast to the Huang paper, the Adler method was found to be successful with a wide 

range of substrates including both alcohols and thiols with primary, secondary and tertiary 

configurations, though their reaction requires higher equivalents of nucleophile than the Huang 

method (4 vs 2 equiv.). Additionally, sugar and aryl species were screened alongside a vast range of 

functional groups including, but not limited to, alkynes, CF3, and halo alkane moieties. 

Evidence for mechanism 

The proposed mechanism for the synthesis of mixed phosphonates via this method is 

presented in Scheme 46. Evidence for this mechanism and the formed intermediates came from 1H 

and 31P NMR studies, with a proposed Arbuzov reaction converting intermediate I to II. Significantly, 

the group notes that when using 2-iodopyridine as the base, they do not see evidence for the 

formation of the pyridinium species observed by Huang et al in their proposed mechanism (Scheme 

45). This may be explained by the order of addition of the pyridine to the reaction, with the pyridine 

added before triflic anhydride by Adler et al, but only after the addition of triflic anhydride in the 

Huang et al methodology.  It should also be noted that the Alder et al publication makes no 

reference to the requirement for prior deprotonation of their nucleophiles with NaH, and no 

attempts of the reaction without this deprotonation step are reported. 
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Scheme 46: Mechanism proposed by Alder and co-workers for their method of synthesising mixed phosphonates. 

Reported Optimisation 

The Adler publication lists optimisation through the screening of a variety of bases including 

pyridine and substituted pyridines, as well as DBU, 1,8-bis(dimethylamino)naphthalene (a.k.a. 

proton sponge) and Et3N. Ultimately, they determined 2-iodopyridine as the highest yielding base, in 

1.5 equivalents respective to the phosphonate starting material. With the phospho-triflate formed, 

substitution to a reactive chloro-intermediate was optimised through the screening of various 

halogen sources, including tetrabutyl- and tetraethylammonium salts with the tetraethyl-ammonium 

chloride salt providing the highest yields. Interestingly, yields from the use of the 

tetrabutylammonium chloride and bromide salts were outperformed by the yield obtained without a 

halogen source. This indicates an alternate mechanism to the desired product in the absence of 

halogen source, either stemming from a direct reaction with the triflate intermediate, or another 

potential intermediate formed through interaction with 2-iodopyridine.  
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Though both publications explore a wide scope of substituted alcohol substrates, both in 

terms of structure and functionality, no alternative phosphonate or phosphate protecting groups 

were described, with only ethyl-protected substrates being tested.271, 272 Therefore, questions 

remain regarding the applicability of this methodology to alternative phosphate substrates.  In 

addition, while a wide range of optimisation steps has already been conducted by both groups, 

further optimisation of the reaction conditions, such as reaction timings, and substrate scope can be 

investigated.  

5.3 Aims 

Previously the synthesis of SATE protected phosphates on a model substrates 3-phenyl-

propanol and the linear sugar 2,3,4,5-tetra-O-benzyl-D-ribitol has proven successful utilising the 

Huang et al methodology to install an intermediate di-2-bromo-ethyl phosphate (see Chapter 4, pg. 

104). This chapter explores optimisation of this newly developed methodology for bis(SATE) 

protected phosphates (to increase yields above the initially reported 13% for the reaction between 

tris(2-bromoethyl)phosphate and 1-azido-tri-2,3,4-benzyl-D-ribitol, the key intermediate for the 

synthesis of 1-azido-ribitol-5-phosphate probes (Chapter 3, pg. 55). In addition to this, the synthesis 

of SATE-protected phosphate derivatives from alternative substrates containing a range of different 

protecting groups and at various sites of addition are explored to demonstrate the scope of this 

reaction, and verify its application to the wider field. 

5.4 Results and Discussion 

Leading on from the successful addition of a bis(SATE) phosphate on a benzylated ribitol 

compound utilising new methodology based on the Huang et al procedure (Chapter 4, pg. 104), 

optimisation was carried out to improve the yield of this reaction above the preliminary 13% for the 

synthesis of the protected 1-azido-5-phosphate ribitol probes (Chapter 3, pg. 55). Initially, only the 

Huang et al method had been attempted for the synthesis of SATE phosphates as this methodology 

had been applied in literature to the synthesis of protected phosphates. To test whether the Adler et 

al methodology would also be successful for SATE phosphate synthesis, and encouraged by the 

reported use of the reaction on a much wider range of nucleophiles, the reaction of tris(2-

bromoethyl)phosphate 66 with the model alcohol 3-phenyl-propanol 40 was attempted under the 

reaction conditions described by Adler et al. Upon attempting this reaction (Scheme 47), however, 

none of the desired product 70 was obtained, and the majority (85%) of the phosphate starting 

material was recovered. Because of this poor result, subsequent optimisation continued with the 

previously utilised Huang et al methodology.  
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Scheme 47: Attempted synthesis of 70 via the Adler method for mixed phosphonate synthesis Reagents and Conditions i) 
Tf2O, pyridine, DCM, ii) TBAI ii) 3-phenyl-propanol 40, NaH, THF (0%) 

Initially, efforts were focused on improving the yields for the literature reaction with triethyl 

phosphate 67 and 3-phenyl-propanol 40 as the yields were lower (45%) than recorded within the 

literature (89%), and yields were even lower with the 2-bromoethyl-phosphate 66 (17%). A 

combination of distilling Tf2O prior to use and introducing the 3-phenyl-propanol to the reaction as a 

solution in DCM instead of neat were shown to positively affect yields in line with the values 

reported within the literature (82%) (Table 3). 

Table 3: Optimisation of the synthesis of 3-phenyl-propyl-diethyl-phosphate through the distillation of triflic anhydride and 
adding 3-phenyl-propanol as a solution in DCM 

 
 Phosphate 

(tri-ethyl-

phosphate) 

equiv. 

Tf2O 

equiv. 

Pyridine 

equiv. 

Pre-

activation 

Time 

Alcohol (3-

phenyl-

propanol) 

equiv. 

Alcohol 

addition 

method 

Reaction 

time 

Yield 

Run 

1 

1.0 1.5    

(not 

distilled) 

2.0 10 mins 2.0 Added 

neat 

1 h 45% 

Run 

2  

1.5 1.5 (not 

distilled) 

2.0 10 mins. 2.0 Added in 

1.6 M sol. 

1 h 53% 

Run 

3 

1.0 1.5 

(distilled) 

2.0 10 mins 2.0 Added in 

1.6 M sol. 

1 h 82% 

Run 

4 

1.0 1.5 

(distilled) 

2.0 10 mins 2.0 Added in 

0.8 M sol. 

1 h 76% 

Run 

5 

1.0 1.5 

(distilled) 

2.0 10 mins 2.0 Added in  

0.55 M 

sol. 

1 h 42% 

 

The initial increase in yield from 45% up to 53% (Run 1 vs Run 2) can be attributed to the 

accuracy with which the 3-phenyl-propanol could be added to the reaction in solution vs the neat 

highly viscous oil. Further boosts to yields were observed upon the distillation of triflic anhydride, 

which increased yields up to 82% (Run 3). Therefore, in all following reactions distillation of triflic 

anhydride was conducted before the reaction. To further investigate the effect of reaction 

concentration, lower concentrations of starting alcohol were investigated (Runs 4 and 5). The 
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decrease in yields upon these lower alcohol concentrations shows the clear requirement for high 

reaction concentrations to achieve high yields. With the yields now in line with literature (Run 3), the 

same conditions were applied to the reaction of 3-phenyl-propanol with tris(2-bromoethyl)-

phosphate 66, however, the yield for this reaction remained low at 17%. Attempts at improving this 

yield by adding double the equivalents of phosphate and activating agents led to exclusive recovery 

of the triflated side-product (see section Phosphate Addition Side Product, pg. 141), while none of 

the desired product 70 was formed.  

Since the reaction with the 2-bromoethyl phosphate derivative was much lower yielding 

than for the triethyl phosphate, and an excess of activated phosphate had further reduced yields, 

the conditions for phosphate pre-activation were changed. The effects of these changes were 

initially screened on the model reaction with triethyl phosphate 67 to identify any potential negative 

effects of changing reaction conditions (Table 4). Within the Adler et al procedure, the base was 

added to the reaction mixture before the addition of triflic anhydride so this was attempted in the 

Huang procedure (Run 6). In addition, the reaction was conducted with increasing equivalents of 

pyridine to investigate whether the conversion of the triflate to the pyridinium species was the 

cause of lower yields (Runs 7 and 8).  

 Table 4: Optimisation of the synthesis of 3-phenyl-propyl-diethyl phosphate through changing the order of reagent addition 
and the number of equivalents of pyridine 

 
 Phosphate 

(ethyl-

phosphate) 

equiv. 

Tf2O 

equiv. 

Pyridine 

equiv.  

Pre-

activation 

time 

Alcohol (3-

phenyl-

propanol) 

(added in 

1.6M sol.) 

Reaction 

time 

Yield 

Prev. 1.0 1.5 2 10 mins 2.0 1 h 82% 

Run 6 1.0 1.5 2  

(added 

before 

Tf2O) 

10 mins 2.0 1 h 27% 

Run 7  1.0 1.5 4 10 mins 2.0 1 h 42% 

Run 8 1.0 1.5 8 10 mins 2.0 1 h 27% 

 

Adding in pyridine before triflic anhydride (Run 6) was shown to have a largely negative 

effect on yield. Additionally, the yields seen on increasing the equivalents of pyridine (Runs 7 and 8) 

were also greatly reduced. For this reason, this alteration to the method was not attempted with the 

2-bromoethyl phosphate 66. Significantly, these observations suggested that pyridine was 



Page 138 of 311 
 

deactivating the unreacted triflic anhydride, thereby preventing the reaction from proceeding. 

Furthermore, the fact that higher equivalents of pyridine reduced yields indicated that the triflic 

anhydride had not fully activated the phosphate by the time pyridine was added (approx. 1 min after 

triflic anhydride addition). The effect of increasing the pre-activation time before pyridine was added 

to the reaction was then investigated for the reaction of tris(2-bromoethyl)phosphate 66 with 3-

phenyl-propanol 40 as presented in Table 5. Notably, the Huang et al procedure does not report a 

waiting time between triflic anhydride and pyridine addition. 

Table 5: Optimisation of the synthesis of 3-phenyl-propyl-bis(2-bromoethyl) phosphate by inserting a pre-activation time 
after the addition of triflic anhydride, and before the addition of pyridine  

 
 Phosphate 

(2-bromo-

ethyl-

phosphate) 

equiv. 

Tf2O 

equiv. 

Waiting 

time 

before 

adding 

pyridine 

Pyridine 

equiv. 

Pre-

activation 

time 

Alcohol (3-

phenyl-

propanol) 

(added in 

1.6M sol.) 

Reaction 

time 

Yield 

Prev. 1.0 1.5 None 

(approx. 

1 min) 

2.0 10 mins 2.0 1 h 17% 

Run 9 1.0 1.5 5 min 2.0 10 mins 2.0 1 h 37% 

Run 

10 

1.0 1.5 10 min 2.0 10 mins 2.0 1 h 50% 

52% 

(51%) 

Run 

11 

1.0 1.5 20 min 2.0 10 mins 2.0 1 h 45% 

Run 

12  

1.0 1.5 30 min 2.0 10 mins 2.0 1 h 43% 

a) where two separate yields are reported, the reaction was performed in duplicate with averages given in 

brackets 

 

As previously hypothesised, a clear increase in yields was seen on the introduction of a pre-

activation time before pyridine addition (Run 9). With as little as 5 minutes of triflic anhydride pre-

activation, the yield of the reaction more than doubled, and further increases were seen after 

increasing the waiting time to 10 mins (Run 10). On increasing the waiting time further, up to 30 

mins (Run 11 and 12), a drop-off in yield was seen indicating instability of the formed phospho-

triflate species in solution (in line with observations made by Huang et al). Since the introduction of 

a 10 min gap between the addition of triflic anhydride and pyridine had a significant positive effect 

on yields, the effect of changing the pre-activation time (after addition of pyridine and before 
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addition of the alcohol) was also investigated (Table 6). In contrast to the increase in yields observed 

above, increasing the waiting time after the addition of pyridine reduced yields (Runs 13 and 14).   

Table 6: Optimisation of the synthesis of 3-phenyl-propyl- bis(2-bromoethyl) phosphate by investigating the effect of 
increasing the pre-activation time after pyridine addition to the reaction 

 
 Phosphate 

(2-bromo-

ethyl-

phosphate) 

equiv. 

Tf2O Waiting 

time 

before 

adding 

pyridine 

Pyridine Pre-

activation 

time 

Alcohol (3-

phenyl-

propanol) 

(added in 

1.6M sol.) 

Reaction 

time 

Yield 

Prev. 1.0 1.5 10 mins 2.0 10 mins 2.0 1 h 51% 

Run 

13 

1.0 1.5 10 mins 2.0 20 mins 2.0 1 h 42% 

Run 

14 

1.0 1.5 10 mins 2.0 30 mins 2.0 1 h 36% 

 

At this point, optimisation of the pre-activation of the phosphate reagent was considered 

complete. By distillation of triflic anhydride before the reaction, addition of the alcohol to the 

reaction as a solution in DCM, and the introduction of a pre-activation time before the addition of 

pyridine to the reaction, yields for the model reaction with tris(2-bromoethyl)phosphate were 

improved from 17% to 51%. As previously discussed, the solvent (DCM), activating agent (Tf2O) and 

base (pyridine) for the reaction had been screened in the original Huang paper, so these were not 

considered for further optimisation.238  

Next, these conditions were applied to a carbohydrate substrate 1,2,3,4-tetra-O-benzyl-

glucose 73 (for synthesis see Synthesis of Glucose Substrates, pg. 144). This benzylated sugar 

provided a substrate that was more similar to the benzylated ribitol substrate utilised in the 

synthesis of the ribitol-based probes than the model alcohol used previously, yet easier to synthesise 

in high quantities. Due to the higher steric hindrance around the free hydroxyl group in this 

substrate, reaction of the phosphate at this site was expected to be slower. Therefore final 

optimisation of the reaction conditions investigated the effects on yield of increasing the reaction 

length (Table 7). Increased yields were observed up to a reaction time of 1.5 hours, with longer 

times after this point causing a reduction in yield indicating an instability of the formed phosphate 

under the reaction conditions. 
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Table 7: Optimisation of the synthesis of 1,2,3,4-tetra-O-benzyl-glucose-6-bis(2-bromoethyl)phosphate by the investigation 
of the effect of reaction length on yields 

 
 Phosphate 

(2-bromo-

ethyl-

phosphate) 

equiv. 

Tf2O Wait 

before 

adding 

Pyridine 

Pyridine Pre-

activation 

time 

Alcohol 

(1,2,3,4-

tetra-O-

benzyl 

glucose, 

added in 

1.6M sol.) 

Reaction 

time 

Yielda 

Prev. 1.0 1.5 10 mins 2.0 10 mins 2.0 1 h 51% 

Run 

15 

1.0 1.5 10 mins 2.0 10 mins 2.0 30 mins 36%, 

25% 

(31%) 

Run 

16 

1.0 1.5 10 mins 2.0 10 mins 2.0 1 h 30 

mins 

56%, 

62% 

(59%) 

Run 

17 

1.0 1.5 10 mns 2.0 10 mins 2.0 2 h 41%, 

42% 

(42%) 

Run 

18 

1.0 1.5 10 mins 2.0 10 mins 2.0 3 h 38%, 

42% 

(40%) 

Run 

19 

1.0 1.5 10 mins 2.0 10 mins 2.0 4 h 39% 

43% 

(41%) 

a) in cases where two separate yields are reported, the reaction was performed in duplicate with averages given 

in brackets 

Optimisation Summary 

Overall optimisation of the bis(2-bromoethyl)phosphate forming reaction was achieved through the 

introduction of an additional phosphate pre-activation waiting time prior pyridine addition, the use 

of distilled triflic anhydride, optimisation of the method of alcohol addition, and an increase in 

reaction time for more sterically hindered substrates up to 1.5 hours. These optimisations are 

presented alongside the pre-optimised methodology in Table 8. With the optimisation of the 

bis(bromoethyl)phosphate synthesis methodology now complete, the reaction was reattempted for 

the synthesis of the 1-azido SATE-protected-ribitol phosphate probe (Chapter 3, pg. 55). While 

previous yields had averaged 13%, the optimised procedure described above increased yields to 48% 

(Table 8).  

  



Page 141 of 311 
 

Table 8: Comparison of the original, and optimised procedure for the formation of 2-bromo-ethyl phosphates by the Huang 
et al methodology 

 Phosphate 

(2-bromo-

ethyl-

phosphate) 

equiv. 

Tf2O 

equiv. 

Waiting 

time before 

adding 

pyridine 

Pyridine 

equiv. 

Pre-

activation 

time 

Alcohol 

equiv. (1-

Azido-

2,3,4-tri-

O-

benzyl-D-

ribitol, 

added in 

1.6M 

sol.) 

Reaction 

time 

Yield 

Original 1.0 1.5 No wait 

(approx. 1 

min) 

2.0 10 mins 2.0 30 mins 13% 

Optimised  1.5* 10 mins 2.0** 1 h 30 

mins 

48% 

*freshly distilled over P2O5 
**it should be noted that the best yields are obtained with recently opened, sure seal-protected bottles of 
pyridine which are stored over molecular sieves (data not shown) 

 

Phosphate Addition Side Product 

With an optimised procedure that was applied to the synthesis of the protected ribitol-5-

phosphate-probes, the focus now moved on to the identification of the main side product of the 

reaction. The only additional sugar product obtained from the phosphate addition reaction on the 

glucose substrate 73 ran higher on TLC than the starting material, indicating a decrease in polarity, 

and was found to decompose to a brown solid when left under a vacuum to dry after purification by 

flash column chromatography. 1H NMR of this side product shows a shift of the carbohydrate CH 

protons and no loss or addition of peaks. Huang et al describe the formation of triflated side 

products when using bulky nucleophiles.238 To confirm that the identity of the formed side-product 

was indeed a triflated species, samples were analysed by 19F NMR. Freshly purified side-product 

showed one clear peak in the 19F NMR spectrum, with older discoloured samples showing the 

reduction of this peak and a large new peak at -79.0 ppm which is consistent with values reported in 

literature for the free triflate ion.273, 274  With the only fluorine within the reaction mixture coming 

from triflic anhydride, this provided clear evidence for the formation of the triflated side product 74. 

With evidence supporting the formation of a triflated glucose derivative, this isolated 

species was subjected to two literature procedures for the conversion of triflates to alcohols in an 

attempt to recover the starting material (Scheme 48).  
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Scheme 48: Reactions attempted to recover the free alcohols from the triflated side product. Reagents and Conditions: a) 
TBAF, THF, r.t., 16 h, (73: 51%) b) NaOH, MeOH, THF, r.t., 16 h, (73: 59%)  

The first method investigated for recovery of the starting sugar was treatment with TBAF 

(Scheme 48b).276 While this did provide a moderate amount of starting sugar 73 (51%), evidence of a 

side-product formed by the substitution of the triflate with fluorine to afford 75 was observed, as 

well as decomposition side products. This was evidenced by both 13C NMR and ESI-MS. New peaks 

within the 13C NMR spectrum at 81 and 74 ppm correlate well with C-6 and C-5 peaks for 6-fluoro 

glucose compounds within the literature.277 Furthermore, the peaks at 64 ppm relating to C-6 in the 

non-substituted glucose substrate were much less intense, further suggesting that substitution had 

taken place.   

A second method for the substitution of the triflate group back to the starting alcohol was 

by reaction with aqueous NaOH in a solution of THF and MeOH (Scheme 48c).278 Crude TLC showed 

an approximate 1:1 ratio of the desired alcohol 72 product to a new side product, which was 

confirmed by 1H and 13C NMR to be the result of substitution by a methoxy group producing 

compound 76. Comparison to literature data for the similar 6-methoxy-1,2,3,4,-tetra-O-benzyl-

mannosyl compound gave a strong correlation with the new CH3 and C-6 peaks.279  

Of the two methods tested, treatment with aq. NaOH in THF and MeOH gave the highest 

yield for recovery of the starting material. With the major product being the OMe substituted 

product 76, it is hypothesised that using a different solvent, for instance, just THF on its own, may 

prevent the undesired side reaction from occurring, and could thereby allow more of the desired 

starting material to be recovered in future.  
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SATE Phosphate Formation 

 

Scheme 49: SATE phosphate formation of 1,2,3,4-tetra-O-benzyl-D-glucose-6-bis(2-bromoethyl)phosphate Reagents and 
Conditions a) KSAc, acetone, r.t,. 24 h, (quant.) b) i) Tf2O, DCM,  r.t., 10 mins,, then pyridine, 10 min, then 1,2,3,4-tetra-O-
benzyl-D-glucose, r.t., 1.5 h, ii) KSAc, acetone, r.t., 24 h, (51% over 2 steps) 

With the addition of 2-bromoethyl phosphates now fully optimised, the next step of the 

process towards the formation of SATE phosphates, involving substitution of the bromines by 

thioacetate, was investigated (Scheme 49). Substitution of the 2-bromoethyl phosphate derivative of 

benzylated glucose 77 was run in triplicate. The yields of each of these reactions were found to be 

quantitative, with the only other product being a KBr salt which precipitated out of the reaction 

mixture. Next, tests were run to see whether the SATE formation reaction, including both the 

synthesis of the bis(2-bromoethyl)phosphotriester 77 and the subsequent conversion into SATE 

phosphate 78, could be run as a one-pot procedure from the starting phosphate 66 (Scheme 49). 

Following the bis(2-bromoethyl)phosphate formation the solvents were removed by rotary 

evaporation, the crude residue was dissolved in acetone, KSAc was added, and the reaction allowed 

to stir overnight. Following purification, a yield of 51% was obtained for the corresponding SATE 

product 1,2,3,4-tetra-O-benzyl-6-bis(SATE)-phosphate 78. Though slightly lower yielding than the 

two-step reaction, which led to an overall yield of approximately 60% over two steps (see Table 7, 

run 16 and Scheme 49), the higher polarity of the SATE-protected phosphate as compared to the 2-

bromoethyl phosphate made purification of the product after phosphotriester formation much 

easier. Though the one pot reaction was more straightforward and the desired product easier to 

purify, the unreacted starting material 73 was recovered in very low yields (4% of the 2 equiv. added 

compared to 30% from the 2-bromoethyl phosphate addition step alone). Regardless, this 

methodology could prove beneficial in cases where significant issues are seen in the separation of 

the phosphorylated product from the tris(2-bromoethyl)phosphate 66 after the first step of the 

reaction.  
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Substrate Synthesis and Testing 

Having developed and optimised a new methodology for the synthesis of bis(SATE) 

phosphates, a panel of substrates were synthesised to investigate the scope of this SATE forming 

reaction and demonstrate the versatility of this reaction outside of its use in the synthesis of the 1-

azido-ribitol-5-phosphate probes. In addition to sugar nucleotides and the use of phosphosugars as 

metabolic labelling probes, phosphate derivatives are also common in amino acids such as tyrosine 

and serine. With these structures in mind, the following classes of substrates were tested: 1) glucose 

derivatives, 2) tyrosine derivatives, and 3) azide containing GlcNAc derivatives as an example of 

commonly used metabolic glycan labelling probes. Through the synthesis and testing of these classes 

of compounds, the compatibility of various O-(OAc, OAllyl, OBn, OBz) and N-(Boc, CBz, Fmoc) 

protecting groups could be explored, as well as the reaction efficiency on both sugar-based 

structures (with incorporation of a protected phosphate at either the 1- or 6-position) and aromatic 

alcohols.  

Glucose Sugar Derivatives 

Synthesis of Glucose Substrates 

Glucose and GlcNAc derivatives are commonly used in the context of metabolic glycan 

labelling. In recent literature, several probes have been described in which a SATE-protected 

phosphate is installed at the anomeric position. 257-259, 280 Furthermore, C6-phosphate derivatives 

occur naturally within the metabolic pathways towards the biosynthesis of glycosylation donors.281, 

282 Therefore, the newly developed methodology was applied to the synthesis of a number of 

protected C1- and C6-phosphate derivatives of glucose (Scheme 50).  Within carbohydrate 

chemistry, some of the most commonly utilised protecting groups are acetate esters (OAc), allyl 

ethers (OAllyl), benzyl ethers (OBn) and benzoyl esters (OBz) and these were chosen to investigate 

the scope of the SATE phosphate formation. Glucose substrates with either the 1- or 6- position 

selectively deprotected were synthesised through one of three different methods, as presented 

within Scheme 50. 
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Scheme 50: Glucose substrate structures and general methods of synthesis. Reagents and Conditions: a) TrCl, pyridine, r.t., 
72 h (50%) b) OAc) Ac2O, pyridine, DMAP cat., r.t., 56 h, (70%) OAllyl) AllylBr, NaH, DMF, 0°C-r.t., 18 h (70%) OBn) BnBr, 
NaH, DMF, 0°C-r.t., 18 h, (71%) OBz) BzCl, pyridine, DMAP cat., r.t., 56 h, (80%) c) HBr, AcOH, DCM, 10°C, 5 min, (55-70%) d) 
OBn) i) AcCl, MeOH, 60°C, ii) BnBr, NaH, DMF, (94%) OAllyl) i) AcCl, MeOH, 60°C, ii) AllylBr, NaH, DMF, (45%) e) H2SO4, 
AcOH, 100°C, 2.5 h, (50-57%) f)  OBz) BzCl, pyridine, DMAP cat., 18 h, (72%) g) BnNH2, THF, r.t., 18 h, (72-90%)  

Synthesis of the C6-unprotected substrates was the most streamlined, with the synthesis of 

all four differentially protected substrates proceeding via the trityl protected intermediate 78 and 

subsequent global protection with the protecting group of choice. The removal of the trityl group 

was then conducted with hydrogen bromide in acetic acid. Initial trityl deprotection tests had 

utilised p-TsOH, however, the slower rate of deprotection using this acid caused migration of the 

ester protecting groups in compounds 79 and 80. The reaction with hydrogen bromide was found to 

reach completion in very fast reaction times (approx. one minute) and 

gave no evidence of migration for the benzoylated substrate. Between 

10% and 33% of the migrated side product 1,2,3,6-tetra-O-acetyl-D-

glucose (81) was observed for the acetylated substrate. To mitigate 

against the presence of the C4-unprotected side product, the phosphate 

reaction with the acetylated substrate was run with 3 equivalents of 

 
Figure 18: Migration side 
product 1,2,3,6-tetra-O-
acetyl glucose 81 
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glucose substrate instead of the typical 2 equivalents used in the standard reaction.  

The synthesis of the anomeric deprotected glucose derivatives was performed through two 

different routes. For the benzyl and allyl ether protected derivatives, initial Fischer glycosylation to 

form the 1-OMe compound was followed by global allylation or benzylation, providing the fully 

protected compounds 82 and 83 respectively. The anomeric methoxy 

group was then cleaved by reaction with acetic acid in sulfuric acid at 

100°C. On running the Fischer glycosylation and benzylation steps 

initially, short reaction times (3 h) for the addition of the OMe group 

gave only the formation of the furanoside product 84. This was the 

kinetically favoured product, and the desired thermodynamically 

favoured pyranoside product was obtained by leaving the Fischer 

glycosylation step overnight. The removal of the anomeric methyl group 

was successful for both the OAllyl and OBn substrates in moderate yields of 50-57%, with some side 

products formed due to decomposition under harsh reaction conditions.  

Because of potential ester migration under acidic conditions, synthesis via Fischer 

glycosylation was not possible for the acetylated and benzoylated substrates due to the acidic 

conditions and extended reaction times required for the OMe cleavage.  Therefore, the synthesis of 

these anomerically unprotected substrates proceeded through the initial global protection of the 

sugar with OAc or OBz. Once fully protected, selective removal of the anomeric ester groups was 

conducted with benzylamine yielding the desired anomeric deprotected substrates. This reaction 

was found to be successful with both fully acetylated and fully benzoylated glucose. The cleavage of 

the anomeric benzoyl group was found to be much slower than for acetate (72 h vs. 18 h) and gave 

slightly lower yields (72% vs 90%) but for both sugars no migration was observed. 

Overall, all eight of the 1-OH and 6-OH substrates were efficiently synthesised via two- or 

three-step procedures from D-glucose. With these in hand, they could be tested with the new 

methodology for SATE-protected phosphotriester synthesis. 

  

 

Figure 19: Furanoside side 
product formed from 
Fischer glycosylation and 
benzylation 
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Testing C6 Glucose Substrate Compatibility in the Developed SATE Phosphate Methodology 

With the optimisation of the SATE reaction proceeding on the 6-position, the C6-

unprotected glucose derivatives were investigated first. The results of this initial screening are 

presented in Table 9. 

Table 9: Yields for the phosphorylation of C6 unprotected glucose derivatives 

 

Substrate  

 

2-BrOEt phosphate 

formationa 

SATE Substitutiona Overall Yield 

R = OBn  62% Quant. 62% 

R = OAcc 56%, 55% 57%, 53% 30% 

R = OAllyl 33%, 31%b Quant. 31% 

R = OBz 39%, 35%b Quant. 35% 

a) in cases where two separate yields are reported, the reaction was performed in duplicate  
b) product unable to be fully isolated from the tri-2-bromo-ethyl phosphate reagent, yields calculated from 1H 

NMR peak integrals of starting phosphate and product 
c) 3 equiv. of starting sugar was utilised in the 2-bromoethyl phosphate forming steps to mitigate against the 

presence of acetate migration product – no migrated phosphate product observed 
d) Reagents and Conditions a) i) (2BrEtO)3PO, Tf2O (1.5 equiv.), DCM, r.t., 10 mins ii) pyridine (2 equiv.), DCM, 

r.t., 10 mins. iii) sugar (2 equiv. in DCM), r.t., 1.5 h. b) KSAc, pyridine, r.t, 18 h 

 

  The bis(2-bromoethyl)phosphate addition was successful for all protecting groups. The 

benzylated product gave the highest yield of 62% with the acetylated derivative also showing high 

yields of 56%. These results were encouraging as OBn and OAc groups are very commonly utilised 

within carbohydrate chemistry. The allyl and benzoyl protected sugars had lower yields of 32% and 

37% respectively. In addition to this, their purification was more challenging due to the proximity of 

the phosphorylated products and the 2-bromoethyl phosphate starting material on TLC. For these 

products, yields were calculated from a combination of fully purified product and estimated yields 

from 1H NMR data on a mixture of the product and the phosphate reagent.  

The subsequent SATE substitution reactions proceeded in quantitative yields for this 

reaction with the OAllyl, OBn and OBz substrates. Contrastingly, the SATE substitution of the OAc 

derivative only produced yields of 57%. No other sugar products were obtained by column 

chromatography or seen by TLC of the crude reaction, indicating that the side-product formed was 

removed by filtration. The obtained product showed no sign of degradation which would cause a 

loss in mass. It remains therefore unclear why the yield of the reaction on the acetylated substrate is 

significantly lower than the other protected derivatives. 



Page 148 of 311 
 

Testing C1 Glucose Substrate Compatibility in the Developed SATE Phosphate Methodology 

With all four protecting groups found to be able to withstand the reaction conditions for the 

addition of phosphate at the 6-position of glucose, testing continued for the synthesis of the 

phosphates at C1. Tests were initially conducted on the benzyl-protected anomerically free glucose 

derivative 85 (Scheme 51). The initial formation of the 2-bromoethyl phosphate 86 was successful, 

however, on the conversion to the corresponding SATE phosphate 87, no phosphorylated product 

was detected and instead only non-phosphorylated starting sugar 85 was obtained. Testing the pH 

of the reaction mixture showed it had become acidic. Within the reaction, potassium thioacetate 

substitutes the bromine atom forming a KBr salt side product. Due to the reaction being performed 

with non-dry acetone under atmospheric conditions there were concerns that moisture within the 

reaction may be causing dissociation of KBr releasing bromide ions. HBr is utilised as a reagent for 

the cleavage of anomeric ester groups,283-285  and it is possible that bromide ions were acting 

similarly to cleave the anomeric phosphate.  

 
Scheme 51: Initial attempted synthesis of compound 87 Reagents and Conditions a i) (2BrEtO)3PO, Tf2O (1.5 equiv.), DCM, 
r.t., 10 mins ii) pyridine (2 equiv.), DCM, r.t., 10 mins. iii) 2,3,4,6-tetra-O-benzyl-D-glucose (2 equiv. in DCM), DCM, r.t., 1.5 
h,. (26%) b) KSAc, acetone, r.t., 18 h, (0%) 

To mitigate against any effects from acidity in the reaction mixture, resulting from either the 

potential formation of HBr or from potassium thioacetate in the presence of moisture forming 

thioacetic acid, the reaction conditions were changed as follows. Four trials of the SATE substitution 

reaction were run 1) utilising freshly distilled acetone, 2) utilising freshly distilled acetone with the 

addition of 10 equiv. dry NEt3 3) utilising freshly distilled acetone with the addition of 10 equiv. dry 

pyridine and 4) running the reaction in dry pyridine as the solvent. These conditions were initially 

tested on the more readily available benzylated 6-bis(2-bromoethyl)phosphate glucose substrate 73. 

All four reactions were found to be successful and provided quantitative yields for the SATE 

substitution reaction and the reaction was carried forward using dry pyridine as the solvent (see 

Table 9, R = OBn). These conditions were then tested for the formation of the C1-SATE-protected 

phosphate derivative of benzylated glucose, 87. This reaction was found to be successful, with 

conversion to the SATE phosphate proceeding in a purified yield of 90%. None of the de-

phosphorylated side-product was obtained, proving the stability of the 1-position phosphate under 

basic anhydrous conditions. Following these results, all SATE forming reactions were conducted in 

pyridine, and the SATE phosphate formation was tested on the other 1-OH substrates (Table 10). 
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Table 10: Yields for the Phosphorylation of C1 unprotected glucose derivatives 

 

Substrate 2-BrOEt phosphate 

formation 

Ratio α:β 

(SM ratio)a 

SATE 

Substitution 

Overall 

Yield 

R = OBn 26%  9:1 (2:1) 90% 23% 

R = OAc 35% 1:5 (4:1) 69% 24% 

R = OAllyl 20% 1:0 (4:1) 72% 14% 

R = OBz 41% 5:1 (4:1) 74% 30% 

a) anomeric ratios determined from 1H NMR spectra (SM = starting material) 
b) Reagents and Conditions a) i) (2BrEtO)3PO, Tf2O (1.5 equiv.), DCM, RT, 10 mins ii) pyridine (2 equiv.), DCM, 

r.t., 10 mins. iii) sugar (2 equiv. in DCM), DCM, r.t., 1.5 h. b) KSAc, pyridine, r.t., 18 h 
 

Overall, the yields for the ether protecting groups OBn and OAllyl were lower than for the 

esters OAc and OBz. Within glycosylation reactions, ester groups are considered ‘disarming’ as they 

disrupt the stability of the oxocarbenium ion formed upon loss of the C-1 leaving group, while ether 

groups, which do not destabilise this intermediate, are thought of as ‘arming’.286 In contrast to 

glycosylation reactions, however, the phosphorylation reaction occurs through nucleophillic attack 

of the C-1 hydroxyl group at the activated phosphate, instead of through formation of an 

oxocarbenium ion, and therefore the effects of ‘arming’ and ‘disarming’ groups are expected to be 

different. The electron withdrawing esters at C-2 may, through induction, increase the reactivity of 

the anomeric hydroxyl group, while the ethers do not, and this could be the cause of the increased 

reactivity and yield of the ester-protected derivatives. In addition, for the ‘armed’ substrates, it is 

possible that yields are further negatively affected by competing oxocarbenium ion formation 

through elimination of the phosphate group or the triflated side-product in the presence of an acid. 

Furthermore, the ‘armed’ ether groups may encourage triflated side-product formation which will 

further negatively impact on yields for these groups.  

Also significant for the 1-position phosphates is the ratio of α:β anomers formed. Typically 

the phosphoramidite methodology yields the α product due to the anomeric effect leading to an 

increased stability of the alpha anomer of the intermediate phosphite (Chatoer 4: 4.2 Introduction 

pg. 107). The same is true for the newly developed methodology, with the α anomer preferred over 

the β anomer. It should be kept in mind that it is possible for the anomerically unprotected starting 

materials to undergo mutarotation under the reaction conditions, with reaction of the α-anomer 

expected to exhibit faster reactivity due to the anomeric effect. This leads to the anomeric ratio of 
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products differing from the ratio of starting material. As predicted, for the OAllyl, OBn and OBz 

substrates the more stabilized α-anomer was preferentially formed, as expected by the anomeric 

effect. Contrastingly, for the OAc group the β-anomer was formed preferentially. Further 

investigation into the anomeric ratio of products when using anomerically pure starting materials, 

and elucidation of the reaction mechanism, is required to further explore these findings. 

Though the yields for the anomeric phosphates were lower than the phosphorylation at the 

6-position, these yields are still comparable to reported yields for anomeric SATE-protected 

phosphate addition via the phosphoramidite approach.258 It is also important to note that the 

reaction times for the reaction at the anomeric position have not yet been optimised. With this 

alcohol group possessing different reactivity than the primary alcohol at C-6, and the larger steric 

bulk at this site, a longer reaction time could increase yields for these substrates further. 

Tyrosine Derivatives 

In 2020, the development of a new route to the synthesis of phospho-serine and -tyrosine 

derivatives was published.239 This report scoped a range of substrates containing a number of 

different nitrogen protecting groups, including the tyrosine mimics shown in Figure 20. 

 

Figure 20: Tyrosine mimics for testing the SATE phosphate reaction 

Using these substrates within the SATE-phosphate synthesis reaction would allow testing of 

the compatibility with additional protecting groups, including Boc, Fmoc and CBz groups (groups 

previously inaccessible through the use of glucose substrates), in addition to testing the efficiency of 

the reaction on phenol derivatives. These substrates were easily accessible from commercially 

available tyramine, allowing efficient synthesis following routes previously described by Spicer et 

al239 (Scheme 52). 
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Scheme 52: Synthesis of serine and threonine analogues for SATE phosphate testing Reagents and Conditions a) Boc 
anhydride, NaHCO3, THF, H2O, r.t., 4 h, (50%)  b) Fmoc chloride, NaHCO3, THF, H2O, r.t., 4 h, (30%)  c) benzyl chloroformate, 
NaHCO3, THF, H2O, r.t., 4 h, (64%)    

Testing Thr Substrate Compatibility in the Developed SATE Phosphate Methodology  

Initial tests were run with the Fmoc, Boc and CBz protected tyramine derivatives under the 

conditions optimised for the glucose derivatives. 

Table 11: Yields for the phosphorylation of Thr derivatives 

 

Substrate 2-BrOEt phosphate 

formationa 

SATE Substitution Overall Yield 

Fmoc Tyramine 60%, 50% 83% 42% 

CBz Tyramine 32%, 26% Quant. 25% 

Boc Tyramine <1%b - - 

a) in cases where two separate yields are reported, the reaction was performed in duplicate  
b) product unable to be fully isolated from the tris(2-bromoethyl)phosphate reagent, yields calculated from 

NMR of starting phosphate and product 
c) Reagents and Conditions a) i) (2BrEtO)3PO, Tf2O (1.5 equiv.), DCM, r.t., 10 mins ii) pyridine (2 equiv.), DCM, 

r.t., 10 mins. iii) sugar (2 equiv. in DCM), DCM, r.t., 1.5 h. b) KSAc, pyridine, r.t., 18 h 
 

Upon testing the phosphate reaction on the tyramine derivatives, the Fmoc substrate gave 

the highest yields (50-60%), followed by CBz with lower yields (around 30%) while for the Boc 

substrate only trace amounts of product were detected by 1H NMR (<1%). Despite the varied yields 

for the reaction, moderate amounts of starting material (Fmoc = 36%, CBz = 61%, Boc = 54%) were 

recovered, alongside the corresponding triflated side products. This indicated that the low yield for 

the Boc substrate was not due to the starting material decomposing under the reaction conditions, 

but instead due to low reactivity and potentially low solubility of the substrate.  
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Both the CBz and Fmoc substrates were able to undergo substitution to form the 

corresponding SATE phosphates in high yields, and the overall SATE formation yields were in line 

with those observed for the glucose substrates. 

GlcNAc Derivatives 

GlcNAc is a commonly utilised sugar for metabolic labelling purposes, and SATE-protected 

phosphates have been used to allow GlcNAc-1-phosphate derivatives to enter into the cell.138, 166, 259 

A panel of GlcNAc substratesc (Figure 21) was therefore subjected to the new phosphotriester 

synthesis methodology (Table 12). 

 

Figure 21: GlcNAc substrates for the testing of the SATE phosphate methodology 

Table 12: Yields for the phosphorylation of GlcNAc derivatives 

 

Substrate 2-BrOEt phosphate 

formationa 

SATE Substitution Overall Yield 

88 0% - - 

89 0% - - 

90 0% - - 

91 8.3% Quant. 8.3% 

a) Reagents and Conditions a) i) (2BrEtO)3PO, Tf2O (1.5 equiv.), DCM, r.t., 10 mins ii) pyridine (2 equiv.), DCM, 
r.t., 10 mins. iii) sugar (2 equiv. in DCM), DCM, r.t., 1.5 h. b) KSAc, pyridine, r.t., 18 h 

 

 Testing initially investigated the reaction of benzylated substrates 88, 89 and 90 within the 

2-bromoethyl phosphate forming reaction. With benzyl groups yielding the highest results for the 

SATE methodology on glucose substrates, it was believed the corresponding GlcNAc substrates 

would be most likely to be successful. On attempting the reaction with these substrates, however, 

no desired product was obtained. There were concerns about the N-acyl moiety being unstable to 

the reaction conditions, however, the majority of the starting material could be recovered from the 

                                                           
c GlcNAc substrates 88, 89, 90 and 91 were synthesised following literature procedures by Willems 

group member Quentin Foucart.  
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reaction in each case, and their identity was proven by NMR analysis to be unchanged. Additionally, 

the only carbohydrate side-products from the reaction were triflated side products similar to those 

seen for the glucose substrates. Even with much longer reaction times (3 h) there was still no desired 

product obtained, and again starting material was recovered from the reaction. The one-pot SATE 

synthesis was also attempted on these substrates, to check whether or not GlcNAc was stable to the 

SATE substitution conditions. Again the majority of the starting sugar was reobtained unchanged, 

however, still none of the desired product was observed. 

With the reaction being unsuccessful on the benzylated GlcNAc substrates, the acetylated 

substrate 91 was tested as the synthesis of the corresponding SATE product had been reported 

previously in the literature.138 The reaction to form the 2-bromoethyl phosphate was successful on 

this substrate, indicating that the deactivation of the N-acyl ester by the azido group may have aided 

the reaction to be successful.d While the SATE formation was also successful, with crude 1H NMR 

showing peaks that match those reported in the literature for the corresponding SATE-protected 

GlcNAc probe,138 yields obtained for the SATE formation were low (8.3% over 2 steps) compared to 

the reported phosphoramidate approach (40%). 

Further optimisation of the method is required to make it applicable to a wider range of 

GlcNAc substrates. A major reason for the lack of reactivity seen for the benzylated derivatives 

within the phosphate reaction may arise from their low solubility in DCM. Within the original Huang 

paper, DCM is by far the best solvent for the reaction238 however with the optimisation conducted it 

may be possible that a more polar solvent could be applicable. Despite the general lack of reactivity 

of GlcNAc substrates, the fact that they can be recovered and are thus stable to the reaction 

conditions for both the phosphate addition and SATE substitution is encouraging for the further 

optimisation and possible application of this methodology to additional hexosamine substrates in 

the future.  

5.5 Conclusion 

In conclusion, the optimisation of the new SATE-protected phosphate synthesis has been 

described. Thorough optimisation of this methodology continuing from the previously reported 

method development by Huang et al has increased the yield of the reaction to form the 1-azido 

ribitol probes from 13% to 48%. In addition to this optimisation, it was shown that the major sugar 

side product of the reaction, identified as a triflated species, can be converted back to the starting 

alcohol substrate to recover precious starting materials. Furthermore, the reaction was shown to be 

                                                           
d Test of this reaction with the non-azido acetylated GlcNAc substrate has since been found to be 

unsuccessful. Reaction conducted by Willems group PhD student Lloyd Murphy (unpublished findings). 



Page 154 of 311 
 

successful on various glucose substrates, with both addition of phosphate at the 6- and 1-positions 

successful, and on phenol derivatives, showing compatibility with a wide range of both hydroxyl and 

amine protecting groups. Finally, the use of this method has been successful in the synthesis of an 

azide containing GlcNAc metabolic labelling probe described in literature. These results demonstrate 

the significance of the newly developed methodology to the wider chemical biology community, 

with this methodology utilising less hazardous intermediates than the previously utilised 

phosphoramidite chemistry, while producing comparable yields on optimised substrates. Further 

work on N-acetylhexosamine substrates is needed to make the reaction more widely applicable to 

this class of compounds. 
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5.6 Experimental 

General Experimental  

All reactions were conducted in oven dried glass wear under nitrogen, and where specified 

dry solvents used were either freshly distilled (DCM, DMF, toluene, THF) or from a SureSeal bottle, 

(DCE, pyridine). Flash column chromatography was run either manually with high purity 220-400 μm 

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

to 40 μm particle size silica (RediSep Rf Gold Normal-Phase Silica columns) here specified. Reactions 

and column fractions were monitored by TLC and visualised by UV and staining. For sugars: charring 

with 10% H2SO4 in MeOH; for phosphate reactions: KMnO4 stain; and for azido compounds: initial 

reaction with 10% PPh3 in DCM, followed by staining with ninhydrin.  

For phosphate addition reactions all starting materials were dried prior to use by co-

evaporation with toluene three times and drying on a high vacuum manifold overnight. Triflic 

anhydride was distilled over P2O5 prior to use and pyridine used from a SureSeal bottle stored over 

molecular sieves. 

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) where 

specified. 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, δ) 

relative to the solvent (CDCl3, δ 7.26; CD3OD, δ 3.31; D2O, δ 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 (apt t), and so forth. Splitting 

patterns that could not be visualized or easily interpreted were designated as multiplet (m). Coupling 

constants are reported in Hertz (Hz).  Where sugar NMR data is reported in a ratio of anomers, the 

NMR data is assigned with integrals as whole integers corresponding to the number of protons 

within the peak (normalised for each anomer separately). Where one anomer is greatly preferred, 

13C NMR may not be visible for the minor anomer and in those cases the 13C NMR data is reported 

for only the major anomer. This is denoted by ‘13C NMR (α) δ’. 

IR spectra were obtained by thin film ATR on a Perkin Elmer Spectrum 2 and [α]D 

measurements obtained on a Bellingham Stanley ADP400 polarimeter at the in the given solvent at 

specified concentration where C = 1 = 10 mg/mL. 

Synthesis of compound 66 is described previously in Chapter 4. Compounds 88, 89, 90, and 

91 were synthesised by Quentin Foucart. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/two-dimensional-nuclear-magnetic-resonance-spectroscopy
https://www.sciencedirect.com/topics/chemistry/heteronuclear-multiple-bond-coherence
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3-phenyl-propyl-bis-ethyl-phosphate (68) 

 Optimisation Conditions  

To a stirring solution of PO(OEt)3 (A mg, 1.0 equiv) in DCM (0.2 M), was added Tf2O (B. equiv) and pyridine (C. 

equiv). The solution was left to stir at RT for 10 mins before the addition of 3-phenyl-propanol (D equiv. by E 

method) and the resulting solution was left to stir for a further 30 mins. The reaction mixture was evaporated 

in vacuo onto silica and dry loaded onto an automated flash column (gradient 0 to 100% ethyl acetate in 

hexane) to afford the title compound as a clear oil (F%).  

 
Tri-ethyl-

phosphate 

Mass (A mg) 

Tf2O (B 

equiv.) 

Pyridine 

(C equiv.) 

3-phenyl-

propanol 

(D equiv.) 

Alcohol 

addition 

method 

(E) 

Yield 

(F) 

Run 

1 
15 mg 

1.5    

(not 

distilled) 

2.0 2.0 
Added 

neat 
45% 

Run 

2 
15 mg 

1.5 (not 

distilled) 
2.0 2.0 

Added in 

1.6 M sol. 
53% 

Run 

3 
15 mg 

1.5 

(distilled) 
2.0 2.0 

Added in 

1.6 M sol. 
82% 

Run 

4 
15 mg 

1.5 

(distilled) 
2.0 2.0 

Added in 

0.8 M sol. 
76% 

Run 

5 
15 mg 

1.5 

(distilled) 
2.0 2.0 

Added in  

0.55 M 

sol. 

42% 

Run 

6 
15 mg 

1.5 

(distilled) 

2 

(added 

before 

Tf2O) 

2.0 
Added in 

1.6 M sol. 
27% 

Run 

7 
15 mg 

1.5 

(distilled) 
4 2.0 

Added in 

1.6 M sol. 
42% 

Run 

8 
15 mg 

1.5 

(distilled) 
8 2.0 

Added in 

1.6 M sol. 
27% 

 

 Optimised Conditions 

To a stirring solution of PO(OEt)3 (16 mg, 87 μmol, 1.0 equiv) in DCM (0.4 mL), was added Tf2O (21 μL, 0.12 

mmol, 1.4 equiv) and pyridine (13 μL, 0.17 mmol, 2.1 equiv). The solution was left to stir at RT for 10 mins 

before the addition of 3-phenyl-propanol (100 μL of a 1.6 M solution in DCM, 0.17 mmol, 2.1 equiv.) and the 

resulting solution was left to stir for a further 30 mins. The reaction mixture was evaporated in vacuo onto 

silica and dry loaded onto an automated flash column (gradient 0 to 100% ethyl acetate in hexane) to afford 

the title compound as a clear oil (20 mg, 74 μmol, 85%)  

HRMS-ESI Calculated for [C13H21O4P + Na+]: 295.1071, found: 295.1070 1H NMR (400 MHz, CHLOROFORM-D) δ 

ppm 1.38 (dt, 6H J = 1.0, 7.1 Hz, CH2-CH3) 1.98-2.01 (m, 2H, Ph- CH2-CH2) 2.74 (dd, 2H, J = 6.7, 8.6 z, Ph-CH2) 

4.04-4.17 (m, 6H, P-O-CH2-CH3 + P-O-CH2-CH2) 7.18-7.46 (5 H, m, CH arom.) 13C NMR (101 MHz, CHLOROFORM-

D) δ 16.26 (d, J = 6.7 Hz, CH3), 31.76 (OCH2CH2CH2Ph), 31.99 (d, J = 6.8 Hz, OCH2CH2CH2Ph), 63.84 (d, J = 5.8 Hz, 
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OCH2CH3), 66.87 (d, J = 5.6 Hz, OCH2CH2), 126.16, 128.57, 141.11. (CH arom.) 31P NMR (162 MHz, 

CHLOROFORM-D) δ -0.15.  

Data in accordance with literature values.237 

 
3-phenyl-propyl-1-bis(2-bromoethyl)phosphate (70) 

 Optimisation conditions 

To a stirring solution of 65 (A mg, 1.0 equiv) in DCM (0.2 M), was added Tf2O (1.5 equiv) and after B mins 

pyridine (2 equiv) was added. The solution was left to stir at RT for C mins before the addition of 3-phenyl-

propanol (2 equiv. as a 1.6M solution in DCM) and the resulting solution was left to stir for [D time]. The 

reaction mixture was evaporated in vacuo onto silica and dry loaded onto an automated flash column 

(gradient 0 to 100% ethyl acetate in hexane) to afford the title compound as a clear oil (E%)  

 

Tri-2-

bromo-

ethyl-

phosphate 

Mass (A 

mg) 

Waiting 

time 

before 

adding 

pyridine 

(B mins) 

Preactivation 

time (C mins) 

Reaction  

length 

(D) 

Yield 

(E%) 

Unoptimised 22 mg 

None 

(approx. 

1 min) 

10 mins 1 h 17% 

Run 9 40 mg 5 min 10 mins 1 h 37% 

Run 10 40 mg 10 min 10 mins 1 h 

50% 

52% 

(51%) 

Run 11 40 mg 20 min 10 mins 1 h 45% 

Run 12 40 mg 30 min 10 mins 1 h 43% 

Run 13 42 mg 10 mins 20 mins 1 h 42% 

Run 14 42 mg 10 mins 30 mins 1 h 36% 

 

 Optimised Conditions 

To a stirring solution of tri-2-bromoethyl phosphate (66) (38 mg, 92 μmol, 1.0 equiv.) in dry DCM (0.5 mL) was 

added Tf2O (23 μL, 0.14 mmol, 1.5 equiv.). After 10 mins at RT, pyridine (15 μL, 0.19 mmol, 2.1 equiv.) was 

added, and after a further 10 mins at RT, 3-phenyl-propanol (120 μL of a 1.6 M solution in DCM, 0.18 mmol, 

2.0 equiv.) was added.  The resultant solution was allowed to stir for 1 h before the reaction mixture was dried 

onto silica, and the crude product was purified by automated flash column chromatography (gradient 0 to 60% 

EtOAc in hexane) to afford the title compound as a clear oil (19 mg, 45 μmol, 49%) 

HRMS-ESI Calculated for [C13H19Br2O4P + Na+]: 452.9260, found: 452.9249 1H NMR (400 MHz, CHLOROFORM-

D) δ 1.94 – 2.08 (m, 2H, CH2CH2CH2OP), 2.66 – 2.79 (m, 2H, CH2CH2OP), 3.56 (dt, J = 9.7, 6.0 Hz, 4H, CH2Br), 

4.13 (q, J = 6.7 Hz, 2H, CH2OP), 4.37 (ddt, J = 19.7, 8.1, 6.1 Hz, 4H, CH2CH2Br), 7.16 – 7.24 (m, 2H, CH arom.), 

7.29 – 7.33 (m, 3H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 29.59, 29.66 (CH2Br), 31.61 (CH2Ph), 

31.80 (d, J = 6.9, CH2CH2Ph), 67.00 (d, J = 5.6 Hz, CH2CH2Br), 67.79 (d, J = 6.5 Hz, CH2CH2CH2Ph), 126.26, 128.59, 

140.83 (CH arom.), 31P NMR (162 MHz, CHLOROFORM-D) δ -1.51. IR (Vmax, film) 2972, 2269, 1672, 1496, 

1454, 1203, 1071, 1007, 745, 699, 745, 699, 483 cm-1 
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1,2,3,4,-tetra-O-Benzyl-6-bis(2-bromoethyl)phosphate-α,β-D-glucose 

 Optimisation conditions 

To a stirring solution of tri-2-bromoethyl phosphate (66) (A mg, 1.0 equiv) in DCM (0.2 M), was added Tf2O (1.5 

equiv) and after 10 mins pyridine (2 equiv) was added. The solution was left to stir at RT for 10 mins before the 

addition of 1,2,3,4,-tetra-O-benzyl-α,β-D-glucose (2 equiv. as a 1.6M solution in DCM) and the resulting 

solution was left to stir for [B time]. The reaction mixture was evaporated in vacuo onto silica and dry loaded 

onto an automated flash column (gradient 0 to 100% ethyl acetate in hexane) to afford the title compound as 

a clear oil (C%)  

Tri-2-bromo-

ethyl-phosphate 

Mass (A mg) 

Reaction time Yielda 

23 mg 30 mins 25% 

23 mg 1 h 51% 

23 mg 1 h 30 mins 62% 

24 mg 2 h 
41%, 

42%, 42% 

24 mg 3 h 
38%, 

42%, 40% 

24 mg 4 h 39% 

 Optimised Conditions 

To a stirring solution of tri-2-bromoethyl-phosphate 66 (30 mg, 72 μmol, 1.0 equiv.) in DCM (0.36 mL) was 

added freshly distilled Tf2O (18 μL, 0.11 mmol, 1.5 equiv.). After stirring at RT for 10 mins dry pyridine (12 μL, 

0.14 mmol, 2.0 equiv.) was added. After a further 10 mins at RT, a solution of 73 (78 mg, 0.14 mmol, 2.0 

equiv.) in DCM (0.18 mL) was added. The reaction was allowed to continue at RT for a further 1.5 h before the 

solvents were removed in vacuo and the residue dried onto silica. The crude product was purified by 

automated flash column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title 

compound as a white solid (45 mg, 54 μmol, 62%) in a mixture of anomers (2:3 α:β).   

HRMS-ESI Calculated for [C38H43Br2O9P + Na+]: 855.0904, found: 855.0945 1H NMR (400 MHz, CHLOROFORM-

D) δ 3.42 – 3.63 (m, 9H, CH2Br, α CH-2, CH-4, β CH-2, CH-4, CH-5), 3.68 (t, J = 8.9 Hz, 1H, β CH-3), 3.84 (ddt, J = 

10.0, 4.0, 2.4 Hz, 1H, α CH-5), 4.08 (t, J = 9.2 Hz, 1H, α CH-3), 4.19 – 4.48 (m, 8H, CH2CH2SAc, α/β CH-6 x 2), 4.55 

(d, J = 7.8 Hz, 1H, β CH-1), 4.81 (d, J = 3.8 Hz, 1H, α CH-1), 4.53 – 5.08 (m, 16H, CH2 OBn), 7.27 – 7.51 (m, 40H 

CH arom.).  13C NMR (101 MHz, CHLOROFORM-D) δ 29.38, 29.48, 29.58, 29.67 (CH2Br), 66.93 (d, J = 5.9 Hz, α  

CH-6), 67.03 (d, J = 5.9 Hz, β CH-6), 67.03 (d, J = 5.9 Hz, CH2CH2Br) 67.08 (d, J = 6.0 Hz, CH2CH2Br), 69.50 (α CH-

5), 71.36, 73.21, 73.53, 73.60 (d, J = 7.8 Hz, α CH-5), 75.08, 75.23 (CH2 OBn), 75.23 (d, J = 7.8 Hz, β CH-5), 75.86 

(CH2 OBn), 77.24 (α CH-4), 77.46 (β CH-4), 79.98 (α CH-2), 81.97 (α CH-3), 82.29 (β CH-2), 84.56 (β CH-3),  95.67 

(α CH-1), 102.55 (β CH-1), 127.81, 127.85, 127.88, 128.00, 128.06, 128.09, 128.29, 128.52, 128.57, 128.62, 

128.66, 137.28, 137.92, 138.07, 138.14, 138.34, 138.48 (CH arom.) 31P NMR (162 MHz, CHLOROFORM-D) δ -

1.31, -1.19. IR (Vmax, film) 3031, 2885, 1421, 1453, 1360, 1273, 1012, 1067, 736, 698 cm-1 
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Recovery of Starting Sugar from Triflated Side-product 

Method A: Reaction with TBAF 

To a stirring solution of 74 (30 mg, 44 μmol, 1.0 equiv.) in THF (1 mL) was added TBAF (1 M in THF, 0.10 mL,  

0.10 mmol, 2.3 equiv.). The resulting solution was left stirring at RT for 18 h and the reaction mixture was 

diluted with EtOAc (5 ml) and washed with NH4Cl (5 mL), dried with MgSO4 and the solvents removed in vacuo. 

The crude product as analysed by 1H, 13C NMR and MS to show a yield of 51% for the reobtained SM 73. 

Method B: Reaction with Sodium Hydroxide 

To a stirring solution of 74 (30 mg, 44 μmol, 1.0 equiv.) in THF (2 mL) and MeOH (2 mL) was added 1M NaOH 

(0.15 mL). After 18 h the reaction was quenched by the addition of DOWEX H+ resin, washed with MeOH and 

filtered with the resulting solution concentrated in vacuo. The crude product as analysed by 1H, 13C NMR and 

MS to show a yield of 59% for the reobtained SM 73. 

Substrates  

 Glucose 

 

6-O-trityl-α,β-D-glucose 

To a stirring solution of D-glucose (2.6 g, 14 mmol, 1.0 equiv.) in pyridine (50 mL) at 0°C, was added a solution 

of trityl chloride (4.3 g, 15 mmol, 1.1 equiv.) in pyridine (13 mL) dropwise. The resulting solution was allowed 

to warm to RT and left stirring for 72 h before the reaction was quenched by the addition of MeOH (5 mL). The 

solvents were removed in vacuo and the resulting residue was co-evaporated with toluene (3 x 10 mL). The 

resulting residue was dissolved in DCM (250 mL) and washed consecutively with 1M HCl (100 mL), saturated 

aqueous NaHCO3 solution (100 mL), and brine (100 mL). The organic layer was dried over MgSO4, filtered, and 

dried in vacuo to afford the crude product. The crude product was purified by flash column chromatography 

on an automated system (gradient 0 to 10% MeOH in DCM) to afford the title compound, as a mixture of 

anomers, as a white foam (3.0 g, 7.3 mmol, 50%) 

HRMS-ESI Calculated for [C25H26O6 + Na+]: 445.1622, found: 445.1625, 1H NMR (600 MHz, CHLOROFORM-D) δ 

3.11 – 3.60 (m, 6H), 3.60 – 4.02 (m, 2H), 4.38 – 5.15 (m, 4H), 5.15 – 5.68 (m, 2H, CH-1), 7.01 – 7.53 (m, 15H, CH 

arom.). 13C NMR (151 MHz, CHLOROFORM-D) δ 21.50 (OC(Ph)3), 63.46 (CH-6 α), 64.07 (CH-6 β), 70.32, 71.15, 

71.95, 73.47, 74.47, 82.06, 86.76, 87.15, 92.31 (CH-1 α), 96.36 (CH-1 β), 125.33, 127.08, 127.16, 127.30, 

127.75, 127.90, 127.95, 127.97, 128.26, 128.71, 129.07, 129.71, 137.91, 143.56, 143.75, 146.86, (CH arom.) IR 

(Vmax, film) 3358, 3058, 3030, 2928, 2883, 1490, 1448, 1035, 1002, 900, 764, 732, 697, 645 cm-1  
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1,2,3,4-tetra-O-acetyl-6-O-trityl-α,β-D-glucose 

To a stirring solution of 6-O-trityl-α,β-D-glucose (500 mg, 1.18 mmol, 1.00 equiv.) in dry pyridine (10 mL) at 

0°C, was added Ac2O (0.85 mL, 9.1 mmol, 8.3 equiv.) and DMAP (cat.). The resulting solution was allowed to 

warm to RT and left stirring for 56 h before the reaction was quenched by the addition of MeOH (2.5 mL). The 

solvents were removed in vacuo followed by co-evaporation with toluene (3 x 5 mL). The resulting residue was 

dissolved in DCM (50 mL) and washed consecutively with 1M HCl (25 mL), saturated aqueous NaHCO3 solution 

(25 mL), and brine (25 mL), dried over MgSO4, filtered, and dried in vacuo. The resulting crude product was 

purified by flash column chromatography on an automated system (gradient 0 to 50% EtOAc in hexane) to 

afford the title compound in a mixture of anomers (4:6 α:β), as a colourless foam (470 mg, 0.79 mmol, 70%),  

HRMS-ESI Calculated for [C33H34O10 + Na+]: 613.2044, found: 613.2035, 1H NMR (400 MHz, CHLOROFORM-D) δ 

1.92 – 2.03 (m, 24H, CH3), 2.99 (dd, J = 10.7, 4.1 Hz, 1H, α CH-6),  3.03 (dd, J = 10.6, 4.2 Hz, 1H, β CH-6),  3.30 

(dd, J = 10.7, 2.3 Hz, 1H, α CH-6’),  3.32 (dd, J = 10.7, 2.4 Hz, 1H, β CH-6’)  3.67 (ddd, J = 9.8, 4.1, 2.4 Hz, 1H, β 

CH-5)  4.00 (ddd, J = 8.4, 4.1, 2.3 Hz, 1H, α CH-5),  5.11 – 5.19 (m, 3H, α CH-2, β CH-2, CH-4),5.22 – 5.28 (m, 1H, 

α CH-4)  5.32 (t, J = 10.0 Hz, 1H, β CH-3),  5.39 (t, J = 9.8 Hz, 1H, α CH-3),  5.71 (d, J = 8.4 Hz, 1H, β CH-1), 6.42 

(d, J = 3.7 Hz, 1H, α CH-1), 7.15 – 7.22 (m, 8H, CH arom.), 7.22 – 7.29 (m, 10H, CH arom.), 7.37 – 7.43 (m, 16H, 

CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 20.48, 20.54, 20.65, 20.68, 20.79, 20.91, 20.97, 21.09, 

(CH3), 61.19 (α CH-6), 61.64 (β CH-6), 68.26 (α CH-4), 68.31 (β CH-4), 69.52 (α CH-2), 70.38 (α CH-3), 70.56 (β 

CH-2),71.28 (α CH-5), 73.21 (β CH-3), 74.08 (β CH-5), 86.54 (α (C(Ph)3), 86.65 (β (C(Ph)3), 89.38, (α CH-1) 91.97, 

(β CH-1) 127.08, 127.85, 127.88, 128.74, 128.77, 143.50, 143.53, (CH arom.) 168.94, 168.97, 169.03, 169.40, 

169.84, 170.31, 170.49, 171.17. (C=O) IR (Vmax, film) 3059, 3026, 2938, 2882, 1753, 1491, 1449, 1368, 1247, 

1213, 1014, 985, 930, 900, 783, 767, 736, 702, 645 cm-1 

Data in accordance with literature values287, 288 

 
1,2,3,4-tetra-O-benzyl-6-O-trityl-α,β-D-glucose 

To a stirring solution of 6-O-trityl-α,β-D-glucose (500 mg, 1.18 mmol, 1.00 equiv.) in dry DMF at 0°C was added 

NaH (60% in mineral oil, 300 mg, 7.40 mmol, 6.27 equiv.). The resulting reaction mixture was left at 0°C for 30 

mins before the addition of BnBr (0.85 mL, 6.8 mL, 6.2 equiv.) and TBAI (cat.). Additional DMF (2 mL) was 

added to solubilise the reaction before allowing the resulting suspension to warm to RT. After 18 h the 

reaction was quenched by the addition of MeOH (5 mL) and the solvents were removed in vacuo. The resulting 

residue was dissolved in DCM (50 mL) and washed consecutively with sat. aqueous NH4Cl (25 mL) solution, 

water (25 mL) and brine (25 mL). The resulting organic layer was dried over MgSO4, filtered and solvents 

removed in vacuo. The crude product was purified by automated flash column chromatography (0 to 15% 

EtOAc in hexane) to afford the title compound in a mixture of anomers (α:β 2:3), as a clear foam (630 mg, 0.80 

mmol, 71%). 

HRMS-ESI Calculated for [C53H50O6  + Na+]: 805.3500, found: 805.3518 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.19 (dd, J = 10.2, 4.4 Hz, 1H, α CH-6), 3.27 (dd, J = 10.1, 4.0 Hz, 1H, β CH-6), 3.36 – 3.53 (m, 1H, β CH-5, α CH-

6’), 3.57 – 3.73 (m, 5H, α CH-2, CH-4, β CH-2, CH-4, CH-6’), 3.79 – 3.90 (m, 2H, α CH-5, β CH-3), 4.02 (t, J = 9.3 

Hz, 1H, α CH-3), 4.30 (d, J = 10.5 Hz, 1H, α CH2 OBn), 4.37 (d, J = 10.4 Hz, 1H, β CH2 OBn), 4.56 (d, J = 6.7 Hz, 1H, 

β CH-1), 4.59 – 4.92 (m, 12H, CH2 OBn), 4.94 (d, J = 3.9 Hz, 1H, α CH-1), 4.96 – 5.12 (m, 4H, CH2 OBn), 7.14 – 

7.65 (m, 40H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 62.49 (α+β CH-6), 68.68 (CH2 OBn), 70.64 (α 

CH-5), 70.79, 73.05 (CH2 OBn), 74.72 (β CH-5), 75.08, 75.14, 75.19, 76.07, 76.12 (CH2 OBn), 77.98 (β CH-4), 
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78.22 (α CH-2) , 80.30 (α CH-4), 82.46 (α CH-3), 82.67 (β CH-2), 84.83 (β CH-3), 86.38 (α C(Ph)3), 86.47 (β 

(C(Ph)3), 94.69 (α CH-1), 102.34 (β CH-1), 127.06, 127.08, 127.71, 127.77, 127.84, 127.89, 127.92, 127.98, 

128.01, 128.15, 128.23, 128.27, 128.32, 128.48, 128.50, 128.53, 128.62, 128.82, 128.91, 128.94, 137.10, 

137.46, 137.94, 138.38, 138.62, 144.03, 144.07 (CH arom.) IR (Vmax, film) 3031, 2923, 2876, 1494, 1450, 1359, 

1211, 1153, 1071, 1028, 739, 697 cm-1 

Data in accordance with literature values289 

 
1,2,3,4-tetra-O-benzoyl-6-O-trityl-α,β-D-glucose 

To a stirring solution of 6-O-trityl-α,β-D-glucose (500 mg, 1.18 mmol, 1.00 equiv.) in dry pyridine (10 mL) at 0°C, 

was added BzCl (0.80 mL, 6.9 mmol, 6.3 equiv.) and DMAP (cat.).The resulting solution was allowed to warm to 

RT and left stirring for 56 h before the reaction was quenched by the addition of MeOH (2.5 mL). The solvents 

were removed in vacuo and co-evaporated with toluene (3 x 5 mL). The resulting residue was dissolved in DCM 

(50 mL) and washed consecutively with 1M HCl (25 mL), sat. aqueous NaHCO3 solution (25 mL), and brine (25 

mL), dried over MgSO4, filtered, and the solvents removed in vacuo. The resulting crude product was purified 

by flash column chromatography on an automated system (gradient 0 to 30% EtOAc in hexane) to afford the 

title compound in a mixture of anomers (2:1 α:β) as a colourless foam (760 mg, 0.90 mmol, 80%) 

HRMS-ESI Calculated for [C53H42O10 + Na+]: 861.2670, found: 861.2702, 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.28 (ddt, J = 14.9, 10.8, 4.3 Hz, 2H, α CH-6, β CH-6), 3.51 (dtd, J = 16.7, 6.7, 3.3 Hz, 2H, α CH-6’, β CH-6’), 4.13 – 

4.33 (m, 1H, β CH-5), 4.21 – 4.65 (m, 1H, α CH-5), 5.74 – 5.83 (m, 1H, α CH-2), 5.87 – 6.04 (m, 4H, α CH-4, β CH-

2, CH-3, CH-4), 6.17 – 6.29 (m, 1H, α CH-3), 6.32 (d, J = 7.3 Hz, 1H, β CH-1), 6.94 – 7.06 (m, 1H, α CH-1), 7.04 – 

7.23 (m, 20H, CH arom.), 7.28 – 7.71 (m, 42H, CH arom.), 7.80 (dd, J = 7.6, 3.7 Hz, 4H, CH arom.), 7.94 (dtd, J = 

9.6, 7.1, 6.7, 3.8 Hz, 8H, CH arom.), 8.11 – 8.25 (m, 4H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 

61.83 (α CH-6), 62.19 (β CH-6), 68.74 (α CH-4), 69.04 (β CH-4), 70.86 (α CH-2), 71.00 (α CH-3), 71.26 (β CH-2), 

72.11 (α CH-5), 73.37 (β CH-3), 74.67 (β CH-5), 86.74 (α C(Ph)3), 86.82 (β C(Ph)3), 90.35 (α CH-1), 92.92 (β CH-1), 

126.97, 127.79, 127.82, 128.30, 128.33, 128.41, 128.43, 128.48, 128.65, 128.68, 128.76, 128.81, 128.93, 

128.97, 129.09, 129.19, 129.28, 129.80, 129.83, 129.87, 129.90, 129.93, 130.07, 130.26, 133.23, 133.33, 

133.51, 133.88, 143.54, 143.57 (CH arom.), 164.58, 164.77, 164.81, 165.25, 165.54, 165.86, 166.08 (C=O) .IR 

(Vmax, film) 3061, 2942, 1732, 1601, 1450, 1256, 1104, 1091, 1021, 736, 705, 644 cm-1  

Data in accordance with literature values290  

 
1,2,3,4-tetra-O-allyl-6-O-trityl-α,β-D-glucose 

To a stirring solution of 6-O-trityl-α,β-D-glucose (500 mg, 1.18 mmol, 1.00 equiv) in dry DMF at °C was added 

NaH (60% in mineral oil, 300 mg, 7.40 mmol, 6.27 equiv.). The reaction was left at 0°C for 30 mins before the 

addition of AllylBr (0.70 mL, 6.8 mL, 6.2 equiv.) and TBAI (cat.). Additional DMF (2 mL) was added to solubilise 

the reaction before warming to RT. After 18 h the reaction was quenched by the addition of MeOH (5 mL), and 

the solvents were removed in vacuo. The resulting residue was dissolved in DCM (50 mL) and washed 

consecutively with sat. aqueous NH4Cl solution (25 mL), water (25 mL) and brine (25 mL) dried over MgSO4, 

filtered, and concentrated in vacuo. The crude product was purified by automated flash column 

chromatography (0 to 15% EtOAc in hexane) to afford the separated pure anomers α (160 mg, 0.27 mmol, 

23%) and β (320 mg, 0.54 mmol, 46%) as clear oils. 
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α-anomer (major) 

HRMS-ESI Calculated for [C37H42O6  Na+]: 605.2874, found: 605.2883, 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.07 (dd, J = 10.1, 3.8 Hz, 1H, CH-6), 3.26 (ddd, J = 9.5, 3.8, 2.0 Hz, 1H, CH-5), 3.32 (d, J = 2.3 Hz, 1H, CH-2), 3.33 

– 3.34 (m, 1H, CH-3), 3.43 (dd, J = 10.1, 2.0 Hz, 1H, CH-6’), 3.55 (ddd, J = 9.5, 6.1, 2.9 Hz, 1H, CH-4), 3.79 – 3.88 

(m, 1H, OCH2 OAllyl), 4.05 – 4.14 (m, 1H, OCH2 OAllyl), 4.14 – 4.29 (m, 2H, OCH2 OAllyl), 4.29 – 4.50 (m, 4H, 

OCH2 OAllyl), 4.95 (d, J = 1.6 Hz, 1H, CH-1), 4.96 – 5.04 (m, 2H, CH=CH2 OAllyl), 5.09 – 5.43 (m, 6H, CH=CH2 

OAllyl), 5.56 (ddt, J = 17.3, 9.6, 6.0 Hz, 1H, CH=CH2 OAllyl), 5.88 – 6.07 (m, 3H, CH=CH2 OAllyl), 7.15 – 7.36 (m, 

9H, CH arom.), 7.38 – 7.55 (m, 6H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 62.53 (CH-6), 67.97 (CH2 

OAllyl), 70.44 (CH-5), 72.48 (CH2 OAllyl), 73.97 (CH2 OAllyl), 74.69 (CH2 OAllyl), 78.09, 79.80 (CH-2, CH-3), 81.90 

(CH-4), 86.34 (C(Ph)3), 95.49 (CH-1), 117.52, 118.38 (CH=CH2 OAllyl),127.07, 127.88, 128.92, 134.00, 134.83, 

135.13, 135.45, (CH arom.), 144.14 (CH=CH2 OAllyl), IR (Vmax, film) 3057, 2984, 2924, 2875, 1737, 1449, 1265, 

1071, 1048, 926, 735, 703, 644 cm-1 [α]D
20 = +71.7 (c = 0.19, DCM) 

β-anomer (minor) 

HRMS-ESI Calculated for [C37H42O6  + Na+]: 605.2874, found: 605.2883, 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.14 (dd, J = 10.0, 4.2 Hz, 1H, CH-6), 3.45 (dd, J = 10.0, 1.9 Hz, 1H, CH-6’), 3.48 – 3.54 (m, 2H, CH-2, CH-3), 3.75 

(t, J = 10 Hz, 1H, CH-5), 3.78 – 3.85 (m, 1H, CH-4),  4.14-4.26 (m, 5H, OCH2 OAllyl), 4.36 – 4.45 (m, 1H, OCH2 

OAllyl), 4.96 – 5.05 (m, 2H, CH=CH2 OAllyl), 5.07 (d, J = 3.6 Hz, 1H, CH-1), 5.14 – 5.40 (m, 6H, CH=CH2 OAllyl), 

5.59 (ddt, J = 16.4, 10.1, 6.0 Hz, 1H, CH=CH2 OAllyl), 5.90 – 6.12 (m, 3H, CH=CH2 OAllyl), 7.19 – 7.38 (m, 12H, CH 

arom.), 7.52 (dd, J = 7.2, 2.0 Hz, 6H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 62.45 (CH-6), 70.09 

(CH-5), 73.83, 73.89, 74.60, 74.82 (CH2 OAllyl), 77.63, 81.96 (CH-2, CH-3), 84.38 (CH-4), 86.36 (C(Ph)3), 102.65 

(CH-1), 117.01, 117.15, 117.25, 117.31 (CH=CH2 OAllyl, 127.06, 127.87, 128.92, 134.32, 134.77, 135.31, 135.36 

(CH arom.), 144.08 (CH=CH2 OAllyl). IR (Vmax, film) 3057, 2984, 2924, 2875, 1737, 1449, 1265, 1071, 1048, 926, 

735, 703, 644 cm-1 [α]D
20 = +8.25 (c = 0.8, DCM) 

 
1,2,3,4-tetra-O-acetyl-α,β-D-glucose 

To a stirring solution of 1,2,3,4-tetra-O-acetyl-6-O-trityl-α,β-D-glucose (240 mg, 0.407 mmol, 1.00 equiv.) 

in AcOH (0.95 mL) at 10°C, was added HBr (33% in acetic acid, 0.80 mL, 0.47 mmol, 1.2 equiv.). The 

resulting solution was stirred for 30 seconds before the reaction mixture was filtered, and rinsed with 

AcOH into a separating funnel containing DCM (10 mL) and H 2O (10 mL). The aqueous layer was further 

extracted with DCM (3 x 10 mL) and the combined organic layers were washed with sat. aqueous 

NaHCO3, dried over MgSO4, filtered, and concentrated in vacuo. The resulting crude product was 

purified by automated flash column chromatography (0 to 100% EtOAc in hexane) to afford the title 

compound as a clear foam (100 mg, 0.29 mmol, 72%), in a mixture of anomers (1:1 α:β), alongside side 

migration product 1,2,3,6-tetra-O-acetyl glucose (30%)  

HRMS-ESI Calculated for [C33H34O10  + Na+]: 613.2044, found: 613.2035 1H NMR (400 MHz, CHLOROFORM-D) δ 

2.00 (s, 6H, CH3 OAc), 2.02 (s, 6H, CH3 OAc), 2.05 (s, 6H, CH3 OAc), 2.09 (s, 3H, CH3 OAc), 2.15 (s, 3H, CH3 OAc), 

3.50 – 3.66 (m, 3H, α CH-6, β CH-6, CH-5), 3.67 – 3.83 (m, 2H, α CH-6’, β CH-6’), 3.90 (ddd, J = 10.3, 4.1, 2.2 Hz, 

1H, α CH-5), 4.98 – 5.09 (m, 2H, α CH-2, β CH-4), 5.06 – 5.13 (m, 2H, α CH-4, β CH-2), 5.29 (t, J = 10.1 Hz, 1H, β 

CH-3), 5.47 – 5.54 (m, 1H, α CH-3), 5.70 (d, J = 8.2 Hz, 1H, β CH-1), 6.32 (d, J = 3.7 Hz, 1H α CH-1). 13C NMR (101 

MHz, CHLOROFORM-D) δ 20.45, 20.79, 20.96, 21.28 (CH3 OAc), 60.72 (α CH-6), 61.08 (β CH-6), 68.16 (β CH-4), 

68.50 (α CH-4), 69.25 (α CH-2), 69.66 (α CH-3), 70.44 (β CH-2), 72.13 (α CH-5), 74.97 (β CH-5), 89.31 (α CH-1), 
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91.79 (β CH-1), 169.16, 169.41, 169.83, 170.29 (C=O OAc). IR (Vmax, film) 3521, 3018, 2921, 2859, 1753, 1370, 

1223, 1036, 944 cm-1 

Data in accordance with literature values288 

 

 
1,2,3,4-tetra-O-benzyl-α,β-D-glucose 

To a stirring solution of 1,2,3,4-tetra-O-benzyl-6-O-trityl-α,β-D-glucose (450 mg, 0.579 mmol, 1.00 

equiv.) in AcOH (5 mL) and DCM (5 mL) at 10°C, was added HBr (33% in acetic acid, 0.12 mL, 0.88 mmol, 

1.2 equiv.) dropwise. The resulting solution was stirred for 5 mins before the reaction mixture was 

filtered and rinsed with AcOH into a separating funnel containing DCM (10 mL) and H 2O (10 mL). The 

aqueous layer was further extracted with DCM (3 x 10 mL) and the combined organic layers were 

washed with sat. aqueous NaHCO3 solution, dried over MgSO4, filtered and concentrated in vacuo. The 

resulting crude product was purified by automated flash column chromatography (0 to 30% EtOAc in 

hexane) to afford the title compound in a mixture of anomers (1:1 α:β) as a clear foam (170 mg, 0.314 

mmol, 55%). 

HRMS-ESI Calculated for [C34H36O6 + Na+]: 563.2404, found: 563.2412, 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.37 (ddd, J = 9.6, 4.6, 2.7 Hz, 1H, β CH-5), 3.46 – 3.57 (m, 2H, β CH-2, α CH-2), 3.58 (t, J = 9.2 Hz, 1H, α CH-4), 

3.60 (t, J = 9.3 Hz, 1H, β CH-4), 3.65 – 3.79 (m, 5H, α CH-5, CH-6 x 2, β CH-3, CH-6), 3.84 – 3.91 (m, 1H, β CH-6’), 

4.09 (t, J = 9.4 Hz, 1H, α CH-3), 4.53 (d, J = 4.5 Hz, 1H, CH2 OBn), 4.55 – 4.60 (m, 2H, β CH-1, CH2 OBn), 4.62 – 

4.69 (m, 4H, CH2 OBn), 4.70 (d, J = 4.6 Hz, 2H, CH2 OBn), 4.74 (d, J = 10.9 Hz, 1H, CH2 OBn), 4.81 (d, J = 3.8 Hz, 

1H, CH-1), 4.83 (d, J = 5.8 Hz, 2H, CH2 OBn), 4.85 (d, J = 4.7 Hz, 2H, CH2 OBn), 4.88 (d, J = 5.0 Hz, 2H, CH2 OBn), 

4.91 (d, J = 1.9 Hz, 1H, CH2 OBn), 4.94 (d, J = 6.0 Hz, 2H, CH2 OBn), 4.97 (d, J = 6.0 Hz, 1H, CH2 OBn), 5.02 (d, J = 

10.9 Hz, 2H, CH2 OBn), 7.21 – 7.42 (m, 40H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 61.69 (β CH-6), 

61.96 (α CH-6), 69.21 (CH2 OBn), 71.08 (α CH-5), 71.63 (β CH-5), 73.06, 75.00, 75.07, 75.11, 75.15, 75.73 (CH2 

OBn), 77.43 (α CH-4), 77.54 (β CH-4), 80.05 (α CH-2), 81.96 (α CH-3), 82.35 (β CH-2), 84.54 (β CH-3), 95.55 (α 

CH-1), 102.83 (β CH-1), 137.10, 137.29, 138.01, 138.17, 138.32, 138.54, 138.84 (CH arom.). IR (Vmax, film) 

3454, 3088, 3063, 3030, 2918, 2873, 1734, 1601, 1585, 1496, 1453, 1361, 1210, 1068, 1027, 735, 697 cm-1 

Data in accordance with literature values291  

 
1,2,3,4-tetra-O-benzoyl-α,β-D-glucose 

To a stirring solution of 1,2,3,4-tetra-O-benzoyl-6-O-trityl-α,β-D-glucose (500 mg, 0.583 mmol, 1.00 

equiv.) in AcOH (1.4 mL) with 10 drops of DCM at 10°C, was added HBr (33% in acetic acid, 0.12 mL, 0.69 

mmol, 1.2 equiv.) dropwise. The resulting solution was stirred for 30 seconds before the reaction 

mixture was filtered and rinsed with AcOH into a separating funnel containing DCM (10 mL) and H 2O (10 

mL). The aqueous layer was further extracted with DCM (3 x 10 mL) and the combined organic layers 

were washed with sat. saturated NaHCO3, dried over MgSO4, filtered, and concentrated in vacuo. The 

resulting crude product was purified by automated flash column chromatography (0 to 35% EtOAc in 

hexane) to afford the title compound in a mixture of anomers, (2:1 α:β) as a clear foam (212 mg, 0.357 

mmol, 62%)  

HRMS-ESI Calculated for [C34H28O10  + Na+]: 619.1575, found: 619.1586, 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.74 (ddd, J = 13.0, 5.8, 3.9 Hz, 2H, α+β CH-6), 3.89 (ddd, J = 27.8, 13.0, 2.2 Hz, 2H, α+β CH-6’), 4.02 (ddd, J = 
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9.9, 3.9, 2.2 Hz, 1H, β CH-5), 4.26 (ddd, J = 10.3, 3.7, 2.2 Hz, 1H, α CH-5), 5.57 – 5.78 (m, 4H, α CH-2, CH-3, β 

CH-3), 5.85 (dd, J = 10.0, 8.2 Hz, 1H, β CH-2), 6.09 (t, J = 9.6 Hz, 1H, β CH-4), 6.25 (d, J = 8.2 Hz, 1H, β CH-1), 6.36 

(t, J = 10.1 Hz, 1H, α CH-4), 6.85 (d, J = 3.7 Hz, 1H, α CH-1), 7.32 (ddt, J = 12.2, 6.0, 1.9 Hz, 8H, CH arom.), 7.37 – 

7.51 (m, 10H, CH arom.), 7.51 – 7.61 (m, 6H, CH arom.), 7.61 – 7.72 (m, 4H, CH arom.), 7.80-.91 (m, 4H, CH 

arom.), 7.95 – 8.08 (m, 6H, CH arom.), 8.11 – 8.21 (m, 2H, CH arom) 13C NMR (101 MHz, CHLOROFORM-D) δ 

60.50 (CH-6 α), 60.93 (CH-6 β), 68.93 (α CH-2), 69.18 (β CH-3), 70.24 (α CH-4), 70.53 (α CH-3), 70.91 (β CH-2), 

72.71 (β CH-4), 72.86 (α CH-5), 75.67 (β CH-5), 90.19 (CH-1 α), 92.85 (CH-1 β), 128.47, 128.51, 128.65, 128.81, 

128.88, 128.92, 129.04, 129.81, 129.86, 129.91, 130.10, 130.13, 130.29, 133.50, 133.53, 133.59, 133.92, 

133.97, 134.03 (CH arom.), 164.60, 164.88, 165.19, 165.42, 165.81, 166.03, 166.24 (C=O) IR (Vmax, film) 3509, 

3066, 2958, 1728, 1601, 1451, 1257, 1090, 1068, 1023, 707, 686, 641 cm-1 

Data in accordance with literature values292 

 
1,2,3,4-tetra-O-allyl-α,β-D-glucose 

To a stirring solution of 1,2,3,4-tetra-O-allyl-6-O-trityl-α,β-D-glucose (163 mg, 0.281 mmol, 1.00 equiv.) 

in AcOH (0.65 mL) at 10°C, was added HBr (33% in acetic acid, 60 μL, 0.31 mmol, 1.2 equiv.) dropwise. 

The resulting solution was stirred for 30 seconds before the reaction mixture was filtered and rinsed 

with AcOH into a separating funnel containing DCM (10 mL) and H 2O (10 mL). The aqueous layer was 

further extracted with DCM (3 x 10 mL) and the combined organic layers were washed with sat. aqueous 

NaHCO3 solution, dried over MgSO4, filtered and concentrated in vacuo. The cresulting crude product 

was purified by automated flash column chromatography (0 to 100% EtOAc in hexane) to afford the title 

compound in a mixture of anomers (1:1 α:β) as a clear foam (54 mg, 0.16 mmol, 60%)  

HRMS-ESI Calculated for [C18H28O6  + Na+]: 363.1778, found: 363.1781, 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.19 (t, J = 8.3 Hz, 1H, β CH-3), 3.25 (ddd, J = 9.4, 4.5, 2.8 Hz, 1H, β CH-5), 3.29 – 3.45 (m, 4H, α CH-5, CH-3, β 

CH-4, CH-2), 3.63 (dt, J = 10.0, 3.6 Hz, 1H, α CH-2), 3.69 (dd, J = 11.8, 4.6 Hz, 1H, β CH-6), 3.69 (dd, J = 12.8, 4.6 

Hz, 1H, α CH-6), 3.79 (dd, J = 12.8, 3.1 Hz, 1H, α CH-6’), 3.84 (dd, J = 11.8, 2.7 Hz, 1H, β CH-6’), 3.97 – 4.45 (m, 

16H, OCH2 OAllyl), 4.89 (d, J = 3.6 Hz, 1H, α CH-1), 5.07 – 5.30 (m, 16H, CH=CH2 OAllyl), 5.31 – 5.34 (m, 2H, β 

CH-1), 5.82 – 6.03 (m, 8H, CH=CH2 OAllyl) 13C NMR (101 MHz, CHLOROFORM-D) δ 61.90 (α CH-6), 62.09 (β CH-

6), 68.22 α CH-5), 70.60 (β CH-5), 70.90, 72.43, 73.81, 73.92, 74.00, 74.37, 74.53 (O-CH2), 75.02 (β CH-4), 77.33 

(α CH-4), 79.54 (α CH-2), 81.44 (α CH-3), 81.69 (β CH-2), 84.06 (CH-3), 95.78 (α CH-1), 102.70 (β CH-1), 116.59, 

116.87, 117.06, 117.29, 117.35, 117.40, 118.25 (CH=CH2 OAllyl), 133.80, 133.99, 134.74, 134.88, 134.94, 

135.09, 135.25, 135.39 (CH=CH2).IR (Vmax, film) 3408, 3084, 2821, 2867, 1462, 1347, 1268, 1074, 1044, 990, 

923, 735 cm-1 

 
1,2,3,4,6-penta-O-benzoyl-α-D-glucose 

To a stirring solution of D-glucose (250 mg, 1.39 mmol, 1.00 equiv.) in dry pyridine (5 mL) at 0°C was 

added BzCl (1.3 mL, 11 mmol, 7.9 equiv.) and DMAP (cat.). The reaction was allowed to warm to RT and 

left stirring for 18 h before the reaction was quenched by the addition of MeOH (2 mL). The solvents 

were removed in vacuo followed by co-evaporation with toluene (3 x 2 mL). The resulting residue was 

dissolved in DCM (60 mL) and washed consecutively with 1M HCl (30 mL), sat. aqueous NaH CO3 solution 

(30 mL) and brine (30 mL). The organic layer was dried over MgSO 4 filtered and concentrated in vacuo. 

The resulting crude product was purified by automated flash column chromatography (gradient 0 to 

30%) to afford the title compound as a waxy white solid (630 mg, 0.90 mmol, 65%).  
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HRMS-ESI Calculated for [C41H32O11  + Na+]: 723.1837, found: 723.1852, 1H NMR (400 MHz, CHLOROFORM-D) δ 

4.50 (ddd, J = 13.1, 5.3, 2.3 Hz, 1H, CH-6), 4.57 – 4.74 (m, 2H, CH-5, CH-6’), 5.70 (dd, J = 10.1, 3.6 Hz, 1H, CH-2), 

5.89 (td, J = 9.8, 2.8 Hz, 1H, CH-4), 6.34 (td, J = 10.1, 2.8 Hz, 1H, CH-3), 6.87 (d, J = 3.6 Hz, 1H, CH-1), 7.20 – 7.60 

(m, 16H, CH arom.), 7.60 – 7.74 (m, 1H, CH arom.), 7.81 – 8.01 (m, 6H, CH arom.), 8.04 (dq, J = 8.4, 1.6 Hz, 2H), 

8.08 – 8.26 (m, 2H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 62.21 (CH-6), 68.56 (CH-4), 70.18 (CH-5),  

70.24 (CH-2), 89.79 (CH-1), 128.18, 128.22, 128.24, 128.30, 128.44, 128.57, 128.60, 128.72, 129.28, 129.53, 

129.57, 129.63, 129.67, 129.82, 132.95, 133.17, 133.31, 133.35, 133.74, (CH arom.) 164.20, 164.91, 165.15, 

165.69, 165.88 (C=O). IR (Vmax, film) 3069, 3030, 2961, 1724, 1601, 1451, 1315, 1254, 1176, 1020, 1067, 1091 

cm-1 

Data in accordance with literature values293 

 
2,3,4,6-tetra-O-acetyl-α,β-D-glucose 

To a stirring solution of 1,2,3,4,5-tetra-O-acetyl-α-D-glucose (Purchased from Sigma, 410 mg, 1.11 mmol, 

1.00 equiv.) in THF (4 mL) was added BnNH2 (0.22 mL, 2.1 mmol, 2.0 equiv.) at RT. After 18 h the 

reaction was quenched by the addition of 1 M HCl (25 mL). The resulting solution was extracted with 

DCM (50 mL), and the organic layer was further washed sequentially with sat. aqueous NaHCO 3 solution 

(25 mL) and brine (25 mL). The resulting organic layer was dried with MgSO4, filtered, and the solvents 

were removed in vacuo. The resulting crude product was purified by automated flash column 

chromatography (gradient 0 to 100% EtOAc in hexane) to afford the title compound in a mixture of 

anomers (5:2 α:β).as a clear oil (320 mg, 0.92 mmol 90%)  

HRMS-ESI Calculated for [C14H20O10  + Na+]: 371.0949, found: 371.0953  1H NMR (400 MHz, CHLOROFORM-D) δ 

2.01 (s, 3H, OAc), 2.03 (s, 3H), 2.04 (s, 3H, OAc), 2.08 (s, 3H, OAc), 2.09 (s, 12H, OAc), 3.75 (ddd, J = 10.1, 4.7, 

2.3 Hz, 1H, β CH-5), 4.05 – 4.19 (m, 2H, α CH-6, β CH-6), 4.19 – 4.33 (m, 3H, α CH-5, CH-6’, β CH-6’), 4.73 (d, J = 

8.2 Hz, 1H, β CH-1), 4.84 – 4.92 (m, 2H, α CH-2, β CH-2), 5.08 (td, J = 9.8, 1.7 Hz, 2H, α CH-4, β CH-4), 5.25 (t, J = 

9.6 Hz, 1H, β CH-3), 5.46 (d, J = 3.6 Hz, 1H, α CH-1), 5.53 (t, J = 9.8 Hz, 1H, α CH-3) 13C NMR (101 MHz, 

CHLOROFORM-D) δ 20.60, 20.64, 20.70, 20.73 20.76, (CH3), 60.58 (β CH-6) , 62.02 (α CH-6), 66.99 (α CH-5), 

68.41 (β CH-4), 68.53 (α CH-4), 69.94 (α CH-2) 71.18 (α CH-3) 71.93 (β CH-5), 72.45 (β CH-3), 72.99 (β CH-2), 

90.00 (α CH-1), 95.36 (β CH-1), 169.66, 169.82, 170.35, 170.38, 170.61, 170.99, 171.09. (C=O) IR (Vmax, film) 

3468, 2961, 1747, 1443, 1369, 1227, 1153, 1038 cm-1  

Data is in accordance with literature values294 

 
2,3,4,6-tetra-O-benzoyl-α,β-D-glucose 

To a stirring solution of 2,3,4,6-tetra-O-benzoyl-α,β-D-glucose (470 mg, 0.671 mmol, 1.00 equiv.) in THF 

(4 mL) was added BnNH2 (0.24 mL, 2.1 mmol, 2.7 equiv.) at RT. After 72 h the reaction was quenched by 

the addition of 1 M HCl (25 mL). The resulting solution was extracted with DCM (50 mL), and the organic 

layer was further washed with sat. aqueous NaHCO3 solution (25 mL) and brine (25 mL). The resulting 

organic layer was dried with MgSO4, filtered and the solvents were removed in vacuo. The resulting 

crude product was purified by automated flash column chromatography (gradient 0 to 40% EtOAc in 

hexane) to afford the title compound in a mixture of anomers (4:1 α:β) as a white foam (310 mg, 0.52 

mmol, 77%)  
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HRMS-ESI Calculated for [C34H28O10 + Na+]: 619.1575, found: 619.1583, 1H NMR (400 MHz, CHLOROFORM-D) δ 

4.22 (ddd, J = 10.0, 4.2, 3.0 Hz, 1H, β CH-5), 4.47 (dd, J = 12.3, 4.2 Hz, 1H, β CH-6), 4.49 (ddd, J = 19.7, 12.3, 4.5 

Hz, 1H, α CH-6), 4.52 (dd, J = 12.3, 4.9 Hz, 1H, β CH-6’) 4.59 – 4.83 (m, 2H, α CH-5, CH-6’), 5.16 (d, J = 7.7 Hz, 

1H, β CH-1), 5.37 (dd, J = 10.0, 3.5 Hz, 1H, α CH-2), 5.49 (ddd, J = 10.0, 7.7, 2.3 Hz, 1H, β CH-2), 5.69 – 5.87 (m, 

3H, α CH-1, α CH-4, β CH-4), 6.00 (t, J = 10.0 Hz, 1H, β CH-3), 6.34 (t, J = 10.1 Hz, 1H, α CH-3), 7.24 – 7.66 (m, 

24H, CH arom.), 7.77 – 8.19 (m, 16H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 63.00 (α CH-6), 63.13 

(β CH-6), 67.52 (α CH-5), 67.97 (β CH-5), 69.59 (α CH-4), 70.36 (α CH-3), 72.33 (β CH-3), 72.43 (α CH-2), 72.62 (β 

CH-4),  73.92 (β CH-2), 90.40 (α CH-1), 95.98 (β CH-1), 127.04, 127.61, 127.91, 128.32, 128.40, 128.45, 128.61, 

128.77, 128.94, 129.06, 129.20, 129.50, 129.66, 129.70, 129.74, 129.81, 129.87, 129.93, 131.67, 133.16, 

133.20, 133.36, 133.43, 133.54, 134.16 (CH-arom.), 165.36, 165.91, 165.94, 166.33, 166.40 (C=O) IR (Vmax, 

film) 3437, 3081, 2961, 1726, 1456, 1269, 1095 cm-1  

Data in accordance with literature values295  

 
Methyl-2,3,4,6-tetra-O-benzyl-α,β-D-glucofuranose 

To a stirring solution of D-glucose (500 mg, 2.78 mmol, 1.00 equiv.) in MeOH (13 mL) was added AcCl 

(0.45 mL, 6.3 mmol, 2.3 equiv.) dropwise. After 6 h at RT, the reaction was quenched by the addition of 

NEt3 (1.2 mL) and the solvents were removed in vacuo. The residue was dissolved in DMF (13 mL) and 

NaH (60% in mineral oil, 900 mg, 22.6 mmol, 8.13 equiv.) was added at 0°C. After 10 mins at 0°C, BnBr 

(2.6 mL, 22 mmol, 7.9 equiv.) was added dropwise followed by the addition of TBAI (cat.). The resulting 

suspension was allowed to warm to RT and left stirring for 16 h before the reaction was quenched by 

the additon of MeOH (5 mL). The solvents were removed in vacuo and the resulting residue dissolved in 

DCM (100 mL) and washed consecutively with sat. aqueous NH4Cl solution (50 mL), H2O (50 mL), and 

brine (50 mL). The resulting organic layer was dried over MgSO 4, filtered, and concentrated in vacuo. 

The resulting crude product was purified by automated flash column chromatography (gradient 0 to 25% 

EtOAc in hexane) to afford the title compound in a mixture of anomers (2:3 α:β) as a clear oil (841 mg, 

1.52 mmol 54%)  

β-anomer 

HRMS-ESI Calculated for [C34H36O6  + Na+]: 577.2561, found: 577.2576.  1H NMR (400 MHz, CHLOROFORM-D) δ 

3.37 (s, 3H, OMe), 3.72 (dd, J = 10.8, 5.5 Hz, 1H, CH-6), 3.90 (dd, J = 10.8, 1.9 Hz, 1H, CH-6’), 3.92 – 3.94 (m, 1H, 

CH-4), 4.08 (dd, J = 4.7, 1.1 Hz, 2H, CH-2), 4.10 (dd, J = 5.5, 1.9 Hz, 1H, CH-5), 4.35 (dd, J = 9.2, 4.7 Hz, 1H, CH-3), 

4.43 (s, 2H, CH OBn), 4.52 (d, J = 11.4 Hz, 1H, CH OBn), 4.52 (s, 2H, CH OBn), 4.60 (s, 2H, CH OBn), 4.78 (d, J = 

11.4 Hz, 1H, CH OBn), 4.90 (d, J = 1.1 Hz, 1H, CH-1), 7.12 – 7.50 (m, 20H, CH arom.). 13C NMR (101 MHz, 

CHLOROFORM-D) δ 56.07 (CH3), 70.85 (CH-6), 71.86, 72.25, 72.49, 73.46 (CH OBn), 76.66 (CH-5), 80.25 (CH-4), 

80.61 (CH-2), 85.81 (CH-3), 108.75 (CH-1), 127.46, 127.50, 127.70, 127.74, 127.83, 127.90, 127.96, 128.00, 

128.10, 128.23, 128.34, 128.38, 128.46, 128.56, 137.63, 137.96, 138.77, 139.01 (CH arom.) IR (Vmax, film) 

3092, 3065, 3029, 2909, 2867, 1496, 1453, 1099, 1056, 1027, 995, 735, 697 cm-1 [α]D
20 = -28.4 c = 1.25, DCM)  

α-anomer 

1H NMR (400 MHz, CHLOROFORM-D) δ 3.73 (dd, J = 10.6, 6.2 Hz, 1H, CH-6), 3.89 (dd, J = 10.6, 2.4 Hz, 1H, CH-

6'), 4.00 (app. t, J = 4.1 Hz, 1H, CH-4), 4.04 (ddd, J = 6.2, 2.4, 1.3 Hz, 1H, CH-5), 4.28 (dd, J = 5.9, 3.9 Hz, 1H, CH-

2), 4.39 (dd, J = 7.3, 5.9 Hz, 1H, CH-3), 4.48 – 4.61 (m, 6H, CH OBn), 4.68 (d, J = 12.0 Hz, 1H, CH OBn), 4.82 (d, J 

= 11.7 Hz, 1H, CH OBn) 4.91 (d, J = 3.9 Hz, 1H, CH-1), 7.16 – 7.47 (m, 20H, CH arom.) 13C NMR (101 MHz, 

CHLOROFORM-D) δ 55.61 (CH3), 71.45 (CH-6), 72.31, 72.63, 72.72, 73.45 (CH OBn), 76.78, 76.92 (CH-5 and CH-



Page 167 of 311 
 

4), 82.16 (CH-2), 83.72 (CH-3), 101.62 (CH-1), 127.44, 127.50, 127.62, 127.68, 127.73, 128.04, 128.22, 128.33, 

128.40, 128.44, 128.55, 137.81, 138.16, 138.78, 139.08 (CH arom.). [α]D
20 = 57.5 (c = 0.765, DCM))  

Data in accordance with literature values296 

 
 

 
Methyl-2,3,4,6-tetra-O-benzyl-α,β-D-glucose 

To a stirring solution of D-glucose (500 mg, 500 mg, 2.78 mmol, 1.00 equiv.) in MeOH (13 mL) was added 

AcCl (0.45 mL, 6.3 mmol, 2.3 equiv.) dropwise. The resulting solution was heated to 60°C for 18 h before 

the reaction was quenched with the addition of NEt3 (1.2 mL) and the solvents were removed in vacuo. 

The residue was dissolved in DMF (13 mL) and NaH (60% in mineral oil, 900 mg, 22.6 mmol, 8.13 equiv.) 

was added at 0°C. After 10 mins at 0°C, BnBr (2.6 mL, 22 mmol, 7.9 equiv.) was a dded dropwise followed 

by TBAI (cat.). The resulting suspension was allowed to warm to RT and react for 16 h before the 

reaction was quenched by the addition of MeOH (5 mL). The solvents were removed in vacuo and the 

resulting residue dissolved in DCM (100 mL) and washed successively with sat. NH4Cl (50 mL), H2O (50 

mL), and brine (50 mL). The resulting organic layer was dried with MgSO 4, filtered and concentrated in 

vacuo. The resulting crude product was purified by automated flash column chromatography (g radient 0 

to 25% EtOAc in hexane) to afford the title compound in a mixture of anomers (2:1 α:β) as a white foam 

(1.4 g, 2.6 mmol 94%). 

α-anomer 

HRMS-ESI Calculated for [C35H38O6  + Na+]: 577.2561, found: 577.2570. 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.43 (s, 3H, CH3), 3.57 – 3.86 (m, 3H, CH-4, CH-5, CH-6), 3.99 – 4.10 (m, 1H, CH-6), 4.48 – 4.57 (m, 2H, CH-2, CH-

3), 4.62 – 4.77 (m, 3H, CH2 OBn), 4.80 – 4.97 (m, 3H, CH-1, CH2 OBn), 5.02 (d, J = 10.8 Hz, 1H, CH2 OBn), 5.06 (d, 

J = 10.8 Hz, 1H, CH2 OBn), 7.19 – 7.24 (m, 2H), 7.28-7.45 (m, 18H, CH arom.).  13C NMR (101 MHz, 

CHLOROFORM-D) δ 55.21 (CH3), 68.48 (CH-6), 70.08 (CH-5), 73.43, 73.51, 75.08, 75.81 (CH OBn), 77.68 (CH-4), 

79.86 (CH-2), 82.17 (CH-3), 98.25 (CH-1), 126.96, 127.58, 127.65, 127.73, 127.91, 127.97, 128.03, 128.20, 

128.41, 128.45, 128.50, 137.95, 138.21, 138.30, 138.84 (CH arom.) IR (Vmax, film)  3090, 3064, 3030, 2906, 

1496,  1453, 1360, 1070, 1046, 1028,  cm-1 [α]D
20 = 64.3 (c = 2.10, DCM) 

β-anomer 

1H NMR (400 MHz, CHLOROFORM-D) δ 3.47 – 3.56 (m, 2H, CH-4, CH-5), 3.64 (s, 3H, CH3 OMe), 3.65 – 3.75 (m, 

3H, CH-2, CH-3, CH-6), 3.81 (dd, J = 10.8, 1.8 Hz, 1H, CH-6’), 4.38 (d, J = 7.7 Hz, 1H, CH-1), 4.59 (d, J = 11.3 Hz, 

1H, CH2 OBn), 4.62 (d, J = 11.4 Hz, 1H, CH2 OBn), 4.68 (d, J = 11.9 Hz, 1H, CH2 OBn), 4.77 (d, J = 11.0 Hz, 1H, CH2 

OBn), 4.85 (d, J = 11.0 Hz, 1H, CH2 OBn), 4.88 (d, J = 11.0 Hz, 1H, CH2 OBn), 4.99 (d, J = 11.0 Hz, 2H, CH2 OBn), 

7.19 – 7.24 (m, 2H, CH arom.), 7.27 – 7.44 (m, 18H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 57.22 

(CH3), 68.98 (CH-6), 73.57 (CH-5), 74.85, 74.92, 75.12, 75.78, (CH2 OBn), 77.95 (CH-4), 82.41 (CH-2), 84.73 (CH-

3), 104.79 (CH-1), 127.70, 127.74, 127.87, 127.98, 128.07, 128.21, 128.46, 128.49, 138.18, 138.26, 138.61, 

138.69. (CH arom.). [α]D
20 = -1.74 (c = 1.18, DCM) 

Data in accordance with literature values297, 298 
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Methyl-2,3,4,6-tetra-O-allyl-α,β-D-glucose 

To a stirring solution of D-glucose (500 mg, 2.78 mmol, 1.00 equiv.) in MeOH (13 mL) was added AcCl 

(0.45 mL, 6.3 mmol, 2.7 equiv.) dropwise. The resulting solution was heated to 60°C for 18 h before the 

reaction was quenched by the addition of NEt3 (1.2 mL) and the solvents were removed in vacuo. The 

residue was dissolved in DMF (13 mL) and NaH (60% in mineral oil, 900 mg, 22.6 mmol, 8.13 equiv.) was 

added at 0°C. After 10 mins at 0°C, AllylBr (1.9 mL, 22 mmol, 8.1 equiv.) was added dropwise followed by 

TBAI (cat.). The resulting suspension was allowed to warm to RT and after 16 h quenched by the addition 

of MeOH (5 mL). The solvents were removed in vacuo and the resulting residue dissolved in DCM (100 

mL) and washed successively with sat. aqueous NH4Cl solution (50 mL), H2O (50 mL), and brine (50 mL). 

The resulting organic layer was dried over MgSO4, filtered and concentrated in vacuo. The resulting 

crude product was obtained by automated flash column chromatography (gradient 0 to 25% EtOAc in 

hexane) to afford the title compound as a mixture of anomers (2:1 α:β) as a clear oil (440 mg, 1.24 mmol 

45%) 

α-anomer 

HRMS-ESI Calculated for [C19H30O6  + Na+]: 377.1935, found: 377.1935. 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.28 – 3.41 (m, 5H, OCH3, CH-2, CH-4), 3.53 – 3.76 (m, 4H, CH-3, CH-5, CH-6 x 2), 3.84 – 4.45 (m, 8H, OCH2 

OAllyl), 4.71 (d, J = 3.6 Hz, 1H, CH-1), 5.04 – 5.28 (m, 8H, CH2=CH OAllyl), 5.78 – 5.98 (m, 4H, CH=CH2 OAllyl). 13C 

NMR (101 MHz, CHLOROFORM-D) δ 55.08 (CH3), 68.49 (CH-6), 69.98 (CH-5), 72.48, 72.61, 73.88, 74.29 (OCH2 

OAllyl), 77.35 (CH-4), 79.39 (CH-2), 81.49 (CH-3), 98.29 (CH-1), 116.51, 116.53, 116.77, 116.80, 117.30, 117.68 

(CH=CH2 OAllyl)., 134.59, 134.88, 134.98, 135.39 (CH=CH2 OAllyl). IR (Vmax, film) 3075, 3016, 2994, 2917, 2864, 

1648, 1460, 1156, 1047, 1000, 922 cm-1 [α]D
20 = 76.1 (c = 1.38, DCM) 

β-anomer 

1H NMR (400 MHz, CHLOROFORM-D) δ 3.10 – 3.18 (m, 1H, CH-5), 3.25 – 3.41 (m, 3H, CH-2, CH-3, CH-4), 3.48 

(s, 3H, OCH3), 3.58 (dd, J = 10.8, 4.3 Hz, 1H, CH-6), 3.67 (dd, J = 10.8, 1.3 Hz, 1H, CH-6’), 3.94 – 4.16 (m, 4H, 

OCH2 OAllyl), 4.14 (d, J = 7.8 Hz, 1H, CH-1), 4.18 – 4.40 (m, 4H, OCH2 OAllyl), 5.06 – 5.29 (m, 8H, CH=CH2 OAllyl), 

5.78 – 6.02 (m, 4H, CH=CH2 OAllyl) 13C NMR (101 MHz, CHLOROFORM-D) δ 57.03 (CH3), 68.91 (CH-6), 72.49 

(CH-5), 73.56, 73.82, 74.42, 74.80 (OCH2 OAllyl), 77.51 (CH-4), 81.63 (CH-2), 84.18 (CH-3), 104.47 (CH-1), 

116.66, 116.81, 116.95, 116.98, (CH=CH2 OAllyl) 134.76, 134.87, 135.18, 135.28 (CH=CH2 OAllyl) 

[α]D
20 = +8.79 (c = 1.79, DCM) 

 
2,3,4,6-tetra-O-benzyl-α,β-D-glucose 

To a stirring solution of methyl-2,3,4,6-tetra-O-benzyl-α,β-D-glucose (640 mg, 1.2 mmol, 1.0 equiv.) in 

AcOH (13 mL) was added 1M H2SO4 (1.6 mL). The resulting solution was heated to 100°C for 2.5 h before 

the reaction was cooled to RT and the pH was adjusted to pH 4 with the addition of 1 M NaOH. The 

quenched reaction mixture was then diluted with DCM (50 mL) and washed with sat. aqueous NaHCO 3 

solution (50 ml). The aqueous layer was further extracted with DCM (3 x 25 mL) and the combined 

organic layers dried over MgSO4, filtered and concentrated in vacuo. The resulting crude product was 

purified by automated flash column chromatography (gradient 0 to 35% EtOAc in hexane) to afford the 

title compound in a mixture of anomers (2:1 α:β) as a white solid (310 mg, 0.574 mmol, 50%)  
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HRMS-ESI Calculated for [C34H36O6  + Na+]: 563.2404, found: 563.2408 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.40 (dd, J = 9.0, 7.6 Hz, 1H, β CH-2), 3.49 – 3.67 (m, 8H, α CH-2 CH-3, CH-6, β CH-6 CH-3, CH-4, CH-5, CH-6), 

3.71 (dd, J = 10.9, 3.5 Hz, 1H, α CH-6), 3.96 (t, J = 9.3 Hz, 1H, α CH-4), 4.03 (ddd, J = 10.1, 3.8, 2.1 Hz, 1H, α CH-

5), 4.44 – 5.01 (m, 17H, β CH-1, CH2 OBn), 5.23 (d, J = 3.6 Hz, 1H, α CH-1), 7.08 – 7.18 (m, 6H, CH arom.), 7.27 – 

7.41 (m, 34H, CH arom.).13C NMR (101 MHz, CHLOROFORM-D) δ 68.64 (α CH-6), 68.99 (β CH-6) 70.45 (α CH-4),  

73.40, 73.61, 73.66, 74.86, 74.92 (β CH-4), 75.11, 75.82 (CH2 OBn), 77.73 (α CH-3), 77.88 (β CH-3), 80.09 (α CH-

2), 81.84 (α CH-5), 83.22 (β CH-2), 84.66 (β CH-5) 91.45 (α CH-1), 97.60 (β CH-1) 127.74, 127.80, 127.90, 

127.97, 128.03, 128.06, 128.11, 128.16, 128.27, 128.47, 128.51, 128.62, 137.92, 137.96, 138.29, 138.60, 

138.76 (CH arom.). IR (Vmax, film) 3365, 2928, 2861, 1456, 1145, 1089 cm-1 

Data in accordance with literature values299, 300 

 
2,3,4,6-tetra-O-allyl-α,β-D-glucose 

To a stirring solution of methyl-2,3,4,6-tetra-O-allyl-α,β-D-glucose (440 mg, 1.24 mmol, 1.00 equiv.) in 

AcOH (13 mL) was added 1M H2SO4 (1.5 mL). The resulting solution was heated to 100°C for 2.5 h before 

the reaction was cooled to RT and the pH was adjusted to pH 4 with the addition of 1M NaOH. The 

quenched reaction mixture was then diluted with DCM (50 mL) and washed with sat. aqueous NaHCO 3 

solution (50 ml). The aqueous layer was further extracted with DCM (3 x 25 mL) and the combin ed 

organic layers were dried over MgSO4, filtered and concentrated in vacuo. The resulting crude product 

was purified by automated flash column chromatography (gradient 0 to 35% EtOAc in hexane) to afford 

the title compound in a mixture of anomers. (4:1 α:β) as a white solid (219 mg, 0.644 mmol, 57%)  

HRMS-ESI Calculated for [C18H28O6  + Na+]: 363.1778 found: 363.1771, 1H NMR (400 MHz, CHLOROFORM-D) δ  

3.16 (dd, J = 8.9, 7.7 Hz, 1H, β CH-2), 3.30 – 3.46 (m, 5H, α CH-2, CH-4, β CH-4, CH-6 x 2), 3.56 – 3.62 (m, 1H, β 

CH-5), 3.62 – 3.65 (m, 2H, α CH-5, CH-6’), 3.65 – 3.67 (m, 1H, β CH-3), 3.70 (t, J = 9.4 Hz, 1H, α CH-3), 3.93 – 

4.44 (m, 16H, OCH2 OAllyl), 4.62 (d, J = 7.7 Hz, 1H, β CH-1), 5.11 – 5.34 (m, 17H, CH-CH2, OAllyl, α CH-1 ), 5.81 – 

6.07 (m, 8H, CH=CH2 OAllyl). 13C NMR (101 MHz, CHLOROFORM-D) δ (α) 68.65 (CH-6), 70.34 (CH-4) 72.48, 

72.58, 73.93, 74.40 (OCH2 OAllyl), 79.64 (CH-2), 81.22 (CH-5), 91.54 (CH-1), 116.69, 117.59 (CH=CH2 OAllyl), 

134.58, 134.63, 134.98, 135.36 (CH=CH2 OAllyl). IR (Vmax, film) 3432, 3054, 2931, 2873, 2244, 1736, 1651, 

1462, 1422, 1351, 1265, 1071, 996, 907, 730, 704, 649 cm-1 

 Phospho-Tyrosine 

 
N-tert-butoxy carbonyl tyramine 

To a stirring solution of tyramine (250 mg, 1.82 mmol, 1.00 equiv.) and NaHCO3 (180 mg, 2.13 mmol, 1.17 

equiv) in THF (7.5 mL) and H2O (5 mL) was added a solution of di-tert-butyl dicarbonate (404 mg, 1.85 mmol, 

1.02 equiv.) in THF (5 mL) dropwise. The resulting reaction mixture was left to stir at RT for 4 hours before 

diluting with EtOAc (75 mL). The resulting organic layer was washed consecutively with H2O (50 mL) and brine 

(50 mL), dried over MgSO4, filtered and concentrated in vacuo. The resulting crude product was purified by 

automated flash column chromatography (gradient 20% to 40% EtOAc in hexane) to afford the title 

compound as a clear oil (217 mg, 0.916 mmol, 50%) 

HRMS-ESI Calculated for [C13H19NO3 + Na+]:  260.1257, found: 260.1261 1H NMR (400 MHz, CHLOROFORM-D) δ 

1.44 (s, 9H, (CH3)3) 2.70 (t, J = 7.1 Hz, 2H, CH2CH2NH) 3.33 (dt, J = 6.8 Hz, 2H, CH2NH) 4.62 (br s, 1H, NH) 6.17 (br 

s, 1H, OH) 6.78 (dt, J = 8.4, 2.8, 2.2 Hz, 2H, CH arom.) 7.01 (d, J = 8.4 Hz, 2H, CH arom.) 13C NMR (101 MHz, 
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CHLOROFORM-D) δ 28.54 ((CH3)3), 35.39 (CH2CH2NH), 42.18 (CH2NH), 79.69 (C(CH3)3, 115.60, 129.96, 130.60, 

154.78 (CH arom.), 156.32 (NHC=O). 

Data in accordance with literature values301  

 
N-tert-butoxy carbonyl tyramine 

To a stirring solution of tyramine (250 mg, 1.82 mmol, 1.00 equiv.) and NaHCO3 (180 mg, 2.13 mmol, 1.17 

equiv.) in THF (5 mL) and H2O (10 mL) was added a solution of benzyl chloroformate (0.30 mL, 2.0 mmol, 1.1 

equiv.) in THF (5 mL) dropwise. The resulting reaction mixture was left to stir at RT for 4 hours before dilution 

with EtOAc (75 mL). The resulting organic later was washed with consecutivelty H2O (50 mL) and brine (50 mL), 

dried over MgSO4, filtered and concentrated in vacuo. The resulting crude product was purified by automated 

flash column chromatography (gradient 20% to 40% EtOAc in hexane) to afford the title compound as a 

white sticky solid (280 mg, 1.20 mmol, 66%) 

HRMS-ESI Calculated for [C16H17NO3 + Na+]: 294.11001, found: 294.1100  1H NMR (400 MHz, CHLOROFORM-D) 

δ 2.73 (t, J = 7.0 Hz, 2H, CH2CH2NH), 3.42 (dt, J = 6.7 Hz, 2H, CH2NH), 4.81 (s, 1H, NH), 5.09 (s, 2H, CH2 CBz), 5.84 

(br s, 1H, OH) 6.70 – 6.80 (m, 2H, CH arom.), 7.02 (d, J = 8.1 Hz, 2H, CH arom.), 7.27 – 7.40 (m, 5H, CBz arom.). 
13C NMR (101 MHz, CHLOROFORM-D) δ 35.27 (CH2CH2NH), 42.55 (CH2NH), 66.92 (COCH2), 115.64, 128.17, 

128.29, 128.68, 130.00, 136.54, 154.66 (CH arom.), 156.64 (C=O). 

Data in accordance with literature values301  

 
N-Fmoc tyramine 

To a stirring solution of tyramine (250 mg, 1.82 mmol, 1.00 equiv.) and NaHCO3 (150 mg, 1.78 mmol, 0.981 

equiv.) in THF (5 mL) and H2O (10 mL) was added a solution of Fmoc chloride (980 mL, 1.8 mmol, 1.0 equiv.) in 

THF (5 mL) dropwise. The resulting reaction mixture was left to stir at RT for 4 hours before dilution with EtOAc 

(75 mL). The resulting organic later was washed consecutively with H2O (50 mL) and brine (50 mL), dried over 

MgSO4, filtered and concentrated in vacuo. The resulting crude product was purified by automated flash 

column chromatography (gradient 30% EtOAc in hexane) to afford the title compound as a white solid 

(200 mg, 0.55 mmol, 31%) 

1H NMR (400 MHz, Methanol-d4) δ 2.64 (t, J = 7.3 Hz, 2H, CH2CH2NH), 3.24 (t, J = 7.3 Hz, 2H, CH2CH2NH), 4.15 

(t, J = 6.8 Hz, 1H, CH Fmoc), 4.29 (d, J = 6.9 Hz, 2H, CH2 Fmoc) 6.67 (d, J = 8.6 Hz, 1H, CH arom.), 6.98 (d, J = 8.6 

Hz, 2H, CH arom), 7.29 (d, J = 7.5 Hz, 2H, CH arom. Fmoc), 7.36 (t, J = 7.5 Hz, 2H, CH arom. Fmoc), 7.77 (d, J = 

7.5 Hz, 2H, CH arom. Fmoc). 13C NMR (101 MHz, Methanol-d4) δ 34.88 (CH2CH2NH), 43.68 (CH2NH), 66.25 (CH2 

Fmoc), 114.86, 119.57, 124.86, 126.80, 127.42, 129.47, 144.01 (CH arom), 155.89 (C=O). 

Data in accordance with literature values301  

  



Page 171 of 311 
 

SATE Compounds 

 General Procedures 

General Procedure 1 for 2-bromoethyl phosphate addition  

 

To a stirring solution of tri-2-bromoethyl-phosphate 66 (1.0 equiv.) in DCM (5 mL/mmol) was added freshly 

distilled Tf2O (1.5 equiv.). After stirring at RT for 10 mins dry pyridine (2.0 equiv.) was added. After a further 10 

mins at RT, a solution of the starting alcohol (2.0 equiv.) in DCM (2.0 mL/mmol) was added*. The reaction was 

allowed to continue at RT for a further 1.5 h before the solvents were removed in vacuo and the residue dried 

onto silica and the crude product was purified by column chromatography with an appropriate solvent. 

*note: where the starting alcohol was not soluble in DCM, the solution of activated phosphate was added to a 
flask of dried alcohol  

 

General Procedure 2 for SATE phosphate substitution  

 

To a stirring solution of the appropriate di-2-bromo-ethyl phosphate (1.0 equiv.) in dry pyridine (25 mL/mmol) 

was added KSAc (5.0 equiv.). The resultant solution was left stirring for 18 h at RT before the precipitated KBr 

salt was removed through filtration. The resulting crude solution was dried onto silica, and the crude product 

was purified by column chromatography with an appropriate solvent. 

 Glucose 

 

1,2,3,4,-tetra-O-benzyl-6-bis(2-bromoethyl)phosphate-α,β-D-glucose 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on 1,2,3,4-tetra-O-benzyl-α,β-D-glucose. The crude product was purified by automated flash 

column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title compound in a mixture of 

anomers (2:3 α:β) as a white solid (45 mg, 54 μmol, 62%).  

HRMS-ESI Calculated for [C38H43Br2O9P + Na+]: 855.0904, found: 855.0945 1H NMR (400 MHz, CHLOROFORM-

D) δ 3.42 – 3.63 (m, 9H, CH2Br, α CH-2, CH-4, β CH-2, CH-4, CH-5), 3.68 (t, J = 8.9 Hz, 1H, β CH-3), 3.84 (ddt, J = 

10.0, 4.0, 2.4 Hz, 1H, α CH-5), 4.08 (t, J = 9.2 Hz, 1H, α CH-3), 4.19 – 4.48 (m, 8H, CH2CH2SAc, α/β CH-6 x 2), 4.55 

(d, J = 7.8 Hz, 1H, β CH-1), 4.81 (d, J = 3.8 Hz, 1H, α CH-1), 4.53 – 5.08 (m, 16H, CH2 OBn), 7.27 – 7.51 (m, 40H 

CH arom.).  13C NMR (101 MHz, CHLOROFORM-D) δ 29.38, 29.48, 29.58, 29.67 (CH2Br), 66.93 (d, J = 5.9 Hz, α  

CH-6), 67.03 (d, J = 5.9 Hz, β CH-6), 67.03 (d, J = 5.9 Hz, CH2CH2Br) 67.08 (d, J = 6.0 Hz, CH2CH2Br), 69.50 (α CH-

5), 71.36, 73.21, 73.53, 73.60 (d, J = 7.8 Hz, α CH-5), 75.08, 75.23 (CH2 OBn), 75.23 (d, J = 7.8 Hz, β CH-5), 75.86 

(CH2 OBn), 77.24 (α CH-4), 77.46 (β CH-4), 79.98 (α CH-2), 81.97 (α CH-3), 82.29 (β CH-2), 84.56 (β CH-3),  95.67 

(α CH-1), 102.55 (β CH-1), 127.81, 127.85, 127.88, 128.00, 128.06, 128.09, 128.29, 128.52, 128.57, 128.62, 
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128.66, 137.28, 137.92, 138.07, 138.14, 138.34, 138.48 (CH arom.) 31P NMR (162 MHz, CHLOROFORM-D) δ -

1.31, -1.19. IR (Vmax, film) 3031, 2885, 1421, 1453, 1360, 1273, 1012, 1067, 736, 698 cm-1 

 
1,2,3,4,-tetra-O-benzyl-6-bis(SATE)phosphate-α,β-D-glucose 

Following general procedure 2, the reaction was run with 1,2,3,4-tetra-O-Benzyl-6-bis(2-bromoethyl)-

phosphate-α,β-D-glucose on a 30 mg (40 μmol) scale. The crude product was purified by automated flash 

column chromatography (gradient 0 to 70% EtOAc in hexane) to afford the title compound in a mixture of 

anomers (3:2 α:β) as a yellow oil (30 mg, 40 μmol, quant.)  

HRMS-ESI Calculated for [C42H49O11PS2 + Na+]: 847.2346, found: 847.2380 1H NMR (400 MHz, CHLOROFORM-D) 

δ 2.30 (s, 5H, CH3 SAc), 2.31 (s, 5H, CH3 SAc), 2.31 (s, 2H, CH3 SAc), 3.15 (qd, J = 6.6, 3.3 Hz, 8H, CH2SAc), 3.45 – 

3.63 (m, 5H, α CH-2, CH-4, β CH-2, CH-4, CH-5), 3.67 (t, J = 8.9 Hz, 1H, β CH-3), 3.78 – 3.88 (m, 1H, α CH-5), 4.06 

(d, J = 9.4 Hz, 1H, α CH-3), 4.09 – 4.20 (m, 8H, OCH2CH2SAc), 4.24 (tdd, J = 11.1, 7.9, 3.3 Hz, 2H, α/β CH-6), 4.38 

(ddd, J = 11.1, 6.3, 1.8 Hz, 2H, α/β CH-6’), 4.54 (d, J = 5.5 Hz, 1H, β CH-1), 4.51 – 5.05 (m, 16H, CH2 OBn), 4.81 

(d, J = 3.6 Hz, 1H, α  CH-1), 7.27 – 7.44 (m, 40H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 29.26, 

29.33 (CH3), 30.64, (CH2SAc) 66.14 (d, J = 1.9 Hz), 66.18 (d, J = 1.3 Hz) (CH2CH2SAc), 66.25 (d, J = 6.0 Hz, α CH-6), 

66.66 (d, J = 4.4 Hz, β CH-6), 69.41 (CH OBn), 69.73 (α CH-5), 71.29, 73.15, 73.59 (CH2 OBn), 73.66 (β CH-5), 

75.06, 75.22, 75.31, 75.85 (CH2 OBn), 77.26 (α CH-4), 77.37 (β CH-4), 80.04 (α CH-2), 81.97 (α CH-3), 82.30 (β 

CH-2), 84.58 (β CH-3), 95.57 (α CH-1), 102.50 (β CH-1), 127.70, 127.82, 127.85, 127.95, 127.99, 128.05, 128.08, 

128.12, 128.29, 128.50, 128.54, 128.59, 128.65, 137.32, 137.93, 138.17, 138.37, 138.51 (CH arom.), 194.82 

(C=O SAc). 31P NMR (162 MHz, CHLOROFORM-D) δ -1.08, -0.94. IR (Vmax, film) 3063, 3031, 2904, 1692, 1496, 

1454, 1356, 1272, 1065, 1009, 735, 698, 622 cm-1 

 
1,2,3,4,-tetra-O-acetyl-6-bis-(2-bromoethyl)phosphate-α,β-D-glucose 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on 1,2,3,4-tetra-O-acetyl-α,β-D-glucose (3 equiv. instead of 2). The crude product was purified by 

automated flash column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title compound in 

a mixture of anomers (2:3 α:β) as a clear oil (25 mg, 35 μmol, 55%).  

HRMS-ESI Calculated for [C18H27Br2O13P+ Na+]:  662.9448, found: 662.9445 1H NMR (400 MHz, CHLOROFORM-

D) δ 1.99 – 2.22 (m, 24H, CH3 OAc), 3.56 (dt, J = 10.9, 6.8 Hz, 8H, CH2Br), 3.73 (dt, J = 11.5, 5.8 Hz, 1H, α CH-5), 

3.87 (ddd, J = 8.0, 4.6, 2.0 Hz, 1H, β CH-5), 4.10 – 4.20 (m, 3H, α CH-6, β CH-6 x 2) 4.22 (ddd, J = 11.5, 5.4, 2.3 

Hz, 1H, α CH-6’), 4.27 – 4.41 (m, 8H, CH2O), 4.47 – 4.56 (m, 1H, α CH-4), 5.05 – 5.18 (m, 3H, α CH-2, β α CH-2, 

CH-4), 5.27 (t, J = 10.6 Hz, 1H, β CH-3), 5.48 (t, J = 9.9 Hz, 1H, α CH-3), 5.72 (d, J = 8.3 Hz, 1H, β CH-1), 6.33 (d, J 

= 3.7 Hz, 1H, α CH-1).13C NMR (101 MHz, CHLOROFORM-D) δ 20.43, 20.53, 20.55, 20.64, 20.88 (CH3) 29.24, 

29.34, 29.39, 29.47, 29.52, 29.59, 29.68 (CH2Br) 65.34 (d J = 5.05, α CH-6) 65.47 (d, J = 5.75, β CH-6) 67.18 (d, J 

= 5.75, CH2CH2Br) 67.59 (α CH-4) 67.70 (β CH-4) 69.09 (α CH-2) 69.72 (α CH-3) 70.10 (β CH-2) 70.24 (α CH-5) 

72.69 (β CH-3) 72.95 (d, J = 7.67, β CH-5) 88.90 (α CH-1) 91.61 (β CH-1) 31P NMR (162 MHz, CHLOROFORM-D) δ 

-1.75, -1.64. IR (Vmax, film) 2944, 2852, 1754, 1428, 1369, 1216, 1069, 1038, 1015, 942 cm-1 
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1,2,3,4,-tetra-O-acetyl-6-bis(SATE)phosphate-α,β-D-glucose 

Following general procedure 2, the reaction was run with 1,2,3,4-tetra-O-acetyl-6-bis(2-bromoethyl)-

phosphate-α,β-D-glucose on a 9.6 mg (15 μmol) scale. The crude product was purified by automated flash 

column chromatography (gradient 0 to 70% EtOAc in hexane) to afford the title compound in a mixture of 

anomers (1:1 α:β) as a yellow oil (5.1 mg, 8.1 μmol, 54%). 

HRMS-ESI Calculated for [C22H33O15PS2 + Na+]: 655.0891, found: 655.0900 1H NMR (400 MHz, CHLOROFORM-D) 

δ 1.97 – 2.23 (m, 24H, CH3 OAc), 2.36 (s, 12H, CH3 SAc), 3.18 (td, J = 6.5, 3.5 Hz, 8H, CH2SAc), 3.71 (q, J = 4.9 Hz, 

1H, α CH-5), 3.81 – 3.91 (m, 1H, β CH-5), 4.06 – 4.22 (m, 11H, CH2CH2SAc, α CH-6, β CH-6 x 2), 4.23 – 4.32 (m, 

1H, α CH-6’), 5.05 – 5.19 (m, 3H, α CH-2, β α CH-2, CH-4), 5.26 (t, J = 9.5 Hz, 1H, β CH-3), 5.47 (t, J = 9.9 Hz, 1H, 

α CH-3), 5.72 (d, J = 8.4 Hz, 1H, β CH-1), 6.33 (d, J = 3.8 Hz, 1H, α CH-1). 13C NMR (151 MHz, CHLOROFORM-D) δ 

20.59, 20.70, 20.72, 20.76, 20.92 , 21.02 (CH3 OAc), 29.26, 29.85, 30.69 (CH2OAc), 65.37 – 65.46 (m, CH-6 x 2) 

66.46 – 66.35 (m, CH2O x 2), 67.86 (α CH-4), 67.93 (β CH-4), 69.28 (α CH-2), 70.00 (α CH-3), 70.32 (β CH-2), 

70.51 (α CH-5), 72.92 (β CH-3), 73.29 (β CH-5), 89.11 (α CH-1), 91.78 (β CH-1), 169.04, 169.35, 169.52, (C=O 

OAc) 170.25, 170.42 (C=O SAc). 31P NMR (162 MHz, CHLOROFORM-D) δ -1.42, -1.35. IR (Vmax, film) 2964, 

2923, 2848, 1754, 1693, 1429, 1368, 1247, 1213, 1016, 1133, 1017, 735, 713, 623, 546, 481 cm-1 

 
1,2,3,4,-tetra-O-allyl-6-bis(2-bromoethyl)phosphate-α,β-D-glucose 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on 1,2,3,4-tetra-O-acetyl-α,β-D-glucose. The crude product was purified by automated flash 

column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title compound in a mixture of 

anomers (1:6 α:β)  as a white solid (14 mg, 22 μmol, 31%).  

HRMS-ESI Calculated for [C22H35Br2O9P + Na+]: 655.0278, found: 655.0301 1H NMR (400 MHz, CHLOROFORM-

D) δ 3.21 (dd, J = 9.1, 7.8 Hz, 1H, β CH-2), 3.27 – 3.45 (m, 4H, α CH-2, CH-4, β CH-3, CH-4), 3.46 – 3.60 (m, 8H, 

CH2Br), 3.70 – 3.78 (m, 2H, α CH-3, CH-5), 4.04 – 4.28 (m, 8H, CH2 OAllyl, α CH-6, β CH-6), 4.28 – 4.44 (m, 22H, 

α CH-6, β CH-1, CH-5, CH-6’, OCH2 OAllyl, CH2CH2Br), 5.13 – 5.22 (m, 4H, CH=CH2 OAllyl), 5.22 – 5.36 (m, 4H, 

CH=CH2 OAllyl), 5.78 – 6.03 (m, 8H, CH=CH2 OAllyl). 13C NMR (101 MHz, CHLOROFORM-D) (β) δ 29.43, 29.51 

(CH2Br), 66.97 (d, J = 5.9 Hz, CH2CH2Br), 67.03 (d, J = 5.9 Hz, CH2CH2Br) 67.12 (d, J = 5.9 Hz CH-6), 70.33 (CH-5), 

73.47, 73.79, 73.94, 74.56 (OCH2 OAllyl), 76.69 (CH-4), 81.57 (CH-2), 84.03 (CH-3),  102.47 (CH-1), 116.97, 

117.12, 117.25, 117.53 (CH=CH2 OAllyl), 133.90, 134.56, 135.04, 135.12 (CH=CH2). 31P NMR (162 MHz, 

CHLOROFORM-D) δ -2.47. IR (Vmax, film) 3088, 2894, 1736, 1647, 1456, 1426, 1348, 1270, 1067, 1009, 942 cm-

1 

 
1,2,3,4,-tetra-O-allyl-6-bis(SATE)phosphate-α,β-D-glucose 

Following general procedure 2, the reaction was run with 1,2,3,4-tetra-O-allyl-6-bis(2-bromoethyl)-phosphate-

α,β-D-glucose on an 8.0 mg (16 μmol) scale. The crude product was purified by automated flash column 
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chromatography (gradient 0 to 70% EtOAc in hexane) to afford the title compound in a mixture of anomers 

(3:7 α:β) as a yellow oil (8.0 mg, 16 μmol, quant.). 

HRMS-ESI Calculated for [C26H41O11P + Na+]: 647.1720, found: 647.1741. 1H NMR (600 MHz, CHLOROFORM-D) 

δ 2.35 (t, J = 1.3 Hz, 12H, CH3 SAc), 3.12 – 3.23 (m, 9H, CH2SAc, β CH-2), 3.24 – 3.33 (m, 2H, α CH-2, β CH-4), 

3.33 – 3.44 (m, 3H, α CH-4, β CH-3, β CH-5), 3.70 – 3.80 (m, 2H, α CH-3, α CH-5), 4.01 – 4.21 (m, 18H, CH2 

OAllyl, OCH2CH2SAc, α CH-6, β CH-6), 4.24 (dddd, J = 10.8, 8.5, 7.1, 5.4 Hz, 4H, CH2 OAllyl), 4.29 – 4.41 (m, 7H, α 

CH-6’, β CH-1, β CH-6’, CH2 OAllyl), 4.90 (d, J = 3.6 Hz, 1H, α CH-1), 5.11 – 5.23 (m, 4H, CH=CH2 OAllyl), 5.23 – 

5.33 (m, 4H, CH=CH2 OAllyl), 5.83 – 6.00 (m, 4H, CH=CH2 OAllyl). 13C NMR (151 MHz, CHLOROFORM-D) δ 29.32, 

29.37 (CH3 SAc), 66.17 (d, J = 6.8 Hz, CH2CH2SAc), 66.27 (d, J = 5.8 Hz, CH2CH2SAc), 66.68 – 66.84 (m, α CH-6, β 

CH-6), 68.35 (O-CH2 OAllyl), 69.63 (d, J = 8.3 Hz, α CH-5), 70.31 (β CH-5), 72.46 (O-CH2 OAllyl), 73.57 (α CH-4), 

73.61, 73.81, 73.97, 74.06, 74.44, 74.58 (O-CH2 OAllyl), 76.88 (β CH-4), 79.52 (α CH-2), 81.50 (α CH-3), 81.67 (β 

CH-2), 84.15 (β CH-3), 95.81 (α CH-1), 102.50 (β CH-1), 116.68, 116.93, 117.08, 117.26, 117.35, 117.50, 117.62, 

118.32 (O-CH2-CH-CH2 OAllyl), 133.79, 134.03, 134.68, 134.81, 134.95, 135.15, 135.23, 135.36 (O-CH2-CH 

OAllyl), 194.80, 194.84 (C=O SAc). 31P NMR (162 MHz, CHLOROFORM-D) δ -1.17, -0.98. IR (Vmax, film) 2922, 

2868, 1693, 1459, 1422, 1394, 1270, 1129, 1065, 1006, 957, 923, 776, 684, 622, 490 cm- 

 
 

 
11,2,3,4,-tetra-O-benzoyl-6-bis(2-bromoethyl)phosphate-α,β-D-glucose 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 15 mg (36 

μmol) scale on 1,2,3,4-tetra-O-benzoyl-α,β-D-glucose. The crude product was purified by automated flash 

column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title compound in a mixture of 

anomers (1:1 α:β) as a clear oil (6.1 mg, 14 μmol, 39%).  

HRMS-ESI Calculated for [C38H35Br2O13P + Na+]:  911.0074, found: 911.0111 1H NMR (400 MHz, CHLOROFORM-

D) δ 3.41 – 3.54 (m, 8H, CH2Br), 4.22 – 4.43 (m, 12H, CH2CH2Br, α CH-6, β CH-5, CH-6 x 2), 4.46 – 4.55 (m, 1H, α 

CH-5), 5.60 – 5.68 (m, 2H, α CH-2 β CH-4), 5.72 (t, J = 10.2 Hz, 1H, α CH-4), 5.83 (dd, J = 9.7, 8.0 Hz, 1H, β CH-2), 

6.01 (t, J = 9.6 Hz, 1H, β CH-3), 6.25 (d, J = 8.2 Hz, 1H, β CH-1), 6.28 (d, J = 10.0 Hz, 1H, α CH-2), 6.83 (d, J = 3.7 

Hz, 1H, α CH-1), 7.26 – 7.37 (m, 8H, CH arom.), 7.33 – 7.62 (m, 16H, CH arom.), 7.81 – 8.01 (m, 12H, CH arom.), 

8.01 – 8.08 (m, 2H, CH arom.), 8.13 – 8.20 (m, 2H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 29.39, 

29.47, 29.62 (CH2Br), 65.97 (d, J = 4.8 Hz, α CH-6, β CH-6), 67.16 – 67.39 (m, CH2CH2Br), 68.42 (α CH-4), 68.65 

(α CH-2), 70.37 (β CH-4), 70.45 (α CH-3), 70.78 (β CH-2), 71.07 (d, J = 7.9 Hz, α CH-5), 72.76 (β CH-3), 73.84 (d, J 

= 6.9 Hz, β CH-5), 89.97 (α CH-1), 92.72 (β CH-1), 128.44, 128.52, 128.56, 128.67, 128.71, 128.77, 128.95, 

128.99, 129.88, 129.94, 129.97, 130.06, 130.20, 130.34, 133.55, 133.68, 133.88, 134.15 (CH arom.), 164.72, 

165.27, 165.45, 165.76, 166.00 (C=O OBz). 31P NMR (162 MHz, CHLOROFORM-D) δ -1.89, -1.75. IR (Vmax, film) 

2961, 1731, 1582, 1452, 1257, 1067, 1012, 962, 709 cm-1 

 

 
1,2,3,4,-tetra-O-benzoyl-6-bis(SATE)phosphate-α,β-D-glucose 

Following general procedure 2, the reaction was run with 1,2,3,4-tetra-O-benzoyl-6-bis(2-bromoethyl)-

phosphate-α,β-D-glucose on a 12 mg (13 μmol) scale. The crude product was purified by automated flash 
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column chromatography (gradient 0 to 70% EtOAc in hexane) to afford the title compound in a mixture of 

anomers (1:1 α:β) as a yellow oil (12 mg, 13 μmol, quant.).  

HRMS-ESI Calculated for [C42H41O15PS2 + Na+]: 903.1517, found: 903.1561 1H NMR (400 MHz, CHLOROFORM-D) 

δ 2.23 – 2.39 (m, 12H, CH3 SAc), 3.03 – 3.23 (m, 8H, CH2SAc), 4.04 – 4.20 (m, 8H, CH2CH2SAc), 4.20 – 4.37 (m, 

5H, α CH-6 x 2, β CH-5, CH-6 x 2), 4.45 – 4.54 (m, 1H, α CH-5), 5.61 – 5.70 (m, 2H, α CH-2 β CH-4), 5.74 (t, J = 9.9 

Hz, 1H, α CH-4), 5.79 – 5.86 (m, 1H, β CH-2), 6.01 (d, J = 9.7 Hz, 1H, β CH-3), 6.21 – 6.32 (m, 2H, α CH-3 β CH-1), 

6.83 (d, J = 3.8 Hz, 1H, α CH-1), 7.28 – 8.19 (m, 40H, CH arom.) 13C NMR (151 MHz, CHLOROFORM-D) δ 29.23, 

29.25, 29.28, 29.30, 29.32 (CH2SAc), 30.60, 30.63, 30.65 (CH3), 65.55 (d, J = 5.53 Hz α CH-6), 65.62 (d, J = 5.53 

Hz, β CH-6), 66.23 (d, J = 4.42 Hz), 66.26  (d, J = 5.53 Hz) (CH2-OP) 68.44 (α CH-4), 68.73 (α CH-2), 70.49 (α CH-3, 

β CH-4), 70.85 (β CH-2), 71.15 (α CH-5), 72.87 (β CH-3), 73.82 (β CH-5), 90.04 (α CH-1), 92.74 (β CH-1), 128.50, 

128.53, 128.56, 128.67, 128.68, 128.74, 128.97, 129.89, 129.94, 129.96, 129.98, 130.06, 130.07, 130.20, 

130.36, 133.51, 133.59, 133.63, 133.78, 133.80, 134.06, 134.10 (CH arom. OBz) 164.47, 165.23, 165.43, 166.02, 

166.12 (C=O OBz) 31P NMR (162 MHz, CHLOROFORM-D) δ -1.62, -1.50. IR (Vmax, film) 3073, 2964, 2922, 2852, 

1731, 1652, 1253, 1066, 1015, 707 cm-1 

 
2,3,4,6-tetra-O-benzyl-1-bis(2-bromoethyl)phosphate-α,β-D-glucose 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on 2,3,4,6-tetra-O-benzyl-α,β-D-glucose. The crude product was purified by automated flash 

column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title product in a mixture of 

anomers (α:β 9:1) as a white solid (14 mg, 18 μmol, 26%). 

HRMS-ESI Calculated for [C38H43Br2O9P  + Na+]: 855.0904, found: 855.0940 1H NMR (400 MHz, CHLOROFORM-

D) δ 3.29 – 3.48 (m, 4H, CH2Br), 3.62 – 3.77 (m, 4H, CH-2, CH-5, CH-6 x 2), 3.87 – 4.06 (m, 2H, CH-3, CH-4), 4.18 

– 4.39 (m, 4H, CH2CH2Br), 4.44 – 5.04 (m, 8H, CH2 OBn), 5.17 – 5.26 (m, 1H, β CH-1), 5.90 (dd, J = 6.8, 3.2 Hz, 

1H, α CH-1), 7.07 – 7.47 (m, 20H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) (α) δ 29.32, 29.39 (CH2Br), 

66.95 (d, J = 4.8 Hz, CH2CH2Br), 67.11 (d, J = 5.6 Hz, CH2CH2Br), 68.31 (CH-6), 72.85 (CH-5), 73.44, 73.66, 75.35, 

75.83 (CH2 OBn), 77.01 (CH-4), 79.21 (d, J = 8.1 Hz, CH-2), 81.15 (CH-3), 96.22 (d, J = 6.3 Hz, CH-1), 127.89, 

127.97, 128.01, 128.10, 128.12, 128.19, 128.33, 128.52, 128.57, 128.64, 137.53, 137.82, 138.02, 138.49 (CH 

arom.). IR (Vmax, film) 3363, 3030, 2880, 2916, 1735, 1496, 1452, 1416, 1212, 1071, 1017, 741, 695 cm-1 

[α]D
20 = +32.41 (c=0.2, DCM) 

 
2,3,4,6-tetra-O-benzyl-1-bis(SATE)phosphate-α,β-D-glucose 

Following general procedure 2, the reaction was run with 2,3,4,6-tetra-O-benzyl-1-bis(2-bromoethyl)-

phosphate-α,β-D-glucose on a 7.0 mg (8.4 μmol) scale. The crude product was purified by manual flash column 

chromatography (gradient 20 to 50% EtOAc in hexane) to afford the title compound as the α-anomer as a 

yellow oil (5.4 mg, 6.5 μmol, 78%).  

HRMS-ESI Calculated for [C42H49O11PS2 + Na+]:  847.2346, found: 847.2338. 1H NMR (400 MHz, CHLOROFORM-

D) δ 2.30 (d, J = 4.0 Hz, 6H, CH3 SAc), 2.98 – 3.15 (m, 4H, CH2SAc), 3.50 – 3.79 (m, 4H, CH-2, CH-5, CH-6 x 2), 

3.86 – 4.03 (m, 2H, CH-3, CH-4), 4.11 (dddd, J = 12.8, 10.9, 7.6, 5.0 Hz, 4H, CH2CH2SAc), 4.48 (t, J = 11.8 Hz, 2H, 

CH2 OBn), 4.59 (d, J = 12.0 Hz, 1H, CH2 OBn), 4.68 (d, J = 11.3 Hz, 1H, CH2 OBn), 4.76 (d, J = 11.4 Hz, 1H, CH2 
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OBn), 4.83 (dd, J = 10.8, 6.8 Hz, 2H, CH2 OBn), 4.95 (d, J = 10.9 Hz, 1H, CH2 OBn), 5.87 (dd, J = 6.8, 3.2 Hz, 1H, 

CH-1), 7.15 (dd, J = 7.0, 2.5 Hz, 2H, CH arom.), 7.27 – 7.41 (m, 18H CH arom.).13C NMR (151 MHz, 

CHLOROFORM-D) δ 29.25 (d, J = 7.5 Hz), 29.28 (d, J = 7.5 Hz), 30.65, 66.10 (d, J = 6.1 Hz, CH2CH2SAc), 66.30 (d, J 

= 6.1 Hz, CH2CH2SAc), 68.23 (CH-6), 72.78 (CH-5), 73.27, 73.66, 75.33, 75.82 (CH2 OBn), 79.27 (d, J = 7.4 Hz, CH-

2) 81.25 (CH-3), 95.97 (d, J = 5.8 Hz, CH-1), 127.84, 127.92, 128.00, 128.07, 128.10 (d, J = 2.8 Hz), 128.30, 

128.55, 128.62, 137.67, 137.94, 138.20, 138.65 (CH arom.), 194.85 (C=O SAc). 31P NMR (162 MHz, 

CHLOROFORM-D) δ -2.35. IR (Vmax, film) 3031, 2923, 2852, 1743, 1693, 1497, 1454, 1268, 1068, 1015, 993, 

737, 698, 623, 530 cm-1 [α]D
20 + 9.89 (𝑐 = 0.455, 𝐷𝐶𝑀) 

 

 
2,3,4,6-tetra-O-acetyl-1-bis(2-bromoethyl)phosphate-α,β-D-glucose 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on 2,3,4,6-tetra-O-acetyl-α,β-D-glucose*. The crude product was purified by automated flash 

column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title compound in a mixture of 

anomers (α:β 1:5) as a white solid (15 mg, 25 μmol, 35%)  

HRMS-ESI Calculated for [C18H27Br2O13P  + Na+]: 662.945, found: 662.945. 1H NMR (400 MHz, CHLOROFORM-D) 

δ 2.02 (s, 6H, CH3 OAc), 2.04 (s, 6H, CH3 OAc), 2.09 (s, 6H, CH3 OAc), 2.10 (s, 6H, CH3 OAc), 3.54 (dd, J = 12.1, 6.0 

Hz, 8H, CH2Br), 3.65 – 3.78 (m, 3H, α CH-5, CH-6 x 2) 3.84 (dt, J = 9.9, 3.5 Hz, 1H, β CH-5), 4.20 – 4.24 (m, 2H, β 

CH-6 x 2), 4.30-4.46 (m, 8H, CH2CH2Br), 5.00 – 5.07 (m, 1H, α CH-4), 5.06 – 5.17 (m, 2H, β CH-2, CH-4), 5.23 (dd, 

J = 9.8, 9.0 Hz, 1H, β CH-3), 5.32 (dd, J = 7.8, 6.9 Hz, 1H, β CH-1) 5.44 – 5.54 (m, 2H, α CH-2, CH-3), 5.90 (dd, J = 

6.4, 3.2 Hz, 1H, α CH-1). 13C NMR (101 MHz, CHLOROFORM-D) (β) δ 20.54, 20.65, 20.74 (CH3) 28.62, 28.70, 

28.81, 28.90 (CH2Br) 61.31 (CH-6) 67.13 (d, J = 5.75, CH2CH2Br) 67.31 (d, J = 4.79, CH2CH2Br) 67.63 (CH-4) 71.03 

(CH-2) 72.19 (CH-5) 72.79 (CH-3) 96.41 (d, J = 4.79, CH-1) 169.27, 169.35, 169.98, 170.46 (C=O) 31P NMR (162 

MHz, CHLOROFORM-D) δ -1.86. IR (Vmax, film) 2968, 2919, 2849, 1593, 1490, 1278, 1215, 1071, 1019, 963 cm-

1 

*3 equiv. of starting sugar utilised to mitigate the presence of migrated 1,3,4,6-tetra-O-acetyl sugar, no 

migrated phosphate product detected. 

 
2,3,4,6-tetra-O-acetyl-1-bis(SATE)phosphate-α,β-D-glucose 

Following general procedure 2, the reaction was run with 2,3,4,6-tetra-O-acetyl-1-bis(2-bromoethyl)-

phosphate-α,β-D-glucose on a 5.0 mg (7.8 μmol) scale. The crude product was purified by manual flash column 

chromatography (gradient 20 to 50% EtOAc in hexane) to afford the title compound in a mixture of anomers 

(α:β 3:7) as a yellow oil (3.4 mg, 5.4 mmol, 69%).  

HRMS-ESI Calculated for [C22H33O15PS2 + Na+]: 655.0891; Found; 655.0902 1H NMR (400 MHz, CHLOROFORM-

D) δ 1.96 – 2.11 (m, 24H, CH3 OAc), 2.31 – 2.39 (m, 12H, CH3 SAc), 3.10 – 3.25 (m, 8H, CH2SAc), 3.62 – 3.75 (m, 

1H, α CH-5), 3.82 (ddd, J = 10.1, 4.6, 2.4 Hz, 1H, β CH-5), 4.01 – 4.33 (m, 12H, α/β CH-6, CH2CH2Br), 5.00 (ddd, J 

= 10.4, 3.4, 2.7 Hz, 1H, α CH-2), 5.05 – 5.15 (m, 3H, α CH-4, β CH-2, CH-4), 5.21 (t, J = 9.4 Hz, 1H, β CH-3), 5.29 

(dd, J = 8.0, 7.7 Hz, 1H, β CH-1), 5.39 – 5.59 (m, 1H, α CH-3), 5.84 (dd, J = 6.7, 3.4 Hz, 1H, α CH-1) 13C NMR (101 

MHz, CHLOROFORM-D) δ 20.70, 20.73, 20.78, 20.85 (CH3 OAc), 29.03, 29.12, 29.15, 29.25 (CH3 SAc), 61.32 (β 
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CH-6), 61.44 (α CH-6), 66.46 (d, J = 6.08, CH2CH2SAc), 66.50 (d, J = 5.48, CH2CH2SAc), 66.54 (d, J = 5.6 Hz, 

CH2CH2SAc), 66.69 (d, J = 6.2 Hz, CH2CH2SAc), 67.57 (β CH-4), 67.69 (α CH-4), 69.28 (α CH-5), 69.47 (β CH-5), 

69.70 (d, J =7.71, α CH-2), 71.09 (d, J = 9.63, β CH-2), 72.28 (d, J = 2.2 Hz, α CH-3), 72.66 (β CH-3), 94.22 (d, J = 

5.0 Hz, α CH-1), 96.4 (d, J = 5.0 Hz, β CH-1), 169.40, 169.52, 169.89, 170.16, 170.65 (C=O). 31P NMR (162 MHz, 

CHLOROFORM-D) δ -2.89 IR (Vmax, film) 2960, 1747, 1694, 1429, 1367, 1216, 1032, 955, 735, 623 cm-1  

 

2,3,4,6-tetra-O-allyl-1-bis(2-bromoethyl)phosphate-α,β-D-glucose 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 60 mg, (0.14 

mmol) scale on 2,3,4,6-tetra-O-allyl-α,β-D-glucose. The crude product was purified by automated flash column 

chromatography (gradient 0 to 60% EtOAc in hexane) to afford the α-anomer of the title compound as a clear 

oil (18 mg, 28 μmol, 20%). 

HRMS-ESI Calculated for [C22H35Br2O9P + Na+]: 655.0278; Measures: 655.0291 1H NMR (600 MHz, 

CHLOROFORM-D) δ 3.43 (dt, J = 9.7, 3.2 Hz, 1H, CH-2), 3.47 (app. t, J = 9.9 Hz, 1H, CH-4), 3.54 (dt, J = 15.8, 6.4 

Hz, 4H, CH2Br), 3.65 (d, J = 3.0 Hz, 2H, CH-6 x 2), 3.67 (t, J = 9.7 Hz, 1H, CH-3), 3.88 (dt, J = 9.9, 3.0 Hz, 1H, CH-5), 

3.96 – 4.02 (m, 1H, CH2 Allyl), 4.05 (ddt, J = 12.8, 5.7, 1.4 Hz, 1H, CH2 Allyl), 4.09 – 4.18 (m, 2H, CH2 Allyl), 4.18 – 

4.23 (m, 1H, CH2 Allyl), 4.23 – 4.30 (m, 1H, CH2 Allyl), 4.30 – 4.42 (m, 5H, CH2 Allyl, OCH2CH2Br), 5.11 – 5.23 (m, 

4H, CH=CH2), 5.23 – 5.36 (m, 4H, CH=CH2), 5.81 (dd, J = 6.8, 3.3 Hz, 1H, CH-1), 5.85 – 6.01 (m, 4H, CH=CH2). 13C 

NMR (151 MHz, CHLOROFORM-D) δ 29.23, 29.28, 29.32, 29.37 (CH2Br), 66.91 (d, J = 4.8 Hz, CH2CH2Br), 67.05 

(d, J = 5.5 Hz, CH2CH2Br), 68.31 (CH-6), 72.51, 72.63 (CH2 Allyl), 72.82 (CH-5), 74.13, 74.48 (CH2 Allyl), 76.63 (CH-

4), 78.87 (d, J = 7.3 Hz, CH-2), 80.64 (CH-3), 96.51 (d, J = 6.3 Hz, CH-1), 116.93, 117.17, 117.65, 117.98 

(CH=CH2)., 134.45, 134.52, 134.82, 135.29 (CH=CH2). 31P NMR (162 MHz, CHLOROFORM-D) δ -6.58. IR (Vmax, 

film) 2920, 2853, 1737, 1538, 1455, 1376, 1260, 1096, 1820, 800 cm-1 [α]D
20 = + 6.32 (c=0.2, DCM) 

 
2,3,4,6-tetra-O-allyl-1-bis(SATE)phosphate-α,β-D-glucose 

Following general procedure 2, the reaction was run with 2,3,4,6-tetra-O-benzoyl-1-bis(2-bromoethyl)-

phosphate-α,β-D-glucose on a 1.8 mg (2.8 μmol) scale. The crude product was purified by manual flash column 

chromatography (gradient 20 to 50% EtOAc in hexane) to afford the title compound in a mixture of anomers 

(α:β 3:1) as a yellow oil (1.3 mg, 2.0 μmol, 72%).  

HRMS-ESI Calculated for [C26H41Br2O11PS2 + Na+]: 647.1720; Measures: 647.1741 1H NMR (400 MHz, 

CHLOROFORM-D) δ 2.33 (d, J = 1.9 Hz, 12H, CH3 SAc), 3.11 – 3.21 (m, 8H, CH2 SAc), 3.26 (t, J = 7.5 Hz, 1H, β CH-

4), 3.36 – 3.43 (m, 2H, α CH-2, CH-4), 3.47 (dd, J = 10.0, 9.3 Hz, 1H, α CH-3), 3.56 – 3.72 (m, 5H, α/β CH-6 x 2, β 

CH-2, CH-3, CH-5), 3.83 (ddd, J = 10.1, 3.4, 2.1 Hz, 1H, α CH-5), 3.92 – 4.06 (m, 4H, CH2 Allyl), 4.06 – 4.20 (m, 

12H, CH2 Allyl, CH2CH2SAc), 4.20 – 4.38 (m, 4H, CH2 Allyl), 5.00 (dd, J = 7.8, 6.9 Hz, 1H, β CH-1), 5.12-5.18 (m, 

8H, CH=CH2), 5.20 – 5.32 (m, 4H, CH=CH2), 5.76 (dd, J = 6.9, 3.3 Hz, 1H, α CH-1), 5.78 – 6.00 (m, 8H, CH=CH2). 
13C NMR (101 MHz, CHLOROFORM-D) δ 29.20, 29.24, 29.26, 29.31, 29.34, 30.68 (CH3 SAc), 66.02 (d, J = 5.2 Hz), 

CH2CH2SAc, 66.24 (d, J = 5.7 Hz, CH2CH2SAc), 68.14 (α CH-6), 68.42 (β CH-6), 72.30, 72.45, 72.59 (α CH-5), 

72.63, 73.83, 73.96, 74.08, 74.44, 74.53, 75.45 (CH2 OAllyl), 76.51 (α CH-4), 78.81 (d, J = 7.1 Hz, α CH-2), 80.66 

(α CH-3), 81.22 (d, J = 8.5 Hz, β CH-2) 83.90 (β CH-3) 96.12 (d, J = 6.2 Hz, α CH-1), 98.98 (d, J = 6.7 Hz, β CH-1), 

116.82, 117.06, 117.17, 117.36, 117.57, 117.83 (CH=CH2).,  134.49, 134.54, 134.76, 134.87, 135.07, 135.32 
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(CH=CH2) 31P NMR (162 MHz, CHLOROFORM-D) δ -2.41. IR (Vmax, film) 3079, 2922, 2867, 1693, 1461, 1421, 

1355, 1270, 1065, 1009, 949, 622, 515 cm-1  

 
2,3,4,6-tetra-O-benzoyl-1-bis(2-bromoethyl)phosphate-α,β-D-glucose 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on 2,3,4,6-tetra-O-benzoyl-α,β-D-glucose. The crude product was purified by automated flash 

column chromatography (gradient 0 to 60% EtOAc in hexane) to afford the title product in a mixture of 

anomers (α:β 5:1) as a clear oil (26 mg, 2.9 μmol, 41%). 

HRMS-ESI Calculated for [C38H35Br2O13P + Na+]: 911.0074; Found; 911.0109 1H NMR (400 MHz, CHLOROFORM-

D) δ 3.35 (qdd, J = 17.0, 8.6, 5.0 Hz, 8H, CH2Br), 4.15 – 4.36 (m, 8H, CH2CH2Br), 4.35 – 4.47 (m, 2H, β CH-6 x 2), 

4.51 (dd, J = 12.2, 4.6 Hz, 1H, α CH-6), 4.66 (dd, J = 12.2, 3.3 Hz, 1H, α CH-6) 4.68 – 4.76 (m, 1H, α/β CH-5), 5.43 

(dt, J = 10.1, 3.1 Hz, 1H, α CH-2), 5.59 – 5.74 (m, 2H, β CH-2, CH-4) 5.78 (t, J = 10.1 Hz, 1H, α CH-4), 5.93 (t, J = 

9.4 Hz, 1H, β CH-3),  6.16 – 6.24 (m, 2H, α CH-1, CH-3, β CH-1), 7.27 – 7.62 (m, 24H, CH arom.), 7.80 – 8.12 (m, 

16H CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ (α) 28.92, 28.99, 29.05 (CH2Br), 62.58 (CH-6), 67.35 (d, J 

= 5.6 Hz, CH2CH2Br), 67.40 (d, J = 4.4 Hz, CH2CH2Br), 68.67 (CH-4), 69.60 (CH-3), 70.30 (CH-5), 71.19 (d, J = 8.0 

Hz, CH-2), 94.69 (d, J = 6.7 Hz, CH-1), 128.51, 128.65, 128.78, 128.91, 129.62, 129.87, 129.91, 130.06, 133.44, 

133.51, 133.77, 133.94 (CH arom.) 165.27, 165.55, 165.83, 166.15 (C=O) 31P NMR (162 MHz, CHLOROFORM-D) 

δ -3.44, -2.98. IR (Vmax, film) 3073, 2961, 2926, 2852, 1725, 1601, 1451, 1260, 1068, 1003, 959, 708 cm-1  

 
2,3,4,6-tetra-O-benzoyl-1-bis(SATE)phosphate-α,β-D-glucose 

Following general procedure 2, the reaction was run with 2,3,4,6-tetra-O-benzoyl-1-bis(2-bromoethyl)-

phosphate-α,β-D-glucose on a 24 mg (2.7 μmol) scale. The crude product was purified by manual flash column 

chromatography (gradient 20 to 50% EtOAc in hexane) to afford the title compound in a mixture of anomers 

(α:β 5:1) as a yellow oil (18 mg, 2.0 μmol, 74%). 

HRMS-ESI Calculated for [C42H41O15PS2 + Na+]: 903.1561; Found; 903.1517 1H NMR (400 MHz, CHLOROFORM-

D) δ 2.31 (s, 3H, CH3 SAc), 2.32 (s, 3H, CH3 SAc), 3.02 (dt, J = 19.9, 6.4 Hz, 8H, CH2SAc), 3.96 – 4.16 (m, 8H, 

CH2CH2SAc), 4.43 – 4.55 (m, 2H, β CH-6 x 2), 4.51 (dd, J = 12.2, 4.5 Hz, 1H, α CH-6), 4.64 (dd, J = 12.2, 2.8 Hz, 

1H, α CH-6), 4.69 (ddd, J = 10.1, 4.5, 2.8 Hz, 1H, α/β CH-5), 5.43 (dt, J = 10.1, 3.2 Hz, 1H, α CH-2), 5.59 – 5.75 

(m, 2H, β CH-2, CH-4) 5.79 (t, J = 10.1 Hz, 1H, α CH-4), 5.91 (t, J = 9.6 Hz, 1H, β CH-3), 6.10 – 6.24 (m, 3H, α CH-

1, CH-3, β CH-1). 7.25 – 7.61 (m, 24H, CH arom.), 7.79 – 8.09 (m, 16H, CH arom.) 13C NMR (101 MHz, 

CHLOROFORM-D) δ (α) 29.01, 29.09, 29.16 (CH2SAc), 30.64, (CH3 SAc), 62.56 (CH-6), 66.60 (d, J = 5.1 Hz, 

CH2CH2SAc), 66.65 (d, J = 5.8 Hz, CH2CH2SAc), 68.67 (CH-4), 69.73 (CH-3), 70.14 (CH-5), 71.11 (d, J = 8.0 Hz, CH-

2), 94.51 (d, J = 5.8 Hz, CH-1), 128.49, 128.61, 128.70, 128.73, 128.77, 128.99, 129.87, 129.92, 130.07, 133.37, 

133.45, 133.71, 133.83 (CH arom.) 165.25, 165.56, 165.79, 166.18 (C=O) 31P NMR (162 MHz, CHLOROFORM-D) 

δ -3.19, -2.87. IR (Vmax, film) 3064, 2959, 2972, 1727, 1694, 1452, 1264, 1092, 1069, 1025, 952, 707, 623, 484 

cm-1 
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 Phospho-Tyrosine 

 

 
N-Fmoc-3-(bis(2-bromoethyl)phosphate)-tyramine 

Following general method 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 μmol) 

scale on N-Fmoc-tyramine. The crude product was purified by manual flash column chromatography (gradient 

50% EtOAc in hexane) to afford the title compound as a clear oil (25 mg, 39 μmol, 55%) 

HRMS-ESI Calculated for [C27H28Br2NO6P + Na+]: 673.9913, found: 673.9932 1H NMR (400 MHz, CHLOROFORM-

D) δ 2.79 (t, J = 6.9 Hz, 2H, CH2CH2NH), 3.43 (t, J = 7.8 Hz, 2H, CH2CH2NH), 3.51 – 3.56 (m, 4H, CH2Br), 4.21 (t, J = 

6.9 Hz, 1H, CH Fmoc), 4.41 – 4.47 (m, 6H, OCH2CH2Br, CH2 Fmoc), 7.09 – 7.23 (m, 4H, CH arom.), 7.31 (t, J = 7.4 

Hz, 2H, CH arom. Fmoc), 7.40 (t, J = 7.5 Hz, 2H, CH arom. Fmoc), 7.57 (d, J = 7.4 Hz, 2H, CH arom. Fmoc), 7.77 

(d, J = 7.3 Hz, 2H, CH arom. Fmoc).13C NMR (101 MHz, CHLOROFORM-D) δ 29.22, 29.30 (CH2Br), 35.56 

(CH2CH2NH), 42.31 (CH2NH), 47.39 (CH Fmoc), 66.63 (CH2 Fmoc), 67.65, 67.70 (OCH2CH2Br), 120.11, 120.29 (d, J 

= 4.6 Hz, C-3 arom.), 125.13, 127.17, 127.83, 130.32, 136.28, 141.45, 144.03, 149.02 (CH arom.), 156.42 (C=O). 

IR (Vmax, film) 3319, 3038, 2943, 1707, 1505, 1449, 1267, 1214, 1068, 1019, 957, 781, 759, 741, 668 cm-1  

 
N-Fmoc-3-(bis(SATE)phosphate)-tyramine 

Following general procedure 2, the reaction was run with N-Fmoc-3-(bis(2-bromoethyl)phosphate)-tyramine 

on a 24 mg (39 μmol) scale. The crude product was purified by manual flash column chromatography (gradient 

50% EtOAc in hexane) to afford the title compound as a yellow oil (20 mg, 32 μmol, 83%).  

HRMS-ESI Calculated for [C31H34NO8PS2 + Na+]:  666.1356, found: 666.1370 1H NMR (400 MHz, CHLOROFORM-

D) δ 2.34 (s, 6H, CH3 SAc), 2.79 (t, J = 6.9 Hz, 2H, CH2CH2NH), 3.17 (dt, J = 6.8, 1.7 Hz, 4H, CH2SAc), 3.43 (q, J = 

6.1 Hz, 2H, CH2CH2NH), 4.16 – 4.32 (m, 4H, CH2CH2SAc), 4.42 (d, J = 6.8 Hz, 2H, CH Fmoc), 7.15 (s, 4H, CH2 

arom.), 7.32 (t, J = 7.3 Hz, 2H, CH2 arom. Fmoc), 7.35 – 7.49 (m, 2H, CH2 arom. Fmoc), 7.57 (d, J = 7.5 Hz, 2H, 

CH2 arom. Fmoc), 7.77 (d, J = 7.4 Hz, 2H, CH2 arom. Fmoc). 13C NMR (151 MHz, CHLOROFORM-D) δ 29.28 (d, J = 

7.3 Hz, CH2SAc), 30.67 (CH3 SAc), 35.60 (CH2CH2NH), 42.37 (CH2NH), 47.45 (CH Fmoc), 66.67 (CH2 Fmoc), 66.77 

(dd, J = 5.7 Hz, OCH2CH2SAc), 120.13, 120.34 (d, J = 5.1 Hz, COP arom.), 125.16, 127.18, 127.84, 130.29, 141.48, 

144.08 (CH arom.), 194.86 (C=O SAc). 31P NMR (162 MHz, CHLOROFORM-D) δ -6.30. IR (Vmax, film) 3322, 3069, 

2927, 2848, 1693, 1506, 1450, 1355, 1272, 1244, 1215, 1133, 1061, 1012, 952, 880, 759, 731, 741, 621, 529 

cm-1 
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N-CBz-3-(bis(2-bromoethyl)phosphate)-tyramine 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on N-CBz-tyramine. The crude product was purified by manual flash column chromatography 

(gradient 50% EtOAc in hexane) to afford the title compound as a clear oil (12 mg, 22 μmol, 32%) 

HRMS-ESI Calculated for [C22H23Br2NO6P + Na+]: 585.9624, found: 585.9612 1H NMR (400 MHz, 

CHLOROFORM-D) δ 2.79 (t, J = 6.9 Hz, 2H, CH2CH2NH), 3.42 (app. q, J = 6.7 Hz, 2H, CH2NH), 3.46 – 3.58 (m, 4H, 

CH2Br), 4.31 – 4.48 (m, 4H, CH2CH2Br), 4.78 (s, 1H, NH), 5.09 (s, 2H, CH2 CBz), 7.15 (s, 4H, CH arom.), 7.34 (d, J = 

5.7 Hz, 5H, CBz arom.).13C NMR (101 MHz, CHLOROFORM-D) δ 29.21, 29.28 (CH2Br), 35.76 (CH2CH2NH), 43.16 

(CH2NH), 65.83 (COCH2), 67.65, 67.71 (O-CH2-CH2), 120.32 (d, J = 4.8 Hz, COP arom.), 128.32, 128.69, 130.31 

(CH arom.), 156.41 (C=O). IR (Vmax, film) 3319, 2932, 1707, 1505, 1449, 1268, 1213, 1070, 1018, 959, 778, 

746, 698 cm-1  

 
N-CBz-3-(bis(SATE)phosphate)-tyramine 

Following general procedure 2, the reaction was run with N-CBz-3-(bis(2-bromoethyl)phosphate)-tyramine on 

a 10 mg (18 μmol) scale. The crude product was purified by manual flash column chromatography (gradient 

50% EtOAc in hexane) to afford the title compound as a yellow oil (10 mg, 18 μmol, quant.).  

HRMS-ESI Calculated for [C24H30NO8PS2 + Na+]: 578.1043, found: 578.1038 1H NMR (400 MHz, CHLOROFORM-

D) δ 2.33 (s, 6H, CH3), 2.78 (t, J = 7.0 Hz, 2H, CH2CH2NH), 3.08 – 3.23 (m, 4H, CH2SAc), 3.42 (q, J = 6.7 Hz, 2H, 

CH2NH), 4.14 – 4.25 (m, 4H, CH2CH2SAc), 4.80 (s, 1H, NH), 5.08 (s, 2H, CH2 CBz), 7.13 (s, 4H, CH arom.), 7.33 (d, 

J = 5.5 Hz, 5H, CBz arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 29.20, 29.27 (CH3), 29.83, 30.67 (CH2SAc), 

35.52 (CH2CH2NH), 42.33 (CH2NH), 66.71, 66.77 (COCH2), 77.36, 120.33 (d, J = 4.8 Hz, COP arom.), 128.28 (d, J = 

2.4 Hz), 128.68, 130.25 (CH arom.), 194.90 (C=O). 31P NMR (162 MHz, CHLOROFORM-D) δ -6.34. IR (Vmax, film) 

3321, 2932, 1692, 1506, 1455, 1355, 1246, 1214, 1132, 1059, 1013, 953, 835, 776, 738, 698, 622, 527 cm-1 

 

N-Boc-3-(bis(2-bromoethyl)phosphate)-tyramine 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on N-Boc-tyramine. The crude product was purified by manual flash column chromatography 

(gradient 50% EtOAc in hexane) to afford the title compound as a clear oil (0.2 mg, 0.4 μmol, 0.57%)* 

*yield calculated by 1H NMR of product obtained as a mixture with starting tris(2-bromoethyl)phosphate 65 
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HRMS-ESI Calculated for [C17H26Br2NO6P + Na+]: 551.9757, found: 551.9774 1H NMR (400 MHz, CHLOROFORM-

D) δ 1.43 (s, 9H, (CH3)3 Boc), 2.77 (t, J = 7.2 Hz, 2H, CH2CH2NH), 3.34 (t, J = 6.9 Hz, 2H, CH2NH), 3.74 (dq, J = 11.4, 

5.7 Hz, 4H, CH2Br), 4.43 – 4.51 (m, 4H, CH2CH2Br), 7.17 (d, J = 4.4 Hz, 4H, CH arom.). 

 Glucosamine 

 

3,4,6-tri-O-acetyl-2-N-azido-acetimido-1-bis(2-bromoethyl)phosphate-α-D-glucosamine 

Following general procedure 1, the reaction was run with tris(2-bromoethyl)phosphate 65 on a 30 mg (72 

μmol) scale on 3,4,6-tri-O-acetyl-2-N-azido-acetimido-α,β-D-glucosamine. The crude product was purified by 

manual flash column chromatography (gradient 8% MeOH in DCM) to afford the title compound as a clear oil 

(4.0 mg, 6.0 μmol, 8.3%) 

HRMS-ESI Calculated for [C18H27Br2N4O12P + Na+]: 702.9622, found: 702.9629 1H NMR (600 MHz, 

CHLOROFORM-D ) δ 2.03 (s, 3H, CH3 OAc), 2.05 (s, 3H, CH3 OAc), 2.06 (s, 3H, CH3 OAc), 2.11 (s, 3H, CH3 OAc), 

3.58 (dtd, J = 12.9, 6.1, 0.9 Hz, 4H, CH2Br), 3.98 (d, J = 4.1 Hz, 2H, CH2N3), 4.12 – 4.16 (m, 1H, CH-6), 4.20 – 4.25 

(m, 1H, CH-6’), 4.28 (dd, J = 12.4, 4.1 Hz, 1H, CH), 4.37 – 4.46 (m, 5H, CH2CH2Br, CH), 5.22 (t, J = 9.9 Hz, 1H, CH), 

5.31 (dd, J = 10.6, 9.6 Hz, 1H, CH), 5.80 (dd, J = 5.9, 3.3 Hz, 1H, CH-1), 6.65 (d, J = 8.8 Hz, 1H, NH). 

 

3,4,6-tri-O-acetyl-2-N-azido-acetimido-1-bis(SATE)phosphate-α-D-glucosamine 

Following general procedure 2, the reaction was run with 3,4,6-tri-O-acetyl-2-N-azido-acetimido-1-bis(2-

bromoethyl)phosphate-α-D-glucosamine on a 4.0 mg (6.0 μmol) scale. The crude product was analysed by 1H 

NMR, and full conversion to the title compound was observed. 

HRMS-ESI Calculated for [C22H33N4O14PS2 + Na+]:  695.1065, found: 695.1048 1H NMR (600 MHz, 

CHLOROFORM-D) δ 2.01 (s, 3H), 2.03 (s, 3H), 2.05 (s, 3H), 2.09 (s, 3H), 3.15 – 3.21 (m, 4H), 3.97 (d, J = 1.5 Hz, 

2H), 4.10 – 4.31 (m, 7H), 5.21 (t, J = 9.9 Hz, 1H), 5.29 (dd, J = 10.9, 9.8 Hz, 1H), 5.75 (dd, J = 6.1, 3.1 Hz, 1H), 

6.75 (d, J = 8.9 Hz, 1H). 

Data in accordance with literature values138 
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Chapter 6: Towards the Synthesis of 2-Azido- and 3-Azido-

D-Ribitol-5-Phosphate Probes 

6.1 Abstract 

Metabolic Oligosaccharide Engineering (MOE) relies on the incorporation of modified 

monosaccharides into target glycans by exploiting the flexibility of the cell's metabolic machinery. 

With multiple enzymes typically involved in the metabolic pathway of a metabolic labelling probe, 

the tolerance towards the modification made to the probe relative to the cell’s native substrate is 

difficult to predict. Therefore the determination of optimal labelling type and position often relies on 

a ‘trial-and-error’ approach, exploring different sites of label incorporation and varied labelling 

strategies. To explore the tolerance of human enzymes that act on ribitol-5-phosphate (FKTN, FKRP 

and ISPD) towards modification of the pentitol with an azide tag, routes to 2- and 3-azido-ribitol-5-

phosphate probes suitable for the synthesis of both protected and unprotected probes for use in 

vivo and in vitro, respectively, is described. These routes build on the development of the 1-azido-

ribitol-5-phosphate probes described in Chapter 3, while also exploring new protecting group 

strategies and manipulations. A key ring-opened benzylated lyxitol intermediate has been 

synthesised on route to the 2-azido probes, from which the fully-protected SATE probe can be 

synthesised in 7-steps, following protecting group manipulations previously achieved in the 1-azido 

probe routes. Initial investigation into synthesis of the 3-azido probe from D-xylose has also taken 

place, and a fully protected xylose intermediate, in which the sites of azide and phosphate 

incorporation have been orthogonally protected, has been synthesised. An additional route, based 

on literature reported by Gao et al in their synthesis of an azido adenosine reporter,302 is also 

proposed, again building upon previous protecting group compatibilities identified during the 

synthesis of the 1-azido-ribitol probe. These routes pave the way to the synthesis of these 

alternative azido-containing probes, with which we hypothesise being able to better understand the 

enzyme tolerance of FKTN, FKRP and ISPD to substrate modification.  
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6.2 Introduction 

When designing metabolic labelling probes, the site of label incorporation often relies on 

prior knowledge of the biosynthetic transformations the probe will need to undergo as well as the 

tolerance of the various enzymes to different sites of modification. The issue of enzyme tolerance is 

typically established through previous metabolic labelling studies, on which new generations of 

chemical probes are based. In the case of hexopyranose and hexosamine sugars such as glucose and 

N-acetylglucosamine, modification typically occurs at the 2- and 6- positions,111-113 while for sialic 

acids it is typically the 9-position or the N-acyl group.117, 303 In the case of the linear pentitol structure 

of ribitol, there is no literature precedent for metabolic labelling of ring-opened sugars, though the 

metabolic labelling of choline, a small linear molecule, has been reported utilising both azide and 

alkyne modification.304-306 Therefore, to fully investigate the tolerance of the human enzymes that 

act on ribitol-5-phosphate (FKTN, FKRP and ISPD) to modification of the ribitol structure, several 

sites of azide incorporation were investigated.  

Previously the synthesis of a series of 1-azido probes has been discussed in great detail 

(Chapter 3, pg. 55). Alongside the development of the 1-azido-probes, investigations into the 

synthesis of 2- and 3-azido ribitol-5-phosphate probes (Figure 22) were carried out. This chapter 

describes the initial findings towards the synthesis of these probes. Complete synthetic routes to 

these final probes are proposed, based on the protecting group compatibilities revealed during the 

synthesis of the 1-azido probes, alongside alternative, shorter approaches that make use of different 

protecting groups, such as benzoyl groups and acetonides for the protection of 1,2-diols, and a 

variety of different pentose starting sugars. The installation of an azide at the 4-position was not 

pursued, as the incorporation of this probe into the core M3 O-mannosyl glycan by FKRP would 

prevent further extension with matriglycan (see Chapter 1, pg. 20).  

 

Figure 22: Structures of the fully protected 2-azido and 3-azido-D-ribitol-5-phosphate probes carrying acetate and SATE 
protection for the purpose of in vivo metabolic labelling. 

6.3 Aims 

This chapter aims to explain the rationale behind the newly proposed synthetic routes to 2- 

and 3-azido-D-ribitol-5-phosphate probes. Building upon the routes to the 1-azido probes (Chapter 3, 

pg. 55), it will explore methods for the regioselective installation of an azide at the 2- or 3-position 

and appropriate protection to generate probes for both in vivo and in vitro application. The synthesis 



Page 187 of 311 
 

of these probes will, combined with the 1-azido probes synthesised previously, enable better 

interrogation of the tolerance of the biosynthetic machinery in mammalian cells towards tagged 

ribitol-5-phosphate derivatives. 

6.4 Results and Discussion 

Typically, the conversion of hydroxyl groups to azides proceeds via a two-step procedure. 

Initially, the hydroxyl group is activated with a group such as a methanesulfonate (mesylate, OMs) or 

p-toluene sulfonate (tosylate, OTs), to make it into a more efficient leaving group. This then allows 

for substitution with an azide source, such as sodium azide, via an SN2 reaction to afford the desired 

azide-containing product with inversion of stereochemistry at the reaction centre (Scheme 53A). 

Alternative methods proceed via a double inversion approach, initially substituting the hydroxyl 

group for a halide, typically bromine, which can then be substituted to form the azide. This double 

inversion approach retains the overall stereochemistry at the reaction centre (Scheme 53B).  

 

Scheme 53: Difference in stereochemical outcome of azide substitution reactions using A) two- and B) three-step conversion 
of alcohols to azides through mesylated intermediates. 

When designing routes to the 2- and 3-azido-ribitol compounds, it was clear that the 

synthetic routes would diverge greatly from the previous 1-azido routes because of different 

protecting group requirements needed for the correct positioning of the azide substitution. Due to 

this, there was little benefit to utilising a double inversion approach to proceed from D-ribose as was 

the case for the 1-azido probe. Therefore, the routes to the 2- and 3-azido probes instead utilise 

different starting sugars and make use of inversion of stereochemistry in the conversion of an 

appropriate hydroxyl group to an azide. 

2-Azido Ribitol-5-Phosphate Probe 

Due to the azide incorporation at the 2-position occurring at a chiral position, inversion of 

stereochemistry meant that synthesis could proceed from either of two different pentose sugars; D-

arabinose and D-lyxose, with phosphate addition occurring at the 5- or the 1-position of the pentose 

ring, respectively (Scheme 54). It should be noted that, for consistency throughout this Chapter, the 
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numbering of ring opened sugars is such that the site of phosphate addition is always numbered as 

C-5 (even if it originated from C-1 of a furanose sugar). 

 

Scheme 54: Proposed retrosynthetic pathway from the fully protected 2-azido-ribitol probe to pentose starting materials D-
arabinose and D-lyxose, R = protecting group. Compound numbering for ring closed and ring-open structures shown, with 
the sites of azide incorporation shown in red, and the sites for phosphate incorporation in blue. 

 

The ring-open structure D-arabinitol (also termed D-lyxitol) can be formed from either D-

lyxose or D-arabinose as shown (Scheme 54). Investigations into the use of D-arabinose were carried 

out together with an MChem student within the Willems group, Henrietta Amy McIntosh (referred 

to from now on as Amy), as detailed in Scheme 55 and Scheme 56.  

Amy McIntoshe: 2-Azido-ribitol probe route from D-arabinose 

 

Scheme 55: Proposed synthesis of 2-azido-1,3,4-tri-O-acetyl-ribitol-5-(bis(SATE)phosphate) Reagents and Conditions a) 
TBDPSCl, dry pyridine, DMAP, r.t., 18 h, (72%) b) DMP, CSA, DCM, r.t., 16 h, (72%) c) BnBr, NaH, TBAI, THF, r.t., 16 h (90%) d) 
1% HCl in MeOH, r.t., 45 min (16%) Proposed Reagents and Conditions: e) BzCl, pyridine, r.t. f) DIBAL-H, THF, g) BnBr, NaH, 
DMF, TBAI cat., h) NaOMe, MeOH,  i) i) MsCl, pyridine, ii) NaN3, DMF,  j) TBAF, THF, k) PO(OEt-2Br)3, Tf2O, pyridine, DCM, l) 
KSAc, acetone, m) 1M HCl, n) BCl3, MeOH, o) Ac2O, pyridine, DMAP cat. 

                                                           
e The synthesis detailed in Schemes 55 and 56 was conducted by Willems group MChem student Amy 

McIntosh 
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The initially proposed route, from starting sugar D-arabinose, is shown above (Scheme 55). 

After protection of the primary position, the addition of an 

isopropylidene group across the 1- and 2-positions allowed for the 

protection of the remaining C-3 hydroxyl group with benzyl to give the 

fully protected compound 92 in an overall yield of 47% over three steps. 

Once fully protected, a one-step procedure in methanol under acidic 

conditions was hypothesised to both cleave the isopropylidene group and 

allow the addition of a methoxy group at the anomeric centre by Fisher 

glycosylation, which would allow for the selective protection of the site of azide addition (C-2) with a 

benzoyl group to afford compound 93. Unfortunately, the use of HCl in methanol for the Fisher 

glycosylation step in the formation of 93 was low yielding, with the desired compound formed in a 

yield of 19% and the major product obtained occurring from the loss of TBDPS (94, Figure 23). To use 

the formation of this product to our advantage, a new route was devised as shown below in Scheme 

56. 

 

Scheme 56: Revised synthesis of 2-azido-1,3,4-tri-O-acetyl-ribitol-5-(bis(SATE)phosphate) Reagents and Conditions a) 
TBDPS-Cl, pyridine, DMAP, r.t., 18 h (72%) b) DMP, CSA, DCM, r.t., 16 h (72%) c) BnBr, NaH, TBAI, THF, r.t., 16 h (90%) d) 1% 
HCl in MeOH, r.t., 45 min e) BzCl, DMAP, pyridine, r.t., 72hr, f) 50% TFA, 50°C, 3hr; g) NaBH4, EtOH, 0oC, 30min (2.5% over 
four steps) Proposed Reagents and Conditions h) BnBr, NaH, DMF, TBAI cat. i) NaOMe, MeOH, j) TBDPS-Cl, pyridine, r.t., 24 
h, k) i) MsCl, pyridine, ii) NaN3, DMF, 100°C, l) TBAF, THF, m) PO(OEt-2Br)3, Tf2O, pyridine, DCM, n) KSAc, acetone, o) BCl3 
MeOH, p) Ac2O, pyridine, DMAP cat. 

This alternative route utilised the doubly deprotected side-product 94 and successfully 

protected it with benzoyl groups at both positions to yield 95, providing an orthogonal protecting 

strategy for both sites of modification. Upon removal of the methoxy group to allow for ring-

opening, however, yields were very poor (2.5% over four steps (96).  

  

 

 Figure 23: 1-methoxy-3-
benzyl-D-arabinose side 
product 
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New Route to 2-Azido-ribitol probe route from D-Lyxose 

Since Amy’s route utilising D-arabinose involved more than 15 transformations and several 

steps in the early stages proved to be low yielding, the use of an alternative starting material was 

explored in order to reduce the number of steps. As stated previously (Scheme 54), the ring-opened 

form of D-lyxose is D-lyxitol, which has the same structure as D-arabinitol. Utilising D-lyxose, the site 

of azide incorporation is the ring oxygen, and the site of phosphate addition is the anomeric alcohol. 

New routes starting from D-lyxose could therefore harness the unique reactivity of the anomeric 

hydroxyl group, as well as the uncovered site of azide incorporation in the ring-closed pentose sugar, 

to achieve orthogonal protection (Scheme 57).  

 

Scheme 57: New route to 2-azido-1,3,4-tri-O-acetyl-ribitol-5-(bis(SATE)phosphate)  from D-lyxose Reagents and Conditions 
a) i) AcCl, MeOH, 18 h, 0°C-r.t.,  ii) BnBr, NaH, DMF,  0°C-r.t., 2 h (50%) b) H2SO4, AcOH, 100°C, 1 h, c) NaBH4, EtOH, r.t., 5 h 
(8.3% over 2 steps) Proposed Reagents and Conditions d) TBDPS-Cl, pyridine, e) i) MsCl, pyridine, ii) NaN3, DMF, 100°C, f) 
TBAF, THF g) PO(OEt-2Br)3, Tf2O, pyridine, DCM h) KSAc, acetone 

A new approach towards formation of a ring opened intermediate was proposed following a 

procedure reported by van Rijssel et al, who utilise the intermediate 97 for the synthesis of 

compound 98 (Scheme 57).307 This can then undergo primary protection with TBDPS to allow for 

site-selective azidation at C-2 to yield key intermediate 99 as presented previously (Scheme 56). 

Following the published procedure for the formation of 97, a mixture of α and β forms of 

both pyranose and furanose conformations was seen (Scheme 58) with the major product being the 

β furanoside (50%). Upon ring-opening, moderate yields of ring-opened products were seen (41%), 

with no starting material present upon completion of the reaction. The corresponding ring-open 

products from the furanose and pyranose sugars could be separated by column chromatography, 

giving a ratio of 1:4 of desired product 98 to side product 100, providing a yield of 8.3% for 98. The 

only other sugar products detected within the ring opening reaction were decomposition products. 

Alternative procedures for the removal of the anomeric OMe groups proceed under less harsh 

conditions, using HCl in 1,4-dioxane and water at 60°C.308, 309 It is expected that using milder 

conditions in future attempts at this synthesis may prevent decomposition and lead to an increase in 
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yield. Additionally, as seen in the Fischer glycosylation of glucose during the synthesis of substrates 

for the SATE phosphate reaction (Chapter 5, pg. 130) there is a great effect of reaction time for the 

Fischer glycosylation on the ratio of furanose to pyranose products, with the pyranose form greatly 

favoured over longer reaction times. Therefore, shorter reaction times for the initial OMe protection 

might help to favour the kinetic furanose product and further increase yields of the desired product.  

 

Scheme 58: Schematic representation of the formation of both furanose and pyranose forms of D-lyxose and the 
corresponding ring-opened products after the reaction sequence shown in Scheme 57 (steps a-c). 

3-Azido Ribitol-5-Phosphate Probe 

In a similar manner to the 2-azido probes being obtained from either D-arabinose or D-

lyxose, the 3-azido probes can be obtained from D- and L- xylose. Due to its plane of symmetry, the 

product resulting from ring opening of both enantiomers of xylose is the same (D-xylitol, Scheme 59). 

Within the ring-closed starting sugars, the site of phosphate addition is either at the primary or the 

anomeric hydroxyl group of D- and L-xylose, respectively, while regioselective azidation of xylitol 

requires selective protection at either C-2 or C-3.  
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Scheme 59: Proposed Retrosynthetic pathway from the fully protected 3-azido-ribitol probe to pentose starting materials D-
and L-xylose, R = protecting group. Compound numbering for ring closed and ring-open structures shown, with the sites of 
azide incorporation shown in red, and the sites for phosphate in blue. 

The sites of azide and phosphate addition within L-xylose were more difficult to selectively 

target with protecting groups than those in D-xylose, so the latter was chosen as the starting point 

for the synthesis of the 3-Azido probes.  

 
Scheme 60: Synthesis of the 3-azido probes from D-xylose Reagents and Conditions a) TBDPSCl, pyridine, r.t., 72 h (36%) b) 
2,2-DMP, p-TSOH, acetone, r.t. 72 h (45%)  c) Ac2O, pyridine, r.t. 24 h (86%)  Proposed Reagents and Conditions d) HCl, 
DCM, e) NaBH4 EtOH, f) BnBr, NaH, DMF, g) NaOMe, MeOH, h) i) MsCl, pyridine ii) NaN3, DMF, 100°C, j) TBAF, THF, 0°C-r.t., 
k) PO(OEt-2Br)3, Tf2O, pyridine, DCM l) KSAc, acetone, m) BCl3 DCM, n) Ac2O pyridine 

The route from D-xylose proceeded with the initial protection of the primary hydroxyl group 

with TBDPS, protection of the 1- and 2- positions with an isopropylidene group and finally protection 

of the site of azide incorporation as an acetyl ester. This yielded the fully protected compound 101 

with moderate to high yields for each of the 3 steps. Subsequent steps have not yet been attempted 

but include removal of the isopropylidene group and ring-opening, which allows all other sites to be 

protected with benzyl groups (102). Selective removal of the OAc group would then enable site-

specific incorporation of azide at C-3 (103), and removal of the TBDPS group provides the free 

hydroxyl group to which a bis(SATE)-protected phosphate can be added to form the final probe.   



Page 193 of 311 
 

Alongside the development of this route, issues with acetate migration under acidic 

conditions were observed (Chapter 3: Route 3b, pg. 69), which may cause issues with removal of the 

isopropylidene group within compound 104. To mitigate against these effects, both the use of a 

benzoyl group instead of acetate, and the development of a new route that avoids the use of ester 

protecting groups are proposed (Scheme 61). 

 
Scheme 61: Proposed reagents and conditions a) i) Tf2O, pyridine, 0 °C, ii) NaN3, DMF, r.t., b) 75% AcOH, 55 °C, 1.5 h, c) 
NaIO4/H2O, EtOH, 0 °C, 20 min then NaBH4, d) AllylBr, NaH, DMF, e) p-TsOH, DCM, f) NaBH4, EtOH, g) BnBr, NaH, DMF, h) 
PdCl2 MeOH, i) PO(OEt-2Br)3, Tf2O, pyridine, DCM, j) KSAc, acetone, k) BCl3, DCM, l) Ac2O, pyridine 

Gao et al in 2006 detailed the synthesis of a 3-azido-ribose derivative as an intermediate in 

the synthesis of modified adenosine.302 Rather than proceeding from ribose or xylose, their 

methodology utilised the starting sugar 1,2:5,6-di-O-isopropylidene-α-D-glucose. This sugar is 

commercially available, and Gao et al were able to show the substitution of the free hydroxyl group 

with an azide directly onto this ring-closed sugar (105). Once the azide was incorporated, they were 

able to selectively remove the isopropylidene group across the 5- and 6-sites with acetic acid and 

utilise oxidative cleavage of the resulting 1,2-diol and subsequent reduction to form the ribose 

derivative 106. By diverging from their route here, allyl protection of the alcohol at C-5 will give 

selective protection of the site of phosphate addition. Removal of the second isopropylidene group 

(107) allows for ring-opening with NaBH4 and protection of the rest of the hydroxyl groups with 

benzyl groups. Selective removal of the allyl group to form 108 is then possible by the use of PdCl2, 

which has been utilised previously for the successful removal of the allyl group on the regioisomeric 

product 5-O-Allyl-1-Azido-2,3,4-tri-O-benzyl-ribitol (Chapter 3: Synthesis of Probes from 

Commercially Available Starting Sugar 5-Allyl-2,3,4-tri-O-Benzyl-D-Ribitol pg.  84). From this 

intermediate, the route can proceed as presented previously (Scheme 60). Though this route has not 

been attempted yet, it is likely to be successful as the formation of compound 105 has been readily 

reported in literature via this method,310-312 and past that point, all protecting group manipulations 

have been conducted in previous synthetic routes described in this Thesis.  



Page 194 of 311 
 

Alternatively protected probes 

While the strategies above have focused on the synthesis of the fully protected probes with 

both SATE and acetate protection, it is important to note that an array of different protecting group 

arrangements for in vivo and in vitro probes can be accessed by the same methodology utilised for 

the synthesis of the 1-azido probes (Chapter 3, pg. 55). As shown below using 1-azido compound 6 

as an example, but also true for the 2- and 3-azido probe intermediates 109 and 108 respectively, 

the synthetic routes can diverge to give the alternatively protected probes. Debenzylation and 

acetylation can yield the differentially protected and non-phosphorylated azido-ribitol probes Az-OH 

and Az-OAc. Debenzylation after SATE addition, on the other hand, yields the partially protected Az-

OH-SATE probes. Finally, the addition of an ethyl phosphate instead of SATE allows for the synthesis 

of the fully deprotected phosphate probes, which can be utilised for in vitro analysis of enzyme 

activity. 

 
Scheme 62: Synthesis of final ribitol and ribitol-5-phosphate probes from key intermediate compound 6: Reagents and 
Conditions a) i) PO(OEt-2Br)3, Tf2O, pyridine, DCM, ii) KSAc, acetone, (42%) b) BCl3, DCM, -78°C, 4h, (quant.) c) Ac2O, 
Pyridine, DMAP, r.t., 24h, (quant.)  d) BCl3, DCM, -78°C, 4h, (quant.) e) Ac2O, pyridine, DMAP, r.t., 24h (quant.) f) EtO3PO, 
Tf2O, pyridine, r.t., 1.5 h, (55%) g) i) TMSBr, DCM, r.t., 16 h ii) BCl3, DCM, -78°C, 4 h, (56% over two steps) 
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6.5 Conclusions 

This chapter has explored the development of synthetic routes to ribitol-5-phosphate based 

probes that incorporate an azide at the 2- and 3- positions. A route to the 2-azido probes has been 

developed from the starting sugar D-lyxose, where the sites of azide and phosphate functionalisation 

are the ring-oxygen and anomeric position, respectively, in the ring-closed sugar. A key pentitol 

intermediate in this route, in which the sites of azide and phosphate addition are selectively 

deprotected, has been successfully synthesised, and the proceeding steps have been previously 

shown successful within previous routes. A fully protected ring-closed intermediate, in which the 

sites of azide and phosphate have been selectively protected with orthogonal protecting groups, has 

been synthesised from D-xylose on the route to the 3-azide probes. This route has potential for 

regioselectivity issues in subsequent steps due to the acetate migration, and therefore an alternative 

route which mitigates these issues has also been designed, based on literature precedent for the 

synthesis of 3-azido-ribose compounds from the starting sugar 1,2:5,6-di-O-isopropylidene-α-D-

glucose. 310-312 These findings pave the way for expansion of the currently available set of azide-

tagged ribitol-phosphate derivatives, which can be utilised to better understand the enzyme 

tolerance of FKTN, FKRP and ISPD to substrate modification and enhance the likelihood of successful 

incorporation of azide-tagged ribitol-phosphate into glycans.  
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6.6 Experimental  

General Experimental  

All reactions were conducted in oven dried glass wear under nitrogen, and where specified 

dry solvents used were either freshly distilled (DCM, DMF, toluene, THF) or from a SureSeal bottle, 

(DCE, pyridine). Flash column chromatography was run either manually with high purity 220-400 μm 

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

to 40 μm particle size silica (RediSep Rf Gold Normal-Phase Silica columns) here specified. Reactions 

and column fractions were monitored by TLC and visualised by UV and staining. For sugars, the 

staining consisted of charring with 10% H2SO4 in MeOH; and for azido compounds the procedure 

involved initial reaction with 10% PPh3 in DCM, followed by staining with ninhydrin.  

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) where 

specified. 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, δ) 

relative to the solvent (CDCl3, δ 7.26; CD3OD, δ 3.31; D2O, δ 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 (apt t), and so forth. Splitting 

patterns that could not be visualized or easily interpreted were designated as multiplet (m). Coupling 

constants are reported in Hertz (Hz).  Where sugar NMR data is reported in a ratio of anomers, the 

NMR data is assigned with integrals as whole integers corresponding to the number of protons 

within the peak.  

IR spectra were obtained by thin film ATR on a Perkin Elmer Spectrum 2 and [α]D 

measurements obtained on a Bellingham Stanley ADP400 polarimeter at the in the given solvent at 

specified concentration where C = 1 = 10 mg/mL. 

Compounds 92, 93, 94, 95, and 96 were synthesised by Amy McIntosh, see her MChem 

Thesis for experimental data and characterisation 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/two-dimensional-nuclear-magnetic-resonance-spectroscopy
https://www.sciencedirect.com/topics/chemistry/heteronuclear-multiple-bond-coherence


Page 197 of 311 
 

 
Methyl-2,3,5-tri-O-benzyl-D-lyxofuranoside (96) 

To a stirring solution of D-lyxose (500 mg, 3.33 mmol, 1.00 equiv.) in MeOH (12 mL) was added AcCl (50 μL in 

2.5 mL MeOH, 0.67 mmol, 0.20 equiv.) dropwise. The resulting solution was allowed to stir overnight at RT 

before the reaction was neutralised with 3 M NaOH to pH 7 (approx. 0.7 mL). The resulting mixture was 

concentrated in vacuo and co-evaporated with toluene (3 x 5 mL) to afford the crude product. This crude was 

dissolved in dry DMF (12 mL) and cooled to 0°C. NaH (850 mg, 60% in mineral oil, 21.3 mmol, 6.4 equiv.) was 

added portion-wise followed by BnBr (1.6 mL, 11 mmol, 3.3 equiv.) and TBAI (cat.). After 30 mins the resulting 

reaction mixture was allowed to warm to RT and kept stirring for 2 hours before the reaction was quenched by 

the addition of MeOH (5 mL) and the solvents removed in vacuo. The resulting residue was dissolved in EtOAc 

(100 mL) and washed sequentially with 1 M HCl (100 mL), sat. aqueous NaHCO3 solution (100 mL) and brine 

(100 mL). The resulting organic layer was dried over MgSO4, filtered, and concentrated in vacuo. The resulting 

crude was purified by automated flash column chromatography (gradient 0 to 100% EtOAc in hexane) to afford 

the title compound as a clear oil (1.3 g, 2.9 mmol, 87%)  The obtained product was a mixture of the α and β 

forms of Methyl-2,3,4-tri-O-benzyl-lyxopyranoside and α and β forms of Methyl-2,3,4-tri-O-benzyl-

lyxofuranoside, with the major product methyl-2,3,4-tri-O-benzyl-β-D-lyxofuranoside (50%). 

HRMS-ESI Calculated for [C27H30O5 + Na+]: 457.1985, found: 457.1981 1H NMR (400 MHz, CHLOROFORM-D) δ 

3.38 (s, 0.7H, OCH3), 3.42 (s, 1.5H, OCH3 ), 3.48 (s, 0.3H, OCH3), 3.52 (s, 0.4H, OCH3), 3.57 (dd, J = 9.1, 2.5 Hz, 

0.2H), 3.66 (dd, J = 6.5, 3.3 Hz, 0.15H), 3.72 – 3.91 (m, 2.2H), 3.94 (dd, J = 4.6, 2.4 Hz, 0.5H, βfur), 4.00 (dt, J = 

8.8, 4.2 Hz, 0.2H), 4.07 – 4.14 (m, 0.2H), 4.24 (t, J = 5.0 Hz, 0.6H, βfur), 4.41 (dt, J = 7.0, 5.3 Hz, 0.5H, βfur), 4.49 – 

4.88 (m, 6.5H, CH2 ), 5.07 (d, J = 2.5 Hz, 0.5H, βfur CH-1), 7.27 – 7.48 (m, 15H, CH arom.). 13C NMR (101 MHz, 

CHLOROFORM-D) δ 55.12 (αpy OCH3), 55.65 (βpy OCH3), 55.71, 56.66 (βfur OCH3), 61.02 (βpyr CH-5), 61.49 (αpy CH-

5), 69.74 (αfur CH-5), 70.34 (βfur CH-5), 72.15, 72.36, 72.41, 72.56, 72.74, 72.86, 73.14, 73.25, 73.29, 73.47, 

73.50, 73.66 (CH2 OBn), 73.95 (βpyr CH-2), 74.76 (βpyr CH-4), 74.85 (αpy CH-4), 75.48 (αpy CH-2), 77.94 (βfur CH-3), 

78.96 (βfur CH-4), 79.28 (αpy CH-3), 79.31 (αfur CH-2), 82.53 (βfur CH-2), 99.96 (αpy CH-1), 100.98 (βpyr CH-1), 

101.40 (αfur CH-1), 106.44 (βfur CH-1), 127.57, 127.62, 127.65, 127.67, 127.69, 127.74, 127.79, 127.80, 127.83, 

127.88, 127.90, 127.96, 127.98, 128.15, 128.18, 128.27, 128.30, 128.40, 128.43, 128.47, 137.83, 137.93, 

138.15, 138.25, 138.31, 138.45, 138.49, 138.57, 138.65, 138.75 (CH arom.). 

Data in accordance with literature values307, 313, 314 

 
2,3,5-tri-O-benzyl-lyxofuranose (98) 

To a stirring solution of methyl-2,3,5-tri-O-benzyl-lyxofuranoside and pyranoside (350 mg, 0.806 mmol, 1.00 

equiv.) in acetic acid (6 mL) at RT, was added H2SO4 (3M in H2O, 1.6 mL, 4.8 mmol, 5.9 equiv.). The resulting 

solution was heated to 100°C. After 1 h the reaction was cooled back to RT and the reaction was quenched by 

the addition of sat. NaHCO3 (25 mL) and extracted with DCM (3 x 50 mL). The organic layers were combined, 

dried with MgSO4, filtered and concentrated in vacuo to yield the crude product. The crude residue was 

purified by automated flash column chromatography (0 to 50% EtOAc in hexane) to yield the desired product 

as a clear oil (67 mg, 0.18 mmol, 22%). This intermediate product was dissolved in EtOH (1.6 mL) and cooled to 

0°C. NaBH4 (20 mg, 0.54 mmol, 3.0 equiv.) was added and the resulting reaction mixture was warmed to RT. 

After 5 hours the reaction was quenched by the addition of acetic acid (0.1 mL) and the solvents were 

removed in vacuo. The resulting residue was dissolved in EtOAc (25 mL) and washed with 1 M HCl (20 mL), sat. 

NaHCO3 (20 mL) and brine (20 mL). The resulting organic layer was dried with MgSO4 and the solvents were 

removed in vacuo to yield the crude product. The crude product was purified by automated flash column 

chromatography (0 to 60% EtOAc in hexane) to afford the title compound as a clear oil (6.7 mg, 15 μmol, 8.3%) 

alongside the major product 2,3,4-tri-O-benzyl-D-lyxitol (26 mg, 60 μmol, 33%) 
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HRMS-ESI Calculated for [C26H30O5 + Na+]: 445.1985, found: 445.1990. 1H NMR (400 MHz, CHLOROFORM-D) δ 

2.11 (s, 1H, OH), 3.47 (dd, J = 9.6, 6.0 Hz, 1H, CH-5), 3.55 (dd, J = 9.4, 6.2 Hz, 1H, CH-5’), 3.67 – 3.93 (m, 4H, CH-

1, CH-1’, CH-2, CH-3), 3.98 – 4.05 (m, 1H, CH-4), 4.44 – 4.57 (m, 3H, CH2 OBn), 4.63 (s, 2H, CH2 OBn), 4.74 (d, J = 

11.0 Hz, 1H, CH2 OBn), 7.24 – 7.40 (m, 16H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 60.65 (CH-1), 

69.87 (CH-4), 71.40 (CH-5), 72.56, 73.59, 74.56 (CH2 OBn), 77.36 (CH-3), 79.67 (CH-2), 127.98, 128.06, 128.11, 

128.41, 128.61, 128.70, 129.91, 137.97. (CH arom.) 

Data in accordance with literature values307 

 

 
2,3,4-tri-O-benzyl-D-lyxitol (100) 

1H NMR (400 MHz, CHLOROFORM-D) δ 3.68 – 3.81 (m, 5H), 3.82 – 3.87 (m, 1H), 3.89 (dd, J = 12.1, 4.4 Hz, 1H), 

7.27 – 7.40 (m, 15H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 60.73, 61.36 (CH-1, CH-5), 72.10, 

72.75, 74.34 (CH2 OBn), 78.89 (CH-3), 79.16, 79.36 (CH-2, CH-4), 127.94, 128.02, 128.12, 128.39, 128.45, 

128.62, 128.66, 137.92, 137.98, 138.13 (CH arom.). 

 
5-O-tert-butyldiphenylsilyl-1,2-O-isopropylidene-α-D-xylofuranose 

To a stirring solution of D-xylose (3.3 g, 20 mmol, 1.0 equiv.) in dry pyridine (60 mL) at 0°C was added TBDPS-Cl 

(5.2 mL, 27 mmol, 1.4 equiv.). The resulting solution was allowed to warm to RT and stirred for 72 h before the 

reaction was quenched by the addition of MeOH (5 mL). The solvents were removed in vacuo, and the 

resulting residue co-evaporated with toluene (3 x 10 mL). The crude product was dissolved in DCM (100 mL) 

and washed with 1 M HCl (100 mL), sat. aqueous NaHCO3 solution (100 mL) and brine (100 mL), dried over 

MgSO4, filtered, and the solvents removed in vacuo. The crude product was purified by automated flash 

column chromatography (0 to 60% EtOAc in hexane) to afford the TBDPS protected intermediate as a yellow 

oil (3.1 g, 7.4 mmol, 36%). To half of this intermediate product (1.6 g, 4.1 mmol, 1.0 equiv.) in acetone (30 mL) 

at 0°C was added TsOH (76 mg, 0.41 mmol, 0.10 equiv.) and 2,2-DMP (1 mL, 8.3 mmol, 2.0 equiv.). The 

resulting solution was warmed to RT and left stirring for 3.5 h before the reaction was quenched by the 

addition of NEt3 (1 mL). The solvents were removed in vacuo, and the crude product was subjected to 

automated flash column chromatography (gradient 0-60% EtOAc in hexane) to yield the pure product as a 

clear solid (780 mg, 1.8 mmol, 44%, 15% over two steps) 

HRMS-ESI Calculated for [C24H32O5 + Na+]: 451.1911, found: 451.1909. 1H NMR (400 MHz, CHLOROFORM-D) δ 

1.05 (s, 9H, C(CH3)3 TBDPS), 1.33 (s, 3H, CH3 iPr), 1.47 (s, 3H, CH3 iPr), 4.05 – 4.17 (m, 3H, CH-5, CH-3), 4.37 (d, J 

= 3.2 Hz, 1H, CH-4), 4.55 (d, J = 3.7 Hz, 1H, CH-2), 6.01 (d, J = 3.7 Hz, 1H, CH-1), 7.33 – 7.49 (m, 6H, CH arom.), 

7.63 – 7.74 (m, 4H, CH arom.) 13C NMR (101 MHz, CHLOROFORM-D) δ 19.18 (C(CH3)3 TBDPS), 26.30, 26.80 (CH3 

iPr), 26.91 (C(CH3 TBDPS), 62.91 (CH-5), 76.97 (CH-4), 78.50 (CH-3), 85.56 (CH-2), 105.11 (CH-1), 111.63 

(C(CH3)2), 127.85, 127.90, 128.02, 128.05, 130.18, 132.02, 132.56, 135.62, 135.75, 135.82 (CH arom.) 

Data in accordance with literature values315 

 
Attempted synthesis of 3-azido-5-O-tert-butyldiphenylsilyl-1,2-O-isopropylidene-α-D-xylofuranose 

To a stirring solution of 5-O-tert-Butyl (diphenyl)silyl-1,2-O-isopropylidene-D-xylofuranose (172 mg, 0.402 

mmol, 1.00 equiv.) in dry pyridine (1 mL) at 0°C, was added TsCl (86 mg, 0.45 mmol, 1.1 equiv.). After 2 h at 

0°C, the reaction was warmed to RT and allowed to react for 18 h. The solvents were removed in vacuo and 
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the crude was co-evaporated with toluene (3 x 2 mL). The resulting residue was suspended in 1M HCl (50 mL), 

extracted with EtOAc (3 x 50 mL), dried over MgSO4, filtered and concentrated in vacuo. The resulting tosylate 

intermediate was dissolved in dry DMF (2 mL) and NaN3 (33 mg, 0.5 mmol, 1.3 equiv.) was added. The 

resulting solution was warmed to 80°C for 24 h before cooling back down to RT.  No evidence of azide 

containing sugar seen by crude ESI-MS analysis or 1H NMR.  

 

 
3-acetyl-5-O-tert-butyldiphenylsilyl-1,2-O-isopropylidene-α-D-xylose (101) 

To a stirring solution of 5-O-tert-Butyl(diphenyl)silyl-1,2-O-isopropylidene-D-xylofuranose (1.4 g, 3.3 mmol, 1.0 

equiv.) in dry pyridine (11 mL) at 0°C was added acetic anhydride (1.7 mL, 6.5 mmol, 2.0 equiv.). The resulting 

solution was allowed to warm to RT and left for 18 h before the solvents were removed in vacuo and the 

residue was co-evaporated with toluene (3 x 20 mL). The resulting residue was dissolved in EtOAc (100 mL) and 

sequentially washed with 1M HCl (30 mL), sat. aqueous NaHCO3 solution (30 mL) and brine (30 mL), dried over 

MgSO4, filtered and concentrated in vacuo. The resulting crude product was purified by manual flash column 

chromatography (gradient 0 to 60% EtOAc in hexane) to yield the product as a clear oil (1.3 g, 2.8 mmol, 86%)  

HRMS-ESI Calculated for C26H34O6 + Na: 493.2017, found: 493.2009. 1H NMR (400 MHz, CHLOROFORM-D) δ 

1.04 (s, 9H, C(CH3)3 TBDPS), 1.32 (s, 3H, CH3 iPr), 1.53 (s, 3H, CH3 iPr), 1.97 (s, 3H, CH3 OAc), 3.81 (dd, J = 10.1, 

8.0 Hz, 1H, CH-5), 3.89 (dd, J = 10.1, 5.5 Hz, 1H, CH-5’), 4.44 (ddd, J = 8.0, 5.5, 3.2 Hz, 1H, CH-4), 4.51 (d, J = 4.1 

Hz, 1H, CH-2), 5.33 (d, J = 3.2 Hz, 1H CH-3), 5.88 (d, J = 3.7 Hz, 1H, CH-1), 7.34 – 7.47 (m, 6H, CH arom.), 7.64 

(dt, J = 7.8, 1.4 Hz, 4H, CH arom.). 13C NMR (101 MHz, CHLOROFORM-D) δ 19.24 (C(CH3)3 TBDPS), 20.81 (CH3 

OAc), 22.77, 26.36, 26.83 (C(CH3)2  iPr), 60.51 (CH-5), 75.97 (CH-4), 79.12 (CH-3), 83.44 (CH-2), 104.93 (CH-1), 

112.25 (C(CH3)2), 127.86, 129.92, 133.20, 133.27, 135.65, 135.67, 135.88 (CH arom.), 169.83 (C=O OAc).  
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Chapter 7: Summary and Future Work 

7.1 Summary 

α-dystroglycan is a cell-surface protein which provides essential links between the 

extracellular matrix and the cytoskeleton through interactions between O-linked glycans on α-

dystroglycan, and extracellular proteins involved in regulating tissue architecture and signalling 

pathways. Some of these binding interactions are essential for maintaining muscle integrity and, as a 

result, loss of these binding interactions causes a subset of muscular dystrophies named 

dystroglycanopathies.1-3 The unit responsible for binding to the extracellular matrix proteins is a 

linear polysaccharide – named matriglycan – which is linked to the core glycan by two ribitol-5-

phosphate units.39, 44, 45 Loss of activity of any of the enzymes responsible for forming the tandem 

ribitol-5-phosphate linker is known to cause α-dystroglycanopathies, so better understanding how 

cells utilise and process ribitol-5-phosphate will aid in further understanding these disorders.  

Currently the only known occurrence of ribitol-5-phosphate within mammalian cells is in the 

matriglycan-carrying glycan of α-DG. This presents ribitol-5-phosphate as a unique target for cellular 

studies of this glycan. By metabolic incorporation of modified ribitol-5-phosphate analogues, we 

hypothesise being able to effectively identify the localisation and levels of functionally glycosylated 

α-dystroglycan, and at the same time identify potential other ribitol-5-phosphate containing cell-

surface glycans.  

This Thesis has explored the synthesis of a panel of azido-D-ribitol-5-phosphate derived 

metabolic labelling probes, with various degrees of protection to enable biological testing both in 

vivo and in vitro. In Chapter 3, a 12-step synthetic route to the fully-protected 1-azido probe has 

been developed from the starting sugar D-ribose. This synthesis involves a key tetrabenzylated, 1-

deoxy-1-azido intermediate from which the primary benzyl group can be selectively removed to 

enable subsequent phosphate installation. In addition, it was shown that a shorter, higher-yielding, 

route from commercially available 5-allyl-2,3,4-tri-O-benzyl-ribitol allows a faster, more efficient 

method for large-scale synthesis of the final probes. The method development and protecting group 

manipulations discovered within these synthetic routes also aided in the development of synthetic 

routes to 2- and 3-azido-D-ribitol-5-phosphate probes from the starting sugars D-lyxose and D-xylose 

respectively (Chapter 6). Because of the differences in reactivity and regioselectivity required for 

azide substitution at the secondary hydroxyl groups of the 2- and 3- azido probes, compared to the 

primary site leading to the 1-azido-probes, the synthetic routes utilised different protecting group 

strategies and manipulations such as the use of isopropylidene and allyl groups, in addition to 

anomeric selective Fischer glycosylation. An alternative strategy to the 3-azido-probes has also been 
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designed based on literature precedent for the synthesis of 3-azido-ribose compounds from the 

starting sugar 1,2:5,6-di-O-isopropylidene-α-D-glucose.310-312 

The key challenge in the synthesis of D-ribitol-5-phosphate probes was the incorporation of 

the bis(SATE)phosphate group, which was overcome by the development of a new methodology for 

the synthesis of protected carbohydrate phosphates (Chapter 4). Adapted from Huang and co-

workers' methodology, the newly developed 2-step approach utilises an easy-to-access 

phosphotriester starting material, tris(2-bromoethyl)phosphate. Mono-substitution of one of the 

bromoethyl groups by the free hydroxyl group of a partially protected carbohydrate substrate, 

followed by efficient substitution of the remaining bromines with potassium thioacetate, yields the 

SATE-protected phosphorylated product. This methodology avoids the use of highly hazardous, 

difficult to isolate dichlorophosphine intermediates, while the improved stability of the 2-

bromoethylphosphates allows for straightforward isolation and storage of intermediates.  

Thorough optimisation of this methodology was performed to increase the yield of the 

reaction on the 1-azido-ribitol substrate from 11% to 48% (Chapter 5). The major sugar by-product 

of the reaction has been identified as the corresponding triflated ribitol species, which can be 

converted back to the free alcohol by treatment with sodium hydroxide to recover precious starting 

materials. The novel SATE methodology was shown to be compatible with a wide range of 

substrates, including glucose substrates to which a SATE-protected phosphate was added at the 6- 

and 1-positions, tyramine derivatives, and a GlcNAc-based metabolic labelling probe previously 

described in literature.138 Furthermore, compatibility with a wide range of both hydroxyl and amine 

protecting groups has been shown, showcasing the significance of this new methodology in a wider 

chemical biology and medicinal chemistry context, where SATE-protected phosphotriesters are 

commonly used for metabolic labelling and as prodrugs, respectively.  
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7.2 Future Work 

Biological Testing: in vivo Analysis 

Having completed the synthesis of a panel of 1-azido-ribitol-5-phosphate probes, future 

work will initially focus on the biological testing of the probes both in vivo and in vitro. In vivo testing 

will utilise the fully and semi-protected ribitol and ribitol-5-phosphate analogues, which to aid cell 

permeability possess a combination of acetate protection of hydroxyl groups and S-acetyl-2-

thioethyl (SATE) groups for phosphate protection. Once taken up into the cell, these groups are 

cleaved unveiling the deprotected ribitol-5-phosphate probes for uptake into the biosynthetic 

pathway for O-mannosylation of α-DG.  

Initial analysis of azide-tagged biomolecules can take place following the treatment of 

cultured, immortalised human cell lines with the probes and cell lysis (Figure 24).  Once the cell is 

lysed, copper-catalysed click chemistry can be utilised (as the cytotoxicity of copper(I) is no longer an 

issue) for labelling with an alkyne reagent carrying either a fluorescent tag or a biotin affinity tag. 

Labelling with a fluorescent tag such as Cy3 or AlexaFluor allows for the direct fluorescent imaging of 

the labelled biomolecules by Sodium Dodecyl Sulphate–PolyAcrylamide Gel Electrophoresis (SDS-

PAGE). Conversely, biotin-containing alkynes allow for the enrichment of labelled materials by the 

use of streptavidin beads which allows the capture and subsequent release of biotinylated 

molecules. Once separated, the enriched glycoproteins can undergo MS/MS analysis to confirm their 

identity. Additionally, upon glycan release and fragmentation, glycan composition can be 

characterised. 

 

Figure 24: Overview of in vivo metabolic incorporation of 1-azido-ribitol-5-phosphate: 1) upon uptake of the probe into cells, 
the protecting groups are cleaved by non-specific esterase and lipase activity releasing the free probe for incorporation into 
enzymatic pathways, 2) cell lysis is conducted breaking down the cell membrane, 3) copper(I) catalysed azide-alkyne 
cycloaddition (CuAAc) labelling allows the conjugation of a fluorescent or biotin tag, 4) labelled biomolecules can be 
characterised by either SDS-PAGE or MS/MS analysis following the conjugation of a fluorescent or biotin tag respectively. 
Cat. = catalyst, THPTA = tris(benzyltriazolylmethyl)amine 
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By incorporation of an azide moiety into the metabolic labelling probe the ring-strain 

promoted copper-free click reaction, in which the reaction is catalysed by the relief of ring strain 

from a cyclo-octyne group, can also be utilised. The lack of copper catalyst means this reaction can 

be run on the surface of living cells, allowing for the direct visualisation of labelled D-ribitol-5-

phosphate within cell-surface glycans through conjugation with a fluorescent tag.  

Successful incorporation of azide labelled ribitol-5-phosphate onto α-DG in wild-type 

cultured cells will confirm the presence of this unique sugar within the glycoprotein’s glycans, which 

up until now has only been demonstrated after overexpression of α-DG.39, 44, 45 If labelling is specific 

to the core M3 O-mannosyl glycan, the use of ribitol-derived metabolic labelling probes will provide 

us with an efficient method for selective and covalent labelling of this glycan, providing an 

advantage over current methods that rely on the use of low affinity and less specific anti-α-DG 

antibodies. The specific labelling of functional α-DG will also provide a tool for the study of healthy 

vs diseased cells, where the effects of mutations in genes of the core M3 O-mannosyl biosynthesis 

pathway on the level of functional α-DG glycosylation can be studied. Alternatively, there is a 

possibility that these metabolic labelling probes will label additional glycans in which ribitol-5-

phosphate may be present, allowing for potential identification of as yet unknown glycoconjugate 

structures and providing further insight into the role of this sugar in mammalian glycans. Ribitol-

based non-phosphorylated probes will also be tested to provide insight into the as-of-yet-

unidentified biosynthesis of ribitol-5-phosphate within mammalian cells. If successful, these probes 

provide an easier-to-synthesise target for future generations of ribitol-based metabolic labelling 

probes. 

Biological Testing: in vitro Analysis  

As well as in vivo analysis, the fully deprotected ribitol-phosphate probe allows for the 

analysis of the tolerance of ISPD, FKTN and FKRP to the 1-azido modification in vitro. These tests can 

be run by incubation of the recombinant enzyme of interest, produced by overexpression and 

purification of a HIS-tagged protein construct in mammalian cells,44, 66 with their respective modified 

substrates. ISPD reactions will further require the co-factor CTP, while the product of the ISPD 

reaction provides the CDP-activated substrate for FKTN and FKRP and acceptor substrates for FKTN 

and FKRP can be accessed either commercially or through chemical synthesis (Figure 25).44, 66 The 

corresponding tagged products can then be analysed by MALDI-MS or LCMS analysis. In addition to 

in vitro testing allowing troubleshooting of the tolerance of the enzymes to the 1-azido modification, 

this also allows the enzyme kinetics of this modified substrate to be compared to the natural ribitol-

5-phosphate substrate. It is important to note that azido modification at the 1-position of ribitol-5-
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phosphate will prevent further extension by FKRP after its incorporation onto the Core M3 glycan by 

FKTN. Alternative probes, where incorporation of azide occurs at the 2- or 3- position, and for which 

determination of suitable synthetic routes has begun (see Chapter 6), will circumvent this issue, and 

potentially lead to higher labelling efficiency.  

 

Figure 25: Schematic representation of the in vitro studies of modified ribitol-5-phosphate, showing the conversion of 
ribitol-5-phosphate into CDP-ribitol by ISPD and B) the modification of a core M3 trisaccharide with ribitol-5-phosphate by 
FKTN, using the ISPD reaction product CDP-ribitol as a donor. 

 

Future Probe Generations 

Further insight into the tolerance of the relevant enzymes, ISPD, FKTN, and FKRP towards 

modification can be obtained by the synthesis and biological testing of the 2- and 3-azido-D-ribitol-5-

phosphate probes following the previously designed synthetic routes (Chapter 6). In addition to the 

panel of azido probes, a similarly-structured panel of metabolic labelling probes which utilise alkyne 

tags may also be beneficial (Figure 26A).  Alkyne tags are smaller than the azide, and are uncharged 

so may be better tolerated by the enzyme active site than azido modification, though the non-

strained alkynes prevent the use of copper-free azide-alkyne cycloaddition for live cell-surface 

labelling.  Propargyl ethers also offer an alternative strategy to incorporate alkyne tags for metabolic 

labelling as they keep the hydroxyl group oxygen intact and are synthetically more easily accessible 

than probes requiring the substitution of hydroxyl groups with an azide (Figure 26B). Furthermore 

propargyl ethers have also been utilised within literature for click labelling when incorporated on 

phosphate.316 This offers a further alternative site of label incorporation should the 1-, 2-, and 3-, 

sites be intolerant of modification. 
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Figure 26: Proposed structures for additional panels of ribitol-5-phosphate metabolic labelling probes: A) alkyne labelled 
probes B) propargyl ether labelled probes, including alternative site of label incorporation on the phosphate. For in vivo 
probes R1 = OAc and R2 = SATE, for in vitro probes R1 = R2 = OH 

As well as expanding the metabolic labelling work undertaken within this Thesis, future 

ribitol-based compounds can be developed which aim to act as activity-based probes. Activity based 

probes (ABPs) are highly selective, mechanism-based enzyme probes that are able to reveal further 

insight into enzyme-substrate interactions and aid in elucidating enzyme mechanisms, as well as 

providing tools for the direct covalent labelling of catalytically active enzymes.317 The data obtained 

from metabolic labelling studies regarding the tolerance of the enzymes acting on ribitol-phosphate 

can help to guide the design of ribitol-based activity-based probes and enzyme inhibitors.  

The active site of FKTN is yet to be elucidated, and the catalytic mechanism of both FKTN 

and FKRP remains unknown. Therefore the design of activity-based probes that target the active site 

of FKTN and FKRP is both challenging and potentially of great value to the research community. With 

FKTN and FKRP responsible for the transfer of ribitol-5-phosphate from a CDP-ribitol donor, 

inhibitors that intervene with donor binding can be designed (Figure 27). Phosphonates and 

phosphorothioates,318 in which phosphate group oxygen atoms are replaced by carbon or sulfur 

respectively, mimic the phosphate group structure but cannot function as enzyme substrates, 

thereby acting as inhibitors. Similarly, fully substituting the phosphate for a phosphate mimick such 

as a vinyl sulphone/sulphonate has been shown to yield successful inhibitors for different 

enzymes.319, 320 Acrylamides are commonly utilised as inhibitors in ABPs,317 so incorporation of a 

structurally similar acrylate group may act similarly within a ribitol-based probe.  
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Figure 27: Proposed activity-based probes and inhibitors of FKTN and FKRP utilising A) phosphonate, B) phosphothionate C) 
vinyl sulphone and D) acrylate groups. For in vivo probes R1 = OAc  R2 = SATE, for in vitro R1 = R2 = OH 

The phenotypic and symptomatic diversity of muscular dystrophy and associated 

dystroglycanopathies means that the ability to utilise a combination of both metabolic labelling 

probes and activity-based probes for the efficient detection of problems with ISPD, FKTN or FKRP 

activity will speed up the diagnosis of disorders caused by mutations in the corresponding genes. 

The development of more targeted future generations of probes will aid in achieving a better 

understanding of the action of these enzymes, and will increase our knowledge base for the 

development of therapies for the associated dystroglycanopathies. Furthermore, dosing with ribitol 

and CDP-ribitol has been proposed for the treatment of patients exhibiting ISPD deficiency.45, 52 

Utilising metabolic labelling probes to better understand the fates of ribitol and its CDP-derivative in 

cells, by detecting any additional sites of ribitol or ribitol-5-phosphate modification within the cell, as 

well as potential side-effects from elevated dosing, will better inform the suitability of this therapy 

for the treatment of muscular dystrophies.   

Phosphate Future Work 

In addition to the design, synthesis and use of metabolic labelling probes, further work can 

also be undertaken to further develop the new SATE synthesis methodology. In this Thesis, the 

incorporation of SATE phophates via this methodology onto the anomeric site of protected glucose 

derivatives has been described, though further investigation into the optimised reaction length for 

this reaction is yet to be conducted. Furthermore, the anomeric ratios obtained by this method for 

the varying protecting groups deserves further investigation to be able to fully rationalise the 

anomeric preference of this reaction. In addition to further work on 

anomeric glucose derivatives, further work should also investigate 

the optimisation of the methodology on the glucosamine substrates. 

All three of the unsuccessful derivatives possessed an N-acyl group, 

so a test of the reaction on a simpler substrate such as N-Acylated-

tyramine (Figure 28) will confirm whether this group itself is 

incompatable with the reaction conditions or whether the observed 

 
 

Figure 28: NAc-tyramine on 
which the compatability of 
NAc groups within the SATE 
methodology can be tested 



Page 208 of 311 
 

issues are specific to the hexosamine substrates. Though a large scope of different protecting groups 

and structures have been investigated, the applicability of the new methodology to SATE protected 

nucleotides, which have been synthesised by other methods within literature,173 would be of interest 

to investigate.  As well as alternative structures, this substrate class also provides the ability to 

demonstrate the compatability of isoproylidene groups in the reaction, while unprotected 

nucleotides allow for the comparison of primary vs secondary alcohol selectivity (Figure 29). 

 

Figure 29: Examples of cytidine structures of interest for the testing of the SATE phosphate synthesis on nucleotides. R = 
Fmoc or CBz 

Another avenue for investigation into the SATE methodology 

includes the investigation of the applicability of this method to the use 

of tris(2-chloroethyl)phosphate. Use of this commercially available 

low-cost phosphate intermediate negates the need to synthesise the 

bromo intermediate in-house, further increasing safety by negating 

the use of phosphorous oxychloride, and increasing the accessibility 

and appeal of this methodology to a wider audience. 

  

 

Figure 30: Commercially 
availible tris(2-
chloroethyl)phosphate on 
which the SATE methodology 
can be tested 
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Chapter 3 

Methyl-5-O-tert-butyldiphenylsilyl-α,β-L-ribofuranoside 

 
 

 

Appendix: NMR Spectra 
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Methyl-2,3-di-O-benzyl-5-O-tert-butyldiphenylsilyl-α,β-L-ribofuranoside (1) 
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Methyl-2,3-di-O-benzyl-D-ribitol (8) 
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Methyl-2,3-di-O-benzyl-α,β-L-ribofuranoside (9) 
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5-O-tert-butyldiphenyl-silyl-α,β-D-ribofuranose (21) 
 

 

 
 

  



Page 215 of 311 
 

5-O-tert-butyl-diphenyl-silyl-D-ribitol (22) 
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5-O-tert-butyl-diphenylsilyl-1-O-trityl-ribitol (12) 
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2,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-1-O-trityl-ribitol (17) 
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2,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (18) 
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1,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (22) 

 

1,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (23) 
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1-Azido-2,3,4-tri-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol (19) 
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1-2,3,4,5-tetra-O-acetyl-5-O-tert-butyldiphenylsilyl-ribitol  (25) 
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1,4-anhydro-2,3-di-O-acetyl-5-tert-butyldiphenylsilyl-deoxy-D,L-ribitol (26) 
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1,2,3,5-tetra-O-acetyl-D-ribitol  and 1,2,4,5-tetra-O-acetyl-D-ribitol 
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2,3,4,5-tetra-O-acetyl-1-azido-D-ribitol (1-Az-OAc Probe) 
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2,3,4-tri-O-benzyl-5-O-tert-butyldiphenylsilyl-1-O-trityl-D-ribitol (13) 
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2,3,4,5-tetra-O-benzyl-1-O-trityl-D-ribitol (32) 
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1,2,3,4,5-penta-O-benzyl-ribitol (33) 
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1,5-di-O-acetyl-2,3,4-tetra-O-benzyl-D-ribitol (34) 
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1-O-trityl-D-ribitol (11) 
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2,3,4,5-tetra-O-benzyl-D-ribitol (35) 
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1-azido-2,3,4,5-tetra-O-benzyl-D-ribitol (36) 
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5-O-acetyl-1-azido-2,3,4-tri-O-benzyl-D-ribitol (39) 
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1-azido-2,3,4-tri-O-benzyl-D-ribitol (6) 
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5-O-allyl-1-azido-2,3,4-tri-O-benzyl-D-ribitol (47) 
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1-azido-2,3,4-tri-O-benzyl-D-ribitol-5-(bis-2-bromoethyl-phosphate) 
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1-azido-2,3,4-tri-O-benzyl-D-ribitol-5-(bis-S-acetyl-2-thioethyl-phosphate) (7) 
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1-azido-D-ribitol-5-(bis-S-acetyl-2-thioethyl-phosphate) (1-Az-OH-SATE Probe)  
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2,3,4-tri-O-acetyl-1-azido-D-ribitol-5-(bis(S-acetyl-2-thioethyl)phosphate) (1-Az-OAc-SATE 
Probe)  
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1-azido-ribitol (1-Az-OH Probe) 
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3-phenylpropyl-1-(bis-benzyl-phosphate) (42) 
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2,3,4,5-tetra-O-benzyl-ribitol-1-(bis-benzylphosphate) 
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1-azido-2,3,4-tri-O-benzyl-D-ribitol-5-(diethyl-phosphate) (43) 
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1-azido-D-ribitol-5-phosphate (1-Az OH Phos Probe) 

 

 

 



Page 247 of 311 
 

 

 



Page 248 of 311 
 

Chapter 4 

3-Phenyl-Propyl-1-bis(SATE)phosphate
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Phenyl-bis(2-bromoethyl)phosphate (62) 
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Phenyl-bis(SATE)phosphate (60) 
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tris(2-bromoethyl)phosphate (66) 
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tris(SATE)phosphate (65)
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2,3,4,5-tetra-O-benzyl-ribitol-5-(bis-ethyl-phosphate) (69) 
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3-Phenyl-Propyl-1-bis(2-bromo-ethyl)phosphate (70) 
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2,3,4,5-tetra-O-benzyl-ribitol-5-(bis(2-bromoethyl)phosphate) (71) 
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2,3,4,5-tetra-O-benzyl-ribitol-5-bis(SATE)phosphate 
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Chapter 5 

 OBn-glucose triflate side-product 
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31P NMR after standing at RT – Decomposition to free triflate ion seen 
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Recovery of Starting Sugar from Triflated Side-product 

Method A Crude
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Method B Crude 

 

 

 



Page 266 of 311 
 

1,2,3,4,-tetra-O-benzyl-6-bis(2-bromoethyl)phosphate-α,β-D-glucose 
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1,2,3,4,-tetra-O-benzyl-6-bis(SATE)phosphate-α,β-D-glucose 
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1,2,3,4,-tetra-O-acetyl-6-bis-(2-bromoethyl)phosphate-α,β-D-glucose 
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1,2,3,4,-tetra-O-acetyl-6-bis(SATE)phosphate-α,β-D-glucose 

 



Page 271 of 311 
 

 

 

 
 
 



Page 272 of 311 
 

1,2,3,4,-tetra-O-allyl-6-bis(2-bromoethyl)phosphate-α,β-D-glucose 
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1,2,3,4,-tetra-O-allyl-6-bis(SATE)phosphate-α,β-D-glucose 
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1,2,3,4,-tetra-O-benzoyl-6-bis(2-bromoethyl)phosphate-α,β-D-glucose 
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1,2,3,4,-tetra-O-benzoyl-6-bis(SATE)phosphate-α,β-D-glucose 
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2,3,4,6-tetra-O-benzyl-1-bis(2-bromoethyl)phosphate-α,β-D-glucose 
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2,3,4,6-tetra-O-benzyl-1-bis(SATE)phosphate-α,β-D-glucose 
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2,3,4,6-tetra-O-acetyl-1-bis(2-bromoethyl)phosphate-α,β-D-glucose 
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2,3,4,6-tetra-O-acetyl-1-bis(SATE)phosphate-α,β-D-glucose 
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2,3,4,6-tetra-O-allyl-1-bis(2-bromoethyl)phosphate-α,β-D-glucose 
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2,3,4,6-tetra-O-allyl-1-bis(SATE)phosphate-α,β-D-glucose 
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2,3,4,6-tetra-O-benzoyl-1-bis(2-bromoethyl)phosphate-α,β-D-glucose 
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2,3,4,6-tetra-O-benzoyl-1-bis(SATE)phosphate-α,β-D-glucose 

 

 

 



Page 289 of 311 
 

 

 

N-Fmoc-3-(bis(2-bromoethyl)phosphate)-tyramine 
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N-Fmoc-3-(bis(SATE)phosphate)-tyramine 
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N-CBz-3-(bis(2-bromoethyl)phosphate)-tyramine 
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N-CBz-3-(bis(SATE)phosphate)-tyramine 
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N-Boc-3-(bis(2-bromoethyl)phosphate)-tyramine 
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3,4,6-tri-O-acetyl-2-N-azido-acetimido-1-bis(2-bromoethyl)phosphate-α-D-glucosamine 
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List of Abbreviations 

2,2-DMP 2,2-dimethoxy propane 

2-Br-OEt 2-bromo-ethanol 

Ac2O acetic anhydride 

AcOH acetic acid 

B4GAT1 beta-1,4-glucuronyltransferase 1 

BCl3 boron trichloride 

Bcs1 mitochondrial chaperone BCS1 

BnBr benzyl bromide 

BnOH benzyl alcohol 

BODIPY 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene 

DFGL direct fluorescent glycan labelling 

CeGL chemoenzymatic glycan labelling 

CMDs congenital muscular dystrophies 

CMP cytidine monophosphate 

CSA camphor sulphonic acid 

CTP cytidine-tri-phosphate 

DAG1 dystroglycan 1 

DCM dichloromethane 

DGC dystrophin-glycoprotein complex 

DiPEA diisopropylethylamine 

DMF dimethylformaldehyde 

ER endoplasmic reticulum 

EtOAc ethyl acetate 

EtOH ethanol 

FKRP fukutin related protein 

FKTN fukutin 

Fuc fucose 

Gal galactose 

GalNAc N-acetylgalactosamine 

GC-MS gass chromatography-mass 
spectroscopy 
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GlcA glucuronic acid 

GlcNAc glucosamine 

GlcNAz N-azidoacetylglucosamine 

Gluc glucose 

GnT-IX α-1,6-monnaosylglycoprotein 6-β-N-
acetylglucosaminyltransferase B  

H2O water 

HCl hydrochloric acid 

HF hydrofluoric acid 

HNK1 human natural killer-1 

IMAC immobilised metal affinity 
chromatography 

ISPD 2-C-methyl-D-erythritol-4-phosphate 
cytidyltransferase 

KBr potassium bromide 

KSAc potassium thioacetate 

LacNAc N-acetyllactosamine 

LARGE LARGE xylosyl-and glucuronyltransferase 
1 

Man Mannose 

ManNAc N-acetylmannosamine 

ManNAz N-azidoacetylmannosamine 

MEB muscle eye brain disease  

MeOH methanol 

MEP non-mevalonate pathway 

MgSO4 magnesium sulphate 

MOE metabolic oligosaccharide engineering 

MP-Neu5Ac9N3 C9-azide tagged CMP-neuraminic acid 

MS mass Spectrometry 

MsCl mesyl chloride 

N3 azide 

NADH nicotinamide adenine dinucleotide 

NADPH nicotinamide adenine dinucleotide 
phosphate hydrogen 

NaH sodium hydride 
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NaHCO3 sodium bicarbonate 

NaN3 sodium azide 

NaOMe sodium methoxide 

NEt3 triethylamine 

NEt3.HCl triethylamine hydrochloride 

Neu5Gc N-glycolylneuraminic acid 

NeuAc N-acetylneuraminic acid 

NH4Cl ammonium chloride 

OAc acetate protecting group 

OAllyl allyl protecting group 

OBn benzyl protecting group 

OBz benzoyl protecting group 

OMe methyl protecting group 

OTr trityl protecting group 

PAL 

 

periodate oxidation and aniline 
catalysed oxime ligation 

PCl3 phosphorus trichloride 

PdCl2 palladium dichloride 

PO(OEt)3 triethyl phosphate 

POCl3 phosphorus oxychloride 

POMGnT1 protein O-mannose β-1,2-N-
acetylglucosamineyltransferase 

POMT1 protein O-mannosyltransferase 1 

POMT2 protein O-mannosyltransferase 2 

PPi pyrophosphate 

p-TsOH p-toluene sulphonic acid 

RboP ribitol-5-phosphate 

RT room temperature 

SATE S-acetyl-2-thioethyl 

Ser serine 

TAA thioacetic acid 

TarI ribitol-5-phosphate cytidylyltransferase 

TarJ ribulose-5-phosphate reductase 

TBDPS tert-butyldiphenyl silyl protecting group 
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Tf2O triflic anhydride 

THF tetrahydrofuran 

Thr threonine 

TMEM5 ribitol xylosyltransferase 1 

TsCl tosyl chloride 

UDP uridine diphosphate. 

Xyl xylose 

ZnCl zinc chloride 

α-DG α-dystroglycan 
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