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The phosphate and sulfate esters of carbohydrates are widespread in nature, where they 
partake in a variety of signalling roles. This thesis focuses on the involvement of 
trehalose-6-phosphate (Tre-6-P) in regulating plant growth, and the function of sulfated 
carbohydrates in the immune response. 

In plants, Tre-6-P is a critical messenger that conveys environmental information for the 
control of metabolic state. Beneficial natural conditions lead to an increase in the in vivo 
concentration of Tre-6-P, which in turn triggers biosynthetic processes facilitating plant 
growth. However, the mechanism by which this effect is exerted is largely unknown. A 
thorough understanding of this fundamental signalling pathway could allow considerable 
improvements in agriculture. Recent evidence has found an interaction between Tre-6-P 
and a protein kinase system (SnRK1), mediated via an intermediary protein whose identity 
is unknown. Our efforts to identify this elusive protein are presented. Methodology is 
developed to allow the synthesis of Tre-6-P analogues for defining structure-activity 
relationships, with particular attention focused towards the desymmetrization of trehalose 
and the control of phosphate migrations. Tre-6-P is tethered to a solid phase resin allowing 
affinity extraction of putative intermediary factors. The 14-3-3 class of regulatory proteins 
is identified as a potential binding partner of Tre-6-P. 

The mannose receptor (MR) is an essential element of the mammalian immune system. 
Expressed on macrophages, the protein can bind and internalize pathogens through their 
surface exposed carbohydrates. However, the receptor can also dimerize, upon which it is 
able to divalently bind to sulfated carbohydrates. The biological significance of this sulfate 
binding is poorly understood. Current hypotheses invoke a role for the sulfate mediated 
trafficking of MR dimers to areas of B-cell maturation for antigen presentation, thus 
linking the innate and adaptive defence mechanisms. In any case, the dimerization of the 
MR is an essential prerequisite for interaction with carbohydrate sulfates. Methodology is 
required to probe this dimerization on the surface of cells under their native conditions.  In 
this thesis, we use fluorescence microscopy to study the binding of various probes to 
macrophage and endothelial liver derived cell lines. Results of our initial investigations are 
presented that show internalization of the probes. The use of FRET imaging to directly 
probe the presence of MR dimers is studied. 
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PBS  Phosphate buffered saline 
PRK   Phophoribulosekinase 
RGB   Red-green-blue 
Rib-5-P   Ribose-5-phosphate 
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SIR   Single ion recording 
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TIR   Total internal reflectance 
TOF   Time of flight 
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TPP   Trehalose phosphate phosphatase 
Tre-6-P   Trehalose-6-phosphate 
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Chapter I - Introduction 

1.1 Carbohydrate phosphate and sulfate esters 

The importance of phosphate esters in nature is indisputable.1 For instance, the unique 

properties of the P–O bond has allowed adenosine triphosphate (ATP) to adopt a 

central role in the transport and storage of cellular energy across the natural world. 

Due to the very high kinetic stability of phosphodiester linkages,1,2 this functionality 

is commonly used as a structural component, for example in the backbone of DNA, or 

as a part of phospholipids within bilayer membranes. Moreover, under physiological 

conditions, the phosphate moiety exists predominantly as an anion which allows 

strong ionic bonding interactions that are ideally suited for signalling purposes, such 

as with inositol phosphates.3 Protein phosphorylation is a particularly widespread 

example of phosphate mediated regulation, where the strong ionic interactions are 

exploited to induce conformational changes that modulate the underlying activity of 

the protein.4 

The phosphorylation of carbohydrates is particularly prevalent.5 The phosphate 

moiety is critical for the biochemistry of sugars, where it acts as a biological 

“activating agent” facilitating various metabolic transformations.6 Apart from their 

role as reactive intermediates, phosphorylated carbohydrates are often potent 

signalling molecules in their own right. Thus, carbohydrate phosphate esters are 

involved in enzyme trafficking,7 lymphocyte homing,8 protein translocation9 and in 

the immune10  and inflammatory responses.11 

Compared to the prevalence of the phosphates, the sulfate functionality is much rarer. 

For the biosynthesis of such sulfated molecules, 3’-phosphoadenosine-5’-

phosphosulfate (PAPS) is needed as a metabolic precursor. PAPS is biochemically 

synthesized from ATP at relatively low concentrations within the cell, which allows 

for a controlled deployment of the sulfate group resulting in more specialized 

biological applications compared to phosphorylated adducts.12 Thus the use of PAPS 

represents a deliberate barrier by which the phosphorylation and sulfation systems can 

be separated.1,12 Whereas the phosphate group is used for a wide range of roles that 

are ubiquitous across nature, the sulfate group is utilized in a much more specialized 

way. For instance, compared to the purely structural role of phospholipids, sulfolipids 
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such as sulfated cholesterols frequently have additional signalling roles.13 As an 

additional example, protein sulfation, in contrast to ubiquitous protein 

phosphorylation, is a far rarer modification that is used exclusively in an extracellular 

environment for secreted or membrane proteins, and is often employed very 

specifically to modulate protein-protein interactions.14  

Reflecting these specialist roles for sulfate esters, carbohydrate sulfates are almost 

exclusively synthesized for tailored signalling roles.15 Examples of such applications 

include nodulation factors that initiate nodule formation on legumes, heparin sulfate 

chains that are involved in a variety of cell regulatory processes, and keratin sulfates 

which are implicated in the regulation of corneal collagen fibrils.15 However, there 

exist a plethora of other sulfated carbohydrates whose biological functionality is yet to 

be elucidated and it remains likely that this class of sugars will have a much wider 

role than is currently appreciated. 

In this thesis, two different carbohydrate signalling systems are explored. Initially, the 

role of trehalose-6-phosphate (Tre-6-P) in plant development was investigated 

(section 1.2, page 2). Next the involvement of sulfated carbohydrates in the 

mammalian immune response was explored (section 1.3, page 11). 

1.2 Trehalose-6-phosphate signalling in plants 

The control of metabolism and growth is particularly challenging for the plant 

kingdom. As sessile life forms, they are at the whims of their immediate surroundings 

and must adapt to utilize the available resources. Not surprisingly, plants have 

developed elaborate signalling networks that allow versatile responses to changes in 

the natural environment.16 Phosphorylation cascades mediated by phosphotransferases 

(more colloquially known as kinases) form the bulk of these signalling pathways.17 

Compared to the 518 protein kinase genes present in humans,18 Arabidopsis thaliana 

has over 1000 reflecting a much more developed signalling network.19  

The biochemical transformations of carbohydrates within a plant are particularly 

interesting. As photosynthetic organisms, plants have two opposing directions of 

carbohydrate flux which must be adequately regulated. These carbohydrates are not 

only sources of energy, but also act as sensors that convey information on the 
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metabolic state of the plant.20 Over the past decade, attention has focused on the role 

of the disaccharide trehalose 1.1 and its biosynthetic precursor trehalose-6-phosphate 

1.2 (Tre-6-P) in plant signalling.21 There is now a significant body of evidence that 

implicates Tre-6-P as a central signalling molecule which regulates overall plant 

metabolism and controls critical parameters such as growth rates and crop 

biomass.21,22 A thorough understanding of this signalling pathway could lead to 

considerable benefits in agriculture and further research into this field is therefore 

essential. 

 
Figure 1.1. Chemical structures of trehalose and Tre-6-P. 

1.2.1 The trehalose pathway 

Trehalose is naturally synthesized in all invertebrates fulfilling a variety of functions 

depending on the species.21 The unique α,α glycosidic linkage allows trehalose to bind 

to the head groups of lipid bilayers with trapped water thus acting as a stabilizing 

agent to protect against extreme stresses such as desiccation or high osmolarity, which 

can help preserve cell integrity.23 Thus, trehalose is synthesized in bacteria as a 

storage sugar to protect against such stresses, but is also used as the sole carbon 

source during normal conditions.21,24 Trehalose is the major haemolymph (blood) 

sugar in insects, where it is present at high concentrations as an efficient source of 

energy to power flight.25 At such high concentrations, glucose is very toxic due to the 

reducing power of the free anomeric centre and therefore cannot be used.25  

The role of trehalose in plants is far less clear. A minority of desert dwelling species 

known as resurrection plants that are under the constant risk of desiccation produce 

significant quantities of trehalose as a protectant. For instance, Selaginella 

lepidophylla can contain trehalose up to 10% of the plant’s total weight.26 However, 

for the majority of plants, trehalose is not accumulated to any significant extent. As a 

carbon source, the sugar is completely redundant since this role is performed by 
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sucrose. Organisms for which trehalose is essential posses multiple biosynthetic 

routes for its synthesis as a contingency against the loss of an external supply of 

metabolic precursors.27 In contrast, plants contain only one biosynthetic path which 

would seem to imply that trehalose is non-essential. This view has largely been 

upheld, and as a result, the sugar was considered an obscurity and was mostly ignored 

among the plant sciences community. More recently, with the sequencing of the A. 

thaliana genome and modern transgenic experiments, trehalose has once again been 

thrust into prominence. Now however, attention has shifted to its metabolic precursor 

Tre-6-P as a potent signalling molecule.  

 
Scheme 1.1. The trehalose biosynthetic pathway in plants. 

The Tre-6-P pathway, which is the most prevalent of the five known biosynthetic 

routes for trehalose,27 involves the glycosylation of glucose-6-phosphate 1.3 with 

UDP-glucose 1.4 using a trehalose phosphate synthase (TPS) to produce Tre-6-P, 

which can then be dephosphorylated with a trehalose phosphate phosphatase (TPP) to 

produce trehalose as the end-product. Interestingly, despite the low accumulation of 

trehalose, there are a plethora of putative genes for this pathway in A. thaliana, with 

11 TPSs and 10 TPPs having been identified.28 This is in stark contrast to the 4 

analogous sucrose phosphate synthases and 4 sucrose phosphate phosphatases 

described in the same genome.29 Furthermore, for the breakdown of trehalose, there 

exists only one trehalase enzyme.21 Given that trehalose serves no apparent function, 

this wide range of genes encoding its synthesis is somewhat surprising and suggests a 

signalling role for this pathway. Consistent with this hypothesis, genetic studies using 

microarrays found that the expression of the TPS and TPP genes is highly dependent 

on a range of environmental factors, such as the availability of light, nutrients and 

essential ions.22,30 Furthermore, compared to yeast protein sequences, the active A. 

thaliana TPS1 protein has an N-terminal extension that limits its synthase activity 

which reduces the build up of trehalose and Tre-6-P, suggestive of an evolutionary 

change to a signalling responsibility for these carbohydrates.22,31  



5 

Interestingly, a detailed analysis of the A. thaliana genome indicates that there is a 

large amount of proliferation amongst the genes of the trehalose pathway.32 In fact, of 

the 11 TPS genes, only one has retained synthase activity (AtTPS1).27 The exact 

function of the inactive TPS proteins is unclear, but current evidence points to a 

regulatory function.30 Gene expression studies have shown that these inactive TPS 

proteins are differentially expressed in growing tissues, although their exact 

mechanism of action is yet to be elucidated.33 

The earliest studies on live plants focused on the addition of exogenous trehalose to 

the growth medium, where the sugar was found to have a toxic effect that stunted 

growth.34 More detailed studies demonstrated that trehalose reduced root growth and 

led to starch accumulation in cotyledons (a part of the embryo that would ultimately 

become the first leaves after germination).35 While these results indicated that the 

trehalose pathway had some bearing on overall plant growth and carbohydrate 

metabolism, their relevance was not fully appreciated at the time. A more complete 

picture on the role of the trehalose pathway has emerged from the creation of 

genetically modified plants which have allowed for controlled changes in the in vivo 

concentration of Tre-6-P.36 This has been achieved by either the generation of 

AtTPS1 knockout mutants, or the incorporation of the Escherichia coli genes for TPS 

and TPP (OtsA and OtsB respectively) to create transgenic plants. Goddijn et al. 

engineered OtsA and OtsB into Nicotiana tobaccum, but this failed to induce the 

accumulation of trehalose which provided the first evidence to associate trehalose as 

part of a well-regulated signalling network.37  

Most importantly, such transgenic experiments have been able to conclusively 

demonstrate that rather than trehalose, it is in fact Tre-6-P that is the active signalling 

molecule in plants.38 Thus, the phenotypes observed from the feeding of trehalose are 

in fact due to the perturbation of the equilibrium with TPP, whose phosphorylase 

activity is restricted resulting in an accumulation of Tre-6-P.34,35,39 A. thaliana 

mutants containing the OtsA gene also have a greater Tre-6-P concentration than the 

wild-type and provide a much more controlled method for modifying the in vivo 

concentration of Tre-6-P.  These OtsA plants are found to have small, dark green 

leaves while those of the OtsB mutants, which have a considerably reduced 

concentration of Tre-6-P, were larger and paler.38 Crucially, a control mutant 

expressing an E. coli trehalase which depletes the concentration of trehalose but 
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leaves Tre-6-P unaffected had an identical phenotype to the wild-type plant, thus 

proving that Tre-6-P rather than trehalose is the vital regulatory element.38 

Furthermore, the feeding of exogenous carbohydrates (specifically glucose, fructose 

and sucrose) to OtsB mutants was found to have a toxic effect. These plants exhibited 

a severe reduction in growth rate and a build up of unmetabolized carbohydrate 

intermediates clearly illustrating that Tre-6-P is an indispensable signal for 

carbohydrate utilization and is vital for normal plant development. In sharp contrast, 

the supply of sugars to OtsA mutants led to a significant enhancement in the rate of 

growth compare to the wild-type and illustrates an improved utilization of 

carbohydrates.38 Such a feat has never previously been accomplished through either 

the genetic engineering or selective breeding of crops and thus, emphatically 

demonstrates the potential importance of this pathway to agriculture.  

Moreover, the biosynthesis of Tre-6-P correlates exactly with the supply of exogenous 

sucrose and increases almost 30 fold within 3 hours of feeding, suggesting that 

Tre-6-P is a messenger of overall carbon availability which triggers downstream 

processes for carbohydrate metabolism.39,40 In agreement with this hypothesis, growth 

for A. thaliana AtTPS1 knockout mutants is arrested at the torpedo stage of 

developments due to sucrose accumulation.41 This stage of plant embryonic growth, 

just prior to root and cotyledon development, is associated with an increase in cell 

biosynthetic activities which are compromised by the lack of an adequate Tre-6-P 

signal. Histochemical staining experiments have shown that the AtTPS1 knockout 

mutant affects the pot-translational modification of a vast range of important 

developmental enzymes42 leading to lower cell division, altered cellular architecture 

and ultimately death.43 Not surprisingly, Tre-6-P is also essential in other high growth 

situations such as during flowering, where AtTPS1 in constitutively expressed in 

buds.44 Furthermore, these signalling effects are not exclusive to A. thaliana and 

similar studies on transgenic potatoes have shown a Tre-6-P mediated effect on tuber 

growth.45 Given the ubiquity of the Tre-6-P genes, this signalling pathway is expected 

to persist across the entire plant kingdom.20-22 

While plants engineered for reduced Tre-6-P assimilation suffer from growth defects, 

increased concentrations of the sugar can potentially bestow a range of desirable 

characteristics on such plants. For example, an OtsA mutant of N. tobaccum was 

found to have a greatly improved photosynthetic capacity due to an increase in the 
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activity of Rubisco (a vital enzyme in the Calvin cycle for the fixation of CO2 during 

photosynthesis), which allows the plant’s energy requirements to be serviced by a 

much smaller leaf area thus explaining previously observed phenotypes where OtsA 

mutants had smaller and greener leaves than the wild-type.46 Small leaves are 

potentially very useful for reducing water loss through transpiration, which has 

implications for agriculture in drought-affected areas. Alternatively, when coupled 

with the improvement of growth rate observed for OtsA mutants on feeding 

exogenous sugars,38 such changes have the potential to vastly improve crop yields. As 

well as the effect on plant growth and metabolism, Tre-6-P has a much wider range of 

effects including the modulation of abscisic acid (a plant hormone controlling many 

developmental processes)47 and enhancing tolerance to stresses such as drought, for 

which OtsA mutants have been particularly useful.48 Interestingly, there is also an 

example of a naturally occurring TPP knockout mutant in maize which, as a result of 

higher Tre-6-P levels, has a higher degree of branching at the meristem resulting in 

higher yields illustrating the possible evolutionary advantage of such mutations.49 

There is clearly a vast amount of evidence demonstrating the role played by Tre-6-P 

as a central signalling molecule, but the mechanism of its action is at present not 

known. For yeast, Tre-6-P has a similar function that is effected through the inhibition 

of hexokinase.50 However, plant hexokinase is not inhibited by Tre-6-P,51 and 

therefore constitutes a separate, independent signalling system.52 

One mode of plant control occurs through Tre-6-P mediated regulation of the enzyme 

ADP-glucose pyrophosphorylase (AGPase).53 AGPase is a vital enzyme for starch 

synthesis54 and its in vivo activity is controlled by post-translational redox activation 

to give a more active, disulfide-bond tethered, dimeric form of the protein,55 which is 

found to increase in A. thaliana OtsA mutants.53 Thus, increased levels of in planta 

sucrose induce starch production via a Tre-6-P mediated AGPase activation 

signal.40,53 While this hypothesis provides a reasonable explanation for the Tre-6-P 

control of carbohydrate utilization, it fails to account for the vast range of other 

factors that the sugar seems to influence.20-22 Additionally, the precise mechanism by 

which AGPase activity is controlled is also lacking.  
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Now however, recent research has shown that Tre-6-P signalling is intimately 

involved with a protein kinase cascade that controls plant development at the most 

fundamental level.56 

1.2.2 Communication with kinase cascades 

The regulation of energy supply for all eukaryotes is performed by a class of 

ubiquitous calcium independent serine/threonine protein kinases.17,57 These kinases 

can modulate the activity of a vast array enzymes and transcription factors through 

protein phosphorylation and can control various downstream developmental 

processes. In response to an energy deficit, these kinases are activated and are able to 

repress biosynthetic activities while simultaneously triggering catabolic pathways that 

provide alternative sources of nutrients, thus diverting resources to essential processes 

for survival. In contrast, during an energy surplus, the kinase activity is repressed and 

biosynthesis is allowed to proceed, facilitating growth and development. 

The plant analogue, [sucrose non-fermenting 1] related protein kinase 1, more 

succinctly known as SnRK1, is responsible for the control of carbohydrate and nitrate 

metabolism,17,57,58 as well as being involved in the abscisic acid hormone59,60 and 

stress pathways.60 Several genetics experiments have been used to demonstrate the 

broad role played by this central kinase. Incredibly, microarray based experiments on 

SnRK1 over-expressing A. thaliana mesophyll cells have demonstrated that the kinase 

alters the expression of over a thousand genes.61 Under energy starvation conditions, 

300 genes mostly representing protein and ribosome synthesis as well as other 

biosynthetic pathways were repressed, while 300 catabolic genes for amino acid, cell 

wall and lipid degradation were activated. In contrast, the feeding of exogenous 

sugars produced the exact opposite expression profile. Additional experiments have 

identified 165 genes that encode various transcriptional factors and redox regulators 

which are responsible for the transition from catabolic to anabolic metabolism in 

response to nutrient availability.62 This change is incredibly sensitive and is initiated 

by even small changes in sucrose concentration.63 

Antisense RNA experiments to silence the expression of SnRK1 have proved 

especially useful for studying the effect of the kinase and have conclusively 

demonstrated an important role in the control of carbohydrate flux. Thus, antisense 
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SnRK1 potatoes have a reduced activity of sucrose synthase,64 and a lower amylase 

activity preventing starch breakdown.65 Ordinarily, active SnRK1 would activate 

catabolic processes to provide alternative sources of sucrose, but when muted by an 

antisense gene, such processes are inhibited. Not surprisingly, the loss of adequate 

energy management results in several developmental defects in various antisense 

species including peas which showed maturation problems and poor cotyledon 

growth,66 barley which produced deficient pollen,67 and potatoes which exhibited poor 

root growth and tuber development.68 A complete SnRK1 knockout mutant of the 

moss Physcomitrella patens showed considerable developmental defects.69 Most 

interestingly, the SnRK1 deficient moss was only able to grow under constant 

illumination and rapidly died if exposed to a normal day-light cycle, indicative of the 

role played by the kinase in the starvation response. As well as responding to changes 

in carbohydrate concentrations, it appears that SnRK1 can also actively relocate 

available resources throughout the plant. For instance, under herbivore attack, SnRK1 

is responsible for the reallocation of carbon to the roots as part of the plants natural 

defence mechanism.70 Moreover, there is evidence to suggest that SnRK1 has a wider 

role in plant defence against pathogenic attack.71 

There is significant divergence in the characteristics of plant SnRK1 compared to the 

other analogous kinases found in eukaryotes.57,58 The mammalian form of the protein, 

AMP-activated protein kinase (AMPK), acts as a sensor for the ATP:AMP ratio and is 

directly activated by AMP under conditions of stress such as hypoxia or exercise.72 

Similarly, the yeast analogue, sucrose non-fermenting 1 (SNF1), responds to glucose 

availability and under certain conditions, also seems to respond to AMP 

concentrations.73,74 In contrast, SnRK1 does not directly interact with AMP and its 

mechanism of sensing the energy deficit is very different to both AMPK and SNF1.75 

This difference is likely attributed to the structural differences between these proteins. 

As with AMPK and SNF1, SnRK1 is likely to exist as a trimeric complex.76 Within 

this complex, the α subunit is responsible for kinase activity and as a result, this 

domain is well conserved across the family.57,77 For SnRK1, there are two possible 

forms for this α domain known as KIN10 and KIN11, with both exhibiting kinase 

activity.57 It is worth noting that there also exist far more divergent forms of this 

subunit giving rise to protein complexes known as SnRK2 and SnRK3, but these lack 

any kinase activity and are unable to complement a yeast SNF1 knockout and are 
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therefore likely to have alternative roles in plant signalling.17,78 In contrast to the α 

domain, the β and γ subunits are far more diverse for SnRK1 than for AMPK and 

SNF1.57,79 This difference is particularly important since the AMP binding site is on 

the γ domain of AMPK, and seems to have been evolved out of plant SnRK1.57,80 

While AMP prevents dephosphorylation of a critical “activation loop” on SnRK1 

(which is itself phosphorylated by the upstream kinases GRIK1 and GRIK2 as part of 

a kinase signalling cascade),81 it is not directly involved in communicating the plant 

energy status.82 Therefore, an alternative sensing mechanism must exist. 

There are clear parallels between the effect of SnRK1 on plant development to that of 

Tre-6-P, which would seem to imply some level of cross-talk between the two 

signalling networks. Such rationale is supported by the fact that of the numerous 

genes controlled by SnRK1, several are involved in the trehalose biosynthetic 

pathway.58,62 These associations are maintained when studying OtsA and OtsB 

mutants of A. thaliana, where the SnRK1 (KIN11) transcripts levels correlate with the 

in vivo concentration of Tre-6-P,39 and the activation of AGPase by Tre-6-P occurs in 

an SnRK1 dependent manner.83  

Pioneering work by Zhang et al. conclusively demonstrated this interplay between the 

two systems by showing that Tre-6-P strongly inhibits SnRK1 at micromolar 

concentrations.56 A microarray analysis on A. thaliana OtsA mutants showed the 

opposite gene expression profile to SnRK1 over-expression, as would be expected 

with such inhibition, with a general up-regulation of biosynthetic genes and repression 

of those encoding degradatory pathways. Most effected by this Tre-6-P inhibition 

were genes responsible for photosynthesis, mitochondrial electron transport, amino 

acid metabolism, nucleotide metabolism and the citric acid cycle. In addition to 

Tre-6-P, glucose-6-phosphate (Glc-6-P)84 and glucose-1-phosphate (Glc-1-P)85 also 

inhibit SnRK1, but much less potently requiring millimolar concentrations of the 

sugar to obtain the same effect as Tre-6-P, reflecting their naturally higher 

concentration in vivo. In this model, environmental factors such as light and the 

availability of nutrients trigger the production of Tre-6-P (and to lesser extent Glc-6-P 

and Glc-1-P), which inhibits the normal activity of SnRK1, allowing the utilization of 

resources for biosynthesis and growth. Thus, the inhibition of SnRK1 by Tre-6-P 

represents a pivotal signalling system that controls the overall plant development 

which clearly warrants further investigations.  
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1.2.3 Research objectives 

The mechanism of binding between Tre-6-P and SnRK1 is poorly understood. 

Preliminary data has shown that the kinase binds Tre-6-P at a site distinct from ATP 

and is non-competitive.56 In fact, based on the computational fitting of various 

binding models to dose response curves, the interaction with SnRK1 is believed to 

have been mediated by an intermediary protein which simultaneously binds Tre-6-P 

and the protein kinase to reversibly form a ternary complex.56 The involvement of an 

intermediary factor is not entirely surprising since SnRK1 is known to interact with 

other proteins in a similar manner.86 However, the identity of this protein has 

remained elusive. To fully understand this fundamental signalling system, and for the 

eventual exploitation of this network for agricultural gains, it is essential to determine 

the exact mechanism of action for kinase inhibition. The ultimate goal would be the 

identification of this intermediary factor and the determination of its binding sites 

with Tre-6-P and SnRK1 using methods such as x-ray crystallography or 

photoaffinity probes.87 With this ambition, we synthesized analogues of Tre-6-P to 

elucidate structure-activity relationships with the intermediary factor, and used this 

data to design an affinity column for the attempted isolation and identification of this 

elusive protein. 

1.3 The mannose receptor 

Vertebrates have evolved an intricate immune system that comprises both innate and 

adaptive defence mechanisms.88 At the heart of this system are pattern recognition 

receptors that can identify foreign antigens and invoke the immune response.89 The 

mannose receptor (MR) that is ubiquitous across the mammalian family is an example 

of such a receptor.90-92 As well as its direct pattern recognition involvement in innate 

defence, recent research has uncovered a potential role for the MR in the adaptive 

immune response which has ignited considerable interest in the protein. 

The MR is an endocytotic C-type lectin expressed at the surface of a variety of cells, 

including macrophages, hepatic endothelial cells and possibly even dendritic cells.91-94 

This 180 kDa transmembrane protein shares its general structure with the three other 

members of this protein family.95 These proteins are made up of multiple domains 

linked together in tandem that, for the MR, confer a multifunctional role (Figure 1.2). 
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The protein contains a transmembrane domain, a short cytosolic tail that is involved in 

endosomal sorting and receptor recycling after endocytosis,96 and a segment 

containing a fibronectin type II repeat (FTII) which binds collagen.97 The most 

important domains in the context of ligand binding are the eight C-type lectin-like 

carbohydrate recognition domains (CRDs) and the terminal cysteine rich region 

(CRR).  

 
Figure 1.2. The major domains of the MR and their ligands or function. 

1.3.1 Carbohydrate recognition and innate defence 

The CRDs are primarily involved in the binding of oligosaccharides that are 

frequently found on the surface of pathogens and constitutes one of the first steps of 

the immune response.92 Thus, MR interacts with mannose, fucose, N-

acetylglucosamine (GlcNAc) and glucose which are prevalent on bacteria, yeasts and 

parasites, but far less common on mammalian cells.98 In this way, the receptor can 

discriminate between “self” and “non-self” antigens. 

These CRDs have been studied using a variety of techniques and as a result, a 

thorough understanding of their binding properties has been developed. There is 

considerable sequence variation between the individual CRDs and consequently these 

domains have differing interactions with carbohydrate ligands.99 Fragment expression 

techniques have shown that CRD4 and CRD5 are the most important for binding to 

sugars, and together they form the core carbohydrate recognition element of the 

receptor.100,101 To replicate the binding of the complete MR, CRDs 6-8 are also 

required although their binding affinity to carbohydrates is relatively small and they 

are only implicated in peripheral interactions with oligosaccharides. CRDs 1-3 do not 

show any avidity for ligands and are completely dispensable.  

Interestingly, of all the active CRDs, only CRD4 retains carbohydrate binding activity 

when expressed alone.100 While this domain interacts well with monosaccharides, 
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natural glycoproteins are not recognized, which implies that multivalent interactions 

involving other CRDs are essential for binding to oligosaccharides.100 The receptor 

exists in a rigid and extended conformation where all domains are freely accessible, 

facilitating such clustered binding.102 Since each CRD has only one binding site, the 

geometry of carbohydrate presentation to the receptor is a critical parameter 

controlling binding affinity. Thus branched oligosaccharides have far stronger binding 

compared to linear analogues.103 However, the spacing between adjacent CRDs is 

variable so that different inter-domain distance permutations are possible allowing the 

receptor to accommodate different levels of branching.103 In this way, the MR is able 

to strongly interact with a wide range of oligosaccharides. 

Sequence comparisons with other well-characterized C-type lectins, such as mannose 

binding protein or transmembrane selectins,104,105 to which the CRDs show 

considerable similarity, have proved useful for rationalizing the observed binding 

properties on a molecular level. For instance, the comparisons have shown that the 

critical amino acid motif required for carbohydrate interactions is only present on 

CRDs 4 and 5, explaining their significance to the overall binding properties of the 

receptor.92,99 Furthermore, the predicted conformation only allows interaction with 

hexoses bearing equatorial hydroxyls at the 3 and 4 positions, thus explaining the 

observed ligand selectivity.92,105 The other CRDs of the MR show much more 

divergence and a resultant reduction in affinity, although CRDs 6-8 have retained at 

least some of the amino acids that directly interact with carbohydrates enabling a 

marginal role for these domains.99  

Given the importance of CRD4 to overall binding, research efforts have been directed 

toward this fragment as a simplified system for more detailed studies.106-108 Along 

these lines, x-ray crystallography107 and site-directed mutagenesis108 have revealed a 

unique calcium binding dependence that is notably different to other C-type lectins. 

As well as a primary Ca2+ binding site that is common among all C-type lectins, 

CRD4 contains an additional binding position at an extended loop. For binding to 

carbohydrates, Ca2+ is essential at both sites, but its mechanism of action is very 

different at the two positions. While the primary Ca2+ site directly interacts with 

carbohydrates through ionic interactions, the secondary site operates through a 

calcium induced conformational change.106 Crucially, the binding at this second site is 

pH dependent and Ca2+ is unbound in an acidic environment providing a mechanism 



14 

for receptor recycling after endocytosis, where glycoproteins are unloaded in the 

acidic lysosomes leaving the receptor free to return to the surface.  

This pH dependence is suggestive of a primary endocytotic role for the CRDs, which 

is responsible for the innate immune response.90,92,109 The MR expressed in 

macrophages (as well as other lymphatic cells) can interact with non-self sugars on a 

wide variety of pathogenic microorganisms and allow phagocytosis and subsequent 

degradation of the pathogen in the lysosome.90,92,110 Furthermore, infected cells 

release glycoproteins such as lysosomal hydrolases111 and tissue plasminogen 

activator92,112 that are removed by the MR and in doing so, assist in the reduction of 

tissue damage during inflammation. As well as this direct attack on pathogens, there 

is some evidence to suggest that the receptor may be involved in signal 

transduction.90,92 After the detection of pathogenic antigens, it is proposed that the 

receptor may trigger secretion of pro-inflammatory cytokines90,92,113 and may 

modulate other cell surface receptors.92,114 Thus, interaction with the MR may trigger 

a cascade of other innate defence mechanisms. 

More recent research, however, contradicts this traditional viewpoint.115 Experiments 

conducted with MR-/- knockout mice have shown a normal host defence when 

challenged with systematic Candidia albicans infections, which would seem to imply 

that the MR is a dispensable component during the immune response.116 In fact, there 

is now some evidence to suggest that binding to the MR suppresses immune activity. 

For instance, binding of alveolar macrophage MRs with Pneumocystis resulted in a 

suppression of inflammatory cytokine release demonstrating a potential regulatory 

role for the receptor.117 Further evidence supporting this view is the illustration that 

the binding of mucins to the MR has a similar inhibitory phenotype in tumour 

associated macrophages.118 Thus, as well triggering the innate defences, the MR may 

have a further role in the regulation of the immune response and this area will require 

further research in the future.119  

1.3.2 Sulfated carbohydrate recognition 

The binding of carbohydrates with the CRDs has been extensively studied and the 

biological role of this interaction is now fairly well understood. However, the 

discovery that the CRR can also interact with ligands has opened up the possibility of 
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a much wider role for the MR. As a result, research efforts have been directed towards 

discovering potential ligands for the CRR and elucidating their biological relevance.  

The potential for ligand binding at the CRR was originally discovered in endothelial 

rat liver cells, which were found to rapidly internalize pituitary hormones bearing a 

terminal GalNAc-4-SO4 moiety.120 Through the expression of MR protein fragments, 

the binding was found to be specific for the CRR and completely independent from 

carbohydrate interactions at the CRDs, where binding to galactose sugars is not 

tolerated.121 As with the CRDs, the binding affinity was pH dependent and lost in an 

acidic environment, but in contrast, was independent of calcium ions.120,121  

The GalNAc-4-SO4 moiety was found to be essential for the correct physiological 

effect of the pituitary hormones lutropin, which is responsible for ovulation, and 

follitropin, which directs follicular development.122 The sulfated sugar serves as a 

specific tag for rapid clearance from the bloodstream and thus controls the circulatory 

half-life of the glycoproteins.122 In this way, a rapid increase in hormonal 

concentration can be followed by an equally rapid clearance through hepatic 

endothelial cells. Such pulsing in concentration is critical for hormonal activity and is 

reliant on the highly specific interaction of GalNAc-4-SO4 with the CRR.122,123 In 

support of this viewpoint, MR-/- deficient mice were found to have either a greatly 

reduced clearance of lutropin,124 or the knockout was found to be lethal in utero.122 

Thus, sulfated oligosaccharides are a vital component in the reproductive system.  

An important facet of sulfate binding to the MR is the modulation in ligand selectivity 

according to cell type.120,121,125 While hepatic endothelial cells show strong binding to 

GalNAc-4-SO4, alveolar macrophages have no such interaction despite both cells 

having a high expression of the receptor. This discrepancy is attributed to MR 

dimerization in the former, which allows divalent binding that greatly improves the 

avidity for GalNAc-4-SO4.125 Moreover, the selectivity of the receptor is also 

dramatically improved and the dimer is able to better discriminate between the 3 and 

4 sulfates of N-acetyl galactosamine; both of which show reasonable affinity for the 

monomer, but for multivalent interactions, are magnitudes apart.126 In pituitary 

hormones, the glycosylation patterns may be used to fine tune the binding affinity to 

the MR. For example, lutropin uses biantennary oligosaccharides with three possible 

sites of attachment on the protein chain.127 The oligosaccharides can be sulfated at one 
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or both arms, but binding is significantly better when GalNAc-4-SO4 moieties from 

two different oligosaccharides are involved.125 Thus, the geometry of sulfate 

presentation is an important parameter in dictating binding affinity with the MR.  

The mechanism of MR dimerization is unclear, though current evidence indicates that 

the dimers are held together through weak or transient interactions that allow 

reversible dimerization.128 There are currently two schools of thought and both invoke 

the glycosylation of the MR itself as the critical factor that controls the receptor’s fate. 

One theory relies upon receptor modification with high mannose oligosaccharides, 

followed by Ca2+ mediated interactions with the CRDs of a neighbouring receptor.102 

An alternative mechanism is based upon modification with sialic acid terminating 

oligosaccharides. In this theory, which has been demonstrated in an in vitro model, 

charged sialic acid residues prevent receptor dimerization through mutual charge 

repulsion.129 Samples of the MR from different tissue types have differing masses 

which may indicate variances in post-translational glycosylation, consistent with both 

of the above theories.128,129  

Such oligomerization is a common feature of lectin biology, where multivalency is 

used to enhance binding and selectivity to carbohydrate ligands.130 For the binding of 

neutral carbohydrates, the array of CRDs facilitates multivalent interactions without 

the need for dimerization. The effect that this dimerization has on the binding 

properties of the CRDs is somewhat unclear. While dimeric MR from hepatic 

endothial cells of a Sprague-Dawley rat did not bind to mannose,120,121,125 monocyte 

derived macrophages and dendritic cells expressing the dimeric form of the receptor 

did.128 In fact, for these macrophages and dendritic cells, binding to the HIV envelope 

spike protein gp120 was only possible for the dimer through interaction with the 

CRDs.128 This inconsistency may originate from the specific mechanism of 

dimerization. Oligomerization mediated though high mannose oligosaccharides would 

directly compete for binding at the CRDs and would prevent interactions with other 

carbohydrates, whereas other mechanisms for dimerization may sidestep this problem. 

There may be more than one dimerization mechanism, which raises the interesting 

possibility of a dimer mediated switch in ligand selectivity. The biochemical 

mechanism of this dimerization clearly needs further investigations, but in any case, 

the presence of dimers is essential for the binding of sulfates.125,126 
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The expression of the receptor is known to be heavily regulated according to the 

specific cellular environment (such as cell type, age and functional state)92,131 through 

standard genetic mechanisms such as operons132 and expression of transcription 

factors,133 but is also modulated by other factors such as the presence of cytokines,134 

pathogenic products135 and immunoglobin receptors.136 Along these lines, it is 

reasonable to expect that receptor dimerization would be similarly regulated. Thus, 

analysis of the MR glycans has revealed a tissue specific sialylation which may 

indicate a role for the sialic acid regulation of dimerization.137 In some cases, the 

functional activity of the MR is found to vary according to the environment despite 

consistent levels of expression, and may be as a result of receptor dimerization. For 

example, in cultured immature dendritic cells the MR is able to internalize 

mannosylated ligands, but upon maturation, the receptor has a greatly reduced 

endocytotic capacity, despite a continued high presence at the cell surface.92,94,138 As a 

second example, the MR on monocyte-derived macrophages exhibits an increased 

propensity for phagocytosis after treatment with the cytokine interferon-gamma.139 

Both of these observations may be related to the oligomerization state of the MR.  

1.3.3 Carbohydrate sulfates in adaptive immunity 

As well as acting as a glycoprotein scavenger, there is now a significant body of 

evidence to show that the CRR may have a much broader biological role. Firstly, the 

GalNAc-4-SO4 moiety has now been discovered on proteins that are completely 

unrelated to the pituitary hormones.140 In addition to binding GalNAc-4-SO4, recent 

studies have demonstrated that the CRR also interacts with chondroitin-4-sulfate 

chains and sulfated blood group oligosaccharides such as sialyl Lewisa and Lewisx 

(Figure 1.3).141 Crystal structures of the CRR binding to various ligands have been 

solved which demonstrate that the majority of strong interactions are mediated by the 

sulfate group which binds in a neutral pocket of the protein.142 Importantly, this 

allows the CRR to tolerate a variety of carbohydrate structures, since they engage in 

only minor interactions with the protein. There exist many glycoproteins bearing 

sulfated oligosaccharide chains that could be potential ligands for the CRR.143 The 

biological relevance of the MR interaction with these other sulfated carbohydrates and 

glycoproteins is not fully understood. The high degree of conservation in the amino 

acid sequences of the CRR and the FTII region between the human and murine forms 
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of the MR seem to indicate an important function for these domains.144  Moreover, the 

presence of the MR on a such wide variety of unrelated cell types,91-93 such as smooth 

muscle cells145 or retinal epithelial cells,146 also remains to be explained. These 

observations raise the possibility of a much wider spectrum of activity for 

carbohydrate sulfates. 

a x  

Figure 1.3. Sulfated carbohydrates that are known to bind with the CRR of the MR. 

Current hypotheses favour a role for carbohydrate sulfates in linking the innate and 

adaptive immune responses, via their interaction with the MR.91,92,141 In such a model, 

the CRR would facilitate the trafficking of MR-bearing cells for antigen presentation 

to areas of the lymphatic system that are important for the adaptive response.  

Pioneering studies by Martinez-Pomarez et al. have demonstrated that a chimeric 

form of the receptor bearing the CRR and FTII domains was specifically targeted to 

metallophilic macrophages in the marginal zones of the spleen and the lymph node 

subcapsular sinus.147 Importantly, these areas are directly adjacent to germinal centres 

where B-cell maturation occurs and are therefore vitally important components of the 

adaptive immune system. Thus, MR-bearing cells directed to these regions would be 

well placed to deliver foreign antigens and trigger adaptive immune defences. 

Chondroitin-4-sulfate chains are found on secreted and cell-membrane associated 

proteoglycans of cells of the hematopoietic system, such as lymphocytes, monocytes 

and macrophages and could account for the observed targeting.148,149 Indeed, two of 

the ligands for the CRR were found to be the membrane proteins sialoadhesin and 
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CD45, both of which contained sulfated structures.150 Another likely candidate ligand 

is serglycin, which is a major component of the secreted proteoglycans of immune 

cells,151 and is also know to contain chondroitin-4-sulfate chains.149 Various other 

chondroitin sulfate proteoglycans are known and could be possible ligands.152 

Alternatively, the enzymatic machinery required for the installation of the 

GalNAc-4-SO4 moiety has been found in various tissue types including the spleen 

which may provide a second source of ligands for the CRR.150,153 

Moreover, the secretion of these sulfated ligands is highly regulated during the 

immune attack.154 In the period of the immune response, the normal expression of 

sulfated ligands in metallophilic macrophages155 is accompanied by sulfate production 

in dendritic cell that reside directly inside B cell follicles.156 In addition, ligand 

producing cells can themselves migrate into B cell follicles,157 and the secretion of 

proteoglycans such as serglycin, which is regulated according to various external 

stimuli, may also be altered.149,158 Together, these changes allow direct targeting of 

the antigen into germinal centres for an improved adaptive immune response.147 

Thus, it is hypothesized that sulfated carbohydrates form a network of markers for the 

navigation of components of the immune systems to areas of B cell maturation for 

antigen presentation. Some of these sulfated ligands, such as the sulfates of sialyl 

Lewisa and Lewisx, may have alternate binding targets with selectins that are 

expressed on leukocytes which may compete with the targeting of these cells.159 

These sulfated blood sugars are expressed on a variety of cells, but their distribution 

in the immune system remains to be determined.141 However, these selectins bind 

only poorly to chondroitin sulfate chains and so this mechanism of targeting is 

specific for the MR. 

1.3.4 Research objectives 

For this sulfate mediated trafficking system to proceed, dimerization of the MR is a 

critical prerequisite. Thus, in vivo experiments with a cross-linked chimeric CR-

containing protein allowed a 10 fold improvement in targeting efficiency.160 A soluble 

form of the MR has been discovered that could potentially transport antigens, but a 

method for its dimerization in the solution phase is not currently known.161 

Alternatively, cells may themselves be transported to B cell follicles. To investigate 
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this possibility, and to better understand the apparent functional changes in MR 

activity in response to the cellular environment, a method to probe the dimerization 

state of the receptor is needed. Given the highly regulated and delicate nature of the 

system, the method would need to cause minimal disruption to the native 

environment, so as to be representative of the true in vivo state of the cells. 

Ultimately, we would hope to use such methodology to probe the dimerization state of 

the MR on various hematopoietic cells during an immune response to investigate the 

importance of sulfate mediated trafficking in adaptive defences, and to explore the 

effect of MR dimerization on overall cell function. Along these lines, we explore the 

use of fluorescence microscopy and Förster resonance energy transfer experiments to 

achieve these goals. 

1.4 Thesis layout 

Progress in these two different research directions is now presented. Initially, 

attention is focused on methodology development for the synthesis of Tre-6-P 

analogues.  The syntheses of such compounds are hindered by two major obstacles 

which are addressed at the outset. Firstly, the modification of trehalose to give non-

symmetrical analogues can prove difficult due to the C2 symmetrical nature of the 

sugar resulting in poor yields for the desired compounds. In Chapter II, we explore 

options to improve on such desymmetrization reactions and ultimately present a high 

yielding route for the synthesis of Tre-6-P. A second problem involves the 

manipulation of the phosphoryl moiety which can prove troublesome in many 

synthetic routes due to orthoganality of protecting groups as well as the more 

detrimental problem of phosphate migrations and cyclizations. In Chapter III, 

methodology to control phosphate migrations is developed and a general route for the 

synthesis of Tre-6-P analogues is presented. These methodologies form the basis of 

our efforts to identify the intermediary factor for the binding of SnRK1 to Tre-6-P, 

details of which are documented in Chapter IV. The following chapter is dedicated to 

the exploration of MR, where we develop and apply a FRET imaging technique to 

probe the dimerization state of the receptor. Finally in Chapter VI, we move away 

from the main body of this thesis and investigate the use of matix-assisted laser 

desorption/ionization mass spectroscopy for better characterization of synthetic 

protein neoglycoconjugates including some of the fluorescent protein probes that are 
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used in Chapter V. In many ways, this work is a generalized theoretical extension of 

the desymmetrization kinetics explored in Chapter II. Each chapter concludes with a 

discussion on future perspectives for the various topics discussed herein. 
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 Chapter II - The desymmetrization of trehalose 

2.1 Introduction 

Analogues of D-trehalose have found uses in a variety of applications. Trehalose is 

naturally synthesized by bacteria and invertebrates as a storage sugar and a source of 

carbon.1 During metabolism, the sugar is broken down to glucose by the enzyme 

trehalase. Trehalose analogues that inhibit trehalase can prevent this vital step and 

may be potent fungicides or antibiotics.2 In the pathogen Mycobacterium tuberculosis, 

the Antigen 85 enzyme family converts trehalose into its mycolic acid ester derivative 

which is subsequently incorporated into the cell wall.3 This lipid wall is vital for 

bacterium-host interactions during infection, and furthermore, is a barrier for potential 

drugs.4 Analogues of trehalose that inhibit Antigen 85 can disrupt cell wall synthesis 

and may be novel anti-tubercular drugs.5 Aside from these biological applications, the 

α,α linkage gives trehalose a unique structure that facilitates its use in 

nanotechnology6 and as a novel scaffold for asymmetric reactions.7  

For all of these applications, access to non-symmetrical trehalose analogues would be 

particularly valuable. The glycosylation of two glucose units is a conceivable strategy, 

but would require the simultaneous formation of two α anomeric linkages. While 

methods to achieve this transformation have been reported, there are often limitations 

or drawbacks. For example, the dehydrative glycosylation of 2-iodoglycals can give 

disaccharides with the α,α linkage, but only for sugars in the manno or talo 

configuration.8 The glycosylation of methyl ketosides can also give the desired α,α 

linkage in high yield, but only furnishes 1-methyl trehalose analogues as the end-

product, which may not be suitable for all applications.9 One interesting approach 

utilizes acylfurans as the starting material to give the desired α,α linkage via a 

diastereoselective palladium mediated glycosylation, but so far this route has only 

been demonstrated for manno and 2,3-deoxy analogues of trehalose.10 A promising 

method uses intramolecular aglycone delivery where the two monosaccharides are 

covalently tethered together in an orientation that, upon activation, favours formation 

of the desired linkage.11 While this methodology may be the most generally 

applicable, several time-consuming manipulations are required to obtain the 

precursors for the critical glycosylation step.  
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The direct modification of trehalose would be a much more pragmatic approach that 

circumvents the need for difficult glycosylations. Several methods for the large scale 

enzymatic conversion of starch or maltose to trehalose have been developed,12  and 

consequently, trehalose is now available at low cost. Due to this cheap availability 

and the unique preservative properties of trehalose,13 the sugar has found use as a 

stabilizer in the food industry, as a component in cosmetics, and in pharmaceuticals as 

a cryoprotectant for vaccines and organs during transplantation.12  Similarly, trehalose 

would be a viable starting material for organic synthesis, not just for laboratory scale 

experiments, but potentially also for the industrial production of trehalose-based 

products.  

A drawback to this approach is the C2 rotational symmetry of the trehalose molecule, 

which leads to a lack of differentiation between the two glucose rings. Hence, 

attempts to make non-symmetrical analogues, for instance by mono-functionalization, 

would lead to a statistical mixture of products and low yields. Despite this downside, 

the simple nature of this transformation has led to many non-symmetrical trehalose 

analogues being synthesized with this method.5-7,14 Single modifications at the 2, 3, 4 

and 6 positions have been reported proving the viability of this approach.15 

Methodology for the high yielding mono-functionalization of trehalose would be 

highly desirable. The mono-functionalized analogues that would result could be 

useful intermediates for the synthesis of more complicated non-symmetrical trehalose 

compounds.  

The mono-functionalization of a polyol such as trehalose can be envisioned as two 

separate strategic levels of selectivity. Regioselective modification of the primary 

hydroxyls over secondary alcohols is, of course, well established in carbohydrate 

chemistry.16 The second mode of selectivity requires differentiation of the symmetry 

units within the C2 symmetric trehalose. For these desymmetrization reactions, the 

source of the selectivity must arise from physical differences between the two 

hydroxyls rather than inherent chemical differences, such as electronic properties, that 

would be identical for a symmetrical molecule. For example, a well-established 

method for the desymmetrization of symmetric diols utilizes the difference in 

solubility of the sodium salts of the diol.17 Treatment with sodium methoxide gives 

the monosodium alkoxide of the diol which, due to its low solubility, precipitates 

from the solution and prevents further modification. An alternative method for 
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modification with halides,18 or tosyl groups19 uses silver salts that differentiate the 

two alcohols through intramolecular chelation of one hydroxyl, leaving the other free 

to react. Regioselective access to the primary alcohols of trehalose simplifies the 

overall problem to that of a symmetric diol and methods based on physical selectivity 

could allow successful desymmetrization. 

In this chapter, the mono-functionalization of trehalose is explored. Data is presented 

to show that these seemingly simple reactions in fact lead to very poor yields for the 

desired mono-functionalized product. This anomaly is investigated with microreactor 

technology that furnishes detailed kinetic information. From this data, the poor yields 

for trehalose mono-functionalizations witnessed in the literature can be explained with 

a physical model based on solubility. Armed with this knowledge, a route is 

demonstrated that exploits these physical effects to maximise the yield of 

desymmetrization. 

2.2  Initial explorations into mono-functionalization reactions 

At first sight, the synthesis of non-symmetrical trehalose analogues differentiated at 

the 6 position would seem like a facile undertaking. Regioselective access to the 

primary alcohols would circumvent the need for protecting groups and mono-

functionalization would give an expected 50% statistical yield for the non-

symmetrical analogue, which while modest, would give access to enough material for 

further steps. With this in mind, simple regioselective mono-functionalizations were 

attempted on trehalose (Scheme 2.1). Three different reactions were performed: (a) a 

phosphorylation with diphenylchlorophosphate (DPCP), (b) a TBDPS protection, and 

(c) a Mitsunobu reaction with hydrazoic acid for instalment of an azide group. In all 

cases, the yield of the desired mono-functionalized compound was unexpectedly low, 

with the doubly modified adducts being preferentially formed. For the 

phosphorylation, the desired product 2.1 was only formed in 24% yield whereas 2.2 

was produced in 42%. This theme was exaggerated for the silylation, where the yield 

for 2.3 was only 10% while 2.4 was significantly higher at 44%. The desired product 

2.5 was not even detected for the Mitsunobu reaction, which solely produced the 

diazide 2.6 in 10% yield.  
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Scheme 2.1 Attempted monofunctionalization of trehalose. All reactions were performed with 

1eq of reagent and were given sufficient time to allow the system to reach the end-point. 
Conditions: (a) Diphenylchlorophosphate, Py, RT; (b) tert-butyldiphenylchlorosilane, Im, 

DMF, RT; (c) HN3, DIAD, PPh3, 1,4-dioxane, RT. 

Such poor mono-functionalization yields are consistent with previous literature 

reports where trehalose is used as a starting material. For example, the halogenation 

of the primary hydroxyls with N-halosuccinimides gave 13%, 37% and 21% for the 

desired mono-functionalized chloro, bromo and iodo compounds respectively.20 

Similarly, an attempted reaction with tosyl chloride gave only the doubly modified 

product.21 These consistent poor yields, under a variety of different reaction 

conditions, highlighted a fundamental inefficiency in the modification of trehalose.  

2.3 Kinetics of consecutive reactions 

The kinetics of mono-functionalizations can be modelled as two consecutive second 

order reactions. The corresponding rate equations can be solved computationally (or 

analytically under certain conditions22) to relate the product distribution to the 

reaction coordinate and rate constants, allowing better understanding of the reaction at 

a quantitative level. 
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For a symmetric diol where the two hydroxyls are spatially and electronically 

separated from each other, one would expect the modification of the first alcohol to 

not perturb the reactivity of the other. Under these conditions, k1 = 2k2 since the 

relative rates are dependent solely on the number of available reactive groups at each 

reaction step. For 1 equivalent of reagent R, this gives a 50% theoretical yield of the 

mono-functionalized product at the reaction end point. Under regioselective reaction 

conditions, the situation for trehalose would approximate a symmetric diol and mono-

functionalization yields of 50% would be expected. A simplified pseudo first order 

analysis shows that even if the second reaction is faster than the statistical expectation 

so that k1 = k2, the expected yield would still be a reasonable 37%.23 For trehalose, the 

observed yields have been significantly lower implying that k2a > k1a.* Hence, the 

trehalose mono-functionalizations were particularly anomalous and warranted further 

investigation. 

We hypothesized that these non statistical yields were due to the poor solubility of 

trehalose in organic solvents rather than any intrinsic chemical reactivity problems. In 

our hands, 1g of trehalose has required at least 100ml of pyridine for full 

solubilisation and was largely insoluble in other organic solvents such as DMF, 

methanol or DCM. This low solubility leads to an inherently slow first reaction step. 

The mono-functionalized trehalose adduct that results is considerably more soluble 

due to the presence of the non-polar functional group. Hence, the second step occurs 

at a faster rate than the first, and in this scenario k2a > k1a resulting in low mono-

functionalization yields. With this in mind, we sought to test the validity of this 

hypothesis and to devise synthetic strategies that bypass the problem.   

2.4 Desymmetrizations under continuous flow  

Flow chemistry is an emerging technology that offers many advantages over 

traditional batch reactions.24 Microreactors with fast heat transfer properties operating 

in the laminar flow regime allow strict temperature and temporal control. Furthermore 

the time-scale of mixing can also be precisely managed through methods such as 

chaotic advection (where rapid reactant mixing is achieved by encouraging turbulent 

                                                 
* The rate constants k1a and k2a refer to the apparent rate constants. Due to the poor solubility of the 
trehalose analogues, the actual concentration of these compounds in solution cannot be easily 
determined. Thus, while the actual rate constants cannot be measured, it is convenient in the context of 
these discussions to express the reductions in rate as apparent rate constants. 
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flow) or radial diffusion (where there is slower diffusion limited mixing of reagents in 

a laminar flow regime).24 This precise control over reaction conditions often results in 

improved yields and selectivity compared to batch reactions. Automation can allow 

facile reaction optimization and on-line monitoring can furnish detailed quantitative 

data over a large area of reaction space.25 A distinct advantage of flow chemistry is 

the possibility of reliable scale-up, because previously optimized conditions can 

simply be run over a longer period of time to increase quantities. 

Flow chemistry is particularly advantageous for desymmetrization reactions. Slow 

reactions are often sped up by using excess reagent, but the optimal end point can be 

difficult to gauge especially when requiring visual estimation of product distributions 

by TLC. In view of this, trehalose mono-functionalizations were studied under 

continuous flow in the hope that reliable and scalable conditions could be found. 

A primary aim in this thesis is to study the biological relevance of the sugar trehalose-

6-phosphate (Tre-6-P), and so naturally, this was chosen as our primary synthetic 

target. Therefore the phosphorylation of trehalose with DPCP to give 2.1, a precursor 

to Tre-6-P, was studied in a microreactor. Trehalose was reacted with DPCP in 

pyridine on a 1.0ml microreactor chip over a range of different conditions (Scheme 

2.2). To find optimal conditions, reactions were initially conducted on a 250μl scale 

and the crude reaction mixtures were per-O-acetylated immediately as a quench and 

analysed by C18 HPLC to elucidate the product distributions (see section 2.8.3, page 

51). Various temperatures were screened to ensure a reasonable rate of reactivity that 

was suitable for flow conditions. It was found that temperatures in excess of 100˚C 

resulted in decomposition of trehalose, so were avoided. Reactions at 80˚C had lower 

regioselectivity, so were also avoided. The most favourable conditions were at 40˚C 

with 4 equivalents of DPCP which gave reaction times of between 1-10 minutes; 

ideally suited to flow chemistry.  
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Scheme 2.2. Reaction conditions for trehalose phosphorylation in a microreactor. Reactions 

were run over a residence time of between 1-10mins and analysed by C18 HPLC. 

These conditions were used to screen the reaction over a range of residence times to 

evaluate the product distribution as a function of the reaction coordinate (Figure 2.1). 

Non-linear regression analysis was used to fit equations (1)-(4) to these data and 

revealed that, under these conditions, k1a = 0.157 mol-1dm3s-1 and k2a = 0.133 

mol-1dm3s-1.  
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Figure 2.1. Graph showing product distribution versus residence time for trehalose 

phosphorylation with DPCP in py at 40°C. Data fitted to eqn (1)-(4), r2 = 0.986. Legend: 
Green (trehalose), red (2.1), blue (2.2). Error bars show standard error of the mean. 

The data have revealed that a maximum yield of 44% for compound 2.1 is attainable 

with a 2 minute residence time. The marked improvement in yield over the 

corresponding batch reaction may be at least in part due to the higher volume of 

solvent used. Flow reactors call for fully solubilised reagents which, for trehalose, 

necessitates a dilute 25mM solution in pyridine. Compared to the batch reaction 

where the trehalose is not fully dissolved in pyridine, the first modification would be 
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faster in a fully solubilised system leading to a higher apparent k1 and a yield that 

better resembles the statistical expectation. As such, this observation provides support 

to our solubility hypothesis concerning trehalose mono-functionalizations. 

By running the system for a longer period while maintaining the residence time at 2 

minutes, the test reactions could be reliably scaled up. A reaction was performed on a 

2 gram scale which resulted in a 39% yield after purification. While this improvement 

in yield is clearly beneficial, the requirement for high volumes of solvent is an 

obvious drawback. Methods that minimize solvent usage would be preferable.26 

Moreover, rather than simply using excess solvent to sidestep the poor solubility of 

trehalose, a method that could exploit this property would be far more satisfying and 

could potentially deliver even greater yields for mono-functionalizations.  

2.5 A reverse modification strategy 

To achieve better yields for desymmetrizations, we envisaged a system where instead 

of attempting to mono-functionalize trehalose, the reverse process of removing 

functionality from a doubly modified trehalose adduct, or mono-defunctionalization, 

could be conducted (Scheme 2.3). Studies were focused on 2.4 because the silyl group 

can be easily removed under a number of mild conditions.27 In this scenario, removal 

of a silyl group from 2.4 gives 2.3, which crucially, is less soluble than the starting 

carbohydrate. Hence, the second deprotection to give trehalose occurs at a slower rate. 

Now k1a > k2a and higher yields for the mono-functionalized adduct can be attained.  

k k

 
Scheme 2.3. General concept for the reverse modification strategy. 

As before, we studied these reactions under flow conditions in the hope that we could 

get reliable conditions for desymmetrizations. Reactions were performed on a 250µl 

scale and analysed by C18 HPLC after per-O-acetylation (section 2.8.3 page 51). 

Initially, the deprotection of 2.4 was attempted under acidic conditions. However, the 
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sluggish reaction required elevated temperatures of 150°C which resulted in 

hydrolysis of the glycosidic linkage giving compounds 2.7 and 2.8. 

 
Scheme 2.4. Attempted deprotection of a silyl group in a microreactor. Reactions were 

run over a residence time of between 2-20mins and analysed by C18 HPLC. 

Instead, the deprotection was conducted using excess TBAF. The reaction was still 

slow, so was run with residence times varying from 10 to 70 minutes. The reaction 

was investigated in two different solvent systems: (i) 1 methanol : 1 pyridine 

representing high solubility conditions where both 2.3 and 2.4 show reasonable 

solubility, and (ii) 1 THF : 1 petrol representing low solubility conditions where the 

solubility of 2.3 is significantly reduced compared to 2.4. 

 
Scheme 2.5. Reaction conditions for desilylation in a microreactor. Reactions were 

performed in either 1 MeOH : 1 Py, or 1 THF : 1 petrol, and were run over a residence time 
of between 10-70mins and analysed by C18 HPLC. The flow rate of TBAF was 3× that of 2.4. 

Under the high solubility conditions, a maximum yield of 41% was achieved with a 

20 minute residence time (Figure 2.2). As before, non-linear regression analysis was 

used to obtain the rate constants and it was found that k1a = 21.9 × 10-3 mol-1dm3s-1 

while k2a = 17.9 × 10-3 mol-1dm3s-1.  



42 

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

70

80

90

100

Residence Time (mins)

Yi
el

d
(%

)

 
Figure 2.2. Graph showing product distribution versus residence time for the desilylation of 

2.4 with TBAF in 1 MeOH : 1  Py at 40°C. Data fitted to eqn (1)-(4), r2 = 0.965. Legend: 
Green (2.4), red (2.3), blue (trehalose). Error bars show standard error of the mean. 

Under low solubility conditions the maximum yield was improved to 57% (Figure 

2.3). Analysis of the data showed that k1a = 21.6 × 10-3 mol-1dm3s-1 and was 

essentially unaltered by the solvent. In contrast, k2a = 7.67 × 10-3 mol-1dm3s-1 and was 

substantially lower than under the high solubility conditions.  
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Figure 2.3. Graph showing product distribution versus residence time for the desilylation of 
2.4 with TBAF in 1 THF : 1  petrol at 40°C. Data fitted to eqn (1)-(4), r2 = 0.969. Legend: 

Green (2.4), red (2.3), blue (trehalose). Error bars show standard error of the mean. 

Thus, the solvation properties of trehalose analogues has provided an effective means 

to manipulate k2a, which in turn has led to improved yields for desymmetrization 
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(Figure 2.4). This is analogous to the desymmetrization of symmetric diols with 

sodium methoxide, where solubility was a critical parameter in improving yields 

(section 2.1, page 33).17  

Unfortunately, the flow conditions developed here could not be used on a 

significantly large scale. Ironically, the poor solubility of 2.3 which facilitates the 

improved yields also results in precipitation and subsequent blocking of the chip. The 

clogging of microreactors with precipitated material is still an outstanding problem in 

flow chemistry. While several potential solutions have been developed, such as 

ultrasonication,28,29 liquid/gas slug flow,29 liquid/liquid slug flow,30 droplet flow31 and 

sheath flow,32 a generally applicable method is still needed and further effort needs to 

be directed in this area. 

 
Figure 2.4. Graph comparing the formation of 2.3 under different solvent conditions. Legend: 

Red (1 MeOH : 1 py), blue (1 THF : 1 petrol). Error bars show standard error of the mean. 

2.6 Synthesis of trehalose-6-phosphate 

Despite this shortcoming, the conditions and kinetic data derived from the flow 

conditions could still be used to create a more generally applicable route for a large 

scale synthesis in batch. The conditions for conversion of 2.4 to 2.3 were replicated in 

batch mode where the vital low solubility conditions were employed. We envisaged 

that 2.3 could be a versatile starting material for the synthesis of other non-

symmetrical trehalose analogues, since the compound can be easily made on a large 

scale giving selective access to the remaining primary alcohol and because the silyl 
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group can be removed under mild conditions towards the end of the synthesis. To 

illustrate this, we designed a route for the synthesis of Tre-6-P using the efficient 

desymmetrization of trehalose to 2.3 to achieve high yields (Scheme 2.6). 

 
Scheme 2.6. Reaction scheme to exploit for solubility of trehalose for monofunctionalization. 
Conditions: (i) tert-butyldiphenylchlorosilane, Py, 14h; (ii) AcCl, MeOH:Et2O 1:3 18 h; (iii) 

DPCP, Py, 15h; (iv) AcCl, MeOH, 18h; (v) H2, PtO2, 1% AcOH, EtOH, 14h. 

Regioselective silylation of trehalose smoothly gave 2.4 which was used without 

further purification. Acidic conditions were chosen for the mono-desilylation of 2.4 

since the rate of reaction was slower than with TBAF, therefore the reaction was 

easier to monitor and control. Low solubility conditions were achieved using 1 

methanol : 3 diethyl ether in which both 2.3 and 2.4 are poorly dissolved, and acid 

was generated in situ by addition of acetyl chloride. Pleasingly, this method replicated 

the flow conditions and through regular monitoring of the reaction by TLC, a yield of 

55% over 2 steps was achieved for 2.3. With selective access to the remaining 

primary alcohol, the subsequent phosphorylation with DPCP gave 2.9 in a high yield 

of 88%. Silyl deprotection under mild acid conditions went smoothly producing 2.1 in 

94% yield. Finally, phosphate deprotection was effected in near quantitative yield 

using hydrogen over a PtO2 catalyst to furnish Tre-6-P in 45% over 5 steps. In 

contrast, the direct synthesis of 2.1 from trehalose only occurs in 24% yield. Hence, 

we obtained phosphorylation yields similar to those achieved in flow using a more 

convenient batch synthesis.  
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The facile and scalable synthesis of 2.3 can readily be incorporated into the synthetic 

routes of other non-symmetrical trehalose analogues. For Tre-6-P, an arguably more 

convenient two-step route via 2.1 may be favoured despite the lower yields. However, 

shorter routes may not be available for other analogues such as the azide 2.5. In these 

cases, and for other more structurally complicated analogues, our reverse modification 

strategy could lead to substantial improvements in yields. 

2.7 Conclusions 

In organic chemistry, reactions are often performed in biphasic mixtures involving 

reagents in a solid phase and a solution phase. Manipulating the equilibrium between 

the two phases is a common method for controlling such reactions. For example, this 

“phase control” is used in enzymatic reactions where judicious choice of solvent can 

selectively precipitate the product, thus pushing the reaction in the forward 

direction.33 Attrition grinding deracemizations represent another example of phase 

controlled reactions.34  Here, a racemic mixture of a compound in equilibrium with a 

racemic mixture of its distinct enantiopure crystals is stirred with mechanical 

grinding. This forces a continual cycle of dissolution and re-crystallization which, 

through Ostwald ripening, eventually results in a single enantiopure solid phase. 

Understanding the physics of this attrition grinding process35 has allowed for the 

enantiopure synthesis of the non-steroidal anti-inflammatory drug Naproxen.36 

Analogously, by understanding the kinetics of trehalose desymmetrizations, we have 

optimized the synthesis of biologically relevant analogues such as Tre-6-P. 

Moreover, our data can explain trends for trehalose desymmetrizations published in 

the literature over the last 40 years. Anomalously low yields for mono-

functionalizations on fully deprotected trehalose can now be rationalized in terms of 

solubility of the starting sugar.20,21 On the other hand, desymmetrizations using 

partially protected trehalose analogues proceed with much better yield. For instance, 

the synthesis of a tri-O-cyclohexylidene analogue occurs in 42% yield.37 Selective 

mono-debenzylidenation of 4,6,4’,6’-di-O-benzylidene-2,2’,3-3’-tetrabenzyl analogue 

proceeds in 47% yield.38 Such high yields are also consistent with our model, because 

for protected trehalose analogues, the differences in solubility before and after 

modification are much less marked. Hence, more statistical yields result.  
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Using secondary hydroxyl protection, or dilute reaction solutions are possible 

workarounds to give statistical desymmetrization yields. Alternatively, the poor 

solubility can be exploited to improve yields beyond this barrier. As we have shown, 

solubility can have a large influence on the chemistry of trehalose and this principle 

can likely be extended to other pseudo-symmetric disaccharides. For these sugars, due 

consideration should be given to solubility when designing synthetic routes.  

2.8 Experimental 

2.8.1 General considerations 

Proton nuclear magnetic resonance spectra (1H NMR) were recorded on a Bruker 

AVC500 (500MHz), a Bruker AV400 (400 MHz), or a Bruker DPX 400 (400MHz), 

spectrometer. Carbon nuclear magnetic resonance spectra (13C NMR) were recorded 

on a Bruker AVC500 (125.6 MHz), or a Bruker AV400 (100.7 MHz) and are proton 

decoupled. Spectra were assigned using COSY, DEPT-135, HMQC, HSQC, and 

HMBC if required. Phosphorus nuclear magnetic resonance spectra (31P NMR) were 

recorded on a Bruker AV400 (162 MHz). All chemical shifts are quoted on the δ scale 

in ppm using residual solvent as an internal standard.  

Low resolution mass spectra were recorded on a Micromass Platform 1 spectrometer 

using electrospray ionization (ES), or on a Bruker Daltronic MicroTOF spectrometrer. 

High resolution mass spectra were recorded on a Bruker Daltronic MicroTOF 

spectrometer. m/z values are reported in Daltons. Infrared spectra (FT-IR) were 

recorded on a Bruker Tensor 27 Fourier Transform spectrophotometer using KBr 

discs, thin films on NaCl plates, or using a total internal reflectance (TIR) module as 

stated. Absorption maxima are reported in wavenumbers (cm-1). Only signals 

representing functional groups are reported; C-H absorptions and the fingerprint 

region are not listed.  

Melting points were recorded on a Kofler hot block. Optical rotations were measured 

on a Perkin-Elmer 241 polarimeter at 589nm (Na D-line) with a path length of 1.0 dm 

and are reported in units of deg dm-1cm3g-1. Concentrations are given in g/100 mL. 

Thin Layer Chromatography (TLC) was carried out using Merck aluminum backed 

sheets coated with Kieselgel 60F254 silica gel. Visualization of the sheets was 
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achieved using a UV lamp (λmax = 254 or 365 nm) and either ammonium molybdate 

(5% in 2M H2SO4), potassium permanganate (5% in 1M NaOH), sulfuric acid (0.2M 

in 1 MeOH : 1 H2O), or ninhydrin (1% in ethanol). Silica gel chromatography was 

carried out using Fluka Kieselgel 60 220-240 mesh silica. Automated silica gel 

chromatography was performed on a Biotage SP4 purification system using KP-Sil 

SNAP cartridges. 

High Performance Liquid Chromatography was conducted on a Dionex HPLC system 

at ambient temperature, with an in-line UV absorbance detector, and/or an in-line or 

parallel to the main flow path Varian PLS400 Evaporative Light Scattering (ELS) 

detector as stated. 

Anhydrous THF, DCM, toluene, and diethyl ether were dried through a column of 

alumina. Other anhydrous solvents were purchased from Fluka, and stored under 

argon over molecular sieves. All other solvents were used as supplied (analytical or 

HPLC grade). “Petrol” refers to the fraction of light petroleum ether boiling in the 

range 40-60°C. “Brine” refers to a saturated aqueous solution of sodium chloride. 

Dowex® cation exchange resins (H+ form) were conditioned by washing with 

methanol, water, 1M HCl, and water until the filtrate was neutral. Amberlite™ anion 

exchange resins (OH- form) were conditioned by washing with methanol, water, 

concentrated aqueous ammonia, and water until the filtrate was neutral. 

2.8.2 Batch trehalose mono-functionalizations 

Phosphorylation 

To a suspension of D-trehalose (7.50 g, 21.9 mmol, 1 eq) in anhydrous pyridine (100 

mL) was added dropwise DPCP (4.54 mL, 21.9 mmol, 1 eq). TLC (1 water : 4 

isopropanol : 4 ethyl acetate) after 18 hours showed the presence of two products. The 

reaction was quenched with methanol (10 mL) and the reaction mixture concentrated 

in vacuo. The residue was co-evaporated with toluene to remove pyridine (x3).  Silica 

gel chromatography (1 water : 3 isopropanol : 13 ethyl acetate) allowed separation of 

the two products. Lyophilization yielded 2.1 (3.02g, 24%) and 2.2 (7.41g, 42%) as  

white amorphous solids.  
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6-O-(diphenoxyphosphoryl)-D -trehalose (2.1) 

Rf 0.68 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
22 +63.9 (c = 

1.0, MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.34 (1H, t, JH3’-H4’ 

9.1Hz, JH4’-H5’ 9.1Hz, H4’), 3.38 (1H, t, JH3-H4 9.1Hz, JH4-H5 9.1Hz, 

H4),  3.43 (1H, dd, JH2’-H3’ 9.8Hz, JH1’-H2’ 3.5Hz, H2’), 3.48 (1H, dd, JH2-H3 9.8Hz, JH1-

H2 3.8Hz, H2), 3.70 (1H, dd, JH6’a-H6’b 12.0Hz, JH5’-H6’b 5.4Hz, H6’b), 3.80 (1H, t, JH2’-

H3’ 9.5Hz, JH3’-H4’ 9.5Hz, H3’), 3.81 (1H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, H3), 3.80-3.83 

(1H, m, H6’a), 3.84 (1H, m, JH5’-H6’b 4.1Hz, JH5’-H6’a 2.2Hz, H5’), 4.09 (1H, dt, JH4-H5 

10.1Hz, JH5-H6a 2.1Hz, JH5-H6b 2.1Hz, H5), 4.48 (1H, ddd, JH6a-H6b 11.5Hz, JH6b-31P 

7.1Hz, JH5-H6b 3.5Hz, H6b), 4.55 (1H, ddd, JH6a-H6b 11.5Hz, JH6a-31P 6.8Hz, JH5-H6a 

1.9Hz, H6a), 5.09 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.10 (1H, d, JH1-H2 3.8Hz, H1), 7.21-

7.31 (3H, m, ArHortho, ArHpara), 7.40-7.43 (2H, m, ArHmeta); 13C NMR (126MHz, 

MeOD) δ ppm 62.6 (1C, C6’), 69.8 (1C, d, JC6-31P 6.7Hz, C6), 71.2 (1C, C4’), 71.9 

(1C, C4), 72.0 (1C, d, JC5-31P 6.7Hz, C5), 73.0 (1C, C5’), 73.2 (1C, C2’), 73.9 (1C, 

C2), 74.4 (1C, C3’), 74.6 (1C, C3), 95.2 (1C, C1’), 95.3 (1C, C1), 121.4 (2C, d, JC-31P 

4.8Hz, ArCortho), 126.8 (1C, ArCpara), 131.1 (2C, ArCmeta), 151.9 (1C, d, JC-31P 7.6Hz, 

ArCipso), 151.9 (1C, d, JC-31P 7.6Hz, ArCipso); 31P{1H} NMR (162MHz, MeOD) δ ppm 

-12.0 (1P, P(O)(OPh)2); FT-IR (KBr disc) υ 1287 (P=O), 3271 br (OH); HRMS m/z 

(ES+) 596.1357 [M + Na]+ required (596.1344); elemental C (49.87%) H (5.19%), 

required C (50.18%) H (5.44%). 

6,6’-O-di(diphenoxyphosphoryl)-D-trehalose (2.2) 

Rf 0.71 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
22 +63.8 (c = 1.0, 

MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.37 (2H, t, JH3-H4 9.1Hz, 

JH4-H5 9.1Hz, H4), 3.40 (2H, dd, JH2-H3 9.9Hz, JH1-H2 3.6Hz, H2), 3.79 

(2H, t, JH2-H3 9.3Hz, JH3-H4 9.3Hz, H3), 4.07 (2H, ddd, JH4-H5 9.9Hz, 

JH5-H6b 4.7Hz, JH5-H6a 2.0Hz, H5), 4.48 (2H, ddd, JH6a-H6b 11.1Hz, JH6b-31P 7.6Hz, JH5-

H6b 4.7Hz, H6b), 4.55 (2H, ddd, JH6-H6’ 11.1Hz, JH6a-31P 6.6Hz, JH5-H6a 1.9Hz, H6a), 

5.00 (2H, d, JH1-H2 3.8Hz, H1), 7.21-7.29 (6H, m, ArHortho, ArHpara), 7.37-7.43 (4H, m, 

ArHmeta); 13C NMR (126MHz, MeOD) δ ppm 69.8 (2C, d, JC6-31P 6.7Hz, C6), 51.3 

(2C, C4), 72.1 (2C, d, JC5-31P 6.7Hz, C5), 73.0 (2C, C2), 74.5 (2C, C3,), 95.3 (2C, 

C1), 121.2 (8C, d, JC-31P 4.8Hz, ArCortho), 126.9 (4C, ArCpara), 131.1 (8C, d, JC-31P 

2.9Hz, ArCmeta), 151.9 (2C, d, JC-31P 1.9Hz, ArCipso), 151.9 (2C, d, JC-31P 2.9Hz, 
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ArCipso); 31P{1H} NMR (162MHz, MeOD) δ ppm -11.9 (1P, P(O)(OPh)2); FT-IR 

(KBr disc) υ 1271 (P=O), 3364 br (OH); HRMS m/z (ES+) 829.1629 [M + Na]+ 

required (829.1633). 

Silylation 

To a stirred suspension of D-trehalose (0.5g, 1.46mmol, 1eq) and imidazole (0.099g, 

1.46mmol, 1eq) in dry DMF (10ml) was added tert-butyl diphenylchlorosilane 

(0.38ml, 1.46mmol, 1eq) at room temperature. After stirring for 26 hours, TLC (1 

water : 2 isopropanol : 2 ethyl acetate) indicated the formation of two products. The 

reaction mixture was concentrated in vacuo and purified by silica gel chromatography 

(2 ethyl acetate : 1 isopropanol) to give 2.3 (85mg, 10%) and 2.4 (0.53g, 44%) as 

white amorphous solids after lyophilization.  

6-O-terbutyldiphenylsilyl-D-trehalose (2.3) 

Rf 0.29 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
18 +20.3 (c = 

1.0, dioxane); 1H NMR (500 MHz, DMSO-d6) δ ppm 1.00 (9H, s, 
tBu), 3.15 (1H, td, JH3’-H4’ 9.3Hz, JH4’-H5’ 9.3Hz, JH4’-OH 5.7Hz, H4’), 

3.25 (1H, td, JH3-H4 9.5Hz, JH4-H5 9.5Hz, JH4-OH 5.0Hz, H4), 3.26 (1H, 

m, H2’), 3.29 (1H, dt, JH2-H3 10.7Hz, JH1-H2 4.4Hz, JH2-OH 4.4Hz, H2), 3.49 (1H, dt, 

JH6’a-H6’b 11.4Hz, JH5’-H6’b 5.5Hz, JH6’b-OH 5.5Hz, H6’b), 3.55-3.64 (3H, m, H3’, H5’, 

H6’a), 3.68 (1H, ddd, JH3-H4 9.9Hz, JH3-OH 4.7Hz, JH2-H3 1.9Hz, H3), 3.79 (1H, dd, 

JH6a-H6b 10.7Hz, JH5-H6b 5.4Hz, H6b), 3.83 (1H, dd, JH6a-H6b 10.7Hz, JH5-H6a 1.3Hz, 

H6a), 3.87 (1H, ddd, JH4-H5 9.9Hz, JH5-H6b 5.0Hz, JH5-H6a 1.3Hz, H5), 4.39 (1H, t, JH6a-

OH 5.8Hz, JH6b-OH 5.8Hz, 6’-OH), 4.58 (1H, d, JH2-OH 6.3Hz, 2-OH), 4.66 (1H, d, JH2’-

OH 6.3Hz, 2’-OH), 4.75 (1H, d, JH3’-OH 4.7Hz, 3’-OH), 4.78 (1H, d, JH4’-OH 5.4Hz, 4’-

OH), 4.84 (1H, d, JH3-OH 5.0Hz, 3-OH), 4.86 (1H, d, JH4-OH 5.4Hz, 4-OH), 4.95 (1H, 

d, JH1’-H2’ 3.5Hz, H1’), 4.97 (1H, d, JH1-H2 3.8Hz, H1), 7.40-7.46 (6H, m, ArHortho, 

ArHpara), 7.67 (4H, ad, J 6.9Hz, ArHmeta); 13C NMR (126 MHz, DMSO-d6) δ ppm 

19.0 (1C, C(CH3)3), 26.6 (1C, C(CH3)3), 60.7 (1C, C6’), 63.4 (1C, C6), 69.9 (1C, C4), 

70.1 (1C, C4’), 71.6 (1C, C2), 71.7 (1C, C2’), 72.3 (1C, C5), 72.5 (1C, C3), 73.0 (1C, 

C5’), 73.0 (1C, C3’), 93.0 (1C, C1), 93.1 (1C, C1’), 127.8 (4C, ArCortho), 129.6 (1C, 

ArCpara), 129.7 (1C, ArCpara), 133.3 (2C, ArCipso), 133.5 (2C, ArCipso), 135.1 (1C, 

ArCmeta), 135.2 (1C, ArCmeta); FT-IR (KBr disc) υ 3400 br (OH); m/z (ES+) 603.2221 
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[M + Na]+ (required 603.2232); elemental C (58.00%) H (6.97%), required C 

(57.91%) H (6.94%). 

6,6’-O-diterbutyldiphenylsilyl-D-trehalose (2.4) 

Rf 0.35 (1 water : 2 isopropanol : 2 ethyl acetate), [α]D
17 +71.5 (c = 

1.0, dioxane), 1H NMR (500MHz, DMSO) δ ppm 1.00 (18H, s, 2 x 
tBu), 3.26 (2H, td, JH3-H4 9.5Hz, JH4-H5 9.5Hz, JH4-OH 5.4Hz, H4), 3.30 

(2H, ddd, JH2-H3 9.8Hz, JH2-OH 6.3Hz, JH1-H2 3.8Hz, H2), 3.63 (2H, td, 

JH2-H3 9.1Hz, JH3-H4 9.1Hz, JH3-OH 5.0Hz, H3), 3.80 (2H, dd, JH6a-H6b 11.0Hz, JH5-H6b 

5.7Hz, H6b), 3.86 (4H, m, H5, H6a), 4.62 (2H, d, JH2-OH 6.3Hz, 2-OH), 4.84 (2H, d, 

JH3-OH 4.7Hz, 3-OH), 4.91 (2H, d, JH2-OH 5.4Hz, 4-OH), 5.06 (1H, d, JH1-H2 3.5Hz, 

H1), 7.36-7.46 (12H, ArHortho, ArHpara), 7.70 (8H, m, ArHmeta); 13C NMR (126MHz, 

DMSO) δ ppm 19.0 (2C, 2 x C(CH3)3), 26.6 (6C, 2 x C(CH3)3), 63.4 (2C, C6), 70.0 

(2C, C4), 71.8 (2C, C2), 72.3 (2C, C5), 73.2 (2C, C3), 92.8 (2C, C1), 127.5 (4C, 

ArCortho), 127.7 (4C, ArCortho), 129.2 (2C, ArCpara), 129.6 (2C, ArCpara), 134.5 (4C, 

ArCipso), 135.2 (4C, ArCipso), 133.3 (2C, ArCmeta), 133.5 (2C, ArCmeta); FT-IR (KBr 

disc) υ 3350 br (OH); m/z (ES+) 841.3410 [M + Na+] (required 841.3410). 

Mitsunobu reaction 

Synthesis of hydrazoic acid: Hydrazoic acid was prepared by the careful addition of 

concentrated sulphuric acid (0.41ml, 7.7mmol, 0.5eq) to a solution of NaN3 (1.0g, 

15.4mmol, 1eq) in toluene (12ml) and water (1.5ml) at 0 ºC. The toluene layer 

containing the hydrazoic acid was decanted off via cannula and stored over Na2SO4. 

Titration against a standardized solution of NaOH with phenolphthalein as indicator 

was used to determine the concentration of HN3 as 0.75M. 

Mitsunobu reaction: Diisopropyl azodicarboxylate (DIAD, 0.057ml, 0.292mmol, 1eq) 

was added to a stirred solution of D-trehalose (0.10g, 0.292mmol, 1eq) and PPh3 

(0.077g, 0.292mmol, 1eq) in dry 1,4-dioxane (10ml) to form a pale orange solution. 

After stirring for 30 minutes at room temperature, the solution decolourized and 

hydrazoic acid (0.750M solution in toluene, 0.39ml, 0.292mmol, 1eq) was added 

dropwise. TLC (1 water : 2 isopropanol : 2 ethyl acetate) after 66 hours indicated the 

formation of a product. The reaction was quenched with 2M NaOH (1ml) and the 

solvent removed in vacuo. Silica gel chromatography (1 water : 4 isopropanol : 8 
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ethyl acetate) followed by lyophilization allowed isolation of 2.6 as a white 

amorphous solid (13.3mg, 11%). 

6,6’-diazido-D-trehalose (2.6) 

Rf 0.69 (1 water : 2 isopropanol : 2 ethyl acetate), [α]D
17

 +154.8 (c = 0.5, 

H2O), lit.39 [α]D
20 +156 (c = 1.0, H2O); 1H NMR (500MHz, D2O) δ ppm 

3.37 (2H, t, JH3-H4 9.1Hz, JH4-H5 9.1Hz, H4), 3.47 (2H, dd, JH6a-H6b 

13.7Hz, JH5-H6b 5.8Hz, H6b), 3.58 (2H, as, H2), 3.58 (2H, dd, JH6a-H6b 

10.4Hz, JH5-H6a 3.8Hz, H6a), 3.74 (2H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.89 (2H, 

ddd, JH4-H5 10.0Hz, JH5-H6b 5.9Hz, JH5-H6a 2.4Hz, H5), 5.11 (2H, d, JH1-H2 3.8Hz, H1); 
13C NMR (126MHz, D2O) δ ppm 50.8 (2C, C6), 70.4 (2C, C4), 70.9 (2C, C2), 71.1 

(2C, C5), 72.3 (2C, C3), 93.8 (2C, C1); FT-IR (KBr disc) υ 2106  (N3), 3428 br (OH); 

HRMS m/z (ES-) 391.1218 [M – H]- required (391.1219). 

2.8.3 Flow chemistry and kinetic analysis 

Reactions were performed using a Syrris Africa flow chemistry system using a 

1000µl or 250µl microreactor chip. The flow system was dried by rinsing reagent 

flasks and microreactor chip with anhydrous DCM (x3). The reagent flasks were 

subsequently dried with a stream of nitrogen. The flow path was primed with 

nitrogen, prior to addition of any solvents or reagents. 

HPLC was conducted with an in-line Varian PLS400 ELS detector for eluant 

detection. Injections were performed manually using a 20µl Rheodyne sample loop as 

per the manufacturer’s instructions.  

Quantification of eluants required determination of ELS detector response curves as 

reported previously.40 5µl of standardised concentrations of eluants (between 0 – 

2.0mg/ml) were injected and the response of the detector measured and fitted to Area 

= amb . ELS detector settings, chromatographic conditions and values of a and b for 

the different compounds are reported below. 

Kinetic parameters were estimated by minimisation of the objective function: 
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where xi,t,exp and xi,t,theo are experimental and theoretical concentrations respectively of 

the different reaction components, i, at different time points t. Theoretical values were 

determined by computationally solving equations (1)-(4) with Matlab 2009 using a 

Runge-Kutta algorithm.  

Trehalose phosphorylation 

Reactions were performed using a 1000µl microreactor chip at 40.0 °C. Solutions of 

D-trehalose (0.025M in pyridine) and DPCP (0.1M in pyridine) were pumped to the 

chip at identical flow rates. Reactions were performed with a residence time between 

1-10 minutes (1 minute reactions were performed on a 250µl chip). 250µl of the 

reaction mixture was collected in a vial containing methanol (1ml). The solvents were 

removed in vacuo and the crude residue dissolved in pyridine (0.5ml). Acetic 

anhydride (0.5ml) was added and the reaction mixture stirred at room temperature for 

8 hours. The reactions were quenched with methanol (1ml) and the solvents removed 

in vacuo. The crude products were dissolved in methanol (5ml) and the product 

distribution analysed by HPLC using 5µl injections into a Phenomenex Synergi 

Hydro C18 column (250 x 4.8mm, 4µm) with 40 water : 60 acetonitrile as the mobile 

phase at a flow rate of 1.0 ml/min. Eluants were detected using an in-line ELS 

detector (gain 5.0, nebulizer 30 °C, drift tube 80 °C, 1.65 Bar N2). 

 

 a b 
2.10 261.5 1.435 
2.11 255.8 1.421 
2.12 120.7 1.309 
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2,2’,3,3’,4,4’,5,5’,6,6’-O-acetyl-D-trehalose (2.10) 

Rf 0.02 (2 petrol : 1 ethyl acetate); [α]D
25 +160 (c = 1.0, CHCl3), lit.41 

[α]D
22 +160 (c = 1.0, CHCl3), m.p. 97-98°C (methanol), lit.41 m.p. 98-

100°C; 1H NMR (500MHz, CDCl3) δ ppm 2.02, 2.04, 2.07, 2.07 (4 x 

6H, 4 x s, 8 x OAc), 4.00 (2H, dd, JH6a-H6b 12.1, JH5-H6b 2.0Hz, H6b), 4.04 (2H, ddd, 

JH4-H5 10.1Hz, JH5-H6a 5.4Hz, JH5-H6b 2.7Hz, H5), 4.23 (1H, dd, JH6a-H6b 12.0Hz, JH5-H6a 

5.7Hz, H6a), 5.03 (1H, dd, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2), 5.03 (1H, t, JH3-H4 9.9Hz, 

JH4-H5 9.9Hz, H4), 5.28 (1H, d, JH1-H2 3.8Hz, H1), 5.48 (1H, t, JH2-H3 9.8Hz, JH3-H4 

9.8Hz, H3); 13C NMR (126MHz, CDCl3) δ ppm 20.5, 20.6, 20.6, 20.6 (4 x 2C, 8 x 

COCH3), 61.7 (2C, C6), 68.1 (2C, C5), 68.5 (2C, C4), 69.8 (2C, C2), 69.9 (2C, C3), 

92.2 (2C, C1), 169.5, 169.6, 169.9, 170.5 (4 x 2C, 8 x C=O); m/z 696.6 [M + NH4]+, 

701.6 [M + Na]+, 737.6 [M + CH3CN + NH4]+. 

6-O-(diphenoxyphosphoryl)-2,2’,3,3’,4,4’,6’-O-acetyl-D-trehalose 

(2.11) 

Rf 0.8 (ethyl acetate), [α]D
25 +50.7 (c = 0.71, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 2.03, 2.05, 2.06, 2.06, 2.09, 2.10, 2.11 (7 x 

3H, 7 x s, 7 x OAc), 4.01 (1H, dd, JH6'a-H6'b 12.1Hz, JH5-H6'b 2.0Hz, 

H6'b), 4.06 (1H, ddd, JH4'-H5' 10.2Hz, JH5'-H6'a 5.5Hz, JH5'-H6'b 1.9Hz, H5'), 4.14 (1H, 

ddd, JH4-H5 10.2Hz, JH5-H6a 5.1Hz, JH5-H6b 2.1Hz, H5), 4.24 (1H, dd, JH6'a-H6'b 12.3Hz, 

JH5'-H6'a 5.7Hz, H6'a), 4.25 (1H, add, JH6a-H6b 11.0Hz, JH6b-31P 6.3Hz, H6b), 4.31 (1H, 

ddd, JH6a-H6b 11.4Hz, JH6a-31P 6.6Hz, JH5-H6a 5.7Hz, H6a), 4.96 (1H, dd, JH2-H3 10.2Hz, 

JH1-H2 3.9Hz, H2), 5.05 (1H, t, JH3-H4 9.3Hz, JH4-H5 9.3Hz, H4), 5.05 (1H, dd, JH2'-H3' 

10.1Hz, JH1'-H2' 4.7Hz, H2'), 5.06 (1H, t, JH3'-H4' 9.6Hz, JH4'-H5' 9.6Hz, H4'), 5.13 (1H, 

d, JH1-H2 3.8Hz, H1), 5.21 (1H, d, JH1'-H2' 4.1Hz, H1'), 5.46 (1H, t, JH2'-H3' 9.8Hz, JH3'-H4' 

9.8Hz, H3'), 5.49 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 7.20-7.26 (6H, m, ArHortho, 

ArHpara), 7.35 (2H, t, Jortho-meta 7.9Hz, Jmeta-para 7.9Hz, ArHmeta), 7.36 (2H, t, Jortho-meta 

7.9Hz, Jmeta-para 7.9Hz, ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 20.5, 20.5, 20.6 

(x3), 20.7, 20.7 (7 x 1C, 7 x COCH3), 61.7 (1C, C6'), 66.6 (1C, d, JC-31P 4.8Hz, C6), 

68.2 (1C, C5'), 68.4 (1C, C4'), 68.4 (1C, C4), 68.7 (1C, d, JC-31P 7.6Hz, C5), 69.5 (1C, 

C2'), 69.7 (1C, C2), 69.9 (1C, C3'), 70.1 (1C, C3), 92.5 (1C, C1'), 92.8 (1C, C1), 

120.0 (2C, d, JC-31P 2.9Hz, ArCortho), 120.0 (2C, d, JC-31P 2.9Hz, ArCortho), 125.5 (2C, 
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ArCpara), 129.8 (4C, ArCmeta), 150.3 (1C, d, JC-31P 5.7Hz, ArCipso), 150.4 (1C, d, JC-31P 

4.8Hz, ArCipso), 169.3, 169.5, 169.5, 169.6, 170.0, 170.0, 170.6 (7 x 1C, 7 x C=O); 
31P{1H} NMR (162MHz, CDCl3) δ ppm -11.8 (1P, P(O)(OPh)2);  FT-IR (thin film) υ 

1241 (P=O), 1723 (C=O); HRMS (ES+) m/z 891.2083 [M + Na]+ (required 891.2083).  

6,6’-O-di(diphenoxyphosphoryl), 2,2’,3,3’,4,4’-O-acetyl-D-

trehalose (2.12) 

Rf 0.33 (2 ethyl acetate : 1 petrol), [α]D
19 +80.4 (c = 1.0, CHCl3); 1H 

NMR (500MHz, CDCl3) δ ppm 2.02, 2.03, 2.04 (3 x 6H, 3 x s, 6 x 

CH3), 4.12 (2H, ddd, JH4-H5 10.1Hz, JH5-H6a 6.6Hz, JH5-H6b 2.0Hz, 

H5), 4.22 (2H, ddd, JH6a-H6b 11.1Hz, JH6b-31P 6.6Hz, JH5-H6b 2.2Hz, H6b), 4.29 (2H, 

ddd, JH6a-H6b 11.4Hz, JH6a-31P 6.6Hz, JH5-H6a 5.4Hz, H6a), 4.96 (2H, dd, JH2-H3 10.2Hz, 

JH1-H2 3.9Hz, H2), 5.00 (2H, d, JH1-H2 3.8Hz, H1), 5.03 (2H, dd, JH4-H5 10.2, JH3-H4 

9.3Hz, H4), 5.43 (2H, dd, JH2-H3 10.1Hz, JH3-H4 9.5Hz, H3), 7.16-7.22 (12H, m, 

ArHortho, ArHpara), 7.32-7.36 (8H, m, ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 

20.5, 20.6, 20.7 (3 x 2C, CH3), 66.6 (2C, d, JC6-31P 5.7Hz, C6), 68.3 (2C, C4), 68.7 

(2C, d, JC5-31P 8.6Hz, C5), 69.3 (2C, C2), 70.1 (2C, C3), 93.0 (2C, C1), 120.0 (8C, d, 

JC-31P 4.8Hz, ArCortho), 125.5 (4C, ArCpara), 129.8 (8C, ArCmeta), 150.3 (2C, d, JC-31P 

6.7Hz, ArCipso), 150.4 (2C, d, JC-31P 7.6Hz, ArCipso), 169.3, 169.4, 170.0 (3 x 2C, 

C=O); 31P{1H} NMR (162MHz, CDCl3) δ ppm -11.9 (1P, P(O)(OPh)2); FT-IR (thin 

film) υ 1248 (P=O), 1755 (C=O); HRMS m/z (ES+) 1081.23 (100%), 1082.23 (52%), 

1083.24 (17%), 1084.24 (4%) required 1081.23 (100%), 1082.23 (53%), 1083.23 

(19%), 1084.24 (5%). 

Large scale trehalose phosphorylation 

A 0.025M solution of anhydrous D-trehalose in pyridine was reacted with a 0.10M 

solution of DPCP in pyridine at 40.0 °C through a 1000μl microreactor with a 

residence time of 120 seconds. The effluent from the chip was quenched by addition 

into water (500ml).  468ml of reaction mixture (equating to 2.0g of trehalose, 

5.85mmol) was collected. The solvents were removed in vacuo and co-evaporated 

with toluene to remove pyridine (x3). The desired product was purified by silica gel 

chromatography (1 water : 4 isopropanol : 6 ethyl acetate + 1% NH4OH for 4 column 

volumes, then a gradient to 1 water : 4 isopropanol : 6 ethyl acetate over 6 column 

volumes) to give 2.1 as a white amorphous solid (1.31g, 39%). 
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Synthesis of 2.4 

To a stirred suspension of D-trehalose (3.00g, 8.77mmol, 1eq) in dry pyridine (60ml) 

was added tert-butyl diphenylchlorosilane (4.79ml, 18.4mmol, 2.1eq) at room 

temperature. After stirring for 12 hours, TLC (1 water : 2 isopropanol : 2 ethyl 

acetate) indicated the complete consumption of starting. The reaction mixture was 

concentrated in vacuo and co-evaporated with toluene to remove pyridine(x3). The 

product was purified by silica gel chromatography (9 THF : 1 methanol) to give the 

desired compound as a white amorphous solid after lyophilization (6.82g, 95%). 

Desilylation of 2.4 under acidic conditions 

Reactions were performed using an Africa Syris flow chemistry system using a 

1000µl microreactor chip at 150.0°C. Solutions of 2.4 (8.77mmol in 60ml) and HCl 

(2.71ml of a 33% solution in 60ml) were pumped through the chip at equal flow rates. 

Reactions were performed with a residence time between 2-20 minutes. 

Approximately 0.2 Bar back pressure was applied to prevent boiling of the solvent. 

250µl of the reaction mixture was collected and diluted with pyridine (1ml). To this 

mixture was added acetic anhydride (1ml) and the reaction mixtures maintained at 

room temperature for 10 hours. The reactions were quenched with methanol (1ml) 

and the solvents removed in vacuo. The crude products were dissolved in methanol 

(5ml) and the product distribution analysed by HPLC using 5µl injections into a 

Pheneomenex Jupiter Proteo C12 column (300 x 4.8mm, 5µm) with acetonitrile as the 

mobile phase at a flow rate of 1.0 ml/min. Eluants were detected using an in-line ELS 

detector (gain 2.0, nebulizer 30°C, drift tube 80°C, 1.50 Bar N2). 
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2.13. α/β-methyl-6-O-tertbutyldiphenylsilyl-2,3,4-acetyl-d-

glucopyranoside 

α:β 1:0.64, Rf 0.21 (2 petrol : 1 ethyl acetate), [α]D
25 +44.7 (c = 1.0, 

CHCl3), FT-IR (thin film) 1754 (C=O); HRMS m/z (ES+) 581.2175 [M + Na]+ 

(required 581.2177). 

α anomer 
1H NMR (500MHz, CDCl3) δ ppm 1.05 (9H, s, tBu), 1.88, 2.00, 2.08 (3 x 3H, 3 x s, 3 

x OAc), 3.41 (3H, s, OMe), 3.62-3.77 (2H, m, H6, H6’), 3.87 (1H, ddd, JH4-H5 10.2Hz, 

JH5-H6 5.0Hz, JH5-H6’ 2.4Hz, H5), 4.89 (1H, dd, JH2-H3 10.2Hz, JH1-H2 3.6Hz, H2), 4.97 

(1H, d, JH1-H2 3.5Hz, H1), 5.08 (1H, t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 5.46 (1H, t, 

JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 7.39 (4H, dd, Jortho-meta 7.6Hz, Jortho-ortho 3.5Hz, 

ArHortho), 7.43 (1H, t, Jmeta-para 7.3Hz, ArHpara), 7.66 (1H, ddd, Jortho-meta 8.2Hz, Jmeta-para 

7.5Hz, 4J 1.6Hz, ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 19.2 (1C, C(CH3)3), 

20.5, 20.6, 20.8, (3 x 1C, 3 x COCH3) 26.7 (3C, C(CH3)3), 55.1 (1C, OMe), 62.6 (1C, 

C6), 68.9 (1C, C4), 69.9 (1C, C5), 70.5 (1C, C3), 71.0 (1C, C2), 96.5 (1C, C1), 127.7 

(4C, ArCortho), 129.7 (2C, ArCpara), 133.1 (2C, ArCipso), 135.7 (4C, ArCmeta), 169.5, 

170.2, 170.2 (3 x 1C, 3 x C=O); 

β anomer 
1H NMR (500MHz, CDCl3) δ ppm 1.05 (9H, s, tBu), 1.92, 2.00, 2.06 (3 x 3H, 3 x s, 3 

x OAc), 3.52 (3H, s, OMe), 3.56 (1H, ddd, JH4-H5 9.6Hz, JH5-H6 3.6Hz, JH5-H6’ 3.5Hz, 

H5), 3.63-3.76 (2H, m, H6, H6’), 4.42 (1H, d, JH1-H2 7.9Hz, H1), 5.00 (1H, t, JH1-H2 

9.1Hz, JH2-H3 9.1Hz, H2), 5.15 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 5.20 (1H, t, JH2-

H3 9.1Hz, JH3-H4 9.1Hz, H3), 7.31-7.48 (6H, m, ArHortho, ArHpara), 7.69 (2H, ddd, 3J 

12.3Hz, 3J  8.0Hz, 4J 1.3Hz, ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 19.2 (1C, 

C(CH3)3), 20.5, 20.6, 20.7 (3 x 1C, 3 x COCH3), 26.6 (3C, C(CH3)3), 56.6 (1C, OMe), 

68.6 (1C, C4), 70.6 (1C, C6), 71.4 (1C, C2), 73.3 (1C, C3), 74.5 (1C, C5), 101.4 (1C, 

C1), 127.6 (1C, ArCortho), 129.7 (1C, ArCpara), 133.2 (1C, ArCipso), 135.6 (1C, 

ArCmeta), 169.2, 169.7, 169.7 (3 x 1C, 3 x C=O). 
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6-O-tertbutyldiphenylsilyl, 2,2’,3,3’,4,4’,6’-acetyl-D-trehalose 

(2.14) 

Rf 0.17 (2 petrol : 1 ethyl acetate), [α]D
25 +119.4 (c = 1.0, CHCl3), 

m.p. 154-156°C (ethyl acetate/petrol); 1H NMR (500MHz, CDCl3) δ 

ppm 1.03 (9H, s, tBu), 1.92, 1.96, 2.01, 2.04, 2.05, 2.10, 2.10 (7 x 

3H, 7 x s, 7 x OAc), 3.65 (2H, ad, J 3.2Hz, H6’a, H6’b), 3.94 (1H, dt, JH4’-H5’ 10.2Hz, 

JH5’-H6’a 3.0Hz, JH5’-H6’b 3.0Hz, H5’), 4.04 (1H, dd, JH6a-H6b 12.0Hz, JH5-H6b 1.9Hz, 

H6b), 4.07 (1H, ddd, JH4-H5 10.4Hz, JH5-H6a 5.5Hz, JH5-H6b 2.0Hz, H5), 4.24 (1H, dd, 

JH6a-H6b 11.8Hz, JH5-H6a 5.2Hz, H6a), 5.03 (1H, dd, JH2-H3 10.2Hz, JH1-H2 3.9Hz, H2), 

5.06 (1H, t, JH3-H4 8.7Hz, JH4-H5 8.7Hz, H4), 5.06 (1H, dd, JH2’-H3’ 10.7Hz, JH1’-H2’ 

3.5Hz, H2’), 5.26 (1H, t, JH3’-H4’ 9.8Hz, JH4’-H5’ 9.8Hz, H4’), 5.25 (1H, d, JH1’-H2’ 

3.8Hz, H1’), 5.32 (1H, d, JH1-H2 4.1Hz, H1), 5.47 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, 

H3), 5.49 (1H, t, JH2’-H3’ 10.1Hz, JH3’-H4’ 10.1Hz, H3’), 7.31-7.47 (6H, m, ArHortho, 

ArHpara), 7.62 (4H, ddd, 3J 10.9Hz, 3J 8.0Hz, 4J 1.3Hz, ArHmeta); 13C NMR (126MHz, 

CDCl3) δ ppm 19.1 (1C, C(CH3)3), 20.4, 20.6, 20.7 (3 x 1C, 3 x COCH3), 20.6, 20.6 

(2 x 2C, 4 x COCH3), 26.7 (3C, C(CH3)3), 61.8 (1C, C6), 61.8 (1C, C6’), 68.1 (1C, 

C5), 68.4 (1C, C4’), 68.4 (1C, C4), 69.6 (1C, C2’), 70.1 (1C, C2), 70.2 (1C, C3), 70.4 

(1C, C3’), 70.6 (1C, C5’), 92.4 (1C, C1’), 92.5 (1C, C1), 127.7 (4C, ArCortho), 129.8 

(2C, ArCpara), 129.8 (2C, ArCpara), 132.8 (2C, ArCipso), 132.8 (2C, ArCipso), 135.6 (2C, 

ArCmeta), 135.6 (2C, ArCmeta), 169.3, 169.4, 169.5, 169.7, 169.9, 170.2, 170.6 (7 x 1C, 

7 x C=O); FT-IR (KBr disc) υ 1754 (C=O); HRMS m/z (ES+) 897.2980 [M + Na]+ 

(required 897.2972). 

6,6’-O-ditertbutyldiphenylsilyl, 2,2’,3,3’,4,4’-acetyl-D-trehalose 

(2.15) 

Rf 0.35 (2 petrol : 1 ethyl acetate), [α]D
25 +94.6 (c = 1.4, CHCl3); 1H 

NMR (500MHz, CDCl3) δ ppm 1.06 (18H, s, 2 x tBu), 1.92, 1.96, 

2.01 (3 x 6H, 3 x s, 6 x OAc), 3.67 (4H, ad, J 3.2Hz, H6a, H6b), 3.93 

(2H, dt, JH4-H5 10.3Hz, JH5-H6a 2.3Hz, JH5-H6b 2.3Hz, H5), 5.04 (2H, 

dd, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2), 5.28 (2H, t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 5.27 

(2H, d, JH1-H2 4.1Hz, H1), 5.46 (2H, t, JH2-H3 10.1Hz, JH3-H4 10.1Hz, H3), 7.34-7.47 

(12H, m, ArHortho, ArHpara), 7.64 (8H, ddd, 3J 13.7Hz, 3J 7.9Hz, 4J 1.4Hz, ArHmeta); 
13C NMR (126MHz, CDCl3) δ ppm 19.2 (2C, C(CH3)3), 20.5, 20.6, 20.7 (3 x 2C, 6 x 

COCH3), 26.7 (6C, C(CH3)3), 61.8 (2C, C6), 68.4 (2C, C4), 69.9 (2C, C2), 70.5 (2C, 
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C5), 70.8 (2C, C3), 92.6 (2C, C1), 127.7 (8C, ArCortho), 129.8 (2C, ArCpara), 129.8 

(2C, ArCpara), 132.8 (2C, ArCipso), 132.9 (2C, ArCipso), 135.6 (4C, ArCmeta), 135.6 

(4C, ArCmeta), 169.3, 169.6, 170.2 (3 x 2C, 6 x C=O); FT-IR (KBr disc) υ 1756 

(C=O); HRMS m/z (ES+) [M + Na]+ peaks 1790.55 (100%), 1791.56 (88%), 1792.55 

(41%), 1793.54 (13%), 1794.57 (5.0%), required, 1790.55 (100%), 1791.56 (84%), 

1792.56 (44%), 1793.56 (18%), 1794.57 (6%); elemental C (57.72%) H (6.25%), 

required C (57.65%) H (6.22%). 

Desilylation of 2.4 with TBAF 

Reactions were performed using a Syrris Africa flow chemistry system using a 

1000µl microreactor chip at 25.0°C. TBAF (8.77mmol in 60ml of solvent) was 

pumped through the chip at a flow rate three times that of 2.4 (8.77mmol in 60ml of 

solvent). For the high solubility system, 2.4 was dissolved in pyridine and TBAF was 

dissolved in methanol. For the low solubility system, 2.4 was dissolved in THF and 

TBAF was dissolved in petrol with 1% methanol. Reactions were performed with a 

residence time between 0-70 minutes. 250µl of the reaction mixture was collected and 

diluted with pyridine (1ml). To this mixture was added acetic anhydride (1ml) and the 

reaction mixtures maintained at room temperature for 10 hours. The reactions were 

quenched with methanol (1ml) and the solvents removed in vacuo. The crude 

products were dissolved in methanol (5ml) and the product distribution analysed by 

HPLC using 5µl injections into a Pheneomenex Jupiter Proteo C12 column (300 x 

4.8mm, 5µm) with acetonitrile as the mobile phase at a flow rate of 1.0 ml/min. 

Eluants were detected using an in-line ELS detector (gain 2.0, nebulizer 30°C, drift 

tube 80°C, 1.65 Bar N2) 



59 

 

 a b 
2.10 175.3 1.361 
2.14 175.5 1.360 
2.15 112.7 1.288 

 

2.8.4 Optimized synthesis of trehalose-6-phosphate 

Step (i) and (ii) 

To a suspension of D-trehalose (1.0g, 2.92mmol, 1eq) in anhydrous pyridine (50ml) 

was added tert-butyl diphenyl chlorosilane (1.52ml, 5.84mmol, 2eq). TLC (1 water : 4 

isopropanol : 10 ethyl acetate) after 14 hours indicated complete consumption of the 

starting materials. The solvent was removed in vacuo and the residue co-evaporated 

with toluene to remove pyridine (x3). To the crude solid, stirred at 0 ºC in methanol 

(5ml) and diethyl ether (15ml), was added acetyl chloride (0.40ml, 5.84mmol, 2eq). 

The reaction mixture was warmed to room temperature, and regularly monitored by 

TLC and mass spectrometry. After 18 hours, a significant amount of the D-trehalose 

by-product was seen (~10%) and the reaction quenched with saturated NaHCO3 

solution until the mixture was at pH 7 (pH paper), and the solvent removed in vacuo. 

Two separate silica gel columns were required to purify  the desired compound (1 

water : 4 isopropanol : 10 ethyl acetate followed by 2 isopropanol : 1 ethyl acetate). 

Lyophilization gave 2.3 as a white amorphous solid (0.93g, 55%). 
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Step (iii) 

To a solution of 2.3 (0.90g, 1.55mmol, 1eq) in anhydrous pyridine (30ml) was added 

DPCP (0.36ml, 1.70mmol, 1.1eq). The reaction mixture was stirred at room 

temperature for 15 hours, after which TLC (1 water : 4 isopropanol : 10 ethyl acetate) 

indicated complete consumption of starting material. The reaction was quenched with 

methanol (2ml), the solvent removed in vacuo, and the crude solid co-evaporated with 

toluene to remove pyridine (x3). Silica gel chromatography (9 ethyl acetate : 1 

methanol) followed by lyophilization gave the desired compound as a white solid 

(1.11g, 88%). 

6-O-ditertbutyldiphenylsilyl-6’-O-diphenoxyphosphoryl-D-

trehalose (2.9) 

Rf 0.9 (1 water : 4 isopropanol : 10 ethyl acetate), [α]D
22 +31.4 (c = 

1.0, MeOH), 1H NMR (500MHz, MeOD) δ ppm 3.34 (2H, t, JH3-H4 

9.7Hz, JH4-H5 9.7Hz, H4, H4’), 3.38 (1H, dd, JH2-H3 9.7Hz, JH1-H2 

3.5Hz, H2), 3.46 (1H, dd, JH2’-H3’ 9.9Hz, JH1’-H2’ 3.9Hz, H2’), 3.78 

(1H, t, JH2’-H3’ 9.4Hz, JH3’-H4’ 9.4Hz, H3’), 3.80 (1H, t, JH2-H3 9.4Hz, JH3-H4 9.4Hz, H3), 

4.05 (2H, m, H5, H5’), 4.45 (1H, dd, JH5-H6b 4.1Hz, JH6a-H6b 7.3Hz, H6b), 4.47 (1H, 

dd, JH6a-H6b 7.1Hz, JH5-H6a 3.9Hz, H6a), 4.52 (1H, m, H6’b), 4.55 (1H, ddd, JH6’a-H6’b 

11.2Hz, JH6’b-31P 6.6Hz, JH5’-H6’b 2.0Hz, H6’b), 7.19-7.26 (6H, m, P-OPh ArHortho, P-

OPh ArHpara), 7.35-7.41 (10H, m, P-OPh ArHortho, P-OPh ArHmeta, Si-Ph Arortho, Si-Ph 

Arpara), 7.71-7.74 (4H, m, Si-Ph ArHmeta); 13C NMR (126MHz, MeOD) δ ppm 20.3 

(1C, C(CH3)3), 27.4 (3C, C(CH3)3), 69.9 (1C, d, JC6’-31P 6.7Hz, C6’), 69.9 (1C, C6), 

71.3 (1C, C5), 71.7 (1C, C4), 72.0 (1C, d, JC5’-31P 6.7Hz, C5’), 73.1 (1C, C4’), 73.3 

(1C, C2), 74.3 (1C, C2’), 74.6 (1C, C3), 74.9 (1C, C3’), 94.9 (1C, C1), 95.0 (1C, 

C1’), 121.2 (4C, d, JC-31P 4.7Hz, P-OPh ArCortho),  126.8 (2C, Si-Ph ArCpara) 128.7 

(2C, d, JC-31P 4.8Hz, P-OPh ArCpara), 130.8 (4C, Si-Ph ArCortho), 131.1 (4C, d, JC-31P 

2.9Hz, P-OPh ArCmeta), 134.8, 135.0 (2 x 1C, 2 x Si-Ph ArCipso), 136.8, 137.9 (2 x 2C, 

4 x Si-Ph ArCmeta), 151.9 (2C, d, JC-31P 6.7Hz, P-OPh ArCipso); 31P{1H} NMR 

(162MHz, CDCl3) δ ppm -12.1 (1P, P(O)(OPh)2); FT-IR (KBr disc) υ 3369 br (OH); 

HRMS m/z (ES-) 811.2556 [M - H]- required (811.2556). 
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Step (iv) 

To a solution of 2.9 (1.10g, 1.35mmol, 1eq) in methanol (20ml) at room temperature, 

was added acetyl chloride (0.39ml, 5.41mmol, 4eq). The reaction was stirred at this 

temperature for 18 hours, after which TLC (1 water : 4 isopropanol : 4 ethyl acetate) 

indicated completion of the reaction. The reaction mixture was quenched with 

saturated NaHCO3 solution to pH 7, and the solvent removed in vacuo. Silica gel 

chromatography (1 water : 4 isopropanol : 6 ethyl acetate) followed by lyophilization 

afforded 2.1 as a white amorphous solid (0.73g, 94%). 

Step (v) 

A suspension of 3 (0.75g, 1.31mmol, 1eq) and PtO2 (15 mg, 0.066mmol, 0.05eq) in 

75% aqueous ethanol (10 mL) with 0.5% glacial acetic acid (50 μL) was repeatedly 

degassed under high vacuum and the reaction vessel charged with hydrogen. The 

reaction was maintained at room temperature with aggressive stirring under an 

atmospheric pressure of hydrogen for 14 hours after which TLC (5 ethanol : 3 

NH4OH : 1 water) showed the complete consumption of the starting material and the 

formation of a single product. The reaction mixture was filtered through Celite® and 

the solvent was removed in vacuo. Lyophilization afforded Tre-6-P as a white 

amorphous solid (0.55g, 99%). 

Trehalose-6-phosphate (1.1) 

Rf 0.2 (5 ethanol : 3 NH4OH : 1 water), [α]D
18 + 150.3 (c = 1.0, H2O) 

lit.42 [α]D
21 +151.2 (c = 0.8, H2O); 1H NMR (500MHz, D2O) δ ppm 

3.36 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.50 (1H, t, JH3-H4 

9.6Hz, JH4-H5 9.6Hz, H4), 3.56 (1H, dd, JH2-H3 10.1Hz, JH1-H2 3.8Hz, 

H2), 3.59 (1H, dd, JH2’-H3’ 9.8Hz, JH1’-H2’ 3.8Hz, H2’), 3.67 (1H, dd, JH6'a-H6'b 11.8Hz, 

JH5'-H6'b 5.4Hz, H6'b), 3.71-3.79 (4H, m, H3, H3', H5', H6'a), 3.82 (1H, d, JH4-H5 

10.1Hz, H5), 3.86 (ddd, JH6a-H6b 12.1Hz, JH6b-31P 5.4Hz, JH5-H6b 1.7Hz, H6b), 3.94 (1H, 

ddd, JH6a-H6b 11.9Hz, JH6a-31P 7.7Hz, JH5-H6a 4.1Hz, H6a), 5.09 (1H, d, JH1’-H2’ 4.1Hz, 

H1’), 5.12 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, D2O) δ ppm 60.5 (1C, C6'), 

63.0 (1C, d, JC6-31P 4.8Hz, C6), 69.1 (C1, C4’), 69.7 (1C, C4), 70.9 (1C, C2), 71.1 

(1C, C2’), 71.6 (1C, d, JC5-31P 6.7Hz, C5), 72.1 (1C, C5'), 72.2 (1C, C3), 72.4 (1C, 
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HO

HO
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C3'), 93.3 (1C, C1), 93.4 (1C, C1’); 31P{1H} NMR (162MHz, D2O) δ ppm 3.6 (1P, 

ROP(O)(OH)2); m/z (ES-) 421.5 [M - H]-. 
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Chapter III - Phosphate group manipulations 

3.1 Introduction 

Phosphorylated carbohydrates are widespread in the natural world (Section 1 page 1). 

Their central role in metabolism and signalling make them a natural target for the 

synthetic chemist. However, carbohydrates and other poly-hydroxylated systems 

(such as inositols) have an inherent structural complexity which makes their 

phosphorylation particularly difficult.1-5 

For the installation of a phosphoryl group, multistep sequences using protecting 

groups are generally required resulting in poor overall yields. Furthermore, the high 

polarity of a deprotected phosphate group can make purification difficult.6 To combat 

this, the phosphate groups are also protected to simplify handling, but this can cause 

further problems with orthogonality to other functional groups in the molecule.1,2,7 To 

shorten procedures, phosphorylations can also be performed on fully deprotected 

carbohydrates, but this strategy often results in multiple modifications.4,8 Here, a 

balance has to be found between regioselectivity and the efficiency of 

phosphorylation. Modification at the anomeric centre is particularly difficult, as the 

phophoryl group is highly labile and therefore very sensitive to even moderately harsh 

reaction conditions.5,9 For all of the above cases, migration and cyclization of the 

phosphate group is a common problem requiring particular attention.1 Neighbouring 

hydroxyls, especially those in a vicinal position, are well placed to attack the 

phosphorous centre resulting in a vast range of possible side reactions. This is 

particularly problematic, since these reactions often occur during late stage 

deprotections and the resultant polar compounds can be very difficult to purify.  

In response to these problems, a plethora of phosphorylation methodologies have been 

developed. Earlier methods utilized reagents with the P(V) oxidation states, such as 

POCl3, phosphoesters and chlorophosphates.8,10,11 These reagents tend to react with 

hard nucleophiles by virtue of the P=O bond and allowing for simple installation of 

the phosphoryl group. The use bulky side groups can afford high levels of 

regioselectivity, however a slow rate of reaction that is often observed. Older methods 

used alkoxides to activate the alcohols, or a proton scavenger to facilitate the reaction 

while more modern methods utilize metal catalysis, such as with Ti(tBuO)4 or 
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Cu(OTf)2.12,13 This enhances the reaction rate and allows the use of bulky phosphoryl 

transfer groups that improve regioselectivity.13 

The development of phosphorylation techniques has been accelerated by 

oligonucleotide chemistry and the desire to have efficient syntheses that are amenable 

to solid-phase automation.14 To this end, reagents in the P(III) oxidation state have 

found increased usage.11,15 Such reagents are generally activated with amine side-

groups giving phosphoramidite derivatives.11 This activation is vital to improve the 

electrophilicity of these phosphites and such compounds yield very efficient 

phosphorylations.11 A novel variant to this methodology is the use of polymer 

supported P(III) reagents which may have advantages in product purification.4,16 A 

drawback to the phosphoramidite approach is the necessity for subsequent oxidation 

to the +5 states which may not always be compatible with the remainder of the 

molecule. Furthermore, the +3 state has a natural propensity to oxidation, therefore 

these compounds require careful handling. An alternative P(III) methodology that is 

receiving recent interest involves H-phosphonates which provide the reactivity of 

phosphoramidates, but with much improved stability.11,17 These versatile reagents will 

likely find considerable use in the future.  

Although the improvements in efficiency and regioselectivity of phosphorylations are 

an important advantage, the problem of phosphate group migrations is still largely 

unsolved for poly-hydroxylated systems.1 While the above techniques give effective 

phosphorylations, subsequent manipulations (such as deprotections) may still expose 

neighbouring hydroxyls to conditions favouring phosphate cyclization and migration. 

For some compounds, enzymatic syntheses are effective workarounds which 

circumvent the need for any protecting groups.18 An interesting method utilizing short 

peptide sequences to simulate the stereochemical environment of a protein allowing 

precise regio- and steroselective control over phosphorylations may be able to fulfil 

the role of enzymes.19 However, for the majority of carbohydrates and inositol 

derivatives, phosphate migrations remain a significant problem that can only be 

alleviated by careful planning of the synthetic route. 

Tre-6-P has been synthesized using the above chemistry. For example, the previous 

chapter described the use of DPCP and previous literature reports have utilized POCl3 

(which required a multi-step protecting group sequence to access the free 6 position)20 
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and even a reaction with sodium phosphate (which generated a mixture of 

phosphorylated analogues).21 Enzymatic methods also exist for the synthesis using 

either Saccharomyces cerevisiea,22 or trehalose phosphate synthase (TPS) from 

Escherichia  coli.23 Synthetic analogues of Tre-6-P, however, have not been reported. 

In this chapter, some preliminary investigations on the synthesis of Tre-6-P analogues 

is described. The problems encountered with various phosphate group manipulations 

are discussed and their solutions are demonstrated. Initially, we show that C6’ 

modifications can be easily performed by using the phosphate group itself as a leaving 

group. We then move onto phosphate deprotections where novel conditions are 

developed to prevent phosphate group migrations during transesterfications. 

Mechanistic studies are conducted on this reaction and a model is proposed to explain 

the observations. Finally, the scope of this reaction is investigated with other 

biologically important carbohydrates. 

3.2 Nucleophilic substitutions of the diphenylphosphate group  

We chose to modify the C6’ position, since this primary centre is easily accessible 

using standard protecting group chemistry. The initial modification we chose to 

investigate was the installation of an azide group. Such a modification would provide 

a good model system to study the chemistry of Tre-6-P and would replicate the 

properties of photoaffinity probes24 (such as compatibility with hydrogenation and 

other reaction conditions), which we would ultimately hope to use to elucidate the site 

of action between Tre-6-P and the SnRK1 intermediary factor (section 1.2.3, page 

11).  

Standard protecting group chemistry was used to gain selective access to the C6’ 

centre (Scheme 3.1). Starting with 2.9, protection of the secondary alcohols, to 

simplify handling of these compounds, was achieved with benzoyl chloride in 

pyridine in a poor 15% yield due to difficulty in purifying 3.1 freom residual benzoic 

acid. Benzoyl protection was chosen over acetyl protection to minimize silyl group 

migration in the subsequent deprotection step,25 which was achieved using HCl 

generated in situ to give 3.2 in 73%.  
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Scheme 3.1. Initial reaction scheme for installation of azide group at the C6’ position. 

Conditions: (i) BzCl, Py; (ii) AcCl, MeOH, Et2O; (iii) MsCl, Py; (iv) NaN3, DMF, 80°C. 

We envisaged a simple SN2 reaction at the C6’ position to install the azide 

functionality. The free hydroxyl was mesylated with mesyl chloride in pyridine to 

furnish 3.3 in 99% yield. The nucleophilic substitution was performed with sodium 

azide in DMF. The desired compound 3.4 was produced in 35% yield, but 

surprisingly, it was accompanied by the dizaide 3.5 in 13% yield. This implied that 

SN2 substitution of the phosphate was occurring simultaneously, and from the yields it 

appears that phosphate displacement occurs at a similar (albeit slightly slower) rate to 

mesyl displacement.  

While sulfonates are often used as leaving groups in organic syntheses, phosphates 

are used more rarely. Examples of phosphates acting as leaving groups include 

LiDBB mediated reductive cyclizations,26 β eliminations,27 and displacements 

involving Grignard reagents and other organometallics.28 Other displacements have 

generally required soft nucleophiles such as thiols.29 The few reported cases of 

phosphate displacement by azide have required the use of crown ethers and have 

benefited from catalysis by nBu4NI.30   The facile nature of the phosphate 

displacement was potentially very useful, so we briefly investigated the reaction 

further.  
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Glucose analogues were synthesized as a model system to develop reaction conditions 

compatible with the phosphoryl group, and also to probe the propensity for phosphate 

displacement in a variety of different environments (Scheme 3.2). 

 
Scheme 3.2. Synthesis of precursors for testing the leaving group ability of diphenyl 

phosphate. Conditions: (i) MsCl, Py; (ii) DPCP, Py; (iii) BzCl, Py; (iv) Benzyl 
trichloroacetimidate, TMSOTf, DCM, 3Å molecular sieves, -40°C to RT. 

Mesylation of the 6-OH of α-methyl glucopyranoside 3.6 with mesyl chloride gave in 

53% yield the desired compound 3.7, which was to be used as a control against which 

other results were compared. The 2-mesylate 3.8 was also produced as a side product. 

Phosphorylation of 3.6 with DPCP gave 3.9 in 55% yield. Benzoylation of secondary 

alcohols proceeded smoothly to furnish 3.10 in 71% yield. The benzylation of 3.9 was 

more troublesome and a range of conditions had to be screened to obtain the target 

compound (Table 3.1).  

Entry Reagents Solvent Temperature Yield 
A BnBr + NaH DMF RT 0% 
B BnBr + NaH + nBu4NI DMF RT 0% 
C BnBr + nBu4NI DMF 70°C 0% 
D BnBr + Ag2O DMF 60°C 0% 
E BnBr + Ag2O DMF RT 0% 
F BnTCA Dioxane RT 8% 
G BnTCA Dioxane 50°C 0% 
H BnTCA DCM RT 2% 
I BnTCA DCM -40°C to RT 55% 

Table 3.1. Table summarising various attempted  reaction conditions used for 
the synthesis of 3.11. Note BnTCA = benzyl trichloro acetimidate. 

Use of sodium hydride (entries A and B) was found to be incompatible with 3.9 due 

to rapid phosphate cyclization under basic conditions to give 3.12. Use of nBu4NI 

alone was also unsuccessful (entry C) and use of Ag2O to aid bromide cleavage 

consistently resulted in decomposition of the starting material (entries D and E). 

Benzylation was attempted using benzyl trichloroacetimidate (BnTCA) with dioxane 

as solvent which gave a modest 8% yield (entry F). Heating the reaction mixture led 

to decomposition of the BnTCA, presumably to the amide (entry G).31 While 3.9 

exhibits lower solubility in DCM, the aforementioned amide rearrangement occurs to 
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a lesser extent in non-polar solvents since the reaction proceeds via an ionic 

mechanism.31 Therefore, the reaction was attempted in DCM which at room 

temperature gave only a 2% yield (entry H). When the reaction was initiated at -40°C 

and allowed to warm to room temperature, much greater yields of 55% were achieved 

(entry I).* 

 
Scheme 3.3. Comparison of the rate of displacement of mesyl group compared to 
diphenyl phosphate. Reactions were performed with 1eq of NaN3 in DMF at 80°C 

until TLC showed complete consumption of the starting material. 

The glucose analogues were subjected to azide SN2 reaction conditions (Scheme 3.3). 

For the wholly deprotected analogue 3.9, azide substitution did not occur. The 

reaction was instead dominated by phosphate cyclization yielding 3.35 as the sole 

product. Thus, protection of the secondary alcohols is essential for a successful 

phosphate SN2. As expected, azide nucleophilic substitution proceeded smoothly for 

the benzoyl analogue 3.10 furnishing 3.13 within 8 hours. The corresponding benzyl 

analogue 3.11, however, reacted at a much slower rate requiring 78 hours for 

completion. In contrast, the mesylate was completely converted to 3.14 within 7 

hours. From these results, it appears that phosphate displacements can be comparable 

to mesyl substitution with a suitably protected carbohydrate. The significantly faster 

displacements with benzoyl as compared with benzyl group may be as a result of 

anchimeric assistance from the 4-position carboxyl group, which is well placed to 

assist in leaving group expulsion via a 6-membered ring. 

With an efficient phosphate displacement, other leaving groups are no longer needed 

and a shortened reaction sequence can be envisaged (Scheme 3.4). Now, the synthesis 

                                                 
* Since performing these reactions, methodology for benzylation in the presence of phosphoryl groups 
has been demonstarted using a stable benzyl pyridinium salt. See: (a) C. M. Longo, Y. Wei, M. F. 
Roberts, S. J. Miller, Angew. Chem. Int. Ed., 2009, 48, 1; and (b) K. W. C. Poon, G. B. Dudley, J. Org. 
Chem., 2006, 71, 3923. 



71 

can go via 2.2 where the diphenylphosphate functionality can serve a dual purpose of 

phosphate precursor and leaving group.  

 
Scheme 3.4. Optimized reaction scheme for installation of phosphate and azide functionality. 
Conditions: (i) 1.75eq DPCP, Py; (ii) Ac2O, Py; (iii) NaN3, DMF, 80˚C, unused 3.16 was re-

subjected to reaction conditions. Total yield of 3.17 after 2 cycles was 51%. 

The reaction of trehalose, 1.1, with DPCP was not perfectly regioselective giving 

multiple phosphorylation products as well as the desired diphosphate 2.2. Hence, the 

reaction was screened with varying equivalents of DPCP to optimize yields (Table 

3.2). 

Entry Eq of DPCP % 2.1 % 2.2 
A 4 0 0 
B 2 0 57 
C 1.75 5 72 
D 1 24 36 

Table 3.2. Table showing product distribution for varying equivalents of DPCP. Entries A 
and B led to multiple  phosphorylations. Entry C was used for the synthesis of 2.2. 

 
With excess DPCP the reaction produced only multiply phosphorylated products 

(entry A). Similarly, with 2 equivalents, significant over phosphorylation still 

occurred lowering the yield for 2.2 (entry B). The maximal yield for the desired 

product required 1.75 equivalents of DPCP (entry C) and these conditions were used 

for the synthesis of 2.2. Analysis of the over-phosphorylated products showed that the 

third phosphorylation occurs preferentially at the 2 position (see section 3.9, page 85). 

For secondary alcohol protection, the benzoyl group was abandoned due to 

persistently low yields and since silyl group migration was no longer a problem. 

Instead, acetate protection afforded 3.16 in 78% yield. This compound was subjected 

to azide SN2 conditions and the reaction was continuously monitored by TLC.  Upon 

formation of significant quantities of 3.18 (9%), the reaction was stopped affording 

37% of the desired product 3.17. Unused starting material was also recovered and re-
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subjected to the reaction conditions giving a second crop of the desired compound. 

Thus, after two cycles, 3.17 was produced in a healthy 51% total yield. 

3.3 Diphenylphosphate deprotections 

The most common method for deprotecting phenylphosphates is by hydrogenation 

over PtO2 (section 2.6 page 41). This, however, is incompatible with the azide 

functionality in 3.17 which is rapidly reduced to an amine (Scheme 3.5). Under 

neutral conditions, this results in acetyl migration from the 4’ hydroxyl giving 

compound 3.19. Eventual phosphate deprotection gives 3.20 as the major product in 

48% yield. Only a small amount of product is isolated (3.21) where no acetyl 

migration occurs to the amine.  

3 2

 
Scheme 3.5. Attempted deprotection of phosphate group by hydrogenation results in 

concominant azide reduction.Reaction conditions: H2, PtO2, 75% aqueous EtOH, 90-120mins.  

In our hands, the rate of phenylphosphate deprotection increased in an acidic 

environment. Hence, we repeated the above reaction at pH 4 to improve phosphate 

deprotection relative to azide reduction. In this case, phosphate deprotection was 

much faster and the reaction could be halted in 90 minutes, minimizing acetyl 

migration (compound 3.20) and giving the amine 3.21 in 34% yield.  

Under no conditions was the azide left intact. Thus azide reduction was always 

preferential to phosphophate deprotection and an alternative to hydrogenation was 

clearly needed. Literature precedent suggested that deprotection could be 

accomplished with basic hydrolysis.32 To develop deprotection conditions, 3.9 was 

used as a model system for further studies (Scheme 3.6). 
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Scheme 3.6. Testing non-hydrogenic deprotection of diphenyl phosphate on a glucose model 

system. Conditions: (i) NH4OH, H2O, tBuOH, 10mins; (ii) 10eq CsF, H2O, 80˚C, 12h. 

On exposure of 3.9 to ammonium hydroxide, the reaction produces the cyclic 

phosphate 3.22 in 69% yield within 10 minutes of initiation. With such short reaction 

times, 12% of the partially deprotected, but migrated, 4-phosphate 3.23 was also 

isolated. It is worth noting that over longer reaction times, 3.23 was not isolated and 

3.22 was the sole product.  

Inspired by the work of Ogilvie et al., who preformed deprotections and 

transesterfications on phenylphosphates in various nucleotides using CsF,33 we 

decided to employ similar conditions for the deprotection of 3.9. Just as before, 

phosphate cyclization was the major pathway for the reaction yielding 3.22 in 38%. 

However, these condition gave substantially more of the partially protected adduct 

3.24, which crucially, had the phosphoryl group retained at the 6-position. 

 
Scheme 3.7. Testing non-hydrogenic deprotection on trehalose.  Conditions: 

(i) NH4OH, H2O, tBuOH, 10mins; (ii) 10eq CsF, H2O, 80˚C, 12h. 

These reactions were repeated for the equivalent trehalose analogue 2.1 (Scheme 3.7). 

Once again, treatment with ammonium hydroxide led predominantly to phosphate 

cyclization yielding 3.25 in 88% yield. Over the short time course, the 4-phosphate 

3.26 was isolated in 9%, but over longer periods, only 3.25 was produced. Reaction 

with CsF did not result in phosphate migration, producing the partially deprotected 

analogue 3.27 in a good 31% yield, accompanied by 38% of 3.25. 

The dominance of the cyclic products can be rationalized by considering the 

consecutive steps in the phosphate transesterfication sequence (Scheme 3.8). Initially, 

the diphenylphosphate 3.28 is prone to intramolecular attack by the neighbouring 4-
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hydroxyl producing the intermediate 3.29. Intramolecular cyclization is entropically 

more favourable than attack by external nucleophiles, and so this step is likely to be 

rapid. From 3.29, the phenoxy group extrusion would be the most favourable, giving 

cyclic compound 3.30. At this point, external attack of a hydroxide is possible 

yielding the intermediate 3.31. Phosphate migrations are known to occur via such an 

intermediate,34 and the final product distribution is dependent on the loss of one out of 

three possible leaving groups. Expulsion of the 6-OH would give the 4-phosphate 

3.32, while loss of the 4-OH would return to the 6-phosphate 3.33. However, loss of 

the phenoxy group is more favourable and therefore the reaction predominantly gives 

3.34. These diesters exist in the deprotonated form and the repulsive effects of this 

anionic charge are the source of extreme hydrolytic stability.35 As a result, external 

nucleophilic attack on 3.34 is not possible and its formation is therefore irreversible. 

However, both 3.32 and 3.33 are still inclined to internal cyclization and therefore 

their conversion from 3.31 is reversible. Hence, given enough time, the cyclic 

phosphate 3.34 would be the sole reaction product. 

--

 
Scheme 3.8. The phosphate transesterfication sequence resulting in three possible products. 

A striking feature of the above deprotections is the lower propensity for phosphoryl 

group migrations in the presence of CsF – a feature that would be continually 

replicated in other experiments. 

3.4 Phosphate transesterfication 

Because conditions for complete phosphate deprotection could not be found, an 

alternative strategy was sought. Rather than attempting an alkaline deprotection of the 

phenylphosphates, a transesterfication could be performed to produce a 

methoxyphosphate, which could then be deprotected by treatment with soft 

nucleophiles.7 Unlike the above deprotections which irreversibly produce cyclic 
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phosphates (3.34), a transesterfication produces an analogous methoxy species, which 

crucially, is not charged and is therefore formed reversibly. Hence, by performing the 

reaction with methanol as the solvent, the reaction can be pushed towards the desired 

dimethylphosphates. To perform this reaction, we initially used triethylamine in 

methanol heated to reflux, but this resulted in a plethora of unwanted side products. 

Under the strongly basic conditions, it was found that after methoxy 

transesterfication, nucleophilic attack of the solvent at the methyl centre resulted in 

net deprotection giving compounds of the type 3.32 and 3.33.  

To prevent such deprotections, triethylamine was slowly added to the reaction mixture 

over a period of 2 hours. Careful monitoring of the products by TLC allowed the 

reaction to be stopped before any deprotection occurred. These conditions were tested 

with the glucose model system 3.9 (Scheme 3.9). 

 
Scheme 3.9. Product distribution for the deprotection of the diphenyl phosphate group in the 

glucoe model system. Conditions: (i) NEt3, in MeOH added over 2h and reflux for 1h; reaction 
quenched on appearance of deprotected side products; (ii) 10eq CsF, MeOH, reflux, 16h. 

The reaction products could be monitored by TLC and mass spectrometry. The 

diphenylphosphate quickly cyclized to give 3.35, which was then converted into the 

methyl ester 3.36. This compound persisted for longer than its precursors, but over 

time, was converted to the 4-phosphate 3.37 and the 6-phosphate 3.38. The reaction 

was stopped once deprotection was detected. As with the hydroxyl deprotections 

(section 3.3, page 72), the major product was the migrated 4-phosphate 3.37 in 25% 

yield with only 18% formation of the desired product 3.38. 

As before, we attempted the transesterficatiosn with CsF using slightly modified 

conditions from Ogilvie et al.33 Compound 3.36 was quickly formed and was a 

persistent entity within the reaction mixture which, over time, reacted further to give 

3.37 and 3.38. Under these milder conditions, methyl deprotection did not occur and 

the reaction could be allowed to reach completion without side product formation. 

Moreover, CsF was once again found to reduce the amount of phosphate migration.  
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We then extended the principle to 2.1 (Scheme 3.10). 

 
Scheme 3.10. Product distribution for the deprotection of the diphenyl phosphate group. 
Conditions: (i) NEt3, in MeOH added over 2h and reflux for 1h; reaction quenched on 

appearance of deprotected side products; (ii) 10eq CsF, MeOH, reflux, 16h. 

The general patterns of reactivity were replicated for trehalose. For both reaction 

conditions, 2.1 quickly cyclized to give 3.39, which subsequently underwent 

transesterfication to the methoxy analogue 3.40. Over the course of the reaction, 3.40 

was ring-opened to either 3.41 or 3.42. Once again, under basic conditions the 4-

phophate was preferred over the 6-phosphate, whereas the opposite was true when 

CsF was used. This unique feature clearly warranted further investigations. 

3.5 Control of phosphate migrations with CsF 

A series of transesterfication reactions were carried out on 2.1 under various 

conditions to probe possible reasons for the altered migration properties (Table 3.3). 

The proportions of 3.41 and 3.42 were determined by 1H NMR of the crude mixture 

and C18 HPLC with ELS detection (section 3.9 page 85).  From this data, various 

patterns could be elucidated. Firstly, we found that a decreasing concentration of CsF 

(going from entry A to entry C) led to a greater amount of phosphate migration to the 

4 position. Other fluoride salts were also capable of transesterfication, but the nature 

of the salt was found to have a large effect on migration. In particular, it was found 

that fluoride salts with a higher solubility in organic solvents (going from entry D to 

entry F) reduced the amount of phosphoryl migration. Thirdly, the solvent was also 

found to have a sizeable effect on the reaction outcome. Our analysis of the data 

shows that the observed migration decreases broadly with the increasing H-bond 

acceptor and donor strengths of the solvent (entry G to J).36 The reaction was found to 

be essentially insensitive to the pH (entries K and L). 
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Finally, the reaction was investigated in the absence of fluoride, but with differing 

cations to probe the system’s behaviour to Lewis acidity (entry M and N). Under 

these conditions, 3.25 was formed exclusively, presumably by attack at the methyl by 

the more nucleophilic chloride. Finally, a reaction was also performed at a lower 

temperature of 50˚C (as opposed to reflux conditions as for the other reactions) and 

while the reaction required longer for completion, the product distribution was 

essentially identical to the higher temperature case (entry O). The fluoride ion clearly 

has an important role to play in the above reactions. However, in all of these 

experiments, a fluorophosphonate has never been detected or isolated.  Such 

compounds are generally quite stable and readily isolable, so if they were being 

formed in the reaction, we would expect to detect their presence. Furthermore, when a 

control reaction was performed with 2.1 and CsF in DMF in the absence of methanol, 

no fluorophosphonates were detected and only phosphate cyclization occurs to 

produce 3.39 as the sole product. Hence, it is believed that fluoride attack onto 

phosphorous is not occurring to any significant extent and is therefore unlikely to be 

responsible for controlling the product distribution. 

Entry Conditions Yield % 3.41% 3.42% Side Products 
A 10eq CsF 94 35 65 - 
B 2.5eq CsF 91 42 58 - 
C NEt3 54 63 37 3.40 (22%) 

      

D KF 93 39 61 - 
E CsF 94 35 65 - 
F TBAF 51 15 85 3.25 (24%) 

      

G DMF 59 45 55 3.25 (22%) 
H tBuOH 62 41 59 3.25 (11%) 
I MeOH 94 35 65 - 

J* H2O 31 0 100 (3.27) 3.25 (49%) 
      

K CsF pH 13 92 36 64 - 
L CsF pH 2 93 34 68 - 

      

M CsCl 0 0 0 3.25 (82%) 
N MgCl2 0 0 0 3.25 (85%) 

      

O 10eq CsF, 50˚C 90 37 63 - 
Table 3.3. Product distributions for transesterfications under different reaction conditions, 
grouped together according to various patterns of reactivity. The yield column represents 

the combined yield of 3.41 and 3.42. The corresponding columns for 3.41 and 3.42 
represent the proportion of that yield that is the 4-phosphate or the 6-phosphate. Other side 
products, where applicable, are also reported together with their yields. All reactions were 
performed under reflux, with the exception of entry O.  *Entry J is a transesterfication with 

OH- rather than MeOH (Scheme 3.7) and is added for comparison. 
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Rather than direct fluoride participation, we suggest a model based on increased 

hydrogen bonding in the solvent mediated by the fluoride ion. The mechanism of 

phosphate migrations is known to occur through a cyclic intermediate,34 following the 

stereochemical rules proposed by Westheimer (Scheme 3.11).37 

- -

 
Scheme 3.11. Proposed model to explain the outcome of phosphate migrations during 

transesterfication reactions under normal conditions (left) and with CsF (right). 

The kinetic preference for phosphate migration to the 4 position is well 

documented38,39 and can be explained through the concept of apicophilicity.38,40,41 

Under normal conditions, nucleophilic attack onto the cyclic phosphate 3.43 gives an 

intermediate with trigonal bypyramidal geometry 3.44, where the most 

electronegative atom takes the apical position. In this case, the primary 6-OH is less 

electron rich than the secondary 4-OH and therefore assumes the apical position from 

which ligand extrusion is more facile, since the longer apical bond is easier to break. 

Thus the 4-phosphate 3.45 is formed.   

The preference of electronegative atoms for the apical position can be rationalized by 

considering the molecular orbitals of the hypothetical molecule PH5 in the trigonal 

bypramidal geometry.42 A simple group theoretical analysis of the relative changes in 

molecular orbital energy levels on switching a hydrogen with a more electronegative 

substituent can reveal the fundamental causes underlying apicophilicity (Figure 3.1).  
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Figure 3.1. Correlation diagram showing the relative changes in the energy levels of the occupied 

molecular orbitals on switching a hydrogen atom in the hypothetical molecule PH5 with a more 
electronegative element at either the equatorial position (left) or apical position (right).  

For a standard PH5 molecule, there exist five occupied molecular orbitals in the D3h 

point group. Substitution of an equatorial hydrogen with a more electronegative 

substituent (here a hypothetical H* atom with the electronic configuration 1s2) results 

in the C2h geometry. The degeneracy of the 1e’ orbitals is lost and 2bu is stabilized by 

a greater bonding interaction from a px orbital on the phosphorous pointing directly at 

the H* 1s orbitals. In contrast, a larger stabilization occurs by substitution at the apical 

position for the 1a’’2 orbital (now 2a1). This stabilization is larger since the 

delocalised orbital is over only 2 hydrogen atoms as opposed to 3 in the C2h case and 

thus, the orbital coefficients at these positions will be bigger. However, the 

dominating factor favouring apical substitution is the behaviour of the non-bonding 

orbital 2a’1. This orbital (which is mostly derived from the two in-phase apical H* 

1s2, with slight mixing with the PH3 bonding and anti-bonding orbitals) has much 

larger coefficients at the apical positions rather than the equatorial ones. Hence, 3a1 in 

the C3v point group is far more stabilized than the corresponding 4bu orbital in the C2h 

group.  

However, sterical interactions can also have an important effect on apicophilicity that 

may override the above electronic arguments.40 The dissolution of fluoride ions is 

dominated by hydrogen bonding interactions.43 In this way, fluoride ions act as 
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“structure markers” that increase solvent ordering.44 In particular, for methanolic 

solutions of CsF, conductivity studies45 have confirmed this effect where 

enhancements in the secondary solvent sheath have been detected.46 Recent work 

using dielectric spectroscopy45 has identified the formation of vertex linked solvent 

shared ion pairs.47 Moreover, NMR studies have shown that fluoride ions interact 

strongly with the hydroxyls in glucose48 and it is therefore conceivable that these 

alcohols could be involved in hydrogen bonding networks with the solvent. Hence it 

is proposed that in the presence of fluoride, hydrogen bonding is likely to be much 

greater resulting in increased solvent ordering and a large solvation sphere around the 

charged phosphoryl group (3.46, Figure 3.1). This increased steric bulk would be able 

to overcome the subtle electronic effects of apicophilicity, because the secondary 4-

OH would assume the more spatial apical position to reduce steric interactions, 

allowing the primary 6-OH to make a stronger equatorial bond. Thus, extrusion of the 

4-OH would give the 6-phosphate 3.47.  

To further validate this solvation sphere mechanism, a reaction was performed in an 

ionic liquid (Scheme 3.12). Ionic liquids have a highly ordered long range structure49 

and would therefore give large solvation spheres. Under these conditions, the 6-

phosphate species 3.48 was formed exclusively (after per-O-acetylation to aid in 

purification). 

 
Scheme 3.12. CsF mediated transesterfication in an ionic liquid produces the 6-phosphate 

exclusively. Conditions: NEt3, MeOH, MMIM+PO(OMe)2O-, 80˚C, 18h then Ac2O, Py. 

This unusual ability of CsF to control reaction selectivity has been reported once 

before, where the diasteroselctivity of an intramolecular Michael addition was greatly 

enhanced by the presence of the salt.50 In this case, a Cs-F ion pair was hypothesized 

as the cause, which has some parallels with our above solvation model.  
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3.6 Extending the scope of transesterfications 

To demonstrate the scope of our methodology, we used the CsF transesterfication in 

various other biologically important carbohydrates. As well as trehalose and glucose, 

for which CsF transesterfications have been illustrated above (section 3.4, page 74), 

the conditions were also used for mannose, galactose and ribose to prevent migration 

of the phosphoryl group from the 6-position. For mannose (Scheme 3.13), the reaction 

proceeded as before with the diphenylphosphate 3.49 rapidly converting to the cyclic 

methyl ester 3.50, which ring-opens to give the 4-phophate 3.51 in 5% yield as the 

minor product and the 6-phosphate 3.52 as the major product in an excellent 84%. 

 
Scheme 3.13. Product distribution for the CsF mediated transesterfication in mannose. 

Conditions: 10eq CsF, MeOH, reflux, 16h. 

For the galactose case 3.53 (Scheme 3.14), the formation of the cyclic ester 3.54 was 

much slower and consequently, the reaction required 40 hours for completion. This 

lower propensity for cyclization is presumably due to the axial position of the 4-

hydroxyl, which results in unfavourable 1,3 diaxial interactions with the phosphoryl 

group. This steric interaction leads to the 4-hydroxyl taking the apical position in the 

ring-opening step yielding the 6-phosphate 3.56 exclusively in 96%. 

 
Scheme 3.14. Product distribution for the CsF mediated transesterfication in 

galactose. Conditions: 10eq CsF, MeOH, reflux, 40h. 

The reaction sequence was very different for the ribose diphenylphosphate 3.57. In 

this case, the reaction did not proceed via a cyclic methyl ester, but was instead 

initiated by direct methanol attack at the phosphorous resulting in a mixed ester 3.58. 

Since cylization did not occur, there was no opportunity for migration and the 5-

phosphate 3.59 was produced in near quantitative yield. The lack of observed 

cyclization may be due to the greater rigidity of the 5-membered ribose ring. Ligand 
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exchanges at phosphorous require the entering group to enter from an apical 

position.37 For cyclizations, this results in a 90˚ bond angle in the cyclic phosphate 

intermediate (3.60), which would be tolerable for a 6-membered ring such as glucose, 

but may be unfavourable for a 5-membered ring like ribose due to ring strain. 

 

Scheme 3.15. Product distribution for the CsF mediated transesterfication in ribose. 
Conditions: 10eq CsF, MeOH, reflux, 16h. The reaction does not go via a cyclic intermediate 

3.60 due to ring strain, instead proceeding through direct methoxy attack. 

Deprotection of the dimethylphosphates was achieved with TMSI.51 The reactions 

were rapid and were quenched within 15 minutes to prevent deprotection of the 

anomeric centre. For trehalose, glucose, mannose and galactose, excellent yields of 

greater than 85% were achieved in all cases (Scheme 3.16). For ribose, while 

deprotection of the phosphate was effective, the anomeric centre was racemized under 

the reaction conditions (Scheme 3.17).  

 
Scheme 3.16. Deprotection of demthyl phosphates. Conditions: TMSI, dioxane, RT, 15mins. 

 
Scheme 3.17. Deprotection of dimethyl phosphate in ribose leads to 

anomeric racemization. Conditions: TMSI, dioxane, RT, 5mins. 
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Having developed a reaction to prevent migration from the 6-position, we briefly 

investigated conditions to capitalize on migration as a potentially facile route to 4-

phosphate without the need for tedious protecting group manipulations. Various 

conditions were screened with 2.1 to maximize the yield of the 4-phosphate 3.41. As 

mentioned above, triethylamine led to phosphate deprotection and so an alternative 

milder base was sought. Sodium carbonate was found to be the best reagent because 

its poor solubility in methanol produced only a mildly basic solution which prevented 

methoxy deprotection. Various solvents (such as DMF, dioxane and acetonitrile) were 

also screened and we found that a 1:1 combination of methanol and DCM produced 

the best results. Under these conditions, the transesterfication steps were relatively 

slow allowing better monitoring and greater control of the reaction mixture. This was 

especially important to limit migration to the 2 and 3 positions, which lowered yields 

and made purification more difficult. 

As with other transesterfications, cyclization of the diphenyl phosphate was rapid 

giving species of the type 3.30, which over time, produced the cyclic methoxy ester 

3.43. With Na2CO3 in DCM and methanol, 3.43 was far more stable than with CsF 

and required up to 80 hours for ring opening to give the desired dimethylphosphates. 

For galactose, the cyclic methoxy ester 3.54 only gave the 6-phosphate 3.56 due to 1,3 

diaxial interactions. As with CsF, ribose did not produce a cyclic intermediate and so 

migration to the 3-position was not possible. For trehalose 2.1, glucose 3.9 and 

mannose 3.49, these conditions gave modest yields of 30-40% for the 4-phosphates, 

but in any case, the method may still offer a viable route compared to longer 

syntheses that are reliant on protecting groups.  

3.7 Synthetic route for 6’ modification of trehalose-6-phosphate 

Having established methodology for the deprotection of diphenyl phosphate esters 

under non-hydrogenic conditions, we could return our attention to 3.17. The 

phosphate deprotection could now be envisaged as two steps: a controlled 

transesterfication with methanol, followed by methoxy deprotection (Scheme 3.18). 
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Scheme 3.18. Attempted deprotection of dimethyl phosphate leads to concominant azide 
displacement. Conditions: (i) CsF, MeOF, reflux, 15h; (ii) TMSI, dioxane, 0°C, 10mins. 

Transesterfication with CsF gave the 4-phosphate 3.65 as minor side product in 21% 

yield and the desired product 3.66 in a very good 67%. The deprotection of 3.66 was 

attempted with TMSI as above (section 3.6, page 81), but surprisingly, this led to 

azide displacement with an iodide giving 3.67 as the sole product. The deprotection 

was also attempted with the milder TMSBr, but the slower reaction time allowed 

phosphate migration from 6-position giving a mixture of inseparable products. 

 
Scheme 3.19. Alternative deprotection scheme where phosphate is deprotected prior to release of 

secondary hydroxyls. Conditions: (i) Ac2O, Py; (ii) TMSBr, dioxane, RT, 14h; (ii) NaOMe, MeOH, RT. 

Acetyl protection of the secondary alcohols was required to prevent migration of the 

phosphate (Scheme 3.19). The protected analogue 3.68 could then be treated with 

TMSBr to give 3.69 in quantitative yield. Since the phosphate was fully deprotected 

and hence far less prone to nucleophilic attack, subsequent deacetylation with sodium 

methoxide could be performed without concern of phosphate migrations to give the 

target compound 3.70 in 87% yield.  

By varying the nucleophilic substituent for the phosphate SN2 substitution step, this 

general route of transesterfication and deprotection can be used for the synthesis of a 

wide variety of other Tre-6-P analogues which will be the subject of the next chapter. 
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3.8 Conclusions 

The regiomeric control of reactions is important in carbohydrate systems, where the 

presence of multiple hydroxyls can produce many possible products. This becomes 

particularly imperative when working with functionality that is prone to migration 

such as, acetyl, silyl and phosphoryl groups. Here, we have demonstrated 

methodology that can offer some level of control for phosphate migrations. 

These phosphate transesterfications show many parallels with regioselective reductive 

4,6-O-benzylidene ring openings.52 Under acid catalysis, electronic control dictates 

protonation at the more electron rich 4-O leading to the 6-ether; in phosphate 

migrations electronic effects dictate apical substituents. With catalysis from a bulky 

Lewis acid (such as TMSCl), steric effects overcome the electronic factors giving the 

4-ether, via sterically more favourable 6-O activation. For the phosphate case, steric 

requirements of the surrounding solvent dictate the geometry of the central 

phosphorous. Use of CsF can modulate this sterical environment to maximize the 

yields of the 6-phosphate. Alternatively, Na2CO3 in DCM and methanol can be used 

to increase migrations, which can provide a facile route to 4-phosphates.  

Here, we use phosphate transesterfications to exploit the differing chemical properties 

of the phenyl and methyl protecting groups for the phosphate moiety. Early use of 

phenyl protection allows for an efficient SN2 reaction that significantly shortens the 

reaction sequence. Subsequently, our CsF transesterfication can allow exchange of the 

phenyl group for a methyl, which has orthogonal reactivity to other groups in the 

molecule. Crucially, our method minimizes phosphate migrations which can plague 

other synthetic routes. Thus, protecting group exchange is now a trivial step that can 

potentially be used in the synthesis of other carbohydrate phosphates. 

3.9 Experimental 

For general experimental conditions see section 2.8.1 page 44. 

The stereochemistry at the phosphorous centre for compounds 3.40, 3.36, 3.50 and 

3.54 were determined using NOESY and/or NOE NMR experiments. 
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3.9.1 Initial nucleophilic substitutions 

6-O-diphenoxyphosphoryl-6’-O-tert-butyl-diphenylsilyl- 

2,2’,3,3’,4,4’-benzoyl-D-trehalose (3.1) 

Benzoyl chloride (1.25ml, 9.74mmol, 9eq) was added dropwise to a 

solution of 2.9 (0.88g, 1.08mmol, 1eq) in anhydrous pyridine (10ml) 

at room temperature under an Ar atmosphere. The reaction mixture 

was stirred for 16 hours, after which TLC ( 1 water : 4 isopropanol : 10 ethyl acetate) 

showed complete consumption of the starting compound. The reaction mixture was 

quenched with methanol (10ml) and the mixture concentrated in vacuo. The residue 

was partitioned between in ethyl acetate (25ml) and water (50ml). The aqueous layer 

was extracted with ethyl acetate (2 x 25ml) and the combined organics washed with 

1M HCl (2 x 50ml), saturated NaHCO3 solution (25ml), brine (2 x 50ml), dried over 

MgSO4 and the solvent removed in vacuo. Silica gel chromatography (2 petrol : 1 

ethyl acetate) gave the desired compound as a colourless oil (0.227g, 15%). 

Rf 0.3 (2 petrol : 1 ethyl acetate), [α]D
20 +138.3 (c = 1.0, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 0.98 (9H, s, tBu) 3.05 (1H, dd, JH6’a-H6’b 12.0Hz, JH5-H6’b 3.2Hz, H6’b), 

3.13 (1H, d, JH6’a-H6’b 11.0Hz, H6’a), 3.74 (1H, ddd, JH6a-H6b 11.8Hz, JH6b-31P 6.4Hz, 

JH5-H6b 3.8Hz, H6b), 3.83 (1 H, dd, JH6a-H6b 12.0Hz, JH6a-31P 6.6Hz, H6a), 3.99 (1H, d, 

JH4’-H5’ 10.1Hz, H5’), 4.13 (1H, d, JH4-H5 10.1Hz, H5), 5.22 (1H, dd, JH2-H3 10.1Hz, 

JH2-H3  3.8Hz, H2), 5.44 (1H, dd, JH2’-H3’ 10.2Hz, JH1’-H2’ 3.9Hz, H2’), 5.53 (1H, d, 

JH1’-H2’ 3.5Hz, H1’), 5.55 (1H, t, JH3-H4 10.1Hz, JH4-H5 10.1Hz, H4), 5.62 (1H, d, JH1-H2 

3.8Hz, H1), 5.81 (1H, t, JH3’-H4’ 9.9Hz, JH4’-H5’ 9.9Hz), 6.17 (1H, t, JH2-H3 9.8Hz, JH3-H4 

9.8Hz, H3), 6.20 (1H, t, JH2’-H3’ 10.1Hz, JH3’-H4’ 10.1Hz, H3’), 7.11-7.63 (38H, m, 

ArH), 7.78, 7.81 (2 x 2H, at, Jortho-meta 6.9Hz, Bz ArHortho), 7.88, 7.90 (2 x 2H, at, 

Jortho-meta 8.5Hz, Bz ArHortho), 8.11, 8.13 (2 x 2H, at, Jortho-meta 6.3Hz, Bz ArHortho); 13C 

NMR (126MHz, CDCl3) δ ppm 14.2 (1C, C(CH3)3), 26.6 (3C, C(CH3)3), 60.9 (1C, 

C6’), 65.6 (1 C, d, JC6-31P 5.72Hz, C6), 67.7 (1C, C4), 67.9 (1C, C4’), 68.7 (1C, d, JC5-

31P 7.63Hz, C5), 70.4 (1C, C3), 70.8 (1C, C5’), 70.9 (1C, C3’), 71.1 (1C, C2), 71.5 

(1C, C2’), 92.6 (1C, C1’), 93.0 (1C, C1), 120.1 (2C, d, JC-31P 4.8Hz, P-OPh ArCpara), 

125.3 (4C, d, JC-31P 8.6Hz, ArCortho), 127.4-130.1 (42C, m, ArC), 133.1, 133.2, 133.3, 

133.5, 133.6, 133.6 (6 x 1C, 6 x Bz ArCpara), 135.4, 135.6 (2 x 2C, 4 x Si-Ph ArCmeta), 

150.4 (1C, d, JC-31P 6.7Hz, P-OPh ArCipso), 150.5 (1C, d, JC-31P 6.7Hz, P-OPh ArCipso), 

164.6, 165.0, 165.2, 165.5, 165.8, 170.9 (6 x 1C, C=O); FT-IR (thin film) υ 1277 
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(P=O), 1733 (C=O); HRMS m/z (ES+) [M + Na]+ peaks 1459.36 (100%), 1460.36 

(91%), 1461.36 (43%), 1462.36 (13%), 1463.37 (4%), required 1459.41 (100%), 

1460.41 (95%), 1461.42 (52%), 1462.42 (20%), 1463.42 (6%). 

6-O-diphenoxyphosphoryl, 2,2’,3,3’,4,4’-benzoyl-D-trehalose 

(3.2) 

Acetyl chloride (0.010ml, 1.39mmol, 10eq) was added dropwise to 

methanol (1ml), pre-cooled to 0ºC. After 5 minutes, the mixture was 

allowed to reach room temperature and transferred to a solution of 

3.1 (0.20g, 0.139mmol, 1eq) in diethyl ether (5ml). The reaction mixture was heated 

to 50ºC for 68 hours after which TLC showed complete consumption of the starting 

material. The solvent was removed in vacuo and the residue partitioned between ethyl 

acetate (25ml) and water (25ml). The product was extracted from the aqueous layer 

with ethyl acetate (2 x 25ml) and the combined organics washed with saturated 

NaHCO3 solution (25ml), brine (2 x 25ml), and dried over MgSO4. Silica gel 

chromatography (2 petrol : 1 ethyl acetate) afforded the desired compound as a 

colourless oil (0.12g, 73%). 

Rf 0.37 (1 petrol : 1 ethyl acetate), [α]D
19 +140.2 (c = 1.0, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 2.39 (1H, br s, 6’-OH), 2.95 (1H, dd, JH6’a-H6’b 13.2Hz, JH5’-H6’b 1.9Hz, 

H6’b), 3.16 (1H, d, JH6’a-H6’b 12.9Hz, H6’a), 3.71 (1H, ddd, JH6a-H6b 11.6Hz, JH6b-31P 

6.7Hz, JH5-H6b 3.8 Hz, H6b), 3.82 (1H, dd, JH6a-H6b 10.6Hz, JH6a-31P 6.8Hz, H6a), 3.86 

(1H, d, JH4’-H5’ 10.1Hz, H5’), 4.16 (1H, m, H5), 5.21 (1H, dd, JH2-H3 10.2Hz, JH1-H2 

3.6Hz, H2), 5.43 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 5.47 (1H, t, JH3’-H4’ 9.9 

Hz, JH4’-H5’ 9.9Hz, H4’), 5.57 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 5.58 (1H, d, JH1-

H2 3.8Hz, H1), 5.63 (1H, d, JH1’-H2’ 3.8Hz, H1’), 6.20 (1H, t, JH2-H3 9.8 Hz, JH3-H4 

9.8Hz, H3), 6.29 (1H, t, JH2’-H3’ 9.9Hz, JH3’-H4’ 9.9Hz, H3’), 7.15-7.60 (28H, m, ArH), 

7.82, 7.89, (2 x 2H, 2 x d, Jortho-meta 7.9Hz, 2 x Bz ArHortho), 7.93 (4H, d, Jortho-meta 

7.9Hz, 2 x Bz ArHortho), 8.06, 8.09 (2 x 2H, 2 x d, Jortho-meta 7.6Hz, 2 x Bz ArHortho); 
13C NMR (126MHz, CDCl3) δ ppm 59.8 (1C, C6’), 65.5 (1C, d, JC6-31P 5.7Hz, C6), 

67.7 (1C, C4), 68.7 (1C, C4’), 68.8 (1C, d, JC5-31P 7.6Hz, C5), 70.0 (1C, C3’), 70.2 

(1C, C3), 70.5 (1C, C5), 71.2 (1C, C2), 71.3 (1C, C2’), 92.7 (1C, C1), 93.1 (1C, C1’), 

120.1 (2C, d, JC-31P 4.8Hz, P-OPh ArCpara), 125.3 (4C, d, JC-31P 8.6Hz, P-OPh 

ArCortho), 128.4, 128.5, 128.6, 128.8 (3 x 2C, 1 x 6C, 12 x Bz ArCmeta), 128.5, 128.6, 

128.7, 128.7 129.0, 129.1 (6 x 1C, 6 x Bz ArCipso), 129.7, 129.7, 129.7, 129.8, 129.8 
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(5 x 2C, 1 x 4C, 12 x  Bz ArCortho), 130.0 (4C, P-OPh ArCmeta), 133.2, 133.3, 133.5, 

133.6, 133.7, 133.8 (6 x 1C, 6 x Bz ArCpara), 150.4 (1C, d, JC-31P 7.6Hz, P-OPh 

ArCipso), 150.4 (1C, d, JC-31P 7.6Hz, P-OPh ArCipso), 164.5, 165.1, 165.2, 165.6, 165.8, 

166.2 (6 x 1C, C=O); FT-IR (thin film) υ 1277 (P=O), 1728 (C=O), 3681 (OH); 

HRMS m/z (ES+) [M + Na]+ peaks 1221.26 (100%), 1222.27 (70%), 1223.27 (24%), 

1224.27 (7%), 1225.27 (2%), required 1221.29 (100%), 1222.30 (73%), 1223.30 

(30%), 1224.30 (9%), 1225.30 (2%). 

6-O-diphenoxyphosphoryl, 6’-O-mesyl, 2,2’,3,3’,4,4’-benzoyl-D-

trehalose (3.3) 

To a solution of 3.2 (0.05g, 0.042mmol, 1eq) in anhydrous pyridine 

(5ml) at 0ºC under argon was added dropwise mesyl chloride 

(0.005ml, 0.063mmol, 1.5eq). The reaction was maintained at this 

temperature for 60 minutes after which TLC indicated complete consumption of 

starting materials and formation of a single product. The reaction was quenched with 

methanol (5ml). The mixture was concentrated in vacuo and partitioned between 

water (25ml) and ethyl acetate (25ml). The aqueous layer was extracted with ethyl 

acetate (2 x 25ml) and the combined organics washed with 1M HCl (3 x 20ml), 

saturated NaHCO3 solution (2 x 20ml), brine (2 x 20ml) and dried over MgSO4. 

Removal of solvent under reduced pressure gave the title compound as a colourless 

oil (53mg, 99%).  

Rf 0.27 (2 petrol : 1 ethyl acetate), [α]D
19 +119.7 (c = 0.75, CHCl3); 1H NMR 

(400MHz, CDCl3) δ ppm 2.98 (3H, s, CH3), 3.72 (1H, dd, JH6a’-H6b’ 11.6Hz, JH5’-H6b’ 

2.0Hz, H6b’), 3.79 (2H, m, H6b, H6a’), 3.85 (1H, ddd, JH6a-H6b 11.6Hz, JH6a-31P 6.7Hz, 

JH5-H6a 2.0Hz, H6a), 4.15 (2H, m, H5, H5’), 5.24 (1H, dd, JH2’-H3’ 10.2Hz, JH1’-H2’ 

3.8Hz, H2’), 5.43 (1H, dd, JH2-H3 10.2Hz, JH1-H2 4.1Hz, H2), 5.56 (1H, t, JH3’-

H4’10.1Hz, JH4’-H5’ 10.1Hz, H4’), 5.58 (1H, t, JH3-H4 10.1Hz, JH4-H5 10.1Hz, H4), 5.60 

(1H, d, JH1’-H2’ 3.8Hz, H1’), 5.64 (1H, d, JH1-H2 3.8Hz, H1), 6.21 (1H, t, JH2’-H3’ 9.9Hz, 

JH3’-H4’ 9.9Hz, H3’), 6.22 (1H, t, JH2-H3 9.9Hz, JH3-H4 9.9Hz, H3), 7.16-7.60 (28H, m, 

ArH), 7.81, 7.83 (2 x 2H, atd, Jortho-meta 6.7Hz, Jortho-ortho 1.0Hz, Bz ArHortho), 7.92, 

7.95 (2 x 2H, atd, Jortho-meta 8.2Hz, Jortho-ortho 0.9Hz, Bz ArHortho), 8.10, 8.13 (2 x 2H, 

atd, Jortho-meta 9.7Hz, Jortho-ortho 1.4Hz, Bz ArHortho); 13C NMR (126MHz, CDCl3) δ ppm 

37.6 (1C, CH3), 65.5 (1C, C6’), 65.5 (1C, C6), 67.6 (1C, C4’), 67.9 (1C, C4), 68.2 

(1C, C5’), 68.9 (1C, d, JC5-31P 7.6Hz, C5), 70.1 (1C, C3), 70.1 (1C, C3’), 71.0 (1C, 
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C2), 71.2 (1C, C2’), 92.5 (1C, C1) 92.6 (1C, C1’), 120.1 (2C, d, JC-31P 4.8Hz, P-OPh 

ArCpara), 125.4 (4C, d, JC-31P 8.6Hz, P-OPh ArCortho), 128.3-128.4 (12C, m, Bz 

ArCmeta), 128.6, 128.7, 128.7, 128.8, 128.9, 129.0 (6 x 1C, Bz ArCipso), 129.7-129.9 

(16C, m, 12 x Bz ArCortho, 4 x P-OPh ArCmeta), 133.3, 133.3, 133.5, 133.7, 133.7, 

133.8 (6 x 1C, 6 x Bz ArCpara), 150.3 (1C, d, JC-31P 7.6Hz, P-OPh ArCipso), 150.4 (1C, 

d, JC-31P 6.7Hz, P-OPh ArCipso), 164.5, 164.8, 165.1, 165.2, 165.4, 165.5 (6 x 1C, 6 x 

C=O); FT-IR (thin film) υ 1261 (P=O), 1731 (C=O); HRMS m/z (ES+) [M + Na]+ 

peaks 1299.24 (100%), 1300.24 (69%), 1301.24 (33%), 1302.24 (11%), 1303.25 

(3%), required 1299.27 (100%), 1300.27 (75%), 1301.27 (37%), 1302.28 (13%), 

1303.28 (4%). 

6-O-diphenoxyphosphoryl-6’azido-2,2’,3,3’,4,4’-O-benzoyl-D-trehalose (3.4) 

6,6’-diazido-2,2’,3,3’,4,4’-O-benzoyl-D-trehalose (3.5) 

A mixture of 3.3 (50mg, 0.039mmol, 1eq) and sodium azide (10mg, 0.16mmol, 4eq) 

in DMF (3ml) was heated at 80°C. After 16 hours TLC (1 petrol : 1 ethyl acetate) 

showed the formation of two products. The reaction was allowed to cool to room 

temperature and was partitioned between water (20ml) and ethyl acetate (20ml). The 

aqueous layer was extracted with ethyl acetate (3 x 20ml) and the combined organics 

washed with brine (5x 20ml), dried over MgSO4 and the solvent removed in vacuo. 

Separation of the products with silica gel chromatography (2 petrol : 1 ethyl acetate) 

gave 3.4 (16.7mg, 35%) and 3.5 (5.2mg, 13%) as colourless oils. 

 

Compound 3.4 

Rf 0.77 (1 petrol : 1 ethyl acetate), [α]D
19 +128.6 (c = 1.0, CHCl3); 

1H NMR (500MHz, CDCl3) δ ppm 2.84 (1H, dd, JH6’a-H6’b 13.9Hz, 

JH5’-H6’b 2.8Hz, H6’b), 2.88 (1H, dd, JH-6’a-H6’b 13.7Hz, JH5’-H6’a 

5.0Hz, H6’a), 3.75 (1H, ddd, JH6a-H6b 11.3Hz, JH6b-31P 6.6Hz, JH5-H6b 

4.1Hz, H6b), 3.84 (1H, dd, JH6a-H6b 11.7Hz, JH6a-31P 7.3Hz, H6a), 4.08 (1H, dt, JH4’-H5’ 

9.8Hz, JH5’-H6’a 9.8Hz, JH5’-H6’b 3.8Hz, H5’), 4.13 (1H, d, JH4-H5 8.5Hz, H5), 5.26 (1H, 

dd, JH2’-H3’ 10.2Hz, JH1’-H2’ 3.6Hz, H2’), 5.42 (1H, dd, JH2-H3 10.2Hz, JH1-H2 3.6Hz, 

H2), 5.50-5.60 (2H, m, H4, H4’), 5.58 (2H, d, JH1-H2 3.8 Hz, H1, H1’), 6.20 (2H, t, 

JH2-H3 9.9Hz, JH3-H4 9.9Hz, H3, H3’), 7.17-7.58 (28H, m, ArH), 7.81 (2H, d, Jortho-meta 

7.6Hz, Bz ArHortho), 7.83 (2H, d, Jortho-meta 7.9Hz, Bz ArHortho), 7.91, 7.93 (2 x 2H, at, 

Jortho-meta 7.6Hz, 2 x Bz ArHortho), 8.09 (2H, d, Jortho-meta 7.9Hz, Bz ArHortho), 8.11 (2H, 
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d, Jortho-meta 7.6Hz, Bz ArHortho); 13C NMR (126MHz, CDCl3) δ ppm 50.0 (1C, C6’) 

65.6 (1C, d, JC6-31P 5.7Hz, C6), 67.7 (1C, C4), 68.9 (1C, d, JC5-31P 7.6Hz, C5), 69.0 

(1C, C4’), 69.7 (1C, C5’), 70.1 (1C, C3’), 70.2 (1C, C3), 71.1 (1C, C2), 71.1 (1C, 

C2’), 92.5 (1C, C1’), 92.6 (1C, C1), 120.1 (2C, d, JC-31P 4.8Hz, P-OPh ArCpara), 125.4 

(4C, d, JC-31P 8.6Hz, P-OPh ArCortho), 128.3-128.4 (12C, m, Bz ArCmeta), 128.6-128.7 

(6C, m, Bz ArCipso), 128.7-129.9 (16C, m, Bz ArCortho, P-OPh ArCmeta), 133.2, 133.5, 

133.6, 133.7 (2 x 1C, 2 x 2C, 4 x Bz ArCpara), 150.4 (1C, d, JC-31P 6.7Hz, P-OPh 

ArCipso), 150.4 (1C, d, JC-31P 7.6Hz, P-OPh ArCipso), 164.6, 164.9, 165.1, 165.2, 165.5, 

165.5 (6 x 1C, C=O); FT-IR (thin film) υ 1275 (P=O), 1733 (C=O), 2160 (N3); 

HRMS m/z (ES+) [M + Na]+ peaks 1246.26 (100%), 1247.27 (72%), 1248.27 (27%), 

1249.27 (8%), required 1246.30 (100%), 1247.30 (74%), 1248.30 (31%), 1249.31 

(9%). 

Compound 3.5 

Rf 0.8 (1 petrol : 1 ethyl acetate), [α]D
19 +151.7 (c = 1.0, CHCl3); 1H 

NMR (400MHz, CDCl3) δ ppm 2.87 (4H, d, JH5-H6 3.8Hz, H6, H6’), 

4.11 (2H, dt, JH4-H5 10.1Hz, JH5-H6 3.8Hz, JH5-H6’ 3.8Hz, H5), 5.44 (2H, 

dd, JH2-H3 10.2Hz, JH1-H2 3.8Hz, H2), 5.56 (2H, t, JH3-H4 9.9Hz, JH4-H5 9.9Hz, H4), 5.75 

(2H, d, JH1-H2 3.8Hz, H1), 6.23 (2H, t, JH2-H3 9.9Hz, JH3-H4 9.9Hz, H3), 7.27-7.60 

(18H, m, ArH), 7.85, 7.93 (2 x 4H, dd, Jortho-meta 7.3Hz, Jortho-ortho 1.3Hz, 4 x Bz 

ArHortho), 8.11 (4H, dd, Jortho-meta 7.3Hz, Jortho-ortho 1.5Hz, 2 x Bz ArHortho); 13C NMR 

(126MHz, CDCl3) δ ppm 50.0 (2C, C6), 69.0 (2C, C4), 69.6 (2C, C5), 70.1 (2C, C3), 

71.2 (2C, C2), 92.8 (2C, C1), 128.4, 128.4, 128.6 (3 x 4C, 12 x ArCmeta), 128.5, 128.5, 

129.0 (3 x 2C, 6 x ArCipso), 129.7, 129.9 (1 x 4C, 1 x 8C, ArCortho), 133.3, 133.6, 

133.7 (3 x 2C, 6 x ArCortho), 164.9, 165.2, 165.5 (3 x 2C, C=O); FT-IR (thin film) υ 

1732 (C=O), 2105 (N3); HRMS m/z (ES+) [M + Na]+ peaks 1039.26 (100%), 1040.26 

(60%), 1041.26 (20%), 1042.27 (5%), required 1039.28 (100%), 1040.28 (62%), 

1041.28 (22%), 1042.28 (5%). 
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3.9.2 Nucleophilic substitutions on the glucose model 

α-methyl-6-mesyl-D-glucose pyranoside53 (3.7) 

α-methyl-2-mesyl-D-glucose pyranoside54 (3.8) 

To a solution of α-methyl glucose pyranoside (0.10g, 0.52mmol, 1eq) in anhydrous 

pyridine (5ml) under Ar was added mesyl chloride (40μl, 0.52mmol, 1eq). The 

reaction mixture was stired at room temperature for 1 hour, after which TLC (1 water 

: 4 isopropanol : 4 ethyl acetate) showed the complete consumption of starting 

materials. The reaction was quenched with methanol (1ml) and the solvent removed 

in vacuo. The crude residue was co-evaporated with toluene (3 x 25ml) to remove 

pyridine and silica gel chromatography (95 ethyl acetate : 5 methanol) allowed the 

pure isolation of 3.7 (149mg, 53%) and 3.8 (90mg, 32%) as colourless oils.  

Compound 3.7 

Rf 0.57 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
22 +118.2 (c = 

1.0, H2O), lit.53 [α]D
20 +115 (c = 1.0, H2O); 1H NMR (400MHz, MeOD) δ ppm 3.11 

(3H, s, S-Me), 3.31 (1H, t, JH3-H4 9.9Hz, JH4-H5 9.9Hz, H4), 3.41 (2H, dd, JH2-H3 9.9Hz, 

JH1-H2 3.8Hz, H2), 3.43 (3H, s, OMe), 3.63 (1H, t, JH2-H3 9.3Hz, JH3-H4 9.3Hz, H3), 

3.76 (1H, ddd, JH4-H5 10.0Hz, JH5-H6’ 5.4Hz, JH5-H6 1.8Hz, H5), 4.39 (1H, dd, JH6-H6’ 

11.1Hz, JH5-H6’ 5.6Hz, H6’), 4.50 (1H, dd, JH6-H6’ 11.1Hz, JH5-H6 1.8Hz, H6), 4.70 (1H, 

d, JH1-H2 3.8Hz, H1); 13C NMR (101MHz, MeOD) δ ppm 36.3 (1C, S-Me), 54.8 (1C, 

OMe), 69.8 (1C, C6), 70.2 (1C, C5), 70.3 (1C, C4), 72.4 (1C, C2), 74.0 (1C, C3), 

100.4 (1C, C1); m/z (ES+) 290.1 [M + NH4]+, 336.1 [M + CH3CN + Na], 567.1 [2M + 

Na]+ (ES-) 271.0 [M – H]- , 307.0 [M + 35Cl]-, 331.1 [M + AcO]-, 543.1 [2M – H]-, 

579.1 [2M + 35Cl]-, 581.1 [2M + 37Cl]-.  

Compound 3.8 

Rf 0.71 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
22 +60.2 (c = 1.0, 

MeOH), lit.54 [α]D
25 +64.5 (c = 1.3, MeOH); 1H NMR (400MHz, MeOD) δ ppm 3.16 

(3H, s, S-Me), 3.40 (1H, dd, JH4-H5 9.5Hz, JH3-H4 9.1Hz, H4), 3.44 (3H, s, OMe), 3.57 

(1H, ddd, JH4-H5 9.8Hz, JH5-H6’ 5.6Hz, JH5-H6 2.3Hz, H5), 3.70 (1H, dd, JH6-H6’ 11.9Hz, 

JH5-H6’ 5.6Hz, H6’), 3.81 (1H, dd, JH2-H3 9.5Hz, JH3-H4 9.0Hz, H3), 3.83 (1H, dd, JH6-

H6’ 11.8Hz, JH5-H6 2.3Hz, H6), 4.30 (1H, dd, JH2-H3 9.9Hz, JH1-H2 3.8Hz, H2), 4.90 (1H, 

d, JH1-H2 3.8Hz, H1); 13C NMR (101MHz, MeOD) δ ppm 37.2 (1C, S-Me), 54.7 (1C, 

OMe), 61.3 (1C, C6), 70.8 (1C, C3), 71.3 (1C, C4), 72.5 (1C, C5), 80.5 (1C, C2), 

98.3 (1C, C1); m/z (ES+) 290.1 [M + NH4]+, 295.0 [M + Na]+ 336.0 [M + CH3CN + 
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Na], (ES-) 307.0 [M + 35Cl]-, 309.1 [M + 37Cl]-, 543.1 [2M – H]-, 579.0 [2M + 35Cl]-, 

581.0 [2M + 37Cl]-. 

α-methyl-6-O-diphenoxyphosphoryl-D-glucose pyranoside55 (3.9) 

To a solution of α-methyl glucose pyranoside (1.00g, 5.15mmol, 

1eq) and DMAP (0.066g, 0.51mmol, 0.1eq) in anhydrous pyridine 

(5ml) at room temperatur was addedd dropwise diphenyl chlorophosphate (1.07ml, 

5.15mmol, 1eq). TLC (1 water : 4 isopropanol : 4 ethyl acetate) after 7 hours showed 

complete consumption of the starting materials. The reaction was quenched with 

methanol (5ml) and the solvent removed in vacuo. The residue was co-evaporated 

three times with toluene to remove pyridine. Purification by silica gel chromatography 

(97 ethyl acetate : 3 methanol) gave the title compound as a pale yellow oil (1.22g, 

55%). 

Rf 0.84 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
19 +60.4 (c = 1.0, CHCl3) lit.55 

[α]D
20 +62.1 (c = 0.9, CHCl3); 1H NMR (500MHz, MeOD) δ ppm 3.31 (1H, t, JH3-H4 

9.1Hz, JH4-H5 9.1Hz, H4), 3.34 (1H, m, H2), 3.35 (3H, s, OMe), 3.63 (1H, t, JH2-H3 

9.3Hz, JH3-H4 9.3Hz, H3), 3.75 (1H, add, JH4-H5 9.8Hz, JH5-H6’ 5.4Hz, H5), 4.45 (1H, 

ddd, JH6-H6’ 11.0Hz, JH6’-31P 8.0Hz, JH5-H6’ 5.4Hz, H6’), 4.59 (1H, ddd, JH6-H6’ 10.9Hz, 

JH6-31P 6.9Hz, JH5-H6 1.6Hz, H6), 4.64 (1H, d, JH1-H2 3.5Hz, H1), 7.26-7.28 (6H, m, 

ArHortho, ArHpara), 7.47 (4H, t, Jortho-meta 7.9Hz, Jmeta-para 7.9Hz, ArHmeta); 13C NMR 

(126MHz, MeOD) δ ppm 55.7 (1C, OMe), 70.0 (1C, d, JC6-31P 5.7Hz, C6), 71.2 (1C, 

C4), 71.8 (1C, d, JC5-31P 6.7Hz, C5), 73.3 (1C, C2), 75.0 (1C, C3), 101.4 (1C, C1), 

121.2 (4C, d, JC-31P 4.8Hz, ArCortho), 126.8 (2C, ArCpara), 131.06 (4C, ArCmeta), 151.88 

(1C, d, JC-31P 7.6Hz, ArCipso), 151.90 (1C, d, JC-31P 6.7Hz, ArCipso); 31P{1H} NMR 

(162MHz, MeOD) δ ppm -11.8 (1P, ROP(O)(OPh)2); m/z (ES+) 427.2 [M + H]+, 

875.2 [2M + Na]+. 

α-methyl-6-O-diphenoxyphosphoryl, 2,3,4-O-benzoyl-D-glucose 

pyranoside (3.10) 

To a solution of 3.9 (50mg, 0.12mmol, 1eq) in dry pyridine (3ml) 

was added dropwise benzoyl chloride (0.08ml, 0.70mmol, 6eq). The reaction was 

stirred at room temperature for 2 hours after which TLC (95 ethyl acetate : 5 

methanol) showed complete consumption of starting material. The reaction was 

quenched with methanol (2ml) and the solvent removed under reduced pressure. The 
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residue was partitioned between ethyl acetate (20ml) and water (20ml). The aqueous 

layer was extracted with ethyl acetate (2 x 10ml) and the combined organics washed 

with 1M HCl (3 x 20ml), saturated NaHCO3 solution (20ml), brine (25ml), dried over 

MgSO4 and the solvent removed in vacuo. The resulting residue was purified by silica 

gel chromatography (1 petrol : 1 ethyl acetate) to afford the title compound as a 

colourless oil (63mg, 71%). 

Rf 0.2 (1 petrol : 1 ethyl acetate), [α]D
25 +40.9 (c = 1.0, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 3.40 (1H, s, OMe), 4.30 (1H, ddd, JH4-H5 10.6Hz, JH5-H6' 5.2Hz, JH5-H6 

1.3Hz , H5), 4.40 (1H, ddd, JH6-H6' 10.7Hz, JH5-H6' 5.1Hz, J6'-31P 2.5Hz, H6'), 4.47 (1H 

ddd, JH6-H6' 11.5Hz, JH6-31P 7.1Hz, JH5-H6 2.5Hz, H6), 5.16 (1H, dd, JH2-H3 7.3Hz, JH1-H2 

3.8Hz, H2), 5.17 (1H, s, H1), 5.50 (1H, dd, JH4-H5 10.1Hz, JH3-H4 9.5 Hz, H4), 6.14 

(1H, t, JH2-H3 9.6Hz, JH3-H4 9.6Hz, H3), 7.15-7.54 (19H, m, ArH), 7.87 (2H, dd, Jortho-

meta 8.4Hz, Jortho-ortho 1.1Hz, Bz ArHortho), 7.94 (2H, dd, Jortho-meta 8.2Hz, Jortho-ortho 

1.3Hz, Bz ArHortho), 7.98 (2H, dd, Jortho-meta 8.4Hz, Jortho-ortho 1.4Hz, Bz ArHortho)  ; 13C 

NMR (126MHz, CDCl3) δ ppm 55.7 (1C, OMe), 67.3 (1C, d, JC6-31P 5.7Hz, C6), 68.3 

(1C, d, JC5-31P 6.7Hz, C5), 69.0 (1C, C4), 70.2 (1C, C3), 71.9 (1C, C2), 96.9 (1C, C1), 

120.1 (2C, d, JC-31P 3.8Hz P-OPh ArCpara), 125.4 (4C, d, JC-31P 5.7Hz, P-OPh 

ArCortho), 128.3, 128.4, 128.4 (3 x 2C, 3 x Bz ArCmeta), 128.7, 129.0, 129.1 (3 x 1C, 3 

x Bz ArCipso), 129.6, 129.7, 129.8 (3 x 2C, 3 x Bz ArCortho), 129.9 (2C, d, JC-31P 

3.8Hz, P-OPh ArCmeta), 133.1, 133.4, 133.5 (3 x 1C, 3 x Bz ArCortho), 150.4 (1C, d, 

JC-31P 7.6Hz, P-OPh ArCipso), 150.5 (1C, d, JC-31P 6.7Hz, P-OPh ArCipso), 165.2, 165.7, 

165.7 (3 x 1C, 3 x C=O); FT-IR (thin film) υ 1279 (P=O), 1730 (C=O); HRMS m/z 

(ES+) 761.1765 [M + Na]+ (required 761.1758). 

α-methyl-6-O-diphenoxyphosphoryl-2,3,4-benzyl-D-glucose 

pyranoside (3.11) 

The reaction was performed under standard Schlenk conditions using argon gas. 

Benzyl trichloroacetimidate (0.12ml, 0.63mmol, 9eq) was added to a stirred solution 

of 3.9 (30mg, 0.07mmol, 1eq) in anhydrous DCM (3ml) cooled to -40°C in the 

presence of 3Å molecular sieves. To this solution was added trimethylsilyl triflate 

(0.01ml, cat.). The reaction mixture was allowed to warm to room temperatur over a 

period of 21 hours, after which TLC (2 petrol : 1 ethyl acetate) showed complete 

consumption of the starting material. The reaction was quenched with methanol (1ml) 
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and the solvent removed in vacuo. The residue was taken up in ethyl acetate (50ml) 

and washed with 1M NaOH (25ml), 1M HCl (25ml), saturated NaHCO3 (25ml), brine 

(25ml), decolourised with activated charcoal, dried over MgSO4 and the solvent 

removed in vacuo. Silica gel chromatography (2 petrol : 1 ethyl acetate) gave the 

desired compound as a pale yellow oil (27mg, 55%). 

Rf 0.28 (2 petrol : 1 ethyl acetate), [α]D
19 +7.6 (c = 1.35, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 3.32 (3H, s, OMe), 3.45 (1H, dd, JH2-H3 9.5Hz, JH1-H2 3.8Hz, H2), 3.46 

(1H, t, JH3-H4 10.1Hz, JH4-H5 10.1Hz, H4) 3.77 (1H, m, H5), 3.99 (1H, t, JH2-H3 9.1Hz, 

JH3-H4 9.1Hz, H3), 4.38 (1H, ddd, JH6-H6’ 11.0Hz, JH6’-31P 6.9Hz, JH5-H6’ 4.4Hz, H6’), 

4.46 (1H, ddd, JH6-H6’ 11.1Hz, JH6-31P 6.3Hz, JH5-H6 1.9Hz, H6), 4.49, 4.99 (2 x 1H, 2 x 

d, 2J 11.0Hz, PhCH2), 4.54 (1H, d, JH1-H2 3.5Hz, H1), 4.65, 4.78 (2 x 1H, 2 x d, 2J 

12.3Hz, PhCH2), 4.81, 4.83 (2 x 1H, 2 x d, 2J 7.3Hz, PhCH2), 6.83-7.52 (25H, m, 

ArH); 13C NMR (126MHz, CDCl3) δ ppm 55.3 (1C, OMe), 67.7 (1C, d, JC-31P 5.7Hz, 

C6), 69.3 (1C, d, JC-31P 6.7Hz, C5), 73.4, 75.1, 75.7 (3 x 1C, 3 x PhCH2), 76.8 (1C, 

C2), 79.7 (1C, 4C), 81.8 (1C, C3), 98.0 (1C, C1), 120.1 (4C, d, JC-31P 4.8Hz, P-OPh 

ArCortho), 125.3 (2C, d, JC-31P 6.7Hz, P-OPh ArCpara), 127.7-128.5 (15C, m, Bn 

ArCortho, ArCmeta, ArCpara), 129.7 (4C, d, JC-31P 6.7Hz, P-OPh ArCmeta), 137.9, 138.0, 

138.6 (3 x 1C, Bn ArCipso), 150.5 (2C, at, JC-31P 7.2Hz, P-OPh ArCipso); FT-IR (thin 

film) υ 1260 (P=O);  HRMS (ES+) m/z 719.2380 [M + Na]+ (required 719.2380). 

α-methyl-6-O-4-O-cyclophenoxyphosphoryl-D-glucose 

pyranoside56 (3.35) 

A mixture of 3.9 (0.03g, 0.07mmol, 1eq) and sodium azide 

(4.6mg, 0.07mmol, 1eq) in DMF (2ml) were heated to 80°C. After 7 hours TLC (95 

ethyl acetate : 5 methanol) showed complete consumption of starting  materials. The 

solvent was removed in vacuo and the product isolated by silica gel chromatography 

(98 ethyl acetate : 2 methanol). Lyophilization afforded the title compound as an 

amorphous white solid (17mg, 74%). 

Rf 0.5 (95 ethyl acetate : 5 methanol), [α]D
19 +94.8 (c = 0.85, EtOH) lit.56 [α]D

20 

+100.8 (c = 1.0, EtOH), m.p. 170.2-171.9°C lit56 196-197°C; 1H NMR (500MHz, 

MeOD) δ ppm 3.48 (3H, s, OMe), 3.55 (1H, dd, JH2-H3 9.5Hz, JH1-H2 3.8Hz, H2), 3.89 

(1H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, H3), 4.11 (1H, td, JH4-H5 10.2Hz, JH5-H6' 10.2Hz, 

JH5-H6 4.9 Hz, H5), 4.23 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 4.41 (1H, t, JH5-H6' 

10.4Hz, JH6-H6' 10.4Hz, H6'), 4.52 (1H, ddd, JH6-31P 24.0Hz, JH6-H6' 10.5Hz, JH5-H6 
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4.7Hz, H6), 4.79 (1H, d, JH1-H2 3.8Hz, H1), 7.27 (1H, t,  2 x Jmeta-para 7.4Hz, ArHmeta), 

7.33 (2H, d, Jmeta-para 7.9Hz, ArHpara), 7.43 (2H, t, Jortho-meta 7.9Hz, Jortho-para 7.9Hz, 

ArHortho); 13C NMR (126MHz, MeOD) δ ppm 56.3 (1C, OMe), 63.6 (1C, d, JC5-31P 

6.7Hz, C5), 71.2 (1C, d, JC6-31P 8.6Hz, C6), 72.1 (1C, d, JC3-31P 8.6Hz, C3), 73.2 (1C, 

d, JC-31P 2.9Hz, C2), 83.1 (1C, d, JC4-31P 6.7Hz, C4), 101.9 (1C, C1), 120.9 (2C, d, JC-

31P 4.8Hz, ArCortho), 126.8 (1C, ArCpara), 131.2 (2C, ArCmeta), 151.6 (1C, d, JC-31P 

6.7Hz, ArCipso); 31P{1H} NMR (16MHz, MeOD) δ ppm -11.87 (1P, 

(RO)(R’O)P(O)(OPh)); FT-IR (KBr disc) υ 1207 (P=O), 3404 br (OH); m/z (ES-) 

331.4 [M – H]-. 

α-methyl-6-azido-2,3,4-O-benzoyl-D-glucose pyranoside (3.13) 

A mixture of 3.10 (50mg, 0.068mmol, 1eq) and sodium azide (8.8mg, 

0.14mmol, 2eq) in DMF (3ml) was aggressively stirred at 80°C. TLC (1 petrol : 1 

ethyl acetate) after 8 hours showed the complete consumption of starting material. 

The reaction mixture was concentrated under reduced pressure, and the crude residue 

partitioned between ethyl acetate (20ml) and water (20ml). The aqueous layer was 

extracted with ethyl acetate (2 x 10ml) and the combined organics washed with brine 

(3 x 30ml), dried over MgSO4 and the solvent removed in vacuo. Purification with 

silica gel chromatography (3 petrol : 1 ethyl acetate) afforded the desired compound 

as a colourless oil (22mg, 61%). 

Rf 0.3 (2 petrol : 1 ethyl acetate), [α]D
19 +60.5 (c = 1.0, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 3.42 (1H, dd, JH6-H6’ 13.5Hz, JH5-H6’ 2.5Hz, H6’), 3.51 (1H, dd, JH6-H6’ 

13.7Hz, JH5-H6 6.9Hz, H6), 3.53 (1H, s, OMe), 4.25 (1H, ddd, JH4-H5 9.9Hz, JH5-H6 

6.9Hz, JH5-H6’ 2.5Hz, H5), 5.27 (1H, s, H1), 5.30 (1H, d, JH1-H2 4.0Hz, H2), 5.52 (1H, 

t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 6.16 (1H, t, JH3-H4 9.6Hz, JH2-H3 9.6Hz, H3), 7.07-

7.55 (9H, m, ArH), 7.87, 7.96 (2 x 2H, 2 x dd, Jortho-meta 8.4Hz, Jortho-ortho 1.1Hz, 2 x 

ArHortho), 7.99 (2H, dd, Jortho-meta 8.2Hz, Jortho-ortho 1.3Hz, ArHortho),  13C NMR 

(126MHz, CDCl3) δ ppm 51.2 (1C, C6), 55.8 (1C, OMe), 69.1 (1C, C5), 70.1 (1C, 

C3), 70.1 (1C, C4), 71.9 (1C, C2), 97.0 (1C, C1), 128.3, 128.4, 128.5 (3 x 2C, 

ArCmeta), 128.6, 129.0, 129.1 (3 x 1C, ArCipso), 129.6, 129.9, 129.9 (3 x 2C, ArCortho), 

133.1, 133.4, 133.6 (3 x 1C, ArCpara), 165.4, 165.7, 165.8 (3 x 1C, C=O); FT-IR (thin 

film) υ 1726 (C=O), 2103 (N3); HRMS m/z  (ES+) 554.1535 [M + Na]+ (required 

554.1534). 
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α-methyl-6-azido-2,3,4-O-benzyl-D-glucose pyranoside57 (3.14) 

A mixture of 3.11 (50mg, 0.072mmol, 1eq) and sodium azide (5mg, 

0.072mmol, 1eq) in DMF (3ml) was heated to 80°C. The reaction was 

monitored by TLC (2 petrol : 1 ethyl acetate) and required 78 hours for completion. 

The reaction mixture was diluted with ethyl acetate (25ml) and partitioned with water 

(25ml). The aqueous layer was extracted with ethyl acetate (3 x 20ml) and the 

combined organics washed with brine (5 x 20ml), dried over MgSO4 and the solvent 

removed in vacuo. The compound was purified by silica gel chromatography (9 petrol 

: 1 ethyl acetate) as a colourless oil (27mg, 77%). 

Rf 0.24 (9 petrol : 1 ethyl acetate); [α]D
19 +28.8 (c = 1.35, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 3.33 (1H, dd, JH6-H6’ 13.2Hz, JH5-H6’ 5.7Hz, H6’), 3.41 (3H, 

s, OMe), 3.44 (1H, t, JH3-H4 9.3Hz, JH4-H5 9.3Hz, H4), 3.45 (1H, dd, JH6-H6’ 13.5Hz, 

JH5-H6 2.5Hz, H6), 3.55 (1H, dd, JH2-H3 9.6Hz, JH1-H2 3.6Hz, H2), 3.79 (1H, ddd, JH4-H5 

9.9Hz, JH5-H6’ 5.8Hz, JH5-H6 2.4Hz, H5), 3.99 (1H, t, JH2-H3 9.3Hz, JH3-H4 9.3Hz, H3), 

4.58, 5.00 (2 x 1H, d, 2J 11.0Hz, PhCH2), 4.62 (1H, d, JH1-H2 3.5Hz, H1), 4.68, 4.91 (2 

x 1H, d, 2J 12.0Hz, PhCH2), 4.80 (1H, d, 2J 10.4Hz, PhCH2), 4.82 (1H, d, 2J 9.1Hz, 

PhCH2), 7.13-7.42 (15H, m, ArH); 13C NMR (126MHz, CDCl3) δ ppm 51.4 (1C, C6), 

55.3 (1C, OMe), 69.9 (1C, C5), 73.4, 75.1, 75.7 (3 x 1C, 3 x PhCH2), 78.3 (1C, C4), 

79.9 (1C, C2), 81.8 (1C, C3), 98.0 (1C, C1) 127.4-129.4 (15C, m, ArC), 137.9, 138.0, 

138.6 (3 x 1C, ArCipso); FT-IR (thin film) υ 2099 (N3); m/z (ES+) 507.2 [M + NH4]+ 

512.2 [M + Na]+. 

α-methyl-6-azido-D-glucose pyranoside58 (3.15) 
A mixture of 3.7 (100mg, 0.37mmol, 1eq) and sodium azide (24mg, 

0.37mmol, 1eq) in DMF (5ml) were heated to 80°C. TLC (95 ethyl 

acetate : 5 methanol) showed complete consumption of starting material after 7 hours. 

The reaction mixture was allowed to cool to room temperature and the solvent 

removed by lyophilization. The crude product was purified by silica gel 

chromatography (95 ethyl acetate : 5 methanol) to give the title compound as 

colourless crystals (75mg, 93%). 

Rf 0.33 (95 ethyl acetate : 5 methanol), [α]D
22 + 52.6 (c = 1.0, H2O), lit.58 [α]D

20 +54 

(c = 0.9, H2O); 1H NMR (400MHz, D2O) δ ppm 3.34 (1H, t, JH3-H4 9.6Hz, JH4-H5 

9.6Hz, H4), 3.36 (3H, s, OMe), 3.49 (1H, dd, JH6-H6’ 13.1Hz, JH5-H6’ 7.1Hz, H6’), 3.50 

(1H, dd, JH2-H3 9.5Hz, JH1-H2 3.8Hz, H2), 3.57 (1H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, H3), 
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3.62 (1H, dd, JH6-H6’ 13.5Hz, JH5-H6 2.5Hz, H6), 3.70 (1H, ddd, JH4-H5 9.9Hz, JH5-H6’ 

6.1Hz, JH5-H6 2.3Hz, H5), 4.74 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (101MHz, D2O) δ 

ppm 51.2 (1C, C6), 55.6 (1C, OMe), 70.7 (1C, C5), 70.7 (1C, C4), 71.5 (1C, C2), 

73.2 (1C, C3), 99.7 (1C, C1); m/z (ES+) 283.1 [M + CH3CN + Na], 461.2 [2M + Na] 

(ES-)  254.1 [M + 35Cl]-, 437.1 [2M – H], 474.3 [2M + 35Cl]. 

3.9.3 Optimized phosphate SN2 route 

6,6’-O-Di(diphenoxyphosphoryl)-D-trehalose (2.2) 

To a suspension of D-trehalose (1.00g, 2.92mmol, 1eq) in dry 

pyridine (20ml) at 0ºC was added dropwise diphenylchlorophosphate  

(0.53ml, 2.55mmol, 1.75eq). TLC (1 water : 4 isopropanol : 4 ethyl 

acetate) after 3 hours showed the presence of a major product. The 

reaction was quenched with methanol (2ml), the reaction mixture concentrated in 

vacuo, and the residue co-evaporated with toluene to remove pyridine.  Silica gel 

chromatography (1 water : 4 isopropanol : 8 ethyl acetate) was used for purification. 

Lyophilization yielded the title compound as a white amorphous solid (1.69g, 72%). 

For characterization data see section 2.8.2 page 46. 

Analysis of Multiple Phosphorylation Products 

6,6’,2-O-Tri(diphenoxyphosphoryl)-O-acetyl-D-trehalose 

To a solution of D-trehalose (50mg, 0.15mmol, 1eq) in dry pyridine 

(3ml) was added diphenylchlorophosphate (60µl, 0.58mmol, 4eq) at 

room temperature. TLC (1 water : 4 isopropanol : 4 ethyl acetate) 

after 3 hours showed complete consumption of starting materials and 

mass spectrometry (ES+) indicated multiple phosphorylations. To aid purification and 

analysis, the crude products were peracetylated by dropwise addition of acetic 

anhydride (0.22ml, 2.32mmol, 16eq). After 5 hours stirring at room temperature, the 

reaction was quenched by addition of methanol (5ml) and the solvents were removed 

in vacuo. The crude residue was partitioned between water (25ml) and ethyl acetate 

(25ml) and the aqueous phase extracted with ethyl acetate (2 x 25ml). The combined 

organics were washed with 1M HCl (3 x 20ml), saturated NaHCO3 solution (20ml), 

brine (20ml), dried over MgSO4 and concentrated in vacuo. Silica gel 

O

O

O

HO
HO

HO

HO
HO

HO

O

O

P
O

OPh
OPh

P
OPh

O
OPh

O

O

O

AcO
AcO

AcO

O
AcO

AcO

O

O

P
O

OPh
OPh

P
OPhO

PhO

P
O

OPh
OPh



98 

chromatography (2 petrol : 1 ethyl acetate) allowed the pure isolation of the title 

compound (60mg, 32%). 

Rf 0.45 (2 ethyl acetate : 1 petrol), [α]D
18 + 87.6 (c = 1.0, CHCl3); 1H NMR (500MHz, 

MeOD) δ ppm 2.00-2.13 (15H, m, 5 x OAc), 4.06 (1H, ddd, JH6’a-H6’b 11.3Hz, JH6’b-31P 

7.2Hz, JH5’-H6’b 2.7Hz, H6’b), 4.12-4.22 (2H, m, H5, H5’), 4.26 (1H, ddd, JH6’a-H6’b 

11.7Hz, JH6’a-31P 6.3Hz, JH5’-H6’a 1.9Hz), 4.34 (2H, m, H6a, H6b), 4.78 (1H, td, JH2-H3 

9.1Hz, JH2-31P 9.1Hz, JH1-H2 3.8Hz, H2), 4.95 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.5Hz, 

H2’), 5.05-5.14 (2H, m, H4, H4’), 5.16 (1H, d, JH1’-H2’ 3.5Hz, H1’), 5.34 (1H, d, JH1-

H2 3.8Hz, H1), 5.46 (1H, t, JH2’-H3’ 10.1Hz, JH3’-H4’ 10.1Hz, H3’), 5.57 (1H, t, JH2-H3 

9.6Hz, JH3-H4 9.6Hz, H3), 7.17-7.29 (18H, m, ArHorhto, ArHpara), 7.37-7.45 (12H, m, 

ArHmeta) ; 13C NMR (126MHz, MeOD) δ ppm 20.6, 20.6, 20.7, 20.7, 20.8 (5 x 1C, 5 x 

COCCH3), 67.5 (1C, d, JC-31P 5.7Hz, C6’), 68.4 (1C, d, JC-31P 5.7Hz, C6), 68.7 (1C, 

C4), 69.3 (1C, C4’), 69.9 (1C, C5), 69.9 (1C, C5’), 70.9 (1C, C2’), 71.5 (1C, C3’), 

71.6 (1C, C3), 76.1 (1C, d, JC-31P 6.7Hz, C2), 93.8 (1C, d, JC-31P 3.8Hz, C1), 94.0 (1C, 

C1’), 120.9-121.3 (12C, m, ArCortho), 126.7-127.2 (6C, m, ArCpara), 131.1, 131.2, 

131.2, 131.3, 131.4, 131.4 (6 x 2C, 6 x ArCmeta), 151.3-151.9 (6C, m, ArCipso), 170.8, 

171.0, 171.2, 171.6, 171.7 (5 x 1C, 5 x C=O); FT-IR (thin film) υ 1218 (P=O), 3442 

br (OH); HRMS m/z (ES)+ [M + Na]+ peaks 1271.24 (100%), 1272.24 (60%), 

1273.24 (23%), 1274.24 (6%) required 1271.25 (100%), 1272.25 (64%), 1273.25 

(24%), 1274.25 (6%). 

6,6’-O-Di(diphenoxyphosphoryl), 2,2’,3,3’,4,4’-O-acetyl-D-

trehalose (3.16) 

Acetic anhydride (2.18ml, 23.0mmol, 12eq) was added dropwise 

over a period of 5 minutes to a solution of 2.2 (1.55g, 1.92mmol, 

1eq) in anhydrous pyridine (10ml). The reaction was allowed to stir 

at room temperature for 5 hours, after which TLC (2 ethyl acetate : 1 petrol) showed 

the full consumption of starting material. The reaction was quenched with methanol 

(5ml) and the solvent removed in vacuo. The crude residue was partitioned between 

ethyl acetate (50ml) and water (20ml). The aqueous layer was extracted with ethyl 

acetate (2 x 25ml) and the combined organics washed with 1M HCl (3 x 25ml), 

saturated NaHCO3 solution (25ml), brine (25ml), dried over MgSO4 and the solvent 

removed in vacuo. Purification was achieved with silica gel chromatography (1 petrol 

: 1 ethyl acetate) to afford the desired compound as a colourless oil (1.60g, 78%). 

O

O

O

AcO
AcO

AcO

AcO
AcO

AcO
O

O

P
O

OPh
OPh

P
OPh

O
OPh



99 

Rf 0.33 (2 ethyl acetate : 1 petrol), [α]D
19 +80.4 (c = 1.0, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 2.02, 2.03, 2.04 (3 x 6H, 3 x s, 6 x CH3), 4.12 (2H, ddd, JH4-H5 10.1Hz, 

JH5-H66.6Hz, JH5-H6’ 2.0Hz, H5), 4.22 (2H, ddd, JH6-H6' 11.1Hz, JH6'-31P 6.6Hz, JH5-H6' 

2.2Hz, H6'), 4.29 (2H, ddd, JH6-H6' 11.4Hz, JH6-31P 6.6Hz, JH5-H6 5.4Hz, H6), 4.96 (2H, 

dd, JH2-H3 10.2Hz, JH1-H2 3.9Hz, H2), 5.00 (2H, d, JH1-H2 3.8Hz, H1), 5.03 (2H, dd, JH4-

H5 10.2, JH3-H4 9.3Hz, H4), 5.43 (2H, dd, JH2-H3 10.1Hz, JH3-H4 9.5Hz, H3), 7.16-7.22 

(12H, m, ArHortho, ArHpara), 7.32-7.36 (8H, m, ArHmeta); 13C NMR (126MHz, CDCl3) 

δ ppm 20.5, 20.6, 20.7 (3 x 2C, CH3), 66.6 (2C, d, JC6-31P 5.7Hz, C6), 68.3 (2C, C4), 

68.7 (2C, d, JC5-31P 8.6Hz, C5), 69.3 (2C, C2), 70.1 (2C, C3), 93.0 (2C, C1), 120.0 

(8C, d, JC-31P 4.8Hz, ArCortho), 125.5 (4C, ArCpara), 129.8 (8C, ArCmeta), 150.3 (2C, d, 

JC-31P 6.7Hz, ArCipso), 150.4 (2C, d, JC-31P 7.6Hz, ArCipso), 169.3, 169.4, 170.0 (3 x 

2C, C=O); FT-IR (thin film) υ 1248 (P=O), 1755 (C=O); HRMS m/z (ES+) 1081.23 

(100%), 1082.23 (52%), 1083.24 (17%), 1084.24 (4%) required 1081.23 (100%), 

1082.23 (53%), 1083.23 (19%), 1084.24 (5%). 

6-O-diphenoxyphosphoryl-6’azido-2,2’,3,3’,4,4’-O-acetyl-D-trehalose (3.17) 

6,6’diazido-2,2’,3,3’,4,4’-O-acetyl-D-trehalose59 (3.18) 

A mixture of 3.16 (1.60g, 1.5mmol, 1eq) and sodium azide (9.8mg, 1.5mmol, 1eq) in 

DMF (10ml) was heated to 80ºC with aggressive stirring. The reaction was regularly 

monitored by TLC (2 ethyl acetate : 1 petrol) and mass spectrometry (ES+). After 9 

hours of heating, significant amounts of side-product 3.18 were detected and the 

reaction was allowed to cool to room temperature. The reaction mixture was 

concentrated under reduced pressure and the resulting residue was partitioned 

between ethyl acetate (50ml) and water (20ml). The aqueous layer was extracted with 

ethyl acetate (2 x 25ml) and combined organics washed with brine (3 x 25ml), dried 

over MgSO4 and concentrated in vacuo. The three components were separated by 

silica gel chromatography (2 petrol : 1 ethyl acetate)  to give the desired product 3.17 

(0.48g, 37%) and side-product 3.18 (0.087g, 9%) as crystalline white solids. Starting 

material, 3.16, was also recovered (0.72g, 45%). The starting material was re-

subjected to the reaction conditions to give a second crop of 3.17 (0.66g, 51%). 
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Compound 3.17 

Rf 0.39 (2 ethyl acetate : 1 petrol), [α]D
19 +97.4 (c = 1.0, CHCl3), 

m.p. 42.2-44.6ºC, 1H NMR (500MHz, CDCl3) δ ppm 2.02, 2.04, 

2.05, 2.05, 2.06, 2.12 (6 x 3H, 6 x s, 6 x CH3), 3.14 (1H, dd, JH6'a-H6'b 

13.4Hz, JH5'-H6'b 2.4Hz, H6'b), 3.35 (1H, dd, JH6'a-H6'b 13.2Hz, JH5'-H6'a 

7.3Hz, H6'a), 4.06 (1H, ddd, JH4'-H5' 10.2Hz, JH5'-H6'a 7.5Hz, JH5'-H6'b 2.2Hz, H5'), 4.16 

(1H, add, JH4-H5 10.4Hz, JH5-H6a 5.4Hz, H5), 4.22 (1H, ddd, JH6a-H6b 11.3Hz, JH6b-31P 

6.5Hz, JH5-H6b 2.4Hz, H6b), 4.31 (1H, ddd, JH6a-H6b 11.4Hz, JH6a-31P 6.2Hz, JH5-H6a 

5.7Hz, H6a), 4.98 (1H, t, JH3’-H4’ 9.8Hz, JH4’-H5’ 9.8Hz, H4’), 4.99 (1H, dd, JH2’-H3’ 

10.0Hz, JH1’-H2’ 3.8Hz, H2’), 5.03 (1H, dd, JH2-H3 8.2Hz, JH1-H2 4.0Hz, H2), 5.03 (1H, 

t, JH3-H4 10.1Hz, JH4-H5 10.1Hz, H4), 5.03 (1H, d, JH1’-H2’ 2.8Hz, H1’), 5.18 (1H, d, 

JH1-H2 3.8Hz, H1), 5.43 (1H, dd, JH2-H3 9.6Hz, JH3-H4 9.6Hz, H3), 5.47 (1H, dd, JH2'-H3' 

10.2Hz, JH3'-H4' 9.3Hz, H3'), 7.13-7.23 (6H, m, ArHortho, ArHpara), 7.33-7.37 (4H, m, 

ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 50.9 (1C, C6), 66.7 (1C, d, JC6’-31P 

5.7Hz, C6’), 68.4 (1C, C4), 68.7 (1C, d, JC4-31P 8.6Hz, C5), 69.3 (1C, C2), 69.5 (1C, 

C4’), 69.6 (1C, C2’), 69.9 (3C, C3, C3’, C5’), 92.8 (1C, C1’), 92.9 (1C, C1), 120.0 

(4C, d, JC-31P 5.7Hz, ArCortho), 125.5 (2C, ArCpara), 129.8 (4C, d, JC-31P 2.9Hz, 

ArCmeta), 150.3 (1C, d, JC-31P 6.7Hz , ArCipso), 150.4 (1C, d, JC-31P 7.6Hz, ArCipso), 

169.3, 169.4, 169.6, 169.6, 170.0, 170.03 (6 x 1C, C=O), FT-IR (KBr disc) υ 1248 

(P=O), 1755 (C=O), 2105 (N3); HRMS m/z  (ES+) 874.2043 [M + Na]+ (required 

874.2042). 

Compound 3.18 

Rf 0.54 (2 ethyl acetate : 1 petrol), [α]D
19 +121.1 (c = 1.0, CHCl3), lit.59 

[α]D +134 (c = 0.5, CHCl3), m.p. 103-106ºC, lit.59 114-116°C; 1H NMR 

(500MHz, CDCl3) δ ppm 2.03, 2.06, 2.12 (3 x 6H, 3 x s, 6 x CH3), 3.17 

(2H, dd, JH6-H6’ 13.4Hz, JH5-H6’ 2.4Hz, H6’), 3.37 (2H, dd, JH6-H6’ 

13.4Hz, JH5-H6 7.4Hz, H6), 4.08 (2H, dd, JH5-H6 7.3Hz, JH5-H6’ 2.5Hz, H5), 4.99 (2H, t, 

JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 5.08 (2H, dd, JH2-H3 10.2Hz, JH1-H2 3.9Hz, H2), 5.33 

(2H, d, JH1-H2 4.1Hz, H1), 5.47 (2H, t, JH2-H3 10.1Hz, JH3-H4 10.1Hz, H3); 13C NMR 

(126MHz, CDCl3) δ ppm 20.6, 20.6, 20.6 (3 x 2C, OAc), 50.9 (1C, C6), 69.6 (1C, 

C5) 69.7 (1C, C2), 69.8 (1C, C4), 69.9 (1C, C3), 93.0 (1C, C1), 169.6, 169.6, 169.9 (3 

x 2C, C=O); FT-IR (KBr disc) υ 1748 (C=O), 2105 (N3); m/z (ES+) 667.1823 [M + 

Na]+ (required 667.1818). 
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3.9.4 Diphenylphosphate deprotections by hydrogenation 

Neutral hydrogenation conditions 

A suspension of 3.17 (30mg, 0.035mmol, 1eq) and PtO2 (8mg, 0.035, 1eq) in 75% 

aqueous ethanol (3ml) was repeatedly degassed under vacuum and flushed with 

hydrogen. The reaction mixture was aggressively stirred under an atmospheric 

pressure of hydrogen. TLC (1 water : 2 isopropanol : 2 ethyl acetate) after 90 minutes 

showed complete consumption of starting material and the formation of several 

products. The reaction mixture was filtered through Celite® and the solvent removed 

in vacuo. The compounds were separated by silica gel chromatography using gradient 

elution with stepwise increases in polarity of the mobile phase from pure ethyl acetate 

to 1 water : 1 isopropanol : 1 ethyl acetate to give 3.19 (4.0mg, 14%), 3.20 (8mg, 

48%), 3.21 (1mg, 4%),  and smaller quantities of other products. 

Acidic hydrogenation conditions 

A suspension of 3.17 (30mg, 0.035mmol, 1eq) and PtO2 (8mg, 0.035, 1eq) in 75% 

aqueous ethanol (3ml), adjusted to pH4 with 1M HCl (pH paper), was repeatedly 

degassed under vacuum and flushed with hydrogen. The reaction mixture was 

aggressively stirred under an atmospheric pressure of hydrogen. TLC (1 petrol : 2 

ethyl acetate) after 2 hours showed complete consumption of starting material and the 

formation of two highly polar products. The reaction mixture was neutralized with 

1M NaOH (pH paper), filtered through Celite® and the solvent removed in vacuo. The 

compounds were separated by silica gel chromatography (1 water : 1 isopropanol : 1 

ethyl acetate). Fractions were concentrated and centrifuged (16000g, 5 minutes) and 

the supernatant filtered through a 45µm membrane to remove residual silica. 

Lyophilization gave 3.20 (4.2mg, 18%) and 3.21 (8.2mg, 34%) as amorphous white 

solids. 

6-O-diphenoxyphosphoryl-6’acetimido-2,2’,3,3’,4,-O-acetyl-D-

trehalose (3.19) 

Rf 0.24 (ethyl acetate), [α]D
18 +66.5 (c = 0.2, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 2.03, 2.03, 2.05, 2.08, 2.08, 2.09 (6 x 3H, 6 

x s, 6 x OAc), 3.06 (1H, ddd, JH6’a-H6’b 14.7Hz, JH6’b-NH 5.0Hz, JH5’-H6’b 2.7Hz, H6’b), 
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3.34 (1H, td, JH3’-H4’ 9.6Hz, JH4’-H5’ 9.6Hz, JH4’-OH 2.5Hz, H4’), 3.72 (1H, dt, JH4’-H5’ 

9.8Hz, JH5’-H6’a 2.8Hz, JH5’-H6’b 2.8Hz, H5’), 3.95 (1H, ddd, JH6’a-H6’b 14.9Hz, JH6’a-NH 

8.0Hz, JH5’-H6’a 3.0Hz, H6’a), 4.13 (1H, m, H5), 4.24 (1H, ddd, JH6a-H6b 10.9Hz, JH6b-

31P 6.6Hz, JH5-H6b 2.2Hz, H6b), 4.30 (1H, ddd, JH6a-H6b 11.5Hz, JH6a-31P 6.8Hz, JH5-H6a 

5.2Hz, H6a), 4.84 (1H, dd, JH2-H3 10.2Hz, JH1-H2 3.9Hz, H2), 4.94 (1H, dd, JH2’-H3’ 

10.2Hz, JH1’-H2’ 3.9Hz, H2’), 5.04 (1H, t, JH3-H4 10.4Hz, JH4-H5 10.4Hz, H4), 5.10 (1H, 

d, JH1’-H2’ 4.1Hz, H1’), 5.26 (1H, d, JH1-H2 3.8Hz, H1), 5.39 (1H, t, JH2’-H3’ 9.9Hz, JH3’-

H4’ 9.9Hz, H3’), 5.45 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 5.85 (1H, dd, JH6a-NH 

7.7Hz, JH6b-NH 5.2Hz, NH), 7.14-7.22 (6H, m, ArHortho, ArHpara), 7.33-7.37 (4H, m, 

ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 20.6, 20.6, 20.6, 20.6, 20.9 (5 x 1C, 5 x 

OAc), 23.0 (1C, NHAc), 39.5 (1C, C6’), 66.6 (1C, d, JC-31P 5.7Hz, C6), 68.3 (1C, C4), 

68.5 (1C, d, JC-31P 8.6Hz, C5), 68.9 (1C, C4’), 69.8 (1C, C3), 69.9 (1C, C2), 70.2 (1C, 

C2’), 71.0 (1C, C5’), 71.6 (1C, C3’), 92.1 (1C, C1), 93.2 (1C, C1’), 120.0, 120.0 (2 x 

2C, d, JC-31P 4.8Hz, ArCortho), 125.56 (2C, ArCpara), 129.8(4C, ArCmeta), 150.3, 150.4 

(2 x 1C, d, JC-31P 6.7Hz, ArCipso), 169.5, 169.7, 169.8, 170.0, 170.4 (5 x 1C, 5 x OAc 

C=O) 172.5 (1C, NHCOCH3); FT-IR (thin film) 1222 (P=O), 1651 (RNHC=O), 1750 

(C=O); HRMS (ES+) m/z 848.2139 [M + Na]+ (required 848.2137). 

6-O-dihydroxyphosphoryl-6’acetimido-2,2’,3,3’,4,-O-acetyl-D-

trehalose (3.20) 

Rf 0.52 (1 water : 1 isopropanol : 1 ethyl acetate), [α]D
18 +24.9 (c = 

0.21, H2O); 1H NMR (500MHz, D2O) δ ppm 2.01, 2.01, 2.02, 2.03, 

2.04, 2.06 (6 x 3H, 6 x s, 5 x OAc, NHAc), 3.13 (1H, dd, JH6’a-H6’b 14.2Hz, JH5’-H6’b 

7.4Hz, H6’b), 3.54 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.62 (1H, ddd, JH4’-H5’ 

10.2Hz, JH5’-H6’a 8.7Hz, JH5’-H6’b 2.4Hz, H5’), 3.71 (1H, dd, JH6’a-H6’b 14.2Hz, JH5’-H6’a 

2.2Hz, H6’a), 3.82 (2H, m, H6a, H6b), 4.04 (1H, ddd, JH4-H5 10.2Hz, JH5-H6a 4.8Hz, 

JH5-H6b 2.9Hz, H5), 4.97 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 5.06 (1H, dd, 

JH2-H3 10.1Hz, JH1-H2 3.8Hz, H2), 5.09 (1H, t, JH3-H4 9.9Hz, JH4-H5 9.9Hz, H4), 5.26 

(1H, t, JH2’-H3’ 9.6Hz, JH3’-H4’ 9.6Hz, H3’), 5.32 (2H, d, JH1-H2 3.4Hz, H1, H1’), 5.50 

(1H, t, JH2-H3 9.7Hz, JH3-H4 9.7Hz, H3); 13C NMR (126MHz, D2O) δ ppm 19.9, 20.0, 

20.1, 20.2, 20.3 (5 x 1C, 5 x OAc), 22.1 (1C, NHAc), 39.5 (1C, C6’), 62.1 (1C, d, JC-

31P 2.9Hz, C6), 68.5 (1C, C4), 68.7 (1C, d, JC-31P 2.9Hz, C5), 69.3 (1C, C2), 70.4 (1C, 

C2’), 70.7 (1C, C3), 71.5 (1C, C3’), 72.3 (1C, C5’), 91.4 (1C, C1’), 91.5 (1C, C1), 

173.4, 173.5, 173.6, 173.9, 174.0, 174.4 (6 x 1C, 6 x C=O); FT-IR (KBr disc) υ 1631 
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(RNHC=O), 1744 (C=O), 3448 br (OH);  HRMS (ES+) m/z 696.1502 [M + Na]+ 

(required 696.1511). 

6-O-hydroxyoxyphosphoryl-6’-amino-2,2’,3,3’,4,4’-O-acetyl-D-

trehalose (3.21) 

Rf 0.43 ( 1 water : 1 isopropanol : 1 ethyl acetate), [α]D
18 +42.9 (c = 

1.0, H2O); 1H NMR (500MHz, D2O) δ ppm 2.01, 2.01, 2.03, 2.04, 

2.06, 2.08 (6 x 3H, 6 x s, 6 x OAc), 3.84-3.86 (2H, m, H6a, H6b), 4.10 (1H, m, H5), 

4.12 (1H, dd, JH6’a-H6’b 12.2Hz, JH5’-H6’b 2.2Hz, H6’b), 4.16 (1H, ddd, JH4’-H5’ 10.2Hz, 

JH5’-H6’a 5.2Hz, JH5’-H6’b 2.2Hz, H5’), 4.30 (1H, dd, JH6’a-H6’b 12.3Hz, JH5’-H6’a 5.0Hz, 

H6’a), 5.09 (1H, t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 5.14 (1H, t, JH3’-H4’ 9.8Hz, JH4’-H5’ 

9.8Hz, H4’), 5.14 (2H, dd, JH2-H3 10.1Hz, JH1-H2 3.5Hz, H2, H2’), 5.36 (1H, d, JH1-H2 

3.8Hz, H1), 5.41 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.51 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, 

H3), 5.52 (1H, t, JH2’-H3’ 9.8Hz, JH3’-H4’ 9.8Hz, H3’); 13C NMR (126MHz, D2O) δ ppm 

20.0, 20.1, 20.1, 20.1, 20.1, 20.2 (6 x 1C, 6 x OAc), 62.1 (1C, C6’), 62.3 (1C, d, JC-31P 

2.9Hz, C6), 68.0 (1C, C4’), 68.3 (1C, C4), 68.4 (1C, C5’), 69.4 (31C, d, JC-31P 9.5Hz, 

C5),  69.8 (1C, C2’), 70.0 (1C, C2), 70.7 (1C, C3’), 71.0 (1C, C3), 92.1 (1C, C1’), 

92.1 (1C, C1), 172.4, 172.6, 172.8, 173.3, 173.4, 173.6 (6 x 1C, 6 x OAc C=O); FT-

IR (KBr disc) 1751 (C=O), 3442 br (OH); HRMS (ES+) m/z 696.1507 [M + Na]+ 

(required 696.1511). 

3.9.5 Diphenylphosphate deprotections by basic hydrolysis 

Deprotection of 3.9 with NH4OH 

To a solution of 3.9 (30mg, 0.07mmol, 1eq) in water (4ml) was added NH4OH (28% 

solution in water, 18μl, 0.28mmol, 4eq). The reaction was allowed to stir at room 

temperature and monitored by TLC (95 ethyl acetate : 5 methanol) for consumption of 

starting material. After 10 minutes, the reaction was neutralized (pH 7 by pH paper) 

with 1M HCl and the solvent and ammonium hydroxide were removed in vacuo. The 

crude solid was taken up in water (20ml) and washed with DCM (2 x 10ml). The 

aqueous layer was concentrated in vacuo. Silica gel chromatography (1 water : 2 

isopropanol : 2 ethyl acetate) allowed separation of the products. Lyophilization 

yielded 3.22 (12.4mg, 69%) and 3.23 (3mg, 12%).  
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Deprotection of 3.9 with CsF 

A solution of 3.9 (41mg, 0.096mmol, 1eq) and CsF (0.14g, 0.96mmol, 10eq) in tert-

butanol (3ml) and water (1ml) was heated to 80°C. TLC (1 petrol : 1 ethyl acetate) 

after 12 hours indicated complete consumption of the starting material. The solvent 

was removed under reduced pressure and the products separated by silica gel 

chromatography (1 water : 4 isopropanol : 4 ethyl acetate). Lyophilisation of the 

pooled fractions afforded 3.22 (12.7mg, 38%) and 3.24 (13.4mg, 56%) as white 

amorphous solids. 

4,6-(monohydrogen)phosphoryl-D-glucose (3.22) 

Rf 0.5 (5 ethanol : 3 NH4OH : 1 water), [α]D
19 +52.6 (c = 1.0, 

H2O); 1H NMR (500MHz, D2O) δ ppm 3.37 (1H, t, JH3’-H4’ 9.5Hz, 

JH4’-H5’ 9.5Hz, H4’), 3.56 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 3.67 (1H, dd, 

JH2-H3 9.2Hz, JH1-H2 3.8Hz, H2), 3.68 (1H, t, JH6’a-H6’b 6.0Hz, JH5’-H6’b 6.0Hz, H6’b), 

3.73-3.80 (3H, m, H3’, H5’, H6’a), 3.89 (1H, ddd, JH4-H5 9.5Hz, JH5-H6ax 9.0Hz, JH5-

H6eq 0.9Hz, H5), 3.92 (1H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, H3), 4.01 (1H, td, JH5-H6ax 

8.4Hz, JH6ax-H6eq 8.4Hz, JH6ax-31P 1.7Hz, H6ax), 4.02 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, 

H4), 4.13 (1H, ddd, JH6eq-31P 22.3Hz, JH6ax-H6eq 8.4Hz, JH5-H6eq 3.8Hz, H6eq), 5.10 (1H, 

d, JH1’-H2’ 3.8Hz, H1’), 5.13 (1H, d, JH1-H2 4.1Hz, H1); 13C NMR (126MHz, D2O) δ 

ppm 60.4 (1C, C6’), 64.0 (1C, d, JC4-31P 4.8Hz), 66.5 (1C, d, JC6-31P 5.7Hz, C6), 69.6 

(1C, C4’), 70.4 (1C, d, JC3-31P 8.6Hz, C3), 70.8 (1C, d, JC2-31P 1.9Hz, C2), 71.0 (1C, 

C2’), 72.2 (1C, C3’), 72.5 (1C, C5’), 78.2 (1C, d, JC5-31P 4.8Hz, C5), 93.7 (1C, C1’), 

94.0 (1C, C1); 31P{1H} NMR (162MHz, D2O) δ ppm -2.46 (1P, P(O)(OR)(OR’)); FT-

IR (KBr disc) υ 1139 (P=O), 3407 br (OH); HRMS m/z (ES-) 403.0649 [M – H]- 

required 403.0647. 

4-O-phenoxyphosphoryl-D-glucose (3.23) 

Rf 0.66 (5 ethanol : 3 NH4OH : 1 water), [α]D
18 +33 (c = 0.15, 

H2O); 1H NMR (500MHz, D2O) δ ppm 3.36 (1H, t, JH3’-H4’ 9.6Hz, 

JH4’-H5’ 9.6Hz, H4’), 3.55 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 3.63 (1H, dd, 

JH2-H3 9.3Hz, JH1-H2 4.4Hz, H2), 3.67 (2H, add, JH6’a-H6’b 11.4Hz, JH5-H6’ 5.0Hz, H6’a, 

H6’b), 3.73-3.80 (5H, m, H3, H3’, H6a, H6b), 3.87 (1H, ddd, JH4’-H5’ 9.3Hz, JH5’-H6’a 

5.2Hz, JH5-H6’b 2.2Hz, H5), 3.98 (1H, m, H5), 3.99 (1H, q, JH3-H4 9.3Hz, JH4-H5 9.3Hz, 

JH4-31P 9.3Hz, H4), 5.11 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.12 (1H, d, JH1-H2 4.1Hz, H1), 
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7.01-7.20 (3H, m, ArHortho, ArHpara), 7.32 (2H, t, Jortho-meta 8.0Hz, Jmeta-para 8.0Hz, 

ArHmeta); 13C NMR (126MHz, D2O) δ ppm 60.3 (1C, C6), 60.5 (1C, C6’), 69.6 (1C, 

C4’), 70.8 (1C, C2), 71.1 (1C, C2’), 71.2 (1C, d, JC-31P 5.7Hz, C5), 71.7 (1C, d, JC-31P 

1.9Hz, C4), 72.1 (1C, C3), 72.1 (1C, C3’), 72.5 (1C, C5’), 93.1 (1C, C1), 93.4 (1C, 

C1’), 120.2 (2C, d, JC-31P 4.8Hz, ArCortho), 124.5 (1C, ArCpara), 129.8 (2C, ArCmeta), 

151.6 (1C, d, JC-31P 7.6Hz, ArCipso); 31P{1H} NMR (162MHz, D2O) δ ppm -8.70 (1P, 

P(O)(OR)(OPh)(OH)); FT-IR (KBr disc) υ 1106 (P=O), 3426 br (OH); HRMS (ES-) 

m/z 497.1068 [M – H]- (required 497.1066). 

α-methyl-6-O-monophenoxyphosphoryl-D-glucose pyranoside60 

(3.24) 

Rf 0.44 (1 water : 2 isopropanol : 2 ethyl acetate), [α]D
18 +55.9 (c = 0.63, H2O), lit.60 

[α]D
20 +61.9 (c = 0.5, H2O); 1H NMR (500MHz, D2O) δ ppm 3.31 (3H, s, OMe), 3.38 

(1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.44 (1H, dd, JH2-H3 9.8Hz, JH1-H2 3.8Hz, H2), 

3.57 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.67 (1H, add, JH4-H5 9.0Hz, JH5-H6’ 

3.6Hz, H5), 4.08 (1H, ddd, JH6-H6’ 11.6Hz, JH6’-31P 6.7Hz, JH5-H6’ 5.0 Hz, H6’), 4.16 

(1H, ddd, JH6-H6’ 11.5Hz, JH6-31P 5.9Hz, JH5-H6 1.9Hz, H6), 4.68 (1H, d, JH1-H2 3.8Hz, 

H1), 7.14 (3H, d, Jortho-meta 7.9Hz, Jmeta-para 7.9Hz, ArHortho, ArHpara), 7.32 (2H, t, Jortho-

meta 7.9Hz, Jmeta-para 7.9Hz, ArHmeta); 13C NMR (126MHz, D2O) δ ppm 55.1 (1C, 

OMe), 64.8 (1C, d, JC-31P 5.7Hz, C6), 69.1 (1C, C4), 70.5 (1C, d, JC-31P 7.6Hz, C5), 

71.1 (1C, C2), 72.9 (1C, C3), 99.3 (1C, C1), 120.2 (2C, d, JC-31P 4.8Hz, ArCortho), 

124.3 (1C, ArCpara), 129.7 (2C, ArCmeta), 151.7 (1C, d, JC-31P 6.7Hz, ArCipso); m/z 

(ES-) 349.1 [M – H]-. 

Deprotection of 2.1 with NH4OH 

To a solution of 2.1 (30mg, 0.052mmol, 1eq) in water (4ml) was added NH4OH (28% 

solution in water, 14μl, 0.21mmol, 4eq). The reaction mixture was stirred at room 

temperature and monitored by TLC (1 water : 1 isopropanol : 1 ethyl acetate) for 

consumption of the starting material. After 10 minutes, the reaction was neutralized 

(pH 7 by pH paper) with 1M HCl, the solvent and ammonium hydroxide were 

removed in vacuo. The crude solid was taken up in water (25ml) and washed with 

DCM (3 x 10ml). The aqueous layer was retained and the water removed under 

reduced pressure. The compounds was separated using silica gel chromatography (1 
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water : 2 isopropanol : 2 ethyl acetate). Lyophilization gave 3.25 (18.4mg, 88%) and 

3.23 (3mg, 9%) as amorphous white solids. 

Deprotection of 2.1 with CsF 

A solution of 2.1 (30mg, 0.052mmol, 1eq) and CsF (80mg, 0.52mmol, 10eq) in water 

(1ml) and tert-butanol (3ml) were heated to 80°C. TLC (1 water : 2 isopropanol : 2 

ethyl acetate) showed complete consumption of starting material after 12 hours. The 

reaction mixture was allowed to cool and the solvent removed in vacuo. Separation of 

the components was achieved using silica gel chromatography (1 water : 2 

isopropanol : 2 ethyl acetate). Lyophilization of the product containing fractions 

yielded 3.25 (10.2mg, 49%) and 3.27 (8.1mg, 31%). 

4,6-(monohydrogen)phosphoryl-D –trehalose (3.25) 

Rf 0.5 (5 ethanol : 3 NH4OH : 1 water), [α]D
19 +52.6 (c = 1.0, H2O); 

1H NMR (500MHz, D2O) δ ppm 3.37 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 

9.5Hz, H4’), 3.56 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 3.67 

(1H, dd, JH2-H3 9.2Hz, JH1-H2 3.8Hz, H2), 3.68 (1H, t, JH6’a-H6’b 6.0Hz, 

JH5’-H6’b 6.0Hz, H6’b), 3.73-3.80 (3H, m, H3’, H5’, H6’a), 3.89 (1H, ddd, JH4-H5 

9.5Hz, JH5-H6ax 9.0Hz, JH5-H6eq 0.9Hz, H5), 3.92 (1H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, 

H3), 4.01 (1H, td, JH5-H6ax 8.4Hz, JH6ax-H6eq 8.4Hz, JH6ax-31P 1.7Hz, H6ax), 4.02 (1H, t, 

JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 4.13 (1H, ddd, JH6eq-31P 22.3Hz, JH6ax-H6eq 8.4Hz, JH5-

H6eq 3.8Hz, H6eq), 5.10 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.13 (1H, d, JH1-H2 4.1Hz, H1); 
13C NMR (126MHz, D2O) δ ppm 60.4 (1C, C6’), 64.0 (1C, d, JC4-31P 4.8Hz), 66.5 

(1C, d, JC6-31P 5.7Hz, C6), 69.6 (1C, C4’), 70.4 (1C, d, JC3-31P 8.6Hz, C3), 70.8 (1C, d, 

JC2-31P 1.9Hz, C2), 71.0 (1C, C2’), 72.2 (1C, C3’), 72.5 (1C, C5’), 78.2 (1C, d, JC5-31P 

4.8Hz, C5), 93.7 (1C, C1’), 94.0 (1C, C1); 31P{1H} NMR (162MHz, D2O) δ ppm -

2.46 (1P, P(O)(OR)(OR’)); FT-IR (KBr disc) υ 1139 (P=O), 3407 br (OH); HRMS 

m/z (ES-) 403.0649 [M – H]- required 403.0647. 

4-O-phenoxyphosphoryl-D-trehalose (3.23) 

Rf 0.66 (5 ethanol : 3 NH4OH : 1 water), [α]D
18 +33 (c = 0.15, H2O); 

1H NMR (500MHz, D2O) δ ppm 3.36 (1H, t, JH3’-H4’ 9.6Hz, JH4’-H5’ 

9.6Hz, H4’), 3.55 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 3.63 

(1H, dd, JH2-H3 9.3Hz, JH1-H2 4.4Hz, H2), 3.67 (2H, add, JH6’a-H6’b 11.4Hz, JH5-H6’ 
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5.0Hz, H6’a, H6’b), 3.73-3.80 (5H, m, H3, H3’, H6a, H6b), 3.87 (1H, ddd, JH4’-H5’ 

9.3Hz, JH5’-H6’a 5.2Hz, JH5-H6’b 2.2Hz, H5), 3.98 (1H, m, H5), 3.99 (1H, q, JH3-H4 

9.3Hz, JH4-H5 9.3Hz, JH4-31P 9.3Hz, H4), 5.11 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.12 (1H, d, 

JH1-H2 4.1Hz, H1), 7.01-7.20 (3H, m, ArHortho, ArHpara), 7.32 (2H, t, Jortho-meta 8.0Hz, 

Jmeta-para 8.0Hz, ArHmeta); 13C NMR (126MHz, D2O) δ ppm 60.3 (1C, C6), 60.5 (1C, 

C6’), 69.6 (1C, C4’), 70.8 (1C, C2), 71.1 (1C, C2’), 71.2 (1C, d, JC-31P 5.7Hz, C5), 

71.7 (1C, d, JC-31P 1.9Hz, C4), 72.1 (1C, C3), 72.1 (1C, C3’), 72.5 (1C, C5’), 93.1 

(1C, C1), 93.4 (1C, C1’), 120.2 (2C, d, JC-31P 4.8Hz, ArCortho), 124.5 (1C, ArCpara), 

129.8 (2C, ArCmeta), 151.6 (1C, d, JC-31P 7.6Hz, ArCipso); 31P{1H} NMR (162MHz, 

D2O) δ ppm -8.70 (1P, P(O)(OR)(OPh)(OH)); FT-IR (KBr disc) υ 1106 (P=O), 3426 

br (OH); HRMS (ES-) m/z 497.1068 [M – H]- (required 497.1066). 

6-O-phenoxyphosphoryl-D-trehalose (3.27) 

Rf 0.63 (5 ethanol : 3 NH4OH : 1 water), [α]D
19 +82.7 (c = 0.41, H2O); 

1H NMR (500MHz, D2O) δ ppm 3.35 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 

9.5Hz, H4’), 3.43 (1H, t, JH3-H4 9.6Hz, JH4-H5 9.6Hz, H4), 3.51 (1H, 

dd, JH2’-H3’ 9.9Hz, JH1’-H2’ 3.9Hz, H2’), 3.53 (1H, dd, JH2-H3 9.8Hz, JH1-

H2 3.8Hz, H2), 3.67 (1H, dd, JH6’a-H6’b 11.9Hz, JH5’-H6’b 5.0Hz, H6’b), 3.70-3.79 (4H, 

m, H3, H3’, H5’, H6’a), 3.86 (2 H, ddd, JH4-H5 9.9Hz, JH5-H6b 2.0Hz, JH5-H6a 1.9Hz, 

H5), 4.09 (1H, ddd, JH6a-H6b 11.6Hz, JH6b-31P 6.7Hz, JH5-H6b 4.7Hz, H6b), 4.14 (1H, 

ddd, JH6a-H6b 11.5Hz, JH6a-31P 5.8Hz, JH5-H6a 1.9Hz, H6a), 5.06 (1H, d, JH1’-H2’ 3.8Hz, 

H1’), 5.08 (1H, d, JH1-H2 3.8Hz, H1), 7.10-7.15 (3H, m, ArHortho, ArHpara), 7.32 (2H, t, 

Jortho-meta 7.8Hz, Jmeta-para 7.8Hz, ArHmeta); 13C NMR (126MHz, D2O) δ ppm 60.5 (1C, 

C6’), 64.8 (1C, d, JC6-31P 4.8Hz, C6), 69.2 (1C, C4), 69.7 (1C, C4’), 70.9 (1C, C2’), 

70.9 (1C, C2), 71.1 (1C, d, JC5-31P 7.6Hz, C5), 72.1 (1C, C5’), 72.4 (1C, C3’), 72.4 

(1C, C3), 93.3 (1C, C1’), 93.3 (1C, C1), 120.2 (2C, d, JC-31P 4.8Hz, ArCortho), 124.3 

(1C, ArCpara), 129.7 (2C, ArCmeta), 151.7 (1C, d, JC-31P 6.7Hz, ArCipso); 31P{1H} NMR 

(162MHz, D2O) δ ppm -3.79 (1P, P(O)(OPh)(OH)); FT-IR (KBr disc) υ 1156 (P=O), 

3417 br (OH); HRMS (ES-) m/z 497.1068 [M – H]- (required 497.1066). 
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3.9.6 Probing the mechanism of CsF transesterfications 

Transesterfication reactions were performed under a range of conditions (Table 3.3). 

Reactions were generally performed on 2.1 (20mg, 0.035mmol) with methanol under 

reflux conditions and with 10 equivalents of the transesterfication reagent, unless 

otherwise stated below. Reactions were monitored by TLC (1 water : 4 isopropanol : 

4 ethyl acetate). After 16 hours the reaction was stopped and products separated by 

silica gel chromatography (1 water : 4 isopropanol : 4 ethyl acetate).  

For entry B, only 2.5 equivalents of CsF were used. For entry C, triethylamine (4µl, 

0.052mmol, 1eq) pre-dissolved in methanol (10ml) was added over a period of 2 

hours, via a syringe pump, to a solution of 2.1 (20mg, 0.035mmol, 1eq) in methanol 

(15ml) under reflux. After the addition was complete, the reaction mixture was 

allowed to heat for a further hour after which TLC showed complete consumption of 

the starting carbohydrate. For entry F, TBAF was used as a 1M solution in THF. Or 

entries G and H, a 1 : 1 mixture of methanol and the stated solvent was used in the 

reaction mixture. For entry K, the pH was adjusted with triethylamine. For entry L, 

the pH was adjusted with 1M HCl in methanol.  

Fractions containing 3.41 and 3.42 were pooled together and solvents removed in 

vacuo to obtain a total yield. Product distribution of the regioisomers was calculated 

from 1H NMR (D2O) resonance integrals for the 4 and 6 position protons of 

compounds 3.41 and 3.42 respectively (Figure 3.2). The mixture was further analysed 

by C18 HPLC after per-O-acetylation. A sample of the acetylated mixture was injected 

into a Phenomenex Synergi Fusion C18 column (4.6 x 150mm, 4μm) eluted with a 

mobile phase of 1 water : 1 acetonitrile at a flow rate of 1.0ml/min. Eluents were 

detected with an in-line ELS detector and the peak integrals used to confirm the 

product distributions (Figure 3.3). 
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Figure 3.2. 1H NMR signals for the 4 and 6 positions of compounds 3.41 and 3.42 respectively. 

 
Figure 3.3. HPLC trace of per-O-acetylated mixture of 3.41 and 3.42. 

Compound 3.40 was per-O-acetylated to aid in characterization. 

2,2’,3,3’,4’,6’-O-acetyl-4,6-(monomethyl)phosphoryl-D-trehalose 

Rf 0.34 (ethyl acetate), [α]D
25 + 127 (c = 1.25, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 2.05, 2.06, 2.08, 2.10, 2.11, 2.15 (6 x 1C, 6 

x COCH3), 3.86 (3H, d, JH-31P 11.0Hz, P-OMe), 4.01 (1H, dd, JH6’a-

H6’b 12.3Hz, JH5’-H6’b 1.9Hz, H6’b), 4.06 (1H, ddd, JH4’-H5’ 10.4Hz, 

JH5’-H6’a 5.7Hz, JH5-H6’b 1.9Hz, H5), 4.11-4.21 (4H, m, H4, H5, H6a, H6b), 4.24 (1H, 

dd, JH6’a-H6’b 12.3Hz, JH5’-H6’a 5.7Hz, H6’a), 4.97 (1H, dd, JH2-H3 10.1Hz, JH1-H2 4.1Hz, 

H2), 4.99 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 5.05 (1H, t, JH3’-H4’ 9.9Hz, 
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JH4’-H5’ 9.9Hz, H4’), 5.27 (1H, d, JH1-H2 3.8Hz, H1), 5.34 (1H, d, JH1’-H2’ 3.8Hz, H1’), 

5.48 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 5.58 (1H, t, JH2’-H3’ 9.5Hz, JH3’-H4’ 9.5Hz, 

H3’); 13C NMR (126MHz, CDCl3) δ ppm 20.5, 20.6, 20.6 (6C, m, COCH3), 54.3 (1C, 

d, JC-31P 5.7Hz, P-OMe), 61.7 (1C, C6’), 63.0 (1C, d, JC-31P 5.7Hz, C5), 68.1 (1C, d, 

JC-31P 7.6Hz, C6), 68.3 (1C, C5’), 68.3 (1C, C4’) 68.7 (1C, d, JC-31P 9.5Hz, C3), 69.8 

(1C, C2’), 69.9 (1C, C2), 70.1 (1C, C4), 92.4 (1C, C1), 92.9 (1C, C1’), 169.0, 169.6, 

169.6, 169.7, 170.0, 170.5 (6 x 1C, 6 x C=O); FT-IR (thin film) υ 1224 (P=O), 1751 

(C=O); HRMS (ES+) m/z 693.1409 [M + Na]+ (required 693.1408. 

4-O-(dimethoxyphosphoryl)-d-trehalose (3.41) 

Rf 0.36 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
18 +41.1 (c = 

0.67, H2O); 1H NMR (500MHz, MeOD) δ ppm 3.37 (1H, as, H4’), 

3.50 (1H, dd, JH2’-H3’ 9.8Hz, JH1’-H2’ 3.8Hz, H2’), 3.58 (1H, t, JH2-H3 

9.6Hz, JH3-H4 9.6Hz, H3), 3.69 (1H, dd, JH6’a-H6’b 9.6Hz, JH5’-H6b 3.2Hz, H6’b), 3.72 

(1H, dd, JH2-H3 9.6Hz, JH1-H2 3.7Hz, H2), 3.75 (1H, dd, JH6’a-H6’b 10.8Hz, JH5’-H6’a 

5.0Hz, H6’a), 3.82 (2H, m, H6a, H6b), 3.84 (6H, d, JH-31P 11.0Hz, 2 x OMe), 3.85 

(2H, m, H3’, H5’), 3.86 (1H, m , H5), 4.59 (1H, q, JH3-H4 8.9Hz, JH4-H5 8.9Hz, JH4-31P 

8.9Hz, H4), 5.13 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.19 (1H, d, JH1-H2 3.8Hz, H1); 13C 

NMR (126MHz, MeOD) δ ppm 55.3 (1C, d, JC-31P 6.7Hz, OMe), 55.3 (1C, d, JC-31P 

5.7Hz, OMe), 62.2 (1C, C6’), 62.6 (1C, C6), 70.3 (1C, d, JC-31P 2.9Hz, C3), 72.0 (1C, 

C2), 72.0 (1C, C4), 73.2 (1C, C2’), 73.8 (1C, C3’), 73.9(1C, C5), 74.5 (1C, C5’), 83.3 

(1C, d, JC-31P 6.7Hz, H4), 95.1 (2C, C1, C1’); FT-IR (KBr disc) υ 1258 (P=O), 3501  

br (OH); HRMS (ES+) m/z 473.1029 [M + Na]+ (required 473.1031). 

6-O-(dimethoxyphosphoryl)-D-trehalose (3.42) 

Rf 0.12 (1 water : 2 isopropanol : 4 ethyl acetate), [α]D
18 +83.3 (c = 

1.0, H2O); 1H NMR (500MHz, D2O) δ ppm 3.36 (1H, t, JH3’-H4’ 

9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.43 (1H, dd, JH3-H4 10.1Hz, JH4-H5 9.1Hz, 

H4), 3.56 (1H, t, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2’), 3.57 (1H, t, JH2-H3 

10.4Hz, JH1-H2 3.8Hz, H2’), 3.67 (1H, dd, JH6’a-H6’b 11.5Hz, JH5’-H6’b 5.0Hz, H6’b), 

3.72 (1H, m, H3’), 3.75 (1H, d, JH-31P 11.0Hz, OMe), 3.75-3.81 (3H, m, H3, H5’, 

H6’a), 3.76 (1H, d, JH-31P 11.0Hz, OMe), 3.91 (1H, dt, JH4-H5 10.1Hz, JH5-H6a 2.6Hz, 

JH5-H6b 2.6Hz, H5), 4.25-4.29 (2H, m, H6a, H6b), 5.10 (1H, d, JH1’-H2 3.8Hz, H1’), 

5.13 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, D2O) δ ppm 55.1 (2C, d, JC-31P 
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8.8Hz, 2 x OMe), 60.5 (1C, C6’), 66.7 (1C, d, JC-31P 5.7Hz, C6), 69.0 (1C, C4), 69.6 

(1C, C4’), 70.5 (1C, d, JC-31P 6.7Hz, C5), 70.9 (1C, C2), 71.0 (1C, C2’), 72.2 (1C, 

C5’), 72.4 (1C, C3), 72.5 (1C, C3’), 93.4 (1C, C1), 93.5 (1C, C1’); FT-IR (KBr disc) 

υ 1260 (P=O), 3486 br (OH); HRMS (ES+) m/z 473.1027 [M + Na]+ (required 

473.1031). 

Test for fluoride attack at the phosphorous centre 

A suspension of 2.1 (20mg, 0.035mmol, 1eq) and CsF (66mg, 0.35mmol, 10eq) in 

DMF (3ml) was sonicated for 15 minutes to aid dissolution of CsF. The resultant 

solution was then heated at 80°C for 16 hours after which TLC (1 water : 4 

isopropanol : 4 ethylacetate) showed complete consumption of the starting material. 

The solvent was removed by lyophilization. Silica gel chromatography (1 water : 4  

isopropanol : 4 ethyl acetate) followed by lyophilization allowed isolation of 3.39 as a 

mixture of diastereomers at the phosphorus centre (15.5mg, 92%; 1 equatorial : 0.43 

axial). 

4,6-(monophenyl)phosphoryl-D –trehalose (3.39) 

Rf 0.6 (1 water : 4 isopropanol : 4ethyl acetate), [α]D
25 +75.5 (c = 

0.78, H2O); FT-IR (KBr disc) 1221 (P=O), 3245 br (OH); HRMS 

m/z (ES-) 479.0960 [M – H]- required 479.0960; 

Equatorial Diastereomer 1H NMR (500MHz, D2O) δ ppm 3.38 (1H, 

t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.58 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, 

H2’), 3.70 (1H, m, H6’b), 3.70 (1H, dd, JH2-H3 10.0Hz, JH1-H2 3.8Hz, H2), 3.65-3.80 

(2H, m, H3’, H5’, H6’a), 4.09 (1H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, H3), 4.32 (1H, m, 

H5), 4.38 (1H, t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 4.43 (1H, t, JH5-H6ax 9.8Hz, JH6ax-H6eq 

9.8Hz, H6ax), 4.52 (1H, ddd, JH6eq-31P 23.9Hz, JHax-Heq 9.8Hz, JH5-Heq 4.7Hz, H6eq), 

5.12 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.18 (1H, d, JH1-H2 4.1Hz, H1), 7.20-7.29 (3H, m, 

ArHortho, ArHpara), 7.41 (2H, t, Jortho-meta 7.9Hz, Jmeta-para 7.9Hz, ArHmeta); 13C NMR 

(126MHz, D2O) δ ppm 60.4 (1C, C6), 62.4 (1C, d, JC-31P 5.7Hz, C4), 69.5 (1C, C4’), 

69.7 (1C, C3), 69.8 (1C, d, JC-31P 8.6Hz, C6), 70.6 (1C, d, JC-31P 1.9Hz, C2), 70.9 (1C, 

C2’), 72.3 (1C, C5’), 72.5 (1C, C3’), 80.9 (1C, d, JC-31P 6.7Hz, C5), 94.0 (1C, C1’), 

94.1 (1C, C1), 119.6 (2C, d, JC-31P 4.8Hz, ArCortho), 126.2 (1C, ArCpara), 130.4 (2C, 

ArCmeta), 149.4 (1C, JC-31P 6.7Hz, ArCipso). 
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Axial Diastereomer 1H NMR (500MHz, D2O) δ ppm 3.35 (1H, t, JH3’-H4’ 9.5Hz, JH4’-

H5’ 9.5Hz, H4’), 3.52 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 3.64-3.81 (5H, m, 

H2, H3’, H5’, H6’a, H6’b), 3.99 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 4.19 (1H, td, 

JH3-H4 10.3Hz, JH4-H5 10.3Hz, JH4-31P 6.0Hz, H4), 4.30-4.41 (3H, m, H5, H6ax, H6eq), 

5.04 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.14 (1H, d, JH1-H2 4.1Hz, H1), 7.20-7.29 (3H, m, 

ArHortho, ArHpara), 7.37-7.43 (2H, m, ArHmeta); 13C NMR (126MHz, D2O) δ ppm 60.4 

(1C, C6’), 62.1 (1C, d, JC-31P 8.6Hz, C4), 69.5 (1C, C4’), 69.6 (1C, C3), 70.0 (1C, d, 

JC-31P 8.6Hz, C6), 70.5 (1C, d, JC-31P 2.9Hz, C2), 70.8 (1C, C2’), 72.3 (1C, C3’), 72.4 

(1C, C5’), 80.1 (1C, d, JC-31P 4.8Hz, C5), 93.7 (1C, C1’), 93.8 (1C, C1), 120.1 (2C, d, 

JC-31P 3.8Hz, ArCortho), 126.5 (1C, ArCpara), 130.3 (1C, ArCmeta), 149.6 (1C, d, JC-31P 

7.6Hz, ArCipso). 

Transesterfication in ionic liquid 

2.1 (15mg, 0.026mmol, 1eq) and NEt3 (4µl, 0.12mmol, 4.4eq) was dissolved in 

MMIM+PO(OMe)2O- (0.5ml) and methanol (0.5ml) and heated at 80°C for 18 hours. 

The reaction mixture was cooled to room temperature and the methanol removed 

under reduced pressure. The crude mixture was dissolved in pyridine (1ml) and acetic 

anhydride was added (1ml, 9.1mmol, 350eq). The reaction was allowed to proceed at 

room temperature, after which TLC (ethyl acetate) showed the presence of a sinlge 

compound. The reaction was quenched with methanol (2ml) and the organic solvents 

were removed in vacuo. The ionic liquid was extracted with ethyl acetate (6 x 10ml) 

and the combined organics were washed with water (10ml), brine (10ml), dried over 

MgSO4 and concentrated in vacuo. The compound was purified by silica gel 

chromatography (1 petrol : 4 ethyl acetate) to give the title compound as a colourless 

oil (11.1mg, 57%). 

6-O-(dimethoxyphosphoryl)-2,2’,3,3’,4,4’,6’-O-acetyl-D-

trehalose (3.48) 

Rf 0.25 (1 petrol : 4 ethyl acetate), [α]D
25 +80.0 (c = 0.56, CHCl3); 

1H NMR (500MHz, CDCl3) δ ppm 2.03, 2.04, 2.05, 2.08, 2.08, 2.09. 

2.09 (7 x 3H, 7 x s, 7 x OAc), 3.76 (3H, d, JH-31P 11.0Hz, OMe), 

3.77 (3H, d, JH-31P 11.3Hz, OMe), 4.01 (1H, dd, JH6’a-H6’b 12.3Hz, JH5’-H6’b 1.9Hz, 

H6’b), 4.04 (1H, m, H6b), 4.06-4.10 (2H, m, H5, H5’), 4.12 (1H, m, H6a), 4.25 (1H, 

dd, JH6’a-H6’b 11.8Hz, JH5’-H6’a 5.7Hz, H6’a), 5.03 (1H, dd, JH2’-H3’ 10.4Hz, JH1’-H2’ 
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3.8Hz, H2’), 5.07 (1H, m, H4’), 5.07 (1H, dd, JH2-H3 10.7Hz, JH1-H2 3.8Hz, H2), 5.08 

(1H, t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 5.28 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.31 (1H, d, 

JH1-H2 3.8Hz, H1), 5.49 (1H, t, JH2’-H3’ 9.8Hz, JH3’-H4’ 9.8Hz, H3’), 5.50 (1H, t, JH3-H4 

9.8Hz, JH3-H4 9.8Hz, H3); 13C NMR (126MHz, CDCl3) δ ppm 20.5, 20.5, 20.6, 20.6, 

20.6, 20.7, 20.7 (7 x 1C, 7 x COCH3), 54.6 (2C, d, JC-31P 5.7Hz, 2 x OMe), 61.7 (1C, 

C6’), 65.2 (1C, d, JC-31P 4.8Hz, C6), 68.2 (1C, C4’), 68.2 (1C, C4), 68.4 (1C, C5’), 

68.8 (1C, d, JC-31P 8.6Hz, C5), 69.6 (1C, C2’), 69.8 (1C, C2), 69.9 (1C, C3’), 70.0 

(1C, C3), 92.5 (1C, C1’), 92.6 (1C, C1), 169.5, 169.5, 169.6, 169.6, 170.0, 170.0, 

170.6 (7 x 1C, 7 x C=O); FT-IR (thin film) υ 1221 (P=O), 1750 (C=O); HRMS m/z 

(ES+) 767.1768 [M + Na]+ required 767.1770. 

3.9.7 Installation of diphenylphosphate functionality 

For synthesis of 2.1 see section 2.8.2 page 45. 

For synthesis of 3.9 see section 3.9.2 page 91. 

α-methyl 6-O-(diphenoxyphosphoryl)- D-mannopyranoside61 

(3.49) 

DPCP (0.53ml, 2.58mmol, 1eq) was added to a stirred suspension 

of α-methylmannopyranoside (0.50g, 2.58mmol, 1eq) and DMAP (31mg, 0.26mmol, 

0.1eq) in dry pyridine (10ml). After stirring at room temperature for 3 hours, TLC (1 

water : 4 isopropanol : 4 ethyl acetate) indicated the complete consumption of starting 

material. The reaction was quenched with methanol (5ml), concentrated in vacuo, and 

purified by silica gel chromatography (ethyl acetate) to give the desired compound as 

a colourless oil (0.82g, 75%). 

Rf 0.21 (ethyl acetate); [α]D
21.2 +36.6 (c = 1.0, CHCl3), lit.61 [α]D

25 +44.1 (c = 1, 

CHCl3); 1H NMR (500MHz, MeOD) δ ppm 3.31 (3H, s, OMe), 3.66 (1H, t, JH3-H4 

9.1Hz, JH4-H5 9.1Hz, H4), 3.70 (1H, dd, JH3-H4 9.0Hz, JH2-H3 3.5Hz, H3), 3.74 (1H, 

add, JH4-H5 8.5Hz, JH5-H6’ 6.9Hz, H5), 3.83 (1H, dd, JH2-H3 3.0Hz, JH1-H2 1.7Hz, H2), 

4.47 (1H, ddd, JH6-H6’ 10.9Hz, JH6’-31P 7.6Hz, JH5-H6’ 6.8Hz, H6’), 4.63 (1H, ddd, JH6-

H6’ 10.9Hz,  JH6-31P 6.6Hz, JH5-H6 1.7Hz, H6), 4.66 (1H, d, JH1-H2 1.3Hz, H1), 7.25 (2H, 

d, Jmeta-para 7.3Hz, ArHpara), 7.28 (4H, dd, Jortho-meta 8.7Hz, Jortho-ortho 1.0Hz, ArHortho), 

7.41 (4H, t, Jortho-meta 7.3Hz, Jmeta-para 7.3Hz, ArHmeta); 13C NMR (126MHz, MeOD) δ 

ppm 55.4 (1C, OMe), 68.1 (1C, C4), 70.4 (1C, d, JC-31P 6.7Hz, C6), 71.9 (1C, C2), 
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72.5 (1C, C3), 72.9 (1C, d, JC-31P 7.6Hz, C5), 102.9 (1C, C1), 121.3 (2C, d, JC-31P 

4.8Hz, ArCortho), 121.3 (2C, d, JC-31P 4.8Hz, ArCortho), 126.8 (2C, ArCpara), 131.1 (4C, 

ArCmeta), 151.9 (1C, d, JC-31P 6.7Hz, ArCipso), 151.9 (1C, d, JC-31P 6.7Hz, ArCipso); 
31P{1H} (162MHz, CDCl3) δ ppm -11.42  (1P, P(O)(OR)(OPh)2); m/z (ES+) 448.90 

[M + Na]+. 

 α-methyl-6-O-(diphenoxyphosphoryl)-D-galactopyranoside62 

DPCP (2.46ml, 12.9mmol, 1eq) was added dropwise to a stirred 

solution of α-methyl-galactopyranoside (2.30g, 12.9mmol, 1eq) in dry 

pyridine (50ml) over 30 minutes. After stirring at room temperature for 19 hours, 

TLC (1 methanol : 9 ethyl acetate) indicated the complete consumption of starting 

material. The reaction was quenched with methanol (5ml), concentrated in vacuo and 

co-evaporated with toluene (x3) to remove pyridine. Automated silica gel 

chromatography (2% to 20% methanol in ethyl acetate over 9 column volumes) gave 

the desired compound as a white amorphous solid (3.96g, 72%). 

Rf 0.24 (1 methanol : 9 ethyl acetate), [α]D
25 +74.0 (c = 1.0, MeOH); 1H NMR 

(500MHz, MeOD) δ ppm 3.31 (1H, s, OMe), 3.73 (1H, dd, JH2-H3 10.1Hz, JH3-H4 

3.2Hz, H3), 3.80 (1H, dd, JH2-H3 10.1Hz, JH1-H2 3.8Hz, H2), 3.88 (1H, d, JH3-H4 3.2Hz, 

H4), 4.00 (1H, dd, JH5-H6 7.9Hz, JH5-H6’ 4.1Hz, H5), 4.44 (1H, ddd, JH6-H6’ 10.7Hz, 

JH6’-31P 7.3Hz, JH5-H6’ 4.1Hz, H6’), 4.49 (1H, dd, JH6-H6’ 10.4Hz, JH5-H6 7.9Hz, H6), 

4.72 (1H, d, JH1-H2 3.8Hz, H1), 7.27 (6H, t, Jortho-meta 7.3Hz, Jmeta-para 7.3Hz, ArHortho, 

ArHpara), 7.42 (1H, t, Jortho-meta 7.6Hz, Jmeta-para 7.6 Hz, Armeta), 7.42 (1H, t, Jortho-meta 

7.6Hz, Jmeta-para 7.6 Hz, Armeta); 13C NMR (126MHz, MeOD) δ ppm 55.8 (1C, OMe), 

70.0 (1C, C2), 70.4 (1C, d, JC-31P 6.7Hz, C6), 70.6 (1C, d, JC-31P 7.6Hz, C5), 70.7 (1C, 

C4), 71.1 (1C, C3), 101.5 (1C, C1), 121.2 (2C, d, JC-31P 4.8Hz, ArCortho), 121.2 (2C, d, 

JC-31P 4.8Hz, ArCortho), 126.9 (2C, ArCpara), 131.1 (4C, ArCmeta), 151.8 (2C, d, JC-31P 

7.6Hz, ArCipso); 31P{1H} NMR (162MHz, MeOD) δ ppm -11.8 (1P, P(O)(OPh)2); m/z 

(ES)+ 449.1 [M + Na]+, 875.2 [2M + Na]+ (ES-) 425.1 [M – H]-, 461.1 [M + 35Cl]-, 

485.2 [M + OAc]-. 

β-methyl-ribofuranoside63 (3.71) 

A mixture of D-ribose (5.0g, 33.3mmol, 1eq) and Dowex 50WX8 

100-200 mesh (H+ form) was stirred at room temperature. TLC (85 DCM : 15 

methanol) after 13 hours showed complete consumption of starting material. The 
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reaction mixture was filtered and the solvent removed in vacuo. The desired product 

was isolated by automated silica gel chromatography (2% to 20% methanol in ethyl 

acetate over 9 column volumes) as a colourless oil (2.51g, 46%).  

Rf 0.49 (8 ethyl acetate : 2 methanol), [α]D
25 -48.9 (c = 1.0, H20), lit.63 [α]D

20 -50 (c = 

2.0, H20); 1H NMR (400MHz, D2O) δ ppm 3.28 (3H, s, OMe), 3.49 (1H, dd, JH5-H5’ 

12.5Hz, JH4-H5’ 6.5Hz, H5’), 3.68 (1H, dd, JH5-H5’ 12.4Hz, JH4-H5 3.3Hz, H5), 3.88 (1H, 

td, JH3-H4 6.8Hz, JH4-H5’ 6.8Hz, JH4-H5 3.4Hz, H4), 3.92 (1H, dd, JH2-H3 4.8Hz, JH1-H2 

0.9Hz, H2), 4.04 (1H, dd, JH3-H4 6.8Hz, JH2-H3 4.8Hz, H3), 4.78 (1H, s, H1); 13C NMR 

(101MHz, D2O) δ ppm 55.4 (1C, OMe), 63.0 (1C, C5), 71.0 (1C, C3), 74.5 (1C, C2), 

83.1 (1C, C4), 108.2 (1C, C1); m/z (ES+) 187.1 [M + Na]+, 351.1 [2M + Na]+ (ES-) 

163.1 [M – H]-.  

β-methyl-5-(diphenoxyphosphoryl)-ribofuranoside (3.57) 

Diphenylchlorophosphate (1.78ml, 8.59mmol, 1eq) was added 

dropwise to a stirred solution of 3.71 (1.40g, 8.59mmol, 1eq) in dry pyridine (40ml) 

over 5 minutes. After stirring at room temperature for 15 hours, TLC (1 methanol : 9 

ethyl acetate) indicated the complete consumption of starting material. The reaction 

was quenched with methanol (10ml), concentrated in vacuo and co-evaporated with 

toluene (x3) to remove pyridine. Automated silica gel chromatography (7 ethyl 

acetate : 3 petrol)gave the desired compound as a colourless oil (3.26g, 96%). 

Rf 0.26 (7 ethyl acetate : 3 petrol), [α]D
25 -20.3 (c = 1.0, MeOH); 1H NMR (500MHz, 

MeOD) δ ppm 3.31 (3H, s, OMe), 3.90 (1H, d, JH2-H3 3.2Hz, H2), 4.14-4.17 (2H, as, 

H3, H4), 4.31 (1H, dddd, JH5-H5’ 11.1Hz, JH5’-31P 6.3Hz, JH4-H5’ 4.0Hz, JH3-H5’ 1.9Hz, 

H5’), 4.49 (1H, ddd, JH5-H5’ 11.1Hz, JH5-31P 6.3Hz, JH4-H5 1.9Hz, H5), 4.79 (1H, s, H1), 

7.24-7.31 (1H, m, ArHpara), 7.28 (2H, d, Jortho-meta 6.9Hz, ArHortho), 7.42 (2H, t, Jortho-

meta 7.3Hz, Jmeta-para 7.3Hz, ArHmeta); 13C NMR (126MHz, MeOD) δ ppm 55.4 (1C, 

OMe), 71.4 (1C, d, JC-31P 6.7Hz, C5), 72.1 (1C, C3), 76.0 (1C, C2), 82.1 (1C, d, JC-31P 

7.6Hz, C4), 110.0 (1C, C1), 121.2 (2C, d, JC-31P 4.8Hz, ArCortho), 121.2 (2C, d, JC-31P 

4.8Hz, ArCortho), 126.9 (2C, ArCpara), 131.1 (4C, d, JC-31P 2.9Hz, ArCmeta), 151.8 (2C, 

d, JC-31P 7.6Hz, ArCipso); 31P{1H} NMR (162MHz, MeOD) δ ppm -12.0 (1P, 

P(O)(OPh)2); HRMS m/z (ES+) 419.0871 [M + Na]+ (required 419.0866). 
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3.9.8 CsF transesterfication reactions 

General conditions 

A solution of carbohydrate (50mg, 1eq) and CsF (10eq) in methanol (5ml) was heated 

to 80°C with vigorous stirring for 16 hours and monitored by TLC. The solvent was 

removed in vacuo and the products were purified by silica gel chromatography 

according to the conditions described below. The solvent was removed under reduced 

pressure to yield the purified compounds. 

Trehalose 

For transesterfications on trehalose, see section 3.9.6 page 108. The products were 

purified by two rounds of automated silica gel chromatography using 1 water : 4 

isopropanol : 4 ethyl acetate. 

Glucose 

The reaction was performed as above and the products purified by silica gel 

chromatography with 95 ethyl acetate : 5 methanol. 

α-methyl-4,6-O-(S-methanephosphoryl)-D-glucopyranoside 

(3.36) 

Rf 0.4 (95 ethyl acetate : 5 methanol), [α]D
25 +89.6 (c = 0.25, 

MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.46 (3H, s, C-OMe), 3.50 (1H, dd, JH2-

H3 9.5Hz, JH1-H2 3.8Hz, H2), 3.83 (1H, t, JH2-H3 9.0Hz, JH3-H4 9.0Hz, H3), 3.87 (3H, d, 

JH-31P 11.0Hz, P-OMe), 3.97 (1H, t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 4.00 (1H, td, JH4-

H5 10.2Hz, JH5-H6ax 10.2Hz, JH5-Heq 4.4Hz, H5), 4.22 (1H, t, JH5-H6ax 9.9Hz, JH6ax-H6eq 

9.9Hz, H6ax), 4.41 (1H, ddd, JH6eq-31P 23.8Hz, JH6ax-H6eq 10.1Hz, JH5-H6eq 4.4Hz, 

H6eq), 4.75 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, MeOD) δ ppm 54.8 (1C, 

d, JC-31P 5.7Hz, P-OMe), 56.2 (1C, C-OMe), 63.6 (1C, d, JC-31P 5.7Hz, C5), 70.6 (1C, 

d, JC-31P 7.6Hz, C6), 72.1 (1C, d, JC-31P 7.6Hz, C3), 73.3 (1C, d, JC-31P 2.9Hz, C2), 

82.5 (1C, d, JC-31P 5.7Hz, C4), 101.8 (1C, C1); FT-IR (thin film) υ 1203 (P=O), 3329 

br (OH); HRMS (ES+) m/z 293.0403 [M + Na]+ (required 293.0397). 

α-methyl-4-O-(diphenylphosphoryl)-D-glucopyanoside (3.37) 

Rf 0.25 (95 ethyl acetate : 5 methanol), [α]D
25 +89.7 (c = 0.22, 

MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.45 (3H, s, C-OMe), 

3.52 (1H, dd, JH2-H3 9.9Hz, JH3-H4 8.8Hz, H3), 3.57 (1H, ddd, JH4-H5 7.7Hz, JH5-H6’ 
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5.1Hz, JH5-H6 2.5Hz, H5), 3.59 (1H, dd, JH2-H3 10.0Hz, JH1-H2 3.8Hz, H2), 3.73 (1H, 

dd, JH6-H6’ 11.0Hz, JH5-H6’ 5.0Hz, H6’), 3.83 (1H, m, H6), 3.82 (3H, d, JH-31P 11.0Hz, 

P-OMe), 3.83 (3H, d, JH-31P 11.0Hz, P-OMe), 4.41 (1H, q, JH3-H4 8.5Hz, JH4-H5 8.5Hz, 

JH4-31P 8.5Hz, H4), 4.74 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, MeOD) δ 

ppm 55.3 (1C, d, JC-31P 6.7Hz, P-OMe), 55.3 (1C, d, JC-31P 5.7Hz, P-OMe), 55.7 (1C, 

C-OMe), 62.3 (1C, C6), 70.3 (1C, d, JC-31P 2.9Hz, C3), 72.3 (1C, d, JC-31P 3.8Hz, C2), 

73.5 (1C, C5), 83.7 (1C, d, JC-31P 7.6Hz, C4), 101.3 (1C, C1); FT-IR (thin film) υ 

1278 (P=O), 3436 br (OH); HRMS m/z (FT-MS+) 325.0659 [M + Na]+ (required 

325.0659). 

α-methyl-6-O-(diphenylphosphoryl)-D-glucopyanoside (3.38) 

Rf 0.22 (95 ethyl acetate : 5 methanol), [α]D
25 +55.0 (c = 0.73, 

MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.32 (1H, t, JH3-H4 

10.1Hz, JH4-H5 10.1Hz, H4), 3.41 (1H, dd, JH2-H3 9.8Hz, JH1-H2 3.8Hz, H2), 3.44 (3H, 

s, C-OMe), 3.64 (1H, t, JH2-H3 9.3Hz, JH3-H4 9.3Hz, H3), 3.71 (1H, ddd, JH4-H5 10.1Hz, 

JH5-H6’ 5.4Hz, JH5-H6 1.6Hz, H5), 3.81 (3H, d, JH-31P 11.3Hz, P-OMe), 3.82 (3H, d, JP-

OMe 11.0Hz, P-OMe), 4.23 (1H, ddd, JH6-H6’ 11.0Hz, JH6’-31P 7.3Hz, JH5-H6’ 5.4Hz, 

H6’), 4.32 (1H, ddd, JH6-H6’ 11.0Hz, JH6-31P 6.1Hz, JH5-H6 2.2Hz, H6), 4.71 (1H, d, JH1-

H2 3.8Hz, H1); 13C NMR (126MHz, MeOD) δ ppm 55.2 (1C, d, JC-31P 5.7Hz, P-OMe), 

55.7 (1C, C-OMe), 68.5 (1C, d, JC-31P 4.8Hz, C6), 71.2 (1C, C4), 71.8 (1C, d, JC-31P 

7.6Hz, C5), 73.4 (1C, C2), 75.0 (1C, C3), 101.5 (1C, C1); FT-IR (thin film) υ 1261 

(P=O), 3419 br (OH); HRMS m/z (ES+) 325.0660 [M + Na]+ (required 325.0659). 

Mannose 

The reaction was performed as above and the products purified by two cycles of 

automated silica gel chromatography (2% to 20% methanol in ethyl acetate over 9 

column volumes, repeated for mixed fractions). 

α-methyl-4,6-(monomethyl)phosphoryl-D-mannopyranoside 

(3.50) 

Rf 0.39 (9 ethyl acetate : 1 methanol), [α]D
25 +38.5 (c = 1.0, 

MeOH), m.p. 179-184°C (DCM/petrol); 1H NMR (500 MHz, MeOD) δ ppm 3.42 

(3H, s, C-OMe), 3.87 (3H, d, JH-31P 11.0Hz, P-OMe), 3.89 (1H, as, H2), 3.91 (1H, m, 

H3), 3.94 (1H, td, JH4-H5 10.3Hz, JH5-H6ax 10.3Hz, JH5-H6eq 5.0Hz, H5), 4.24 (1H, t, JH5-

H6ax 10.4Hz, JH6ax-H6eq 10.4Hz, H6ax), 4.36 (1H, t, JH3-H4 9.1Hz, JH4-H5 9.1Hz, H4), 
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4.40 (1H, ddd, JH6eq-31P 23.6Hz, JH6ax-H6eq 10.1Hz, JH5-H6eq 5.0Hz, H6eq), 4.69 (1H, s, 

H1); 13C NMR (126MHz, MeOD) δ ppm 54.7 (1C, d, JC-31P 5.7Hz, P-OMe), 55.7 (1C, 

C-OMe), 64.6 (1C, d, JC-31P 5.7Hz, C5), 69.7 (1C, d, JC-31P 8.6Hz, C3), 70.6 (1C, d, 

JC-31P 7.6Hz, C6), 72.2 (1C, d, JC-31P 1.9Hz, C2), 80.6 (1C, d, JC-31P 5.7Hz, C4), 103.6 

(1C, C1); 31P{1H} NMR (162MHz, MeOD) δ ppm -4.2 (1P, P(O)OMe);  FT-IR (thin 

film) υ 1285 (P=O), 3383 br (OH); HRMS m/z (ES+) 293.0395 (required 293.0397). 

α-methyl-4-O-(dimethoxyphosphoryl)-D-mannopyranoside 

(3.51) 

Rf 0.25 (1 methanol : 9 chloroform), [α]D
25 +45.3 (c = 1.0, 

MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.41 (3H, s, C-OMe), 3.66 (1H, ddd, JH4-

H5 9.8Hz, JH5-H6’ 5.5Hz, JH5-H6 1.7Hz, H5), 3.75 (1H, dd, JH6-H6’ 12.0Hz, JH5-H6’ 5.7Hz, 

H6’), 3.82 (3H, d, JH-31P 11.0Hz, P-OMe), 3.84 (3H, d, JH-31P 11.3Hz, P-OMe), 3.83-

3.87 (3H, m, H2, H3, H6), 4.43 (1H, q, JH3-H4 9.0Hz, JH4-H5 9.0Hz, JH4-31P 9.0Hz, H4), 

4.68 (1H, d, JH1-H2 0.8Hz, H1); 13C NMR (126MHz, MeOD) δ ppm 55.3 (1C, d, JC-31P 

5.7Hz, P-OMe), 55.4 (1C, C-OMe), 55.6 (1C, d, JC-31P 6.7Hz, P-OMe), 62.3 (1C, C6), 

71.1 (1C, d, JC-31P 1.9Hz, C3), 72.5 (1C, C2), 72.8 (1C, d, JC-31P 5.7Hz, C5), 76.6 (1C, 

d, JC-31P 6.7Hz, C4), 102.5 (1C, C1); 31P{1H} NMR (162MHz, MeOD) δ ppm 0.8 (1P, 

P(O)(OMe)2); FT-IR (thin film) υ 1259 (P=O), 3300 br (OH); HRMS m/z (ES+) 

325.0663 [M + Na]+ (required 325.0659). 

α-methyl-6-O-(dimethoxyphosphoryl)-D-mannopyranoside 

(3.52) 

Rf 0.17 (9 ethyl acetate : 1 methanol), [α]D
25 +51.3 (c = 1.0, 

MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.40 (3H, s, C-OMe), 3.66 (1H, t, JH3-H4 

8.8Hz, JH4-H5 8.8Hz, H4), 3.67 (1H, d, JH3-H4 7.1Hz, H3), 3.80 (1H, m, H2), 3.82 (3H, 

d, JH-31P 11.0Hz, P-OMe), 3.82 (3H, d, JH-31P 11.3Hz, P-OMe), 4.25 (1H, ddd, JH6-H6’ 

11.0Hz, JH6’-31P 7.6Hz, JH5-H6’ 5.0Hz, H6’), 4.36 (1H, ddd, JH6-H6’ 11.0Hz, JH6-31P 

6.3Hz, JH5-H6 1.3Hz, H6), 4.66 (1H, d, JH1-H2 1.3Hz, H1); 13C NMR (126MHz, 

MeOD) δ ppm 55.2 (1C, d, JC-31P 4.8Hz, P-OMe), 55.3 (1C, d, JC-31P 3.8Hz, P-OMe), 

55.3 (1C, C-OMe), 68.0 (1C, C4), 68.7 (1C, d, JC-31P 5.7Hz, C6), 71.9 (1C, C2), 72.5 

(1C, C3), 72.9 (1C, d, JC-31P 6.7Hz, C5), 102.9 (1C, C1); 31P{1H} NMR (162MHz, 

MeOD) δ ppm 1.2 (1P, P(O)(OMe)2); FT-IR (thin film) υ 1255 (P=O), 3384 br (OH); 

HRMS m/z (ES+) 325.0664 [M + Na]+ (required 325.0659). 

O

OMe

OH

HO
O
HO

P
O

MeO
MeO

O

OMe

OH

HO
HO

OP
O

MeO
MeO



119 

Galactose 

The reaction was performed as above and the products purified by automated silica 

gel chromatography (2% to 20% methanol in ethyl acetate over 9 column volumes). 

α-methyl-4,6-(monomethyl)phosphoryl-D-galactose (3.54) 

Rf 0.17 (1 methanol : 9 DCM), [α]D
25 + 101.4 (c = 1.0, MeOH), m.p. 

205-206°C; 1H NMR (500MHz, MeOD) δ ppm 3.45 (3H, s, C-OMe), 

3.84 (1H, dd, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2), 3.84 (3H, d, JH-31P 

11.0Hz, P-OMe), 3.91 (1H, dt, JH2-H3 10.1Hz, JH3-H4 3.8Hz, JH3-H31P 3.8Hz, H3), 3.94 

(1H, m, H5), 4.42 (1H, ddd, JH6eq-31P 22.8Hz, JH6ax-H6eq 12.3Hz, JH5-H6eq 1.6Hz, H6eq), 

4.54 (1H, d, JH6ax-H6eq 12.3Hz, H6ax), 4.77 (1H, d, JH3-H4 2.8Hz, H4), 4.82 (1H, d, JH1-

H2 3.8Hz, H2); 13C NMR (126MHz, MeOD) δ ppm 54.5 (1C, d, JC-31P 5.7Hz, P-OMe), 

56.2 (1C, C-OMe), 64.0 (1C, d, JC-31P 5.7Hz, C5), 69.2 (1C, d, JC-31P 6.7Hz, C3), 69.3 

(1C, C2), 72.4 (1C, d, JC-31P 7.6Hz, C6), 81.7 (1C, d, JC-31P 6.7Hz, C4), 102.0 (1C, 

C1); 31P{1H} NMR (162MHz, MeOD) δ ppm -6.3 (1P, P(O)(OR)2OH); FT-IR (KBr 

disc) υ 1278 (P=O), 3385 br (OH); HRMS (ES+) m/z 293.0396 [M + Na] (required 

293.0397). 

α-methyl-6-O-(dimethoxyphosphoryl)-D-galactopyranoside () 

Rf 0.12 (1 methanol : 9 DCM), [α]D
25 +91.4; 1H NMR (500MHz, 

MeOD) δ ppm 3.43 (3H, s, C-OMe), 3.75 (1H, dd, JH2-H3 10.1Hz, JH3-

H4 3.2Hz, H3), 3.76 (1H, dd, JH2-H3 10.1Hz, JH1-H2 3.2Hz, H2), 3.82 (6H, d, JH-31P 

11.0Hz, P-OMe), 3.89 (1H, dd, JH3-H4 2.9Hz, JH4-H5 1.2Hz, H4), 4.00 (1H, t, JH5-H6 

6.0Hz, JH5-H6’ 6.0Hz, H5), 4.22 (2H, m, J 6.9Hz, H6, H6’), 4.74 (1H, d, JH1-H2 3.5Hz, 

H1); 13C NMR (126MHz, MeOD) δ ppm 55.2 (1C, d, JC-31P 7.6Hz, P-OMe), 55.3 (1C, 

d, JC-31P 5.7Hz, P-OMe), 55.8 (1C, OMe), 68.7 (1C, d, JC-31P 4.8Hz, C6), 70.0 (1C, 

C2), 70.6 (1C, d, JC-31P 7.6Hz, C5), 70.7 (1C, C4), 71.1 (1C, C3), 101.6 (1C, C1); 
31P{1H} NMR (162MHz, MeOD) δ ppm 1.2 (1P, P(O)(OPh)2); FT-IR (thin film) υ 

1259 (P=O), 3385 br (OH); HRMS (ES+) m/z 325.0656 [M + Na]+ (required 

325.0659). 

Ribose 

The reaction was performed as above and the products purified by automated silica 

gel chromatography (95 ethyl acetate : 5 methanol). 
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β-methyl-5-(methoxy-phenoxy-phosphoryl)-ribofuranoside 

(3.58) 

Rf 0.47 (5 methanol : 95 ethyl acetate), 31P NMR (162MHz, MeOD) δ ppm -5.4 

(P(O)OROPhOMe); FT-IR (thin film) υ 1203 (P=O), 3202 br (OH); HRMS (ES+) m/z 

357.0706 [M + Na]+ (required 357.0710).  

Major diastereomer 
1H NMR (500MHz, MeOD) δ ppm 3.35 (3H, s, C-OMe), 3.90 (1H, dd, JH2-H3 3.9Hz, 

JH1-H2 1.7Hz, H2), 3.93 (3H, d, JH-31P 11.3Hz, P-OMe), 4.10-4.16 (2H, m, H3, H4), 

4.20 (1H, td, JH5a-H5b 11.6Hz, JH4-H5b 5.8Hz, JH5b-31P 5.8Hz, H5b), 4.34 (1H, ddd, JH5a-

H5b 10.7Hz, JH5a-31P 6.6Hz, JH4-H5a 2.2Hz, H5a), 4.79 (1H, s, H1), 7.25-7.29 (3H, m, 

ArHortho, ArHpara), 7.42 (2H, t, Jortho-meta 8.2Hz, Jmeta-para 8.2Hz, ArHmeta); 13C NMR 

(126MHz, MeOD) δ ppm 55.4 (1C, C-OCH3), 55.9 (1C, d, JC-31P 4.8Hz, P-OMe), 

70.8 (1C, d, JC-31P 5.7Hz, C5), 72.2 (1C, C3), 76.0 (1C, C2), 82.2 (1C, d, JC-31P 7.6Hz, 

C4), 110.0 (1C, C1), 121.1 (1C, d, JC-31P 4.8Hz, ArCortho), 126.6 (1C, s, ArCpara), 

131.0 (1C, s, ArCmeta), 151.9 (1C, d, JC-31P 7.6Hz, ArCipso). 

Minor diastereomer 
1H NMR (500MHz, MeOD) δ ppm 3.35 (3H, s, C-OMe), 3.90 (1H, dd, JH2-H3 3.9Hz, 

JH1-H2 1.7Hz, H2), 3.93 (3H, d, JH-31P 11.3Hz, P-OMe), 4.10-4.16 (2H, m, H3, H4), 

4.20 (1H, td, JH5a-H5b 11.6Hz, JH4-H5b 5.8Hz, JH5b-31P 5.8Hz, H5b), 4.38 (1H, ddd, JH5a-

H5b 10.7Hz, JH5a-31P 6.8Hz, JH4-H5a 2.5Hz, H5a), 4.79 (1H, s, H1), 7.25-7.29 (3H, m, 

ArHortho, ArHpara), 7.42 (2H, t, Jortho-meta 8.2Hz, Jmeta-para 8.2Hz, ArHmeta); 13C NMR 

(126MHz, MeOD) δ ppm 55.4 (1C, C-OCH3), 55.9 (1C, d, JC-31P 4.8Hz, P-OMe),  

70.6 (1C, d, JC-31P 6.7Hz, C5), 72.2 (1C, C3), 76.0 (1C, C2), 82.2 (1C, d, JC-31P 7.6Hz, 

C4), 110.0 (1C, C1), 121.1 (1C, d, JC-31P 4.8Hz, ArCortho), 126.6 (1C, s, ArCpara), 

131.0 (1C, s, ArCmeta), 151.9 (1C, d, JC-31P 7.6Hz, ArCipso). 

β-methyl-5-(dimethoxyphosphoryl)-ribofuranoside (3.59) 

Rf 0.26 (95 ethyl acetate : 5 methanol), [α]D
25 -22.5 (c = 2.0, 

MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.37 (3H, s, C-OMe), 3.82 (3H, d, JH-31P 

11.0Hz, P-OMe), 3.83 (3H, d, JH-31P 11.0Hz, P-OMe), 3.90 (1H, d, JH2-H3 4.4Hz, H2), 

4.05-4.11 (2H, m, H4, H5’), 4.14 (1H, dd, JH3-H4 6.9Hz, JH2-H3 4.4Hz, H3), 4.25 (1H, 

ddd, JH5-H5’ 14.1Hz, JH5-31P 6.5Hz, JH4-H5 5.7Hz, H5), 4.78 (1H, s, H1); 13C NMR 

(126MHz, MeOD) δ ppm 55.3 (1C, d, JC-31P 5.7Hz, P-OMe), 55.3 (1C, d, JC-31P 

5.7Hz, P-OMe), 55.4 (1C, C-OMe), 70.0 (1C, d, JC-31P 5.7Hz, C5), 72.3 (1C, C3), 
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76.0 (1C, C2), 82.3 (1C, d, JC-31P 6.7Hz, C4), 110.0 (1C, C1); 31P{1H} NMR 

(162MHz, MeOD) δ ppm -12.0 (1P, P(O)(OPh)2); HRMS m/z (ES+) 295.0552 [M + 

Na]+ (required 295.0553). 

3.9.9 Dimethylphosphate deprotections 

General reaction conditions 

To a solution of carbohydrate (70-200mg, 1eq) in anhydrous dioxane (3ml) was added 

TMSI (10eq) at room temperature. The reaction was monitored by TLC (5 ethanol : 3 

NH4OH : 1 water) and electrospray mass spectrometry in the negative mode. After 15 

minutes (5 for the reaction with 3.59) complete consumption of starting material and 

the formation of the desired product was detected. The reaction was quenched with 

water (1ml) and the solvent removed in vacuo. The crude product was partitioned 

between water (3ml) and ethyl acetate (3ml). The aqueous layer was retained and 

washed with ethyl acetate (6 x 2ml). The aqueous layer was concentrated under 

reduced pressure and purified using HPLC on an Applied Biosystems Poros® HQ 

strongly basic anion exchange column (10mm x 100mm, 50µm). A gradient from 

0mM to 500mM aqueous NH4HCO3 was used as the mobile phase and eluants were 

detected with an ELS detector parallel to the main flow path. Fractions containing the 

product were pooled and lyophilized repeatedly to remove residual NH4HCO3. The 

purified product was dissolved in water (0.5ml) and passed through a pre-equilibrated 

Waters C18 SepPak® Light cartridge and the eluant collected. The cartridge washed 

with water (3.5ml) and the eluant combined with the previous collection.  

Lyophilization yielded the desired compound as a white amorphous solid. 

For Tre-6-P see section 2.8.4, page 59. 

α-methyl-6-O-(dihydroxyphosphoryl)-D-glucopyranoside64 (3.61) 

Rf 0.31 (5 ethanol : 3 NH4OH : 1 water), [α]D
25 +89.9 (c = 1.0, H2O), 

lit.65 (Ba2+ salt) [α]D
16 + 95 (c = 1.0, H20); 1H NMR (500MHz, D2O) δ 

ppm 3.30 (3H, s, OMe), 3.36 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.45 (1H, dd, 

JH2-H3 9.8Hz, JH1-H2 3.8Hz, H2), 3.55 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.65 (1H, 

ad, JH4-H5 9.8Hz, H5), 4.02 (1H, ddd, JH6-H6’ 11.6Hz, JH6’-31P 6.6Hz, JH5-H6’ 4.7Hz, 

H6’), 4.05 (1H, ddd, JH6-H6’ 11.6Hz, JH6-31P 5.7Hz, JH5-H6 2.3Hz, H6), 4.68 (1H, d, JH1-

H2 3.5Hz, H1); 13C NMR (126MHz, D2O) δ ppm 55.1 (1C, OMe), 64.4 (1C, d, JC-31P 
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4.8Hz, C6), 68.9 (1C, C4), 70.3 (1C, d, JC-31P 7.6Hz, C5), 71.1 (1C, C2), 72.9 (1C, 

C2), 99.3 (1C, C3); 31P{1H} NMR (162MHz, D2O) δ ppm 0.4 (1P, P(O)(OH)2); m/s 

(ES-) 273.1 [M – H]-. 

α-methyl-6-O-(dihydroxyphosphoryl)-D-mannopyranoside66 

(3.62) 

Rf 0.36 (5 ethanol : 3 NH4OH : 1 water), [α]D
25 +47.0 (c = 1.0, 

H2O); lit.66 (Na+ form) [α]D +35 (c = 1.0, H20); 1H NMR (500MHz, D2O) δ ppm 3.26 

(3H, s, OMe), 3.57 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.58 (1H, m, H5), 3.62 

(1H, dd, JH3-H4 9.5Hz, JH2-H3 2.8Hz, H3), 3.79 (1H, dd, JH2-H3 2.8Hz, JH1-H2 1.6Hz, 

H2), 4.01 (1H, ddd, JH6-H6’ 11.6Hz, JH6’-31P 6.9Hz, JH5-H6’ 4.7Hz, H6’), 4.07 (1H, ddd, 

JH6-H6’ 11.5Hz, JH6-31P 5.7Hz, JH65-H6 1.1Hz, H6), 4.61 (1H, d, JH1-H2 0.8Hz, H1); 13C 

NMR (126MHz, D2O) δ ppm 54.7 (1C, OMe), 64.8 (1C, d, JC-31P 4.8Hz, C6), 66.1 

(1C, C4), 69.7 (1C, C2), 70.3 (1C, C3), 71.1 (1C, d, JC-31P 7.6Hz, C5), 100.9 (1C, C1); 
31P{1H} NMR (162MHz, D2O) δ ppm 0.2 (1P, P(O)(OH)2); m/z (ES-) 273.0 [M – H]-. 

α-methyl-6-O-(dihydroxyphosphoryl)-D-galactopyranoside (3.63) 

Rf 0.29 (5 ethanol : 3 NH4OH : 1 water), [α]D
25 +92.7 (c = 1.39, H2O); 

1H NMR (500MHz, D2O) δ ppm 3.32 (3H, s, OMe), 3.72-3.73 (2H, m, 

J 2.2Hz, H2, H3), 3.85 (1H, add, JH6-H6’ 10.4Hz, JH6’-31P 7.6Hz, H6’), 3.88 (1H, dd, J 

H6-H6’12.4Hz, JH5-H6 6.9Hz, H6), 3.91-3.97 (2H, m, H4, H5), 4.74 (1H, d, JH1-H2 1.9Hz, 

H1); 13C NMR (126MHz, D2O) δ ppm 55.1 (1C, OMe), 63.9 (1C, d, JC-31P 4.8Hz, 

C6), 68.1 (1C, C2), 68.8 (1C, C4), 69.2 (1C, C3), 69.4 (1C, d, JC-31P 7.6Hz, C5), 81.7 

(1C, C1); 31P{1H} NMR (162MHz, D2O) δ ppm 0.9 (1P, P(O)(OH)2); HRMS (ES-) 

m/z 273.0387 [M – H]- (required 273.0381). 

α/β-methyl-5-(dihydroxyphosphoryl)-ribofuranoside (3.64) 

Rf 0.31 (5 ethanol : 3 NH4OH : 1 water), 31P NMR (162MHz, 

D2O) δ ppm 0.1 (P(O)OR(OH)2); FT-IR (KBr disc) υ 1198 (P=O), 3102 br (OH); 

HRMS (ES-) m/z 243.0280 [M – H]- (required 243.0275). 

Alpha anomer 
1H NMR (500MHz, D2O) δ ppm 3.23 (3H, s, OMe), 3.89 (1H, m, H5b), 3.90 (1H, dd, 

JH2-H3 4.6Hz, JH1-H2 2.0Hz, H2), 3.96-4.00 (2H, m, H4, H5a), 4.16 (1H, t, JH2-H3 

5.4Hz, JH3-H4 5.4Hz, H3), 5.13 (1H, d, JH1-H2 1.6Hz, H1); 13C NMR (126MHz, D2O) δ 
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ppm 48.8 (1C, OMe), 66.1 (1C, d, JC-31P 4.8Hz, C5), 70.3 (1C, C3), 75.0 (1C, C2), 

80.9 (1C, d, JC-31P 8.6Hz, C4), 101.0 (1C, C1). 

Beta anomer 
1H NMR (500MHz, D2O) δ ppm 3.23 (3H, s, OMe), 3.86-3.90 (2H, m, H5a, H5b), 

4.04 (1H, t, JH1-H2 5.4Hz, JH2-H3 5.4Hz, H2), 4.06 (1H, t, JH2-H3 5.7Hz, JH3-H4 5.7Hz, 

H3), 4.13 (1H, m, H4), 5.28 (1H, d, JH1-H2 4.1Hz, H1); 13C NMR (126MHz, D2O) δ 

ppm 48.8 (1C, OMe), 65.2 (1C, d, JC-31P 5.7Hz, C5), 69.9 (1C, C3), 70.7 (1C, C2), 

81.7 (1C, d, JC-31P 8.6Hz, C4), 96.3 (1C, C1). 

3.9.10 Synthetic rout for 6’ modifications 

4-O-(dimethoxyphosphoryl)-6’azido-D-trehalose (3.65) 

6-O-(dimethoxyphosphoryl)-6’-azido-D-trehalose (3.66) 

A solution of 3.17 (100mg, 0.12mmol, 1eq) and CsF (180mg, 1.2mmol, 10eq) in 

methanol (5ml) was heated to 80°C with vigorous stirring for 5 hours at which point 

TLC (1 water : 4 isopropanol : 4 ethyl acetate) showed the complete consumption of 

starting material. The solvent was removed in vacuo and the products were purified 

by silica gel chromatography (1 water : 3 isopropanol : 10 ethyl acetate). 

Lyophilisation yielded the desired compound 3.65 (11.8mg, 21%) and 3.66 (37mg, 

67%) as white amorphous solids. 

Compound 3.65 

Rf 0.6 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
18 +68.0 (c = 

0.49, MeOH); 1H NMR (500MHz, MeOD) δ ppm 3.31 (1H, t, JH3’-

H4’ 9.8Hz, JH4’-H5’ 9.8Hz, H4’), 3.43 (1H, dd, JH6’a-H6’b 14.1Hz, JH5’-

H6’b 5.7Hz, H6’b), 3.51 (1H, dd, JH2’-H3’ 9.5Hz, JH1’-H2’ 5.4Hz, H2’), 3.55 (1H, dd, 

JH6’a-H6’b 13.0Hz, JH5’-H6’a 4.5Hz, H6’a), 3.60 (1H, td, JH4-H5 10.1Hz, JH5-H6a 10.1Hz, 

JH5-H6b 4.7Hz, H5), 3.71 (1H, dd, JH2-H3 9.8Hz, JH1-H2 3.8Hz, H2), 3.74 (1H, dd, JH6a-

H6b 12.1Hz, JH5-H6b 4.3Hz, H6b), 3.82 (1H, t, JH2’-H3’ 9.1Hz, JH1’-H2’ 9.1Hz, H3’), 3.84 

(6H, d, JH-31P 11.3Hz, 2 x OMe), 3.85-3.89 (2H, m, H3, H6a), 4.07 (1H, ddd, JH4-H5 

10.0Hz, JH5-H6b 5.8Hz, JH5-H6a 2.0Hz, H5), 4.59 (1H, q, JH3-H4 8.5Hz, JH4-H5 8.5Hz, JH4-

31P 8.5Hz, H4), 5.15 (1H, d, JH1’-H2’ 3.5Hz, H1’), 5.18 (1H, d, JH1-H2 3.5Hz, H1); 13C 

NMR (126MHz, MeOD) δ ppm 52.8 (1C, C6’), 55.3 (2C, d, JC-31P 5.7Hz, 2 x OMe), 

62.2 (1C, C6), 70.3 (1C, d, JC-31P 2.9Hz, C5), 71.9 (1C, d, JC-31P 2.9Hz, C2), 72.8 (1C, 

C4’), 73.1 (1C, C5’), 73.2 (1C, C2’), 73.9 (1C, d , JC-31P 2.9Hz, C3), 74.3 (1C, C3’), 
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83.4 (1C, d, JC-31P 6.7Hz, C4), 95.2 (1C, C1’), 95.5 (1C, C1); FT-IR (KBr disc) υ 

1261 (P=O), 2105 (N3), 3424 br (OH); HRMS (ES+) 498.1095 [M + Na]+ (required 

498.1095). 

Compound 3.66 

Rf 0.4 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
18 + 68.4 (c = 

1.0, MeOH); 1H NMR (500MHz, D2O) δ ppm 3.38 (1H, t, JH3’-H4’ 

9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.44 (1H, t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, 

H4), 3.47 (2H, dd, JH6’a-H6’b13.4Hz, JH5’-H6’b 5.5Hz, H6’b), 3.56 (1H, 

m, H6’a), 3.58 (2H, dd, JH2-H3 10.1Hz, JH1-H2 3.8Hz, H2, H2’), 3.75 (1H, m, H3’), 

3.76 (3H, d, JH-31P 11.0Hz, OMe), 3.76 (3H, d, JH-31P 11.0Hz, OMe), 3.78 (1H, t, JH2-

H3 9.1Hz, JH3-H4 9.1Hz, H3), 3.90 (1H, ddd, JH4’-H5’ 12.6Hz, JH5’-H6’b 6.1Hz, JH5’-H6’a 

2.4Hz, H5’), 3.92 (1H, dd, JH4-H5 10.7Hz, JH5-H6a 1.9Hz, H5), 4.27 (2H, m, H6a, H6b), 

5.11 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.13 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, 

D2O) δ ppm 50.8 (1C, C6’), 55.2 (2C, d, JC-31P 7.55Hz, 2 x OMe), 66.8 (1C, d, JC-31P 

5.7Hz, C6), 69.1 (1C, C4’), 70.4 (1C, C4), 70.5 (1C, d, JC-31P 6.7Hz, C5), 70.8 (1C, 

C5), 70.9 (1C, C2), 71.1 (1C, C2’), 72.3 (1C, C3), 72.4 (1C, C3’), 93.7 (1C, C1), 93.8 

(1C, C1’); 1H NMR (500MHz, MeOD) δ ppm 3.33 (1H, t, JH3-H4 9.3Hz, JH4-H5 9.3Hz, 

H4), 3.38 (1H, t, JH3’-H4’ 10.1Hz, JH4’-H5’ 10.1Hz, H4’), 3.42 (1H, dd, JH6’a-H6’b 14.0Hz, 

JH6’b-31P 6.1Hz, H6’b), 3.52 (2H, dd, JH2-H3 9.1Hz, JH1-H2 3.1Hz, H2, H2’), 3.50 (1H, 

m, H6’a), 3.79 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.81 (3H, d, JH-31P 11.0Hz, 

OMe), 3.81 (3H, d, JH-31P 11.0Hz, OMe), 3.83 (1H, t, JH2’-H3’ 10.4Hz, JH3’-H4’ 10.4Hz, 

H3’), 4.04 (2H, dt, JH4’-H5’ 9.7Hz, JH5’-H6’a 9.7Hz, JH5’-H6’b 2.6Hz, H5, H5’), 4.25 (1H, 

ddd, JH6a-H6b 11.1Hz, JH6b-31P 6.4Hz, JH5-H6b 5.0Hz, H6b), 4.31 (1H, ddd, JH6a-H6b 

11.2Hz, JH6a-31P 6.4Hz, JH5-H6a 1.6Hz, H6a), 5.12 (2H, d, JH1’-H2’ 3.8Hz, H1’), 5.14 

(2H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, MeOD) δ ppm 52.7 (1C, C6’), 55.3 

(2C, d, JC-31P 6.7Hz, 2 x OMe), 68.4 (1C, d, JC-31P 5.7Hz, C6), 71.3 (1C, C4’), 72.2 

(1C, d, JC-31P 6.7Hz, C5), 72.6 (1C, C4), 73.1 (1C, C5’), 73.1 (1C, C2’), 73.1 (1C, 

C2’), 74.4 (1C, C3), 74.5 (1C, C3’), 95.4 (1C, C1), 95.6 (1C, C1’); 31P{1H} 

(162MHz, MeOD) 1.00 (1P, ROP(O)(OMe)2); FT-IR (KBr disc) υ 1261 (P=O), 2105 

(N3), 3424 br (OH); HRMS (ES+) 498.1095 [M + Na]+ (required 498.1095). 
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D-trehalose-6-phospate-6’-iodide (3.67) 

Compound 3.66 (15mg, 0.032mmol, 1eq) was suspended in dry 

dioxane (2ml) and briefly sonicated for 5 minutes. The mixture was 

cooled to 0°C and TMSI (10μl, 0.038mmol, 2.2eq) was added 

dropwise. The reaction was monitored by mass spectrometry (ES-) and 

after 10 minutes showed the complete conversion of starting material to the title 

compound.  The reaction mixture was quenched with water (1ml) and the solvents 

removed under reduced pressure. The crude product was taken up in water (2ml) and 

washed with ethyl acetate (3 x 1ml). The aqueous layer was concentrated in vacuo 

and purified by HPLC on an Applied Biosystems Poros® HQ 50µm strongly basic 

anion exchange column (10mm x 100mm, 7.9ml). An applied gradient from 0mM to 

500mM aqueous NH4HCO3 was used as the mobile phase and eluants were detected 

with an ELS detector parallel to the main flow path. Fractions containing the product 

were pooled and repeated lyophilization to remove residual NH4HCO3 afforded the 

title compound as a white amorphous solid (12.4mg, 69%). 

Rf 0.45 (5 ethanol : 3 NH4OH : 1 water), [α]D
25 + 10.3 (c = 0.59, H2O); 1H NMR 

(500MHz, D2O) δ ppm 3.29 (1H, dd, JH6'a-H6'b 12.6Hz, JH5'-H6'b 7.3Hz, H6'b), 3.27 (1H, 

t, JH3'-H4' 9.1Hz, JH4'-H5' 9.1Hz, H4' ), 3.48-3.56 (2H, m, H4, H6'a), 3.53 (2H, dd, JH2-H3 

9.3Hz, JH1-H2 2.7Hz, H2, H2'), 3.60 (1H, ddd, JH4-H5 9.8Hz, JH5-H6a 5.7Hz, JH5-H6b 

4.1Hz, H5), 3.73-3.81 (1H, m, H5') 3.76 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.78 

(1H, t, JH2'-H3' 9.5Hz, JH3'-H4' 9.5Hz, H3'), 3.86 (1H, ddd, JH6a-H6b 12.4Hz, JH6b-31P 

5.4Hz , JH5-H6b 1.9Hz, H6b), 3.94 (1H, ddd, JH6a-H6b 12.2Hz, JH6a-31P 8.1Hz, JH5-H6a 

3.8Hz, H6a), 5.11 (1H, d, JH1'-H2' 4.1Hz, H1'), 5.16 (1H, d, JH1-H2 3.8Hz, H1); 13C 

NMR (126MHz, D2O) δ ppm 6.5 (1C, C6'), 62.4 (1C, d, JC-31P 3.8Hz, C6), 69.0 (1C, 

C2'), 70.6 (1C, C2), 71.0 (1C, C4), 71.1 (1C, C5'), 71.8 (1C, C3'), 71.9 (1C, d, JC-31P 

5.7Hz, C5), 72.1 (1C, C3), 73.6 (1C, C4'), 93.3 (1C, C1'), 93.6 (1C, C1); FT-IR (KBr 

disc) υ 1103 (P=O), 3431 br (OH); HRMS (ES-) m/z 530.9769 [M - H]- (required 

530.9770). 

6-O-(dimethoxyphosphoryl)-6’azido-2,2’,3,3’,4,4’-acyl-D-

trehalose (3.68) 

To a solution of 3.67 (32mg, 0.063mmol, 1eq) in pyridine (3ml) at 

room temperature was added acetic anhydride (72µl, 0.76mmol, 

12eq). TLC (ethyl acetate) after 16 hours showed complete 
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consumption of starting material. The reaction was quenched with water (2ml) and 

partitioned between ethyl acetate (30ml) and water (30ml). The aqueous layer was 

extracted with ethyl acetate (2 x 15ml) and the combined organics washed with 1M 

HCl (5 x 20ml), saturated NaHCO3 solution (25ml), brine (25ml), dried over MgSO4 

and concentrated in vacuo. The product was purified by silica gel chromatography (9 

ethyl acetate : 1 petrol) to give 3.68 (43mg, 93%). 

Rf 0.53 (ethyl acetate), [α]D
23 +119.9 (c = 1.0, CHCl3); 1H NMR (500MHz, CDCl3) δ 

ppm 2.02, 2.03, 2.06, 2.07, 2.08, 2.12 (6 x 3H, 6 x s, 6 x OAc), 3.16 (1H, dd, JH6’a-H6’b 

13.2Hz, JH5’-H6’b 2.5Hz, H6’b), 3.36 (1H, dd, JH6’a-H6’b 13.4Hz, JH5’-H6a’ 7.4Hz, H6’a), 

3.76 (3H, d, JH-31P 11.4Hz, OMe), 3.77 (3H, d, JH-31P 11.4Hz, OMe), 4.03 (1H, ddd, 

JH6a-H6b 14.2Hz, JH5-H6b 5.0Hz, JH-31P 5.0Hz, H6b), 4.06-4.16 (2H, m, H5, H5’), 4.12 

(1H, ddd, JH6a-H6b 14.3Hz, JH-31P 7.3Hz, JH5-H6a 2.2Hz, H6a), 4.99 (1H, t, JH3’-H4’ 

9.8Hz, JH4’-H5’ 9.8Hz, H4’), 5.06 (1H, dd, JH2’-H3’ 10.7Hz, JH1’-H2’ 3.8Hz, H2’), 5.09 

(1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 5.08 (1H, dd, JH2-H3 10.5Hz, JH1-H2 3.8Hz, H2), 

5.30 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.32 (1H, d, JH1-H2 3.8Hz, H2), 5.46 (1H, t, JH2’-H3’ 

9.9Hz, JH3’-H4’ 9.9Hz, H3’), 5.49 (1H, t, JH2-H3 10.1Hz, JH3-H4 10.1Hz, H3); 13C NMR 

(126MHz, CDCl3) δ ppm 20.5, 20.6, 20.6, 20.7 (6C, 4 x as, COCH3), 50.9 (1C, C6’), 

54.6 (2C, d, JC-31P 5.7Hz, 2 x OMe), 65.1 (1C, d, JC-31P 4.8Hz, C6), 68.2 (1C, C4), 

68.8 (1C, d, JC-31P 8.6Hz, C5), 69.6 (2C, C2, C2’), 69.6 (1C, C4’), 69.8 (1C, C3’), 

69.9 (1C, C5’), 70.0 (1C, C5), 92.8 (1C, C1’), 93.0 (1C, C1), 169.5, 169.5, 169.6, 

169.7, 169.9, 170.0 (6 x 1C, 6 x C=O); FT-IR (thin film) υ 1219 (P=O), 1753 (C=O), 

2106 (N3); HRMS (ES+) m/z 750.1721 [M + Na]+ (required 750.1729). 

6-O-(dihydroxyphosphoryl)-6’azido-2,2’,3,3’,4,4’-acyl-D-trehalose 

(3.69) 

To a solution of 3.70 (15mg, 0.021mmol, 1eq) in dry dioxane (2ml) 

was added TMSBr (27µl, 0.21mmol, 10eq). TLC (1 water : 4 

isopropanol : 4 ethyl acetate) after 14 hours showed complete 

conversion of the starting material to the desired product. The reaction was quenched 

with water (1ml) and the solvents were removed under reduced pressure. The crude 

product was taken up in water (5ml) and washed with ethyl acetate (3 x 20ml). 

Lyophilization of the aqueous layer gave the desired product as a white amorphous 

solid (14.2mg, 100%). 
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Rf 0.13 (1 water : 4 isopropanol : 4 ethyl acetate), [α]D
25 +44.9 (c = 1.0, MeOH);  1H 

NMR (500MHz, D2O) δ ppm 2.05, 2.05, 2.07, 2.08, 2.11, 2.12 (6 x 3H, 6 x s, 6 x 

OAc), 3.51 (2H, m, H6'), 3.89 (2H, m, H6), 4.13 (1H, ddd, JH4'-H5' 10.1Hz, JH5'-H6'a 

4.4Hz, JH5'-H6'b 1.3Hz, H5'), 4.16 (1H, dt, JH4-H5 9.9Hz, JH5-H6a 3.2Hz, JH5-H6b 3.2Hz, 

H5), 5.12 (1H, t, JH3'-H4' 9.8Hz, JH4'-H5' 9.8Hz, H4'), 5.17 (1H, dd, JH2'-H3' 9.3Hz, JH1'-H2' 

2.5Hz, H2'), 5.17 (1H, t, JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 5.18 (1H, dd, JH2-H3 10.1Hz, 

JH1-H2 3.8Hz, H2), 5.42 (1H, d, JH1'-H2' 3.5Hz, H1'), 5.45 (1H, d, JH1-H2 3.8Hz, H1), 

5.52 (1H, t, JH2'-H3' 9.8Hz, JH3'-H4' 9.8Hz, H3'), 5.55 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, 

H3); 13C NMR (126MHz, D2O) δ ppm 20.2, 20.2, 20.2, 20.2, 20.2, 20.3 (6C, 6 x 

COCH3), 50.1 (1C, C6’), 62.5 (1C, d, JC-31P 3.8Hz, C6), 68.4 (1C, C4), 69.2 (1C, 

C4’), 69.3 (1C, C5’), 69.3 (1C, d, JC-31P 7.6Hz, C5), 69.9 (1C, C2’), 70.1 (1C, C2), 

70.7 (1C, C3’), 71.0 (1C, C3), 92.3 (1C, C1’), 92.4 (1C, C1), 172.6, 172.6, 172.7, 

172.8, 173.3, 173.4 (6 x 1C, 6 x C=O); 31P{1H} (162MHz, D2O) 4.71 (1P, 

ROP(O)(OH)2); FT-IR (KBr disc) υ 1203 (P=O), 1767 (C=O), 2106 (N3), 3106 br 

(OH); HRMS (ES-) m/z 698.1467 [M – H]- (required 698.1451). 

6’-azido-trehalose-6-phosphate (3.70) 

Compound 3.69 (14mg, 0.02mmol, 1eq) and sodium methoxide 

(0.5mg, 0.002mmol, 0.5eq) were dissolved in methanol (5ml) and 

stirred at room temperature. After 14 hours, TLC (1 water : 2 

isopropanol : 2 ethyl acetate) showed the complete consumption of 

starting material and the formation of a single product. The reaction mixture was 

opened to the atmosphere and quenched by the addition of dry ice until neutral (pH 

paper). The solvent was removed in vacuo and purified by HPLC on an Applied 

Biosystems, Poros® HQ 50µm strongly basic anion exchange column (10mm x 

100mm, 7.9ml). A gradient from 0mM to 500mM aqueous NH4HCO3 was used as the 

mobile phase and eluants were detected with an in-line Evaporative Light Scattering 

detector. Fractions containing the product were pooled and repeated lyophilization to 

remove NH4HCO3 gave the target compound as a white amorphous solid (7.8mg, 

87%). 

Rf 0.35 (5 ethanol : 3 NH4OH : 1 water), [α]D
25 +36.2 (c = 0.39, H2O); 1H NMR 

(500MHz, D2O) δ ppm 3.37 (1H, t, JH3'-H4' 9.5Hz, JH4'-H5' 9.5Hz, H4'), 3.47 (1H, dd, 

JH6'a-H6'b 13.6Hz, JH5'-H6'b 5.7Hz, H6'b), 3.54 (1H, t, JH3-H4 9.6Hz, JH4-H5 9.6Hz, H4), 

3.57-3.64 (2H, m, H2, H2'), 3.59 (1H, dd, JH6'a-H6'b 13.9Hz, JH5'-H6'a 3.5Hz, H6'a), 3.74 
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(1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 3.76 (1H, t, JH2'-H3' 9.8Hz, JH3'-H4' 9.8Hz, H3'), 

3.81 (1H, add, JH4-H5 9.5Hz, JH5-H6b 1.6Hz, H5), 3.85 (1H, ddd, JH6a-H6b 10.4Hz, JH6b-

31P 5.2Hz, JH5-H6b 1.7Hz, H6b), 3.88 (1H, ddd, JH4'-H5' 10.2Hz, JH5'-H6'b 5.8Hz, JH5'-H6'a 

2.5Hz, H5'), 3.94 (1H, ddd, JH6a-H6b 12.0Hz, JH6a-31P 7.3Hz, JH5-H6a 4.1Hz, H6a), 5.09 

(1H, d, JH1'-H2' 3.8Hz, H1'), 5.13 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, D2O) 

δ ppm 50.8 (1C, C6'), 62.4 (1C, d, JC-31P 4.8Hz, C6), 69.0 (1C, C4), 70.4 (1C, C4'), 

70.8 (1C, C2), 70.9 (1C, C2'), 71.1 (1C, C5'), 71.9 (1C, d, JC-31P 7.6Hz, C5), 72.1 (1C, 

C3'), 72.2 (1C, C3), 93.5 (1C, C1'), 93.8 (1C, C1); 31P{1H} NMR (162MHz, D2O) δ 

ppm 9.92 (1P, ROP(O)(OH)2); FT-IR (KBr disc) υ 1262 (P=O), 2111 (N3), 3431 br 

(OH); HRMS m/z (ES-) 446.0821 [M - H]- (required 446.0817). 

3.10 References 
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Chapter IV – Investigations on the inhibition of SnRK1 

4.1 Introduction 

The advent of modern proteomics has revolutionized the biological sciences.1 The 

general principle involves the isolation of a protein of interest, usually via gel 

electrophoresis, and subsequent digestion to peptide fragments. These peptides can 

then be analysed by high resolution mass spectrometry and MS/MS techniques that 

produce a fingerprint of the peptide masses as well as basic sequence information on 

the protein. This data is then compared against genomic databases which contain lists 

of all putative protein sequences within an organism, potentially revealing the identity 

of the protein.2 Crucially, the method is incredibly sensitive requiring only nanomolar 

concentrations of a protein, since only a small number of unique peptide hits are 

required for a successful identification.  

The inhibition of the plant kinase SnRK1 by Tre-6-P forms a central regulatory 

network by which energy usage and metabolism is controlled at the whole-organism 

level (section 1.2, page 2). This inhibition is believed to be mediated by an 

intermediary protein that can bind and inhibit SnRK1 in the presence of micromolar 

concentrations of Tre-6-P. This signalling pathway provides an excellent opportunity 

to alter plant growth for agricultural benefit, so determining the identity of this elusive 

intermediary factor is essential. Mass spectrometry based proteomics techniques are 

ideal for this purpose, which simplifies the overall problem to the isolation of the 

intermediary factor. 

The purification of transient protein complexes from a crude mixture of cell lysate can 

be very difficult.3 The general strategy involves the selective targeting of a major 

component of the protein complex for affinity purification, in the hope that other 

binding partners will also be isolated in tandem. Often, organisms are engineered to 

express the major component with a high affinity tag that is used for specific 

purification.3,4 However, the genetic manipulation that this technique necessitates is 

difficult to implement and is not a viable option for plants. An alternative in vitro 

technique utilizes the highly specific binding of antibodies for the 

immunoprecipitation of the desired protein complex, but this methodology is often 

plagued by various technical difficulties, such as the choice of antibody which can 
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give highly variable results.3 Another generic approach involves the expression of a 

recombinant protein bearing a glutathione S-transferase tag, which allows attachment 

of the protein to a solid phase resin to act as a scavenger.3 While this method allows 

isolation of even weak binding partners, it cannot easily be applied to SnRK1 since 

the surface immobilization of a trimeric protein complex would rely on the high 

stability of the trimer, which in the case of SnRK1, rules out this technique.  

Instead of using SnRK1 as bait, it would be experimentally simpler to use Tre-6-P to 

which the intermediary factor is known to have an affinity. Thus, Tre-6-P could be 

covalently adhered onto a solid phase resin which would be used for the affinity 

purification of partially purified plant extract known to contain the intermediary 

factor. Such affinity chromatography approaches are commonly used in proteomics,5 

and could allow isolation and identification of the unknown protein factor. 

For the successful application of this technique, a Tre-6-P analogue is required that 

can be covalently linked to a solid phase resin. This analogue must be carefully 

designed to ensure adequate binding with the desired protein. A critical parameter in 

determining this capability is the site on Tre-6-P from which the molecule could be 

tethered to a solid phase. Structure-activity relationships derived from binding data of 

a library of Tre-6-P analogues would allow the determination of the binding epitope, 

which would reveal the locations of the sugar at which modifications would be 

tolerated. Binding of Tre-6-P analogues to the intermediary factor can be indirectly 

probed by monitoring the effect of these sugars on the activity of SnRK1, which has a 

very specific recognition motif that can be utilized for an activity assay.6 In such an 

assay, partially purified cell lysate containing SnRK1 and the intermediary factor is 

treated with a peptide containing the kinase recognition sequence and γ 32P-ATP. The 

activity of SnRK1 can be followed by monitoring the phosphorylation of the peptide 

sequence, which can easily be detected by virtue of the radiolabel.7 Thus, the 

inhibition of SnRK1 with various Tre-6-P analogues can easily be determined to 

reveal the binding epitope with the intermediary factor. 

However, care must be taken in the interpretation of these results, since artefacts can 

easily result from the metabolism of any exogenous compounds. The crude cell lysate 

would likely contain a plethora of active enzymes that could facilitate the inter-

conversion of carbohydrate phosphate esters, which are particularly prone to 
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biochemical transformations since they are often reactive intermediates in various 

metabolic pathways.8 For example, Tre-6-P,9 Glc-6-P10 and Glc-1-P11 have all been 

shown to inhibit SnRK1 in a crude plant extract assay, but are also readily inter-

converted in vivo.12 Whether this conversion occurs in an in vitro assay, and the 

consequential effect of this on the apparent SnRK1 activity, has yet to be addressed. 

Preliminary research from M. J. Paul et al. has hinted at such metabolic 

transformations for Glc-6-P, whose inhibition of SnRK1 is found to be variable 

depending on the exact conditions used for the assay.11 More recently, ribose-5-

phosphate (Rib-5-P) was also found to inhibit SnRK1 in an analogous crude wheat 

(Triticum aestivum) endosperm assay,13 but this is inconsistent with unpublished data 

from the M. J. Paul group and so is believed to be an erroneous result caused by in 

vitro metabolism of the sugar under the assay conditions.11,14 Investigating the 

metabolism of exogenous compounds is essential for eliminating rogue data in order 

to determine the true inhibitors for SnRK1.  

In this chapter, the inhibition of SnRK1 with various compounds is explored.* 

Initially, metabolism studies are conducted that verify the stability of Tre-6-P, 

Glc-1-P and Glc-6-P under the assay conditions. In contrast, Rib-5-P is completely 

metabolized consuming ATP in the process. Evidence is presented to prove that this 

loss of ATP results in an apparent inhibition of SnRK1 and that, contradictory to the 

original report,13 Rib-5-P itself is not involved in any direct interactions with the 

intermediary factor. Having established that Tre-6-P as a true inhibitor, the 

methodology developed in the previous two chapters is utilized to build a small 

library of analogues which provide a map of the binding epitope, which reveals that 

modifications can be tolerated at the C6’ centre. Using a linker attached to this 

position, a Tre-6-P affinity column is synthesized and is used to extract proteins from 

a partially purified SnRK1 preparation. Proteomics analysis of the strongly retained 

components revealed the 14-3-3 class of protein as potential candidates for the 

intermediary factor. The omega isoform of the A. thaliana 14-3-3 was expressed in E. 

coli and its interaction with Tre-6-P was studied with isothermal titration calorimetry 

(ITC), circular dichroism (CD) spectroscopy and NMR spectroscopy, but in all cases, 

no binding was detected. Finally, the solid phase tethering approach was expanded to 
                                                 
*  The research presented in this chapter was designed in collaboration with Dr M. J. Paul and Dr. L. F. 

Primavesi at Rothamsted Research, Harpenden, UK. Specific experimental contributions are 
highlighted as appropriate.  
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a carbohydrate microarray for the screening of a larger number of potential Tre-6-P 

binding proteins.  

4.2 Metabolism of exogenous sugars in vitro 

Initially, we sought to test the stability of Tre-6-P, Glc-1-P and Glc-6-P under the in 

vitro assay conditions, since these compounds are widely regarded as inhibitors of 

SnRK1. The phosphorylated sugars (at a final concentration of 1mM) were incubated 

with 0.2mM ATP, 5mM MgCl2 and crude A. thaliana extract† in 40mM HEPES 

buffer at 30˚C for 10 minutes to simulate the assay conditions (section 4.11.1, page 

169). To monitor the metabolism of these sugars, three different experimental 

approaches were used, initially focusing on Tre-6-P (Figure 4.1). 31P NMR of the 

crude reaction mixture allowed direct probing of the exogenous sugars and any 

transformations to other phosphorylated products, which in the case of Tre-6-P, were 

found not to occur (A). These results were verified using strong anion exchange 

(SAX) LC-MS, where singly phosphorylated sugars are eluted as a single peak at ~15 

minutes and can thus be easily probed by mass spectrometric analysis. As with the 31P 

NMR data, Tre-6-P was the sole phosphorylated carbohydrate that was detected in the 

mixture (B). The integrals for the Tre-6-P peaks in both the 31P NMR and SAX LC-

MS experiments indicated the complete preservation of Tre-6-P. This was confirmed 

by probing dephosphorylation products that would not be directly detected with the 

previous techniques. The crude mixture was per-O-acetylated and analysed by C18 

LC-MS and compared against trehalose octaacetate as a reference, which would be 

the expected end-product from the dephosphorylation of Tre-6-P (C). Such non-

phosphorylated products were not detected and together, these data indicate the 

general stability of Tre-6-P under these assay conditions.    

                                                 
†  All plant extracts presented herein were prepared by Dr L. F. Primavesi at Rothamsted Research, 

Harpenden, UK. 



137 

 
Figure 4.1. Analysis of the in vitro metabolism of Tre-6-P with crude A. thaliana extract after 10min 
incubation at 30˚C. Data shows that Tre-6-P is stable in the reaction mixture and not converted to 
other products. (A) 31P NMR referenced to P(O)(OMe)3; (B) SAX LC-MS ion count trace and mass 
spectrum of the major peak at ~15mins; (C) C18 LC-MS ion count trace of the crude mixture after 

per-O-acetylation (black) and of trehalose octaacetate as a reference (green). 

A similar analysis was performed for Glc-1-P (Figure 4.2) where 31P NMR and SAX 

LC-MS showed no conversion to other phosphorylated species. As with Tre-6-P, the 

peak integrals were indicative of complete preservation of Glc-1-P. This was 

confirmed by C18 LC-MS of the per-O-acetylated reaction mixture, which failed to 

reveal any evidence of dephosphorylation. Thus, Glc-1-P was also found to be fully 

stable in an in vitro SnRK1 activity assay.  
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Figure 4.2. Analysis of the in vitro metabolism of Glc-1-P with crude A. thaliana extract after 
10min incubation at 30˚C. Data shows that Glc-1-P is stable in the reaction mixture and not 

converted to other products.  (A) 31P NMR referenced to P(O)(OMe)3; (B) SAX LC-MS ion count 
trace and mass spectrum of the major peak at ~15mins; (C) C18 LC-MS ion count trace of the 

crude mixture after per-O-acetylation (black) and of glucose pentaacetate as a reference (green). 

In contrast, Glc-6-P was found to be less stable under these conditions (Figure 4.3). 

After 10 minutes of incubation, 31P NMR revealed approximately 10% conversion to 

Glc-1-P. SAX LC-MS is less useful in this case since the molecular weights of 

Glc-1-P and Glc-6-P are identical, but nevertheless confirms the lack of conversion to 

any other carbohydrate phosphate esters. As with the previous cases, 

dephosphorylation was not detected by C18 LC-MS.  

 



139 

 

Figure 4.3. Analysis of the in vitro metabolism of Glc-6-P with crude A. thaliana extract after 10min 
incubation at 30˚C. Data shows that Glc-6-P is partially converted to Glc-1-P (~10% conversion) after 

incubation in the assay mixture.  (A) 31P NMR referenced to P(O)(OMe)3; (B) SAX LC-MS ion count 
trace and mass spectrum of the major peak at ~15mins; (C) C18 LC-MS ion count trace of the crude 

mixture after per-O-acetylation (black) and of glucose pentaacetate as a reference (green). 

Incubating Glc-6-P for longer periods increased the conversion to Glc-1-P. Thus, after 

30 minutes at 30˚C, 31P NMR showed approximately 50% conversion (Figure 4.4). 

The inhibition of SnRK1 by Glc-6-P was found to be less consistent than that of Tre-

6-P and Glc-1-P,11 and this observation can now be attributed to the metabolism of 

Glc-6-P under the assay conditions, which would likely produce some variation 

between experiments. Nevertheless, for the 10 minute incubation times that are 

generally used for kinase activity assays, only a minimal conversion of Glc-6-P is 

observed, while Tre-6-P and Glc-1-P were completely stable. This validates the 

previously observed inhibition of SnRK1 and confirms that Tre-6-P, Glc-1-P and 

Glc-6-P are in fact real inhibitors.  
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Figure 4.4. 31P NMR of the metabolism of Glc-6-P in crude A. thaliana extract 

after 30mins of incubation at 30˚C. Data shows increased conversion of 
Glc-6-P to Glc-1-P after extended incubation times (~50% conversion) 

4.3 Metabolism of ribose-5-phosphate 

Recently Piattoni et al. reported that SnRK1 from growing wheat endosperm is 

inhibited by Rib-5-P based on evidence obtained from crude extract assays as above.13 

However, such experiments are prone to interference from other active enzymes in the 

crude extract and are therefore not always reliable, as has been illustrated for Glc-6-P. 

This is especially true for Rib-5-P, which is a central synthetic intermediate involved 

in both the Calvin cycle15 and the pentose phosphate pathway.16 These fundamental 

metabolic pathways are essential for plant survival and enzymes for these routes are 

likely to be prevalent in crude plant extracts. Thus, Rib-5-P may be subjected to very 

rapid metabolism which must be correctly accounted for.  

Rather than direct inhibition of SnRK1, we proposed an alternative route that could 

account for the observed reduction in kinase activity (Scheme 4.1). In this scheme, 

Rib-5-P is under equilibrium with its isomer ribulose-5-phosphate (4.1) through the 

action of Rib-5-P isomerase. Phosphoribulosekinase (PRK), a naturally abundant and 

highly active enzyme due to its essential function in the Calvin cycle, could then 

convert 4.1 to ribulose-1,5-biphosphate (4.2), consuming ATP in the process. Since 

ATP is the substrate for SnRK1, any decrease in its concentration would result in a 

lower kinase activity, which could be misinterpreted as inhibition by Rib-5-P. 



141 

Rib-5-P isomerase

PRK

 

Scheme 4.1. Proposed route for ATP depletion through the 
metabolism of Rib-5-P with Rib-5-P isomerise and PRK. 

Consistent with this theory, recent unpublished work from the M. J. Paul group14 has 

demonstrated that the activity of SnRK1 from A. thaliana extracts decreases over time 

when incubated with Rib-5-P, rather than a fixed decrease in activity that would be 

expected from the inhibition model. Importantly, this research has also demonstrated 

that the kinase activity can be recovered by using higher concentrations of ATP, 

providing further support for our hypothesis. We sought to rigorously test for the 

consumption of ATP using the tools of analytical chemistry.  

The concentration of ATP and the reaction products ADP and AMP can easily be 

followed by HPLC, since the compounds are readily separable by SAX 

chromatography and can be detected using their UV absorbance at 260nm. We 

initially used crude A. thaliana extract to test the overall hypothesis (Figure 4.5). 

Reactions were performed at 30˚C for 6 minutes, with 0.2mM ATP and a final 

concentration of 1mM for the Rib-5-P under the exact conditions used in the original 

paper (section 4.11.1, page 169).13 SAX HPLC indicated the complete consumption 

of ATP in the presence of Rib-5-P and the formation of AMP rather than ADP. A 



142 

control reaction with ADP in the place of ATP also showed full conversion to AMP 

indicating a naturally low metabolic stability for ADP under these conditions. 

Additionally, we used LC-MS in negative mode with single ion recording (SIR) to 

selectively detect ions of mass 229 and 309 Daltons, corresponding to Rib-5-P and 4.2 

respectively. Thus, in the presence of Rib-5-P, a build-up of 4.2 was detected as 

would be expected from the action of PRK.  

 
Figure 4.5. Analysis of crude A. thaliana extract after 6mins incubation at 30˚C with ATP, ADP 

and/or Rib-5-P as indicated. Data shows that ATP is depleted and converted to AMP in the 
presence of Rib-5-P and crude plant extract, with build up of 4.2 detected as a reaction product. 

(A) SAX HPLC, UV = 260nm; (B) SAX LC-MS with SIR of masses at 229 and 309 Da. 
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Having established the principle on A. thaliana extract, we performed analogous 

analyses on crude whole wheat (Triticum aestivum) extract (Figure 4.6) and post-

anthesis wheat endosperm extract (Figure 4.7) to replicate the exact conditions used 

by Piattoni et al.13 In both cases, as with A. thaliana extract, ATP was completely 

converted to AMP. Mass spectrometric analysis showed an accumulation of 4.2 as a 

metabolic end-product. Together, these data provide strong evidence to support our 

ATP depletion hypothesis as a viable explanation for the observed decrease in SnRK1 

activity. 

 
Figure 4.6. Analysis of crude whole wheat extract after 6mins incubation at 30˚C with ATP, ADP 

and/or Rib-5-P as indicated. Data shows that ATP is depleted and converted to AMP in the presence 
of Rib-5-P and crude wheat extract, with build up of 4.2 detected as a reaction product. (A) SAX 

HPLC, UV = 260nm; (B) SAX LC-MS with SIR of masses at 229 and 309 Da. 
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Figure 4.7. Analysis of crude wheat endosperm extract after 6mins incubation at 30˚C with ATP, ADP 
and/or Rib-5-P as indicated. Data shows that ATP is depleted and converted to AMP in the presence of 

Rib-5-P and crude wheat endosperm extract, with build up of 4.2 detected as a reaction product. (A) 
SAX HPLC, UV = 260nm; (B) SAX LC-MS with SIR of masses at 229 and 309 Da. 

To demonstrate that the depletion of ATP is due to PRK activity, N. tobaccum plants 

engineered with an antisense PRK gene to have a reduced expression of this enzyme 

were grown.17 Crude extract from these transgenic tobacco plants were subjected to 

the assay conditions and monitored for ATP depletion and accumulation of 4.2 as 

above (Figure 4.8). HPLC analysis showed that ATP was retained for transgenic 

plants, while 4.2 could not be detected using LC-MS. In contrast, wild-type tobacco 

extract consumed all exogenous ATP, which was converted to ADP, and was found to 

contain detectable levels of 4.2. 
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Figure 4.8. Analysis of wild-type and transgenic tobacco crude extracts after 6mins incubation at 30˚C 

with 0.2mM ATP and 1mM Rib-5-P. Data shows depletion of ATP and build-up of 4.2 in wild type 
tobacco plant extract in the presence of Rib-5-P, but not for transgenic plants with a lower expression 

of PRK. (A) SAX HPLC, UV = 260nm; (B) SAX LC-MS with SIR of masses at 229 and 309 Da. 

The decrease in SnRK1 activity observed in growing wheat endosperm extract was 

attributed by Piattoni et al. to inhibition of the kinase by Rib-5-P.13 Here, we have 

presented conclusive evidence to show that this viewpoint is in fact false. Our data 

demonstrates that this fall in activity is actually caused by a drastic depletion of ATP 

which starves SnRK1 of essential substrate. This emphatically illustrates the 

importance of conducting detailed metabolic studies when working with crude cell 

lysates. 
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4.4 Library of analogues modified at the phosphate centre 

Having verified the reliability of the SnRK1 activity assay for Tre-6-P, we turned our 

attention to probing the binding epitope of the sugar with the intermediary factor. Our 

initial goal was to probe the involvement of the phosphate group in binding with the 

intermediary factor. Armed with our knowledge from the previous chapter, Tre-6-P 

analogues with modifications at the phosphate centre could be readily synthesized. In 

the course of our research, various useful Tre-6-P analogues were already synthesized 

(as documented in Chapter 3) and could be used as the basis of a “phosphorous 

centre” library (Figure 4.9).  

 
Figure 4.9. Tre-6-P analogues previously synthesized in Chapter 3. 

Compounds 3.37 and 3.38 were deprotected by methoxy removal to give a wider 

range of phosphate analogues (Scheme 4.2). Compound 3.37 was fully deprotected 

with TMSI to give the 4-phosphate 4.3 in 81% yield, while 3.38 was partially 

deprotected with TMSBr to give the methoxy ester 4.4 in 52% yield. 

 
Scheme 4.2. Synthesis of other variants of Tre-6-P with modifications at the phosphorous 

centre. Conditions: (i) TMSI, dioxane, RT, 30mins; (ii) TMSBr, dioxane, RT, 3h. 
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This array of analogues was tested for SnRK1 inhibition at a final concentration of 

1mM (Figure 4.10).‡ The data revealed interesting trends in the binding epitope. 
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Figure 4.10. Activity of SnRK1 in the presence of 1mM analogue concentration. 100% 

indicates SnRK1 activity in the absence of an inhibitor. The natural inhibitor, Tre-6-P, is 
shown in green. Data shows that the phosphate group is essential for inhibition of SnRK1, 

but loss of a P-OH or different locations of the phosphate group can be tolerated.  

Given that trehalose does not inhibit SnRK1, one would expect the phosphate moiety 

of Tre-6-P to play a critical role in binding to the intermediary factor. Therefore, as 

expected, completely capped phosphate groups are unable to inhibit the kinase (3.37 

and 3.38). However, capping just one hydroxyl of the phosphate (4.4) restores the 

binding to the intermediary factor. Thus, SnRK1 is inhibited to 32% of its normal 

activity, which compares favourably with the natural inhibitor Tre-6-P that reduces 

kinase activity to 25%. This implies that only one phosphate hydroxyl is needed and 

that the second is, to an extent, dispensable. Supporting this viewpoint, the cyclic 

phosphate 3.22 also inhibits SnRK1 to 83% of its activity. The reduced inhibition of 

this analogue may reflect the restricted flexibility of the phosphate hydroxyl that 

                                                 
‡  SnRK1 activity assays were performed by Dr L. F. Primavesi at Rothamsted Research, Harpenden, 

UK. 
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would result from a cyclization. Finally, displacing the phosphate to the 4-position 

(4.3) reduces inhibition at 37% to normal activity, indicating a level of tolerance to 

the precise location of the phosphoryl functionality.  This combined data is suggestive 

of a broad phosphate binding pocket around the 4 and 6 positions of trehalose, 

necessitating at least one strong interaction with a phospho-hydroxyl group. 

4.5 Library of analogues modified at the C6’ centre 

Attention was then focused towards screening the C6’ centre for tolerance to different 

functionalities. We hypothesized that the C6’ centre would be most suitable for 

attachment to a solid phase resin, since it is the furthest away from the critical 

phosphate group which would likely be intimately bound to the intermediary factor. 

Thus, our primary motive was to investigate the effect of bulk at this position. The 

general synthetic strategy mirrored the SN2 route that was developed in the previous 

chapter for the azide 3.70. Nucleophilic thiols can participate in such SN2 reactions 

and provide a means to install different substituents at the C6’ centre. Initially, 

thiophenol was used as a model to optimize the synthetic route (Scheme 4.3). 

 
Scheme 4.3.Attempted deprotection of diphenyl phosphate moiety in the presence of an SPh group. 

Conditions: (i) PhSH, NaH, THF, microwave, 150°C, 2h. (ii) H2, PtO2, MeOH, 1% AcOH. 

For a successful displacement reaction, deprotonation of the thiol was found to be 

necessary. Thiophenol was treated with sodium hydride, prior to microwave 

irradiation with 3.16 at 150°C in THF for 2 hours which gave the doubly modified 

adduct 4.5 as a side product in 29% yield as well as the desired product 4.6 in a 

reasonable 27%. Frustratingly, the following deprotection of the diphenyl phosphate 

ester to give 4.7 using hydrogen over a PtO2 catalyst was unsuccessful. This was 

particularly surprising because previous analogous hydrogenations have been very 

rapid, which warranted further investigations into the cause of the lack of reaction.  



149 

 
Scheme 4.4. Competion reaction shows that under normal conditions, hydrogenic 

phosphate deprotection is facile, but in the presence of a thioether, the reaction 
does not occur. Conditions: H2, PtO2, MeOH, 1% AcOH, 32h. 

We argued that the poor deprotection observed for 4.6 was due to the thioether 

functionality that would have a strong affinity towards the PtO2 leading to poisoning 

of the catalyst surface.18 To test this, we attempted the hydrogenation of 3.16, which 

ordinarily proceeds smoothly to give 4.8 in 90% yield, in the presence of 4.6 (Scheme 

4.4). Under these conditions, the reaction was essentially halted which would seem to 

support our original hypothesis. 

Fortunately, a CsF transesterfication was developed in the previous chapter to allow 

exchange of the phenoxy groups with methoxy functionality, which would circumvent 

the need for a hydrogenation step. While this would certainly be a viable route, the 

transesterfication step would produce a 4-phosphate as a side product that would 

necessitate a difficult separation to isolate the desired product. For the synthesis of a 

library of compounds, such tedious purification steps would ideally be limited and a 

more succinct route would be preferred. With this in mind, an alternative scheme was 

designed based on the synthesis of a common intermediate that would allow late-stage 

diversification with minimal purification steps.  

In this strategy, earlier manipulations were performed with an iodide to form the 

central intermediate (Scheme 4.5). Compound 3.16 was treated with 

tetrabutylammonium iodide under microwave irradiation to displace the phosphate 

groups yielding the doubly modified adduct 4.9 as a side product in 27% as well as 
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the desired product 4.10 in 29%. Here, the iodide would serve as a labile leaving 

group for later diversification to other analogues. Hence, phosphate transesterfication 

was conducted at this earlier stage to limit the route to only one difficult purification 

step. The diphenylphosphate 4.10 was treated with CsF and methanol to yield the 

desired dimethylphosphate 4.11 in a reasonable 42% yield as well as various other 

side products of which the cyclic methoxy ester 4.12 was present as a minor 

component. Interestingly, the iodide was prone to intramolecular cyclization after ring 

flipping to give the 6-phospho (4.13) and 4-phospho (4.14) bicyclic analogues in 11% 

and 15% respectively.  

 
Scheme 4.5.Alternative route for sythesis of library via intermediate 4.11, the synthesis of 

which requires careful control to avoid side product formation. Conditions: (i) TBAI, 
THF, microwave, 150°C, 2h; (ii) CsF, MeOH, reflux, 8h followed by Ac2O, Py, 32h. 

The elegance of this route arises from the subsequent diversification step (Scheme 

4.6). Microwave irradiation of 4.11 with thiophenol under basic conditions initially 

leads to partial methoxy deprotection (4.15) which drastically lowers the reactivity of 

the phosphoryl group due to the resultant anionic charge.19 Thus, the phosphate 

functionality is no longer prone to either migration or nucleophilic substitution. SN2 

displacement exclusively occurs at the iodide (4.16) followed by acetyl deprotection 

to yield 4.17 as a stable intermediate. The final methoxy group can be removed by 

treatment with TMSI to yield the target compound 4.18 in 79% yield over the two 

steps. Crucially, because the delicate phosphate moiety is locked in place, minimal 

purification is needed making the route particularly attractive for small-scale libraries.  
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Scheme 4.6. One-pot reaction sequence to allow rapid diversification/deprotection of a 
wide variety of Tre-6-P analogues modified at the C6’ position. Conditions: (i) PhSH, 

NaH, THF, microwave, 80°C, 30mins; (ii) TMSI, dioxane, RT, 60mins. 

This deprotection/ modification cascade can be used with other thiols to create a 

variety of C6’ modified Tre-6-P analogues (Figure 4.11). For example, use of 

ethanethiol gave 4.19 in 84% yield while octanethiol furnished 4.20 in 85%. Branched 

thiols can also be used, but in these cases, the reaction was also accompanied by 

phosphate migration products which were essentially inseparable from the desired 

products. The bulkier thiols may have a lower reactivity altering the order of events 

highlighted above (Scheme 4.6). For instance, where acetyl deprotection may precede 

methoxy deprotection opening up an avenue for phosphate migration. Thus 2-

propanethiol produced approximately 80% of the desired 6-phosphate 4.21 according 

to crude NMR, while 4.22 was approximately 70% pure with phosphate migration 

products as the major contaminants. Despite their impurity, and given that phosphate 

migration products are tolerated by the intermediary factor (section 4.4, page 146), 

these compounds may still provide crude qualitative information on the binding 

epitope and were included as part of our library for SnRK1 activity analysis.  

 
Figure 4.11. Other Tre-6-P analogues synthesized using the SN2/deprotection conditions. 

Two further analogues were included as part of our library. To probe the necessity for 

hydrogen bonding at the C6’ position, a C6’-deoxy analogue was synthesized 

(Scheme 4.7). Hydrogenation of 4.11 over palladium on charcoal allowed reduction of 

the iodide to give the deoxy analogue 4.23 in 96% yield. Phosphate deprotection was 
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effected with TMSBr to give 4.24, which was deacetylated using sodium methoxide 

in methanol to furnish the desired compound 4.25 in 91% over two steps. 

 
Scheme 4.7. Synthesis of a C6’ deoxy analogue of Tre-6-P. Conditions: (i) 
H2, Pd/C, NEt3, MeOH (ii) TMSBr, dioxane, 50˚C; (iii) NaOMe, MeOH. 

For the final compound, the diphosphate 2.2 was deprotected by hydrogenation over 

PtO2 in near quantitative yield to give 4.26 (Scheme 4.8), which could provide 

information on the tolerance of charged functionality at the C6’ position. 

 
Scheme 4.8. Synthesis of a diphosphate Tre-6-P analogue. 

Conditions: (i) H2, PtO2, 1 MeOH : 3 H2O, 20mM HCl. 

With the compounds in hand, the inhibition of SnRK1 was tested as before at a 1mM 

concentration of the exogenous compounds (Figure 4.12).‡ The deoxy analogue 4.25 

inhibited SnRK1 to 50% of its normal activity indicating that loss of a hydrogen bond 

donor at the C6’ position could be tolerated. Similarly, the linear alkyl analogues 4.19 

4.20 also reduced activity to 58% and 57% respectively, while the more inflexible 

azide group was less accommodated, inhibiting SnRK1 to only 66%. Importantly, 

these data show that the C6’ position is well suited for modification with long chain 

linkers and could make an ideal site from which to anchor Tre-6-P to a solid phase. 

Interestingly, the much bulkier phenyl analogue 4.18 was a potent inhibitor of 

SnRK1, restricting its activity to 33% which is comparable to Tre-6-P itself. 

Furthermore, the diphosphate 4.26 also strongly inhibited the kinase to 43% of its 

normal activity. These surprising results may be indicative of peripheral amino acid 
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interactions around the C6’ position that may result in additional hydrophobic 

stacking, or ionic bonding for such non-natural analogues. 

3

 
Figure 4.12. Activity of SnRK1 in the presence of 1mM of the analogues. 100% indicates SnRK1 

activity in the absence of an inhibitor. The natural inhibitor, Tre-6-P, is shown in green. *Compounds 
were contaminated with migration by-products as explained in the main text. Data shows that a variety 

of functionality, including bulky and charged groups, can be tolerated at the C6’ position. 

The branched alkyl analogues 4.21 and 4.22, despite the presence of other phosphate 

contaminants, were also screened against SnRK1 to give a crude insight into the three 

dimensional spatial requirements at the C6’ position. Kinase activity was slightly 

inhibited by these compounds (83% and 92% respectively), signifying a moderate 

spatial tolerance in binding to the intermediary factor at this position.  

4.6 Building a Tre-6-P affinity column 

Based on this structure-activity data, a Tre-6-P analogue was designed to allow 

tethering to a solid phase resin. We envisioned the attachment of Tre-6-P using an 

amine terminated, polyethylene glycol (PEG) spacer arm to provide adequate 

separation between the resin and the active binding motif. PEG was chosen to prevent 

chromatographic phase collapse in aqueous buffers,20 thus ensuring maximal capacity 
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for protein binding, while the amine would serve as a chemical handle for attachment 

to the resin.  

The synthetic route for this compound mirrored the strategy used for the previous 

S-linked analogues. Attention was initially focused on the synthesis of the PEG linker 

for the installation of terminal amine and thiol groups (Scheme 4.9). 

 
Scheme 4.9. Conditions: (i) NaN3, DMF, 80˚C; (ii) MsCl, NEt3, DCM, 0˚C; (iii) KSAc, DMF, RT; (iv) 

NaOMe, MeOH, RT; (v) oxidation over 3h; (vi) DTT, 100mM NH4HCO3, MeOH, EtOAc, RT. 

Starting with the commercially available triethylene glycol analogue 4.27, 

nucleophilic substitution of the chloride with sodium azide afforded 4.28 in 97% 

yield. The remaining free hydroxyl was mesylated in 98% to give 4.29, which was 

treated with potassium thioacetate to furnish the protected thiol 4.30 in almost 

quantitative yield. Deacetylation with sodium methoxide in methanol gave the desired 

compound 4.31 in 76%, but over a period of 3 hours, the compound was oxidized to 

the disulfide 4.32. The disulfide was reduced back to 4.31 with DTT in 25% yield and 

due to the propensity for re-oxidation of the thiol, was used immediately. 

The previous route for the ligation of thiols (Scheme 4.6) was adapted for larger scale 

syntheses. Instead of coupling with 4.11, nucleophilic substitution was performed on 

4.10 which leads to a more straightforward purification since deprotected phosphates 

are avoided. Thus, 4.10 was coupled with 4.31 under microwave irradiance at 80˚C 

for 40 minutes to furnish the desired product 4.33 in a moderate 35%, with the 

remainder as unreacted starting sugar due to in situ oxidation of 4.31 to 4.32 which 

restricted the maximum attainable yield. With the linker attached to the core trehalose 

skeleton, subsequent protecting group manipulations could be conducted to give the 

desired product. Phosphate transesterfication with CsF in methanol minimized 

formation of the 4-phosphate side-product 4.34 to 32%, giving the desired 6-

phosphate 4.35 as the major product, which was acetylated to 4.36 in a healthy 68% 

yield over the two steps. Subsequent phosphate methoxy deprotection with TMSBr 
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afforded the free phosphate 4.37, which was deacetylated without any further 

purification using standard Zemplen conditions to give 4.38 in an excellent 98% yield 

over the two steps. The final azide reduction with hydrogen over palladium on carbon 

was straightforward, giving the target compound 4.39 in near quantitative yield. 

3
3 3

3332

 
Scheme 4.10. Synthesis of a Tre-6-P analogue capable of immobilization onto a solid phase. 
Conditions: (i) NaH, THF, microwave, 80˚C, 40mins; (ii) CsF, MeOH, reflux 17h; (iii) Ac2O, 

Py, RT; (iv) TMSBr, dioxane, RT; (v) NaOMe, MeOH, RT; (vi) H2, Pd/C, H2O. 

For surface immobilization of 4.39, Sepharose decorated with terminal N-hydro 

succinimide activated esters was used in a pre-packed Hi-Trap® column (GE 

Healthcare), to allow superior chromatographic extractions (Scheme 4.11). 

5
5

2

 
Scheme 4.11. Reaction to decorate a sepharose resin with Tre-6-P. Conditions: 0.2M NaHCO3, pH 8.3. 

The Sepharose resin 4.40 was coupled with 4.39 under basic conditions to produce a 

Tre-6-P affinity column (4.41), tethered using strong and biostable amide linkages. 

The extent of ligand loading, determined using the UV absorbance at 220nm of the 
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released succinimde group, was found to be 55 μmoles for a 5ml Hi-Trap® column 

which represents complete modification of all available reactive groups. 

An analogous trehalose affinity column was also synthesized for the extraction of 

trehalose binding proteins from crude lysates and is briefly discussed here, although 

such an extraction is yet to be performed. Installation of the iodo groups were 

performed using a three-step one-pot synthesis starting from trehalose (Scheme 4.12). 

Trehalose (1.1) was phosphorylated using DPCP, per-O-acetylated and the crude 

mixture subjected to microwave irradiance with TBAI in THF at 80˚C which resulted 

in phosphate SN2 to give the diiodide 4.9 in 29% yield and the desired product 4.42 in 

11%. The monoiodide was reacted with 4.31 under basic conditions with microwave 

assistance to furnish the coupled adduct 4.43 in a 36%, which was deacetylated and 

reduced with hydrogen to furnish the free amine 4.44 in 96% yield. 

 
Scheme 4.12. Syntheis of a trehalose analogue for surface thethering onto a solid phase resin. 

Conditions: (i) DPCP, Py, RT followed by Ac2O, Py, RT followed by TBAI, THF, microwave, 120˚C, 
60mins; (ii) NaH, THF, 80˚C, 40mins; (iii) NaOMe, MeOH followed by H2, Pd/C, MeOH. 

The trehalose analogue was coupled onto Sepharose as before, to create a 5ml affinity 

column with a 54 μmol loading of 4.44 (Scheme 4.13). 

5
5
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Scheme 4.13. Reaction to decorate a sepharose resin with trejhalose. Conditions: 0.2M NaHCO3, pH 8.3. 
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4.7 Identification of Tre-6-P binding proteins 

With the Tre-6-P affinity column in hand, an extraction of proteins from crude cell 

lysate could be attempted.§ To maximize the quantity of isolated proteins, the 

purification would ideally be scaled to a large volume of plant extract especially since 

the in vivo concentration of the intermediary factor is anticipated to be low. Thus, 

Brassica oleracea (cauliflower), which is much easier to grow on a large scale, was 

preferred over A. thaliana. Partially purified preparations of SnRK1 were obtained 

from B. oleracea extract using standard gel filtration and ion exchange 

chromatography techniques commonly used in molecular biology. Fractions of 

SnRK1 that were inhibited by Tre-6-P, and therefore contained the intermediary 

factor, were pooled for affinity purification with 4.41. Thus, the partially purified 

SnRK1 was applied to the column and eluted with an increasing concentration of 

sodium chloride to gradually release bound proteins from the resin. Gel 

electrophoresis with silver staining of the late fractions revealed several proteins that 

were strongly adhered to the Tre-6-P affinity column (Figure 4.13). 

 
Figure 4.13. Silver stained gel of fractions eluted from the Tre-6-P affinity purification of 
partially purified SnRK1. Early fractions of unbound proteins are not shown. * Bands that 

were excised for proteomics analysis, red boxes indicates a successful identification. 

The strongest of these bands were excised, the gel fragments were destained and 

proteins were digested with trypsin. The released peptides were concentrated and 

injected through a C18 nano-HPLC column for separation, and subsequently analysed 

by high resolution mass spectrometry and MS/MS. The peptide mass fingerprint data 

                                                 
§  All plant extract preparations, protein purifications and Tre-6-P affinity chromatography steps were 

conducted by Dr L. F. Primavesi at Rothamsted Research, Harpenden, UK. 
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was compared against the genomes of A. thaliana, B. oleracea and other green plants 

using the Mascot search engine.21 The identification of proteins utilized a probabilistic 

molecular weight search (MOWSE) score which assesses the likelihood of a 

particular hit arising purely by chance.22 Using this method, the constituent proteins 

from three of the excised bands could be identified. Most interestingly, all three bands 

were composed of multiple proteins belonging to the 14-3-3 family. Each identified 

protein was composed of multiple peptide hits with high MOWSE scores indicating 

greater than 99.9% significance, providing confident certainty in the assignments. For 

instance, a major component in the band at ~30kDa corresponding to a 14-3-3 isoform 

was identified with 13 individual peptide hits covering 25% of the protein sequence 

(Table 4.1).  

Observed Mr(expt) Mr(calc) ppm Miss Expect Peptide 
335.2026 668.3907 668.3897 1.48 0 0.041 K.VFYLK.M 
402.6849 803.3553 803.3524 3.63 0 0.46 R.YMAEFK.S + Oxidation (M) 
452.2618 902.5090 902.5073 1.85 0 0.00018 R.IVSSIEQK.E 
509.2406 1016.4667 1016.4637 2.93 0 69 R.DQYVYMAK.L 
517.2381 1032.4617 1032.4586 3.00 0 0.047 R.DQYVYMAK.L + Oxidation (M) 
595.3359 1188.6572 1188.6536 2.99 0 0.0015 K.DSTLIMQLLR.D 
603.3332 1204.6519 1204.6485 2.76 0 0.14 K.DSTLIMQLLR.D + Oxidation (M) 
671.3406 1340.6666 1340.6646 1.53 1 51 R.KTAAEDTMLAYK.A 
679.3400 1356.6655 1356.6595 4.45 1 0.023 R.KTAAEDTMLAYK.A + Oxidation (M) 
702.8719 1403.7292 1403.7256 2.60 1 0.0042 R.IVSSIEQKEESR.K 
468.9176 1403.7310 1403.7256 3.82 1 2.2 R.IVSSIEQKEESR.K 
882.9396 1763.8646 1763.8624 1.25 0 3.5e-05 K.AAQDIAAADMAPTHPIR.L + Oxidation (M) 
588.9630 1763.8672 1763.8624 2.69 0 0.00035 K.AAQDIAAADMAPTHPIR.L + Oxidation (M) 

      
     1 MAATLGRDQY VYMAKLAEQA ERYEEMVQFM EQLVTGATPA EELTVEERNL  
    51 LSVAYKNVIG SLRAAWRIVS SIEQKEESRK NDEHVSLVKD YRSKVESELS  
   101 SVCSGILKLL DSHLIPSAGA SESKVFYLKM KGDYHRYMAE FKSGDERKTA  
   151 AEDTMLAYKA AQDIAAADMA PTHPIRLGLA LNFSVFYYEI LNSSDKACNM  
   201 AKQAFEEAIA ELDTLGEESY KDSTLIMQLL RDNLTLWTSD MQTNQMHHIR  
   251 DIKEHVKTEI TAKPCVLSYY YSM 
 

Table 4.1. Peptide hits corresponding to the lambda isoform of A. thaliana 14-3-3. Ppm 
indicates the difference between the observed and calculated peptide masses, “miss” 

indicates number of miss trypsin cleavage sites and “expect” indicates the expectation value 
for the peptide (the number of times a better match would be expected purely by chance). The 

corresponding sequence is shown below, with matched peptides highlighted in red. 

The 14-3-3 proteins are essential regulatory elements that are ubiquitous across the 

eukaryotic kingdom.23 The 14-3-3s complement protein phosphorylation by binding 

to phosphorylated serine and threonine residues, which can alter the activity and cell 

localization of interacting proteins. As a result, 14-3-3 proteins are involved a wide 
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range of biological signalling roles and are conserved across nature. In plants, the 

14-3-3s are implicated in various developmental processes such as carbon and 

nitrogen metabolism, sucrose synthesis and the abscisic acid pathway,24 and can even 

interact with TPS5 from A. thaliana.25 Given that these processes are also under the 

control of the SnRK1 and Tre-6-P signalling mechanisms (section 1.2, page 2), it 

would be tempting to invoke the 14-3-3s as the intermediary factor.  

Each eukaryotic species contains a plethora of protein isoforms belonging to the 

14-3-3 class.23,24 For instance, in A. thaliana, 13 variants are known to exist.26 

Importantly, these individual proteins can dimerize resulting in a large number of 

possible heterodimer permutations which may reflect finely tuned functional 

specificities.27 Our affinity purification allowed isolation of both monomers (~30kDa) 

and dimers (~60kDa, Figure 4.13), and subsequent proteomics analysis  revealed the 

presence of multiple isoforms indicating that any interaction with Tre-6-P is likely to 

be ubiquitous across all plant 14-3-3s. Moreover, the dimers were more strongly 

retained by the column which hints at a stoichiometric interaction between Tre-6-P 

and individual 14-3-3 monomers. 

X-ray crystallography experiments have provided detailed structural insights into the 

binding of 14-3-3 proteins.28 These have revealed that the 14-3-3s specifically 

recognise binding motifs of the type RSXpSXP and RX(Y/F)XpSXP which are bound 

in an amphipathic groove on the protein surface. However, such binding motifs are 

not present on the A. thaliana SnRK1 sequence,29 which led us to propose a non-

conventional, Tre-6-P dependent binding mode between the kinase and the 14-3-3s. 

We proposed that the interaction of Tre-6-P with the 14-3-3s could induce a 

conformational change that would allow binding with SnRK1, restricting its activity. 

Various small molecules have been demonstrated as binding partners for 14-3-3s 

(such as AMP,30 the phytotoxin fusicoccin31 and the lipid sphingosine32) and an 

atypical binding motif has also been proposed lending support to our hypothesis.33 
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4.8 Probing the binding of 14-3-3s with Tre-6-P 

To test our hypothesis, the omega isoform of A. thaliana 14-3-3 was recombinantly 

expressed in E. coli.** The protein was initially expressed with a 20 amino acid 

extension bearing a His6 tag to aid purification, but this was removed at a thrombin 

cleavage site to furnish purified native protein suitable for analytical studies.  

Isothermal titration calorimetry (ITC) is a widely used technique for determining the 

thermodynamic binding parameters of biomacromolecules in their native solution 

phase.34,35 In this method, a ligand is titrated into a chamber containing a solution of 

the protein, and the power required to maintain a constant temperature is measured, 

providing a direct readout of the energy changes occurring on complex formation. 

Various ITC experiments were attempted with the recombinant 14-3-3 titrated against 

Tre-6-P, but in all cases the expected binding interactions were not detected and data 

was instead dominated by mixing artefacts (Figure 4.14).  

 
Figure 4.14. Representative trace of raw data from an ITC experiment with Tre-6-P (2eq) titrated 

into 14-3-3 omega (20μM, 1eq).Data shows only mixing aretfacts and no evidence of binding. 

Since these artefacts could obscure any underlying data, alternative methods for 

investigation the binding interaction were sought. The binding of ligands can affect 

the structural stability of a protein, altering its characteristic “melting temperature” 

(Tm) representative of the point at which denaturation and subsequent aggregation 

occurs.36 Measurement of this parameter can provide information on the extent of 

ligand binding. Circular dichroism (CD) spectroscopy is an effective method for 

                                                 
**14-3-3 protein expression and purification was conducted by Dr L. F. Primavesi at Rothamsted 

Research, Harpenden, UK. 
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determining the secondary structure of a protein,37 and when performed over an 

increasing temperature range, can be used to establish the Tm by monitoring the 

gradual loss of distinguishing structural features.35,38 A CD spectrum of the 14-3-3 

omega isoform at room temperature shows two minima at 210 and 225nm which are 

characteristic of α helices (Figure 4.15).  

 
Figure 4.15. CD spectra of 14-3-3 omega isoform at RT demonstrated 

folded structure dominated by α helices. 

These peaks can be used to follow the structure of the protein as a function of 

increasing temperature. Thus, at room temperature, where 95% of the protein is 

composed of α helices (as determined by deconvolution of the above data), the peaks 

would be at their strongest. As the temperature is increased beyond Tm, the protein 

would unfold to a random coil and eventually aggregate with the circular dichroism 

tending towards zero. Such experiments were performed on the recombinant 14-3-3 

with different concentrations of Tre-6-P to explore the effect of the sugar on the 

thermodynamic stability of the protein (Figure 4.16).  

Interestingly, it was found that the Tm decreased with increasing concentrations of 

Tre-6-P. If the protein bound to the ligand, an increase in Tm would be expected as the 

folded state is stabilized with respect to the transition state for unfolding (Figure 

4.17).36 Generally, a decrease in Tm results from the non-specific binding of ligands to 

the unfolded state. Such a result does not exclude binding to the bound state, but 

simply demonstrates that interactions with the unfolded state are dominant.  
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Figure 4.16. CD of 14-3-3 omega isoform at 210nm against increasing temperature. Data 

shows that an increasing concentration of Tre-6-P leads to a decrease in Tm. 

 
Figure 4.17. Energy level diagrams for the process of protein denaturation illustrating outcomes from 

the binding of ligands with the folded state (A), the unfolded state (B), or the transition state (C). 

Due to the inconclusive nature of the CD experiments, an alternative technique was 

required. The saturation transfer difference (STD) NMR experiment is ideally suited 

to the study of weak protein-ligand interactions and for this reason, is widely used in 

the pharmaceutical industry for drug discovery.39 In this technique, a pulse is applied 

to specifically excite protons on the protein, from which energy is transferred onto 

bound ligands via the nuclear Overhauser effect resulting in an enhanced NMR signal. 

Moreover, the enhancement of ligand proton signals is correlated with their proximity 

to the protein, and in this way, STD NMR facilitates direct measurement of the 

binding epitope.40 STD NMR experiments were attempted with the recombinant 
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14-3-3 and Tre-6-P under a variety of conditions, but sadly, enhancements were not 

observed indicating no binding (Figure 4.18).  

 
Figure 4.18. STD NMR traces of Tre-6-P incubated with recombinant 14-3-3 omega 

isoform, with different saturation times and temperatures. Data shows only the background 
signal from the protein and no enhancements for the ligand indicating lack of binding. 

While no binding of Tre-6-P was detected, we unexpectedly detected the formation of 

other compounds over the course of the experiments (Figure 4.19). 

 
Figure 4.19. 1H NMRs before and after STD NMR experiments. Samples were stored 

at 4˚C for 15h followed by 8h at RT. Red boxes highlight the appearance of new 
peaks. Data shows the formation of a new product over time. 
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A detailed analysis of the product peaks indicated the presence of glucose and 

Glc-6-P, which likely derive from the degradation of Tre-6-P (Figure 4.20). 

 
Figure 4.20. Comparison of the 1H NMR of crude reaction mixture with Glc-6-P and Glc in 20mM phosphate 

and 130mM NaCl at pH* 7.5. Data shows that new peaks can be attributed to glucose and Glc-6-P.  

The conversion of Tre-6-P to Glc-6-P and glucose was further demonstrated by 

LC-MS of the crude reaction mixture, which conclusively showed the consumption of 

Tre-6-P and the accumulation of Glc-6-P (Figure 4.21). 

 
Figure 4.21. SAX LC-MS ion trace of crude reaction mixture. Inset: combined mass spectra of 
the Tre-6-P and Glc-6-P peaks of the chromatogram. Data shows the consumption of Tre-6-P 
and formation of Glc-6-P over time in presence of recombinant 14-3-3omega isoform  protein. 
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The enzymatic activity of a 14-3-3 protein would be an unprecedented result and it 

was therefore vital to determine whether the degradation of Tre-6-P was attributable 

to the recombinant omega isoform, or another impurity within the mixture. An SDS-

PAGE gel illustrated that the sample was pure at the Coomassie blue level of 

sensitivity (Figure 4.22). Furthermore, this data also excluded thrombin, a possible 

impurity from the His6 cleavage step, as a contaminant.  

 
Figure 4.22. SDS-PAGE gel (10% bis-tris) run at 220V using MOPS running buffer. Data shows that 

expressed 14-3-3 omega isoform appear pure and free of thrombin as an impurity. 

However, the more sensitive silver stain showed the presence of higher mass 

impurities that were present in the early His6 tagged preparation and was carried 

through after thrombin cleavage (Figure 4.23). Interestingly, the band for the 14-3-3 

showed a sizeable gel shift after room temperature exposure to Tre-6-P. Mass 

spectrometric analysis revealed mass reduction of 515 Da corresponding to the 

cleavage of the EEQQ sequence at the C terminus (section 4.11.5, page 197). 
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Figure 4.23. SDS-PAGE gel (10% bis-tris) run at 220V using MOPS running buffer. Each sample 
was run thrice with different loadings: 10μg,1μg and 0.1μg. Red boxes highlight impurities. Data 
shows that 14-3-3 isoform contains an impurity using a high sensitivity silver stain. After reaction 

with Tre-6-P, a gel shift is seen in the protein indicating degradation of the 14-3-3. 

We conjectured that such an anomalous result was likely caused by contamination 

with a protease, which may also account for the unprecedented Tre-6-P hydrolysis. To 

test this, high mass impurities were removed by spin filtration (Figure 4.24). 

 
Figure 4.24. SDS-PAGE gel (10% bis-tris) run at 220V using MOPS running buffer. Data 

shows 14-3-3 protein after multiple spin filtrations is purer and free of the original impurity. 

The purified sample showed essentially no activity with Tre-6-P. Thus, the 

recombinant omeaga isoform of the A. thaliana 14-3-3 protein appears to have no 

interaction with Tre-6-P under the tested conditions.  
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4.9 Tre-6-P microarrays 

To complement the Tre-6-P affinity extraction we explored the use of microarray 

technology as an alternative method for identifying the intermediary factor. Such 

methodology, which is derived from analogous RNA microarray techniques, utilizes 

surface-immobilized carbohydrates to screen against multiple fluorescently tagged 

proteins.41 In this way, a large number of potential targets can be easily probed.  

There are various approaches to the immobilization of carbohydrates, but a common 

method involves the use of alkyl “lipid tags” for irreversible adherence onto 

nitrocellulose membranes. In such an approach, the orientation of carbohydrate 

display would be an important parameter dictating the binding to proteins. The octane 

tagged Tre-6-P analogue 4.20 is well suited for microarray screening, but an 

alternative site of lipid attachment would allow complete exploration of different 

presentation geometries. Thus, we envisioned the synthesis of a C1’-lipid tagged 

Tre-6-P analogue based on ketoside glycosylations (Scheme 4.14).42 
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Scheme 4.14. Sythesis of Tre-6-P and trehalose analogues for surface tethering onto 
nitrocellulose microarray plates.Conditions: (i) Et2O, -78˚C to RT, 2h; (ii) TMSOTf, DCM, 3Å 

molecular sieves,-78˚C, 30mins; (iii) NaOMe, MeOH; (iv) H2, Pd(OH)2, alumina, EtOH, 1 week; 
(v) DPCP, Py, DMAP; (vi) H2, Pd/C, MeOH, 70 Bar, 25˚C; (vii) H2, PtO2, MeOH + 0.5% AcOH. 
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A Grignard reaction with octadecylmagnesium bromide on the ketoside 4.45†† 

allowed lipid attachment at the C1 position to furnish 4.46 in a respectable 49% yield, 

which was subsequently glycosylated with 4.47†† using TMSOTf to give the desired 

α,α linked trehalose adduct 4.48 in an excellent 87%. Deacetylation under standard 

Zemplen conditions proceeded without any problems to afford 4.49, which could be 

deprotected under hydrogen over palladium hydroxide to furnish a lipid-tagged 

trehalose analogue 4.50 that could itself be used in microarray screens. Alternatively, 

phosphorylation of the free primary hydroxyl with DPCP produced 4.51 in a 

reasonable 52% yield. The subsequent debenzylation was performed using flow 

hydrogenation at high pressure, which allowed facile conversion to 4.52 in 90% yield. 

Finally, phosphate deprotection with hydrogen over PtO2 furnished the target 

compound 4.53 in an almost quantitative 98% yield.  

With the successful synthesis of 4.20 and 4.53, a platform for microarray studies on 

Tre-6-P binding proteins can be established which would likely provide novel insights 

into the biology of this interesting sugar. 

4.10 Conclusions 

The complex signalling and metabolic pathways operating in plants provide an 

opportunity for discovery and innovation within the field. However, the same 

complexity can hamper research efforts necessitating cautious experimental design.  

For instance, we have demonstrated how the plethora of active enzymes within crude 

cell lysate can produce results that can easily be misinterpreted. However, modern 

analytical chemistry provides tools that allow robust investigations of such 

complicated systems. With this approach, Tre-6-P has been conclusively confirmed as 

a vital signalling molecule within plants. 

This rigorous chemical approach can be extended further to study the mechanism of 

action for Tre-6-P. Thus, through the use of Tre-6-P analogues, a binding epitope map 

was determined, from which an affinity column was tailored for isolation of the 

intermediary factor. This has revealed the 14-3-3 class of proteins as a potential lead 

which, if correct, would elegantly tie together various aspects of plant development.  

                                                 
†† Kindly donated by Keriann M. Backus, University of Oxford, Oxford, UK. 
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Our attempts at proving this interaction were unsuccessful, but we believe that this 

may be attributable to the sheer complexity of the 14-3-3 regulatory system which 

cannot be replicated in vitro. For instance, the binding of certain 14-3-3s is critically 

dependent on a post-translational phosphorylation,43 which would be difficult to 

imitate for the recombinant protein. The presence of divalent ions which is known to 

modulate the behaviour of 14-3-3 would be another parameter for investigation.44 

Moreover, the proteomics approach is inadequate for resolving closely homologous 

protein sequences, and therefore we have no clear understanding of the specificity of 

Tre-6-P binding to different 14-3-3 isoforms. Of the 91 possible 14-3-3 permutations 

for A. thaliana, we have only investigated one and the expression of other isoforms 

would therefore be worthwhile.  

Immunoprecipitation experiments, where the 14-3-3s could be selectively removed 

from cell lysates may prove valuable for determining their role in SnRK1 inhibition. 

Alternatively, a larger scale Tre-6-P affinity extraction would allow determination of 

other proteins that bind to the sugar. In any event, there is a strong case for continued 

efforts in this direction. 

4.11 Experimental 

For general experimental conditions see section 2.8.1 page 44. 

The stereochemistry at the phosphorous centre for compounds 4.46, and 4.48 - 4.53 

were determined using NOESY and/or NOE NMR experiments. 

4.11.1 Metabolism experiments on exogenous sugars 

General reaction protocol for Tre-6-P, Glc-1-P and Glc-6-P 

Plant extract was prepared from 3 days old A. thaliana seedling by Dr Lucia 

Primavesi (Rothamsted Research). Plant extract was stored at -80°C and allowed to 

thaw on ice and used immediately. Reactions were performed with 50μl of a 50mM 

stock solution of carbohydrate and 450μl of plant extract. Reactions were further 

diluted with 2.0ml of 0.04M HEPES, 5.0mM MgCl2, 4.0mM DTT and 0.2mM ATP at 

pH 7.5. The reaction mixtures were incubated at 30°C for either 10 or 30 minutes. 

The reaction mixtures were quenched by heating to 95°C for 5 minutes and 
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centrifuged at 3000 rpm for 10 seconds to remove denatured protein debris. The 

supernatant was retained for further analysis. Mass spectrometric analysis was 

conducted directly on this solution. For analysis by 31P NMR, the reaction mixtures 

were concentrated by lyophilization and subsequently dissolved in 400μl of water and 

analysed as below. For positive mode analysis, 50μl of the supernatant was dissolved 

in pyridine (0.5ml) and acetic anhydride (0.5ml). The reaction mixtures were allowed 

to stir at room temperature for 5 hours after which was quenched with methanol 

(5ml). The solvents were removed in vacuo and the crude samples dissolved in 

methanol (50μl) and analysed by LC-MS as mentioned below. 

31P NMR analysis procedure 

All NMRs were conducted in water. Prior to analysis, 50μl of D2O was added as a 

deuterium lock. 31P were referenced to PO(OMe)3 (δ = 3.16 ppm), which was added 

as an internal standard.  

LC-MS analysis procedure (negative mode) 

Samples were analysed through a Waters Spherisorb strong anion exchange column 

(250 x 4.6mm, 5μm). A gradient was applied from water (pH 7) to water + 10% 

formic acid (pH 2) over 30 minutes at a flow rate of 1.0ml/min. Eluants were detected 

using a Waters Micromass ESI mass spectrometer in negative mode. The mass 

spectrometer was calibrated against the NaF cluster ion series. With a desolvation 

flow rate = 800 L/hr, nebuliser flow rate = 100 L/hr, cone voltage = 50V, capillary = 

2800V, extraction = +3V, RF lens = 200V, desolvation temperature = 200°C and 

source = 150V, a 10mM solution of NaF in 9 MeCN : 1 H2O was injected at a flow 

rate of 10μl/min. The corresponding ion series was used for mass spectrometer 

calibration. 

LC-MS analysis procedure (positive mode) 

Samples were analysed through a Phenomenex Synergi Hydro C18 column (150 x 

4.6mm, 4μm). A gradient was applied from water + 0.1% formic acid to acetonitrile + 

0.1% formic acid over 30 minutes at a flow rate of 1.0ml/min. Eluants were detected 

using a Waters Micromass ESI mass spectrometer in positive mode. The mass 

spectrometer was calibrated against the myoglobin ion series. With a desolvation flow 

rate = 800 L/hr, nebuliser flow rate = 100 L/hr, cone voltage = 50V, capillary = 
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2800V, extraction = +3V, RF lens = 200V, desolvation temperature = 200°C and 

source = 150V, a 0.5mg/ml solution of myoglobin in 1 MeCN : 1 H2O was injected at 

a flow rate of 10μl/min. The corresponding ion series was used for mass spectrometer 

calibration. 

General reaction protocol for Rib-5-P 

Plant extract was prepared by Dr Lucia Primavesi (Rothamsted Research) from (i) 3 

days old Arabidopsis thaliana seedling, (ii) growing whole Triticum aestivum (iii) 

growing, post-anthesis T. aestivum endosperm, (iv) whole N. tobaccum, or (v) N. 

tobaccum engineered with PRK antisense gene.17 Reactions were performed 

according to the procedures described by Piattoni et al.13 Plant extract was stored at -

80°C and allowed to thaw on ice and used immediately. Reactions contained a final 

concentration of 0.04M HEPES, 5.0mM MgCl2, 4.0mM DTT, 0.2mM ATP, 0.5μM 

okadaic acid and protease inhibitor cocktail (1x concentration) at pH 7.5. Reactions 

were performed in a total volume of 500μl. To a vial containing 400μl of the above 

components (with concentrations adjusted for subsequent dilution to 500μl) was 

added a 50mM solution of Rib-5-P (10μl) and crude plant extract (90μl) in quick 

succession. The reaction mixtures were incubated at 30°C for exactly 6 minutes. The 

reaction mixtures were snap frozen in liquid nitrogen and lyophilized. The resultant 

solid was dissolved in water (10μl) and the entire solution injected for UV-HPLC 

analysis as below. The reaction was repeated for LC-MS analysis.  

Control reactions were run as above without Rib-5-P, and without Rib-5-P with ADP 

instead of ATP. 

Detection of ATP, ADP and AMP 

HPLC was conducted on a Dionex UltiMate 4000. Samples were analysed through a 

Waters Spherisorb strong anion exchange column (250 x 4.6mm, 5μm). A gradient 

was applied from 40mM sodium phosphate at pH 4.5 to 500mM sodium phosphate 

buffer at pH 2.5 over 10 minutes and then eluted for a further 5 minutes, all at a flow 

rate of 1.0ml/min. Eluants were detected using an in-line UV absorbance detector at λ 

= 260nm. 
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Detection of Rib-5-P and ribulose-1,5-biphosphate 

HPLC was conducted on a Waters binary HPLC system. Samples were analysed 

through a Hichrom SiELC Primesep SM mixed mode anion exchange/C18 reverse 

phase column (150 x 4.6mm, 5μm) with an applied gradient from 10mM ammonium 

formate at pH 3.0 to 80mM ammonium formate at pH 3.0 over 15 minutes at a flow 

rate of 1.0ml/min. Eluants were fed directly‡‡ into a Waters Quattro micro in negative 

mode either operating in Selected Ion Recording mode centred at the monoisotopic 

masses of Rib-5-P and ribulosw-1,5-biphosphate with a detection width of 0.5Da and 

a dwell time of 10ms (for quantitative applications). The mass spectrometer was 

operated with a cone voltage of 35V, a source temperature of 100°C and desolvation 

temperature of 400°C. All chromatograms are shown after smoothing. 

4.11.2 Tre-6-P library synthesis 

SnRK1 activity assays were performed by Dr Lucia Primavesi (Rothamsted Research) 

following the procedure described by Zhang et al.9 Briefly, assays were conducted in 

0.04M HEPES, 5.0mM MgCl2 and 4.0mM DTT at pH 7.5, with 1.0mM of the 

Tre-6-P analogue, 0.2mM of γ 32P-ATP and 0.2mM of the AMARA peptide sequence. 

Phosphorylated peptide was isolated by absorption onto Whatman P81 

phosphocellulose paper and conversion measured by scintillation counting.  

4.3. D-trehalose-4-phospate45 

Compound 3.37 (6.5mg, 0.014mmol, 1eq) was suspended in dry 

dioxane (1ml) and briefly sonicated for 5 minutes. TMSI (20μl, 

0.14mmol, 10eq) was added to this mixture and stirred at RT for 30 

minutes, after which mass spectrometry (ES-) showed only the 

desired compound. The reaction mixture was quenched with water (1ml) and the 

solvent removed under reduced pressure. The crude product was taken up in water 

(3ml) and washed with ethyl acetate (3 x 1ml). The aqueous layer was concentrated in 

vacuo and purified by HPLC with an Applied Biosystems Poros HQ50 strongly basic 

                                                 
‡‡To minimize the amount of salts being fed into the mass spectrometer, either: (a) the spectrometer 

can be kept parallel to the main flow path with a splitter valve ensuring only a minimal volume is 
diverted to the detector thus sacrificing signal to noise for long term machine health, or (b) once the 
expected retention times are determined with reference samples, the in-built divert valve can be 
utilised only at the correct time points to deliver all eluants to the mass spectrometer thus 
maximizing signal to noise.  
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anion exchange cartridge. A gradient from 0mM to 500mM ammonium bicarbonate 

was applied to the column as the mobile phase and the desired compound was eluted 

at approximately 75mM NH4CO3. Repeated lyophilization afforded the title 

compound as a white amorphous solid (5.2mg, 81%). 

Rf 0.2 (5 ethanol: 3 NH4OH : 1 water), [α]D
25 +16.8 (c = 0.41, H2O); 1H NMR 

(500MHz, D2O) δ ppm 3.35 (1H, t, JH3'-H4' 9.6Hz, JH4'-H5' 9.6Hz, H4'), 3.56 (1H, dd, 

JH2'-H3' 9.6Hz, JH1'-H2' 3.8Hz, H2'), 3.64 (1H, dd, JH2-H3 9.8Hz, JH1-H2 3.8Hz, H2), 3.75-

3.91 (5H, m, H5, H6a, H6b, H6'a,H6'b), 3.80 (1H, t, JH2'-H3' 10.6Hz, JH3'-H4' 10.6Hz, 

H3'), 3.81 (1H, q, JH3-H4 9.1Hz, JH4-H5 9.1Hz, JH4-31P 9.1Hz, H4), 3.97 (1H, t, JH2-H3 

9.1Hz, JH3-H4 9.1Hz, H3), 3.90 (1H, ddd, JH5’-H6’a 10.3Hz, JH4’-H5’ 9.7Hz, JH5’-H6’b 

2.8Hz, H5), 5.10 (1H, d, JH1-H2 3.8Hz, H1), 5.12 (1H, d, JH1’-H2’ 3.5Hz, H1’); 13C 

NMR (126MHz, D2O) δ ppm 60.5 (1C, C6'), 61.1 (1C, C6), 70.1 (1C, C4'), 71.3 (1C, 

C2'), 71.3 (1C, C2), 71.6 (1C, C3), 71.9 (1C, C5'), 72.0 (1C, C5),  72.8 (1C, C3'), 73.3 

(1C, d, JC-31P 9.5Hz, C4), 93.5 (1C, C1'), 93.5 (1C, C1); FT-IR (KBr disc) υ 1178 

(P=O), 3443 br (OH); HRMS (ES-) m/z 421.0751 [M - H]- (required 421.0753). 

 

4.4. 6-O-monomethoxyphosphoryl-D-trehalose 

Compound 3.38 (11mg, 0.025mmol, 1eq) was suspended in dioxane 

and briefly sonicated for 5 minutes. TMSBr (33μl, 0.25mmol, 10eq) 

was added to this mixture at RT. The reaction was monitored by mass 

spectrometry (ES-) and after 3 hours, the two deprotected analogues 

were detected. After a further 2 hours, the composition of the reaction mixture had not 

substantially changed according to mass spectrometry intensities. The reaction was 

quenched by the addition of water (1ml) and the solvents removed in vacuo. The 

crude mixture was taken up in water (3ml) and washed with ethyl acetate (3 x 1ml). 

The aqueous layer was concentrated in vacuo and the products were separated by 

HPLC with an Applied Biosystems Poros HQ50 strongly basic anion exchange 

cartridge. A gradient from 0mM to 500mM ammonium bicarbonate was applied to the 

column as the mobile phase. 4.4 was not bound to the column and was immediately 

eluted whereas Tre-6-P was eluted at approximately 75mM NH4CO3. Repeated 

lyophilization gave 4.4 (5.7mg, 52%) and Tre-6-P (1.2mg, 11%) as white amorphous 

solids.  
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Rf 0.1 (1 water : 2 isopropanol : 2 ethyl acetate), [α]D
25 + 38.8 (c = 0.24, H2O); 1H 

NMR (500MHz, D2O) δ ppm 3.36 (1H, t, JH3’-H4’ 9.3Hz, JH4’-H5’ 9.3Hz, H4’), 3.45 

(1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.52 (3H, d, JH-31P 11.0Hz, OMe), 3.57 (1H, 

dd, JH2’-H3’ 8.3Hz, JH1’-H2’ 3.3Hz, H2’), 3.59 (1H, dd, JH2-H3 9.3Hz, JH1-H2 3.8Hz, H2), 

3.68 (1H, dd, JH6’a-H6’b 11.2Hz, JH5-H6’b 3.9Hz, H6’b), 3.72 (1H, m. H5’), 3.76 (2H, t, 

JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3, H3’), 3.76 (1H, m, H6’a), 3.96 (1H, m, H5), 4.01 (2H, 

m, H6), 5.11 (1H, d, JH1’-H2’ 4.1Hz, H1’), 5.12 (1H, d, JH1-H2 4.4Hz, H1); 13C NMR 

(126MHz, D2O) δ ppm 52.9 (1C, d, JC-31P 5.7Hz, OMe), 60.5 (1C, C6’), 64.1 (1C, d, 

JC-31P 4.8Hz, C6), 69.2 (1C, C4), 69.7 (1C, C4’), 70.9 (1C, C2), 71.0 (1C, C2’), 71.7 

(1C, C5), 72.1 (1C, C5’), 72.4 (1C, C3), 72.4 (1C, C3’), 93.3 (1C, C1), 93.4 (1C, 

C1’); FT-IR (KBr disc) υ 1137 (P=O), 3440 br (OH); HRMS (ES-) m/z 435.0923 [M 

– H]- (required 435.0909). 

4.5. 6,6’-dithiophenyl-2,2’,3,3’,4,4’-acetyl-D-trehalose 

4.6. 6-O-(diphenoxyphosphoryl)-6’-thiophenyl-2,2’,3,3’,4,4’-acetyl-D-trehalose 

To a suspension of NaH (60% dispersion in mineral oil, 19mg, 0.47mmol, 1eq) in 

anhydrous THF (1ml) was added dropwise at room temperature thiophenol (48µl, 

0.47mmol, 1eq). Once hydrogen production had ceased, the reaction was stirred for a 

further 30 minutes and a solution of 3.16 (0.50g, 0.47mmol, 1eq) in THF (4ml) was 

added. The reaction mixture was irradiated in a microwave cavity to 150°C at a 

maximum power of 300W and maximum pressure of 300Psi with a stream of cooling 

nitrogen for 2 hours, after which TLC (2 ethyl acetate : 1 petrol) showed the 

formation of two products. The solvent was removed in vacuo and the crude residue 

taken up in ethyl acetate (25ml) and washed with water (25ml) and brine (25ml), 

dried over MgSO4 and concentrated in vacuo. The compounds were separated by 

automated silica gel chromatography (12 – 100% ethyl acetate / petrol over 10 

column volumes) to give 4.6 (98mg, 27%) as a colourless oil and 4.5 (127mg, 29%) 

as a white crystalline solid. 

Compound 4.5 

Rf 0.63 (2 ethyl acetate : 1 petrol), [α]D
25 +94.0 (c = 1.0, CHCl3), m.p. 

135-137°C; 1H NMR (500MHz, CDCl3) δ ppm 2.02, 2.03, 2.06 (3 x 6H, 

3 x s, 6 x OAc), 3.02 (2H, dd, JH6-H6’ 13.4Hz, JH5-H6’ 2.8Hz, H6’), 3.08 

(2H, dd, JH6-H6’ 13.4Hz, JH5-H6 8.5Hz, H6), 4.14 (2H, td, JH4-H5 9.4Hz, 
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JH5-H6 9.4Hz, JH5-H6’ 2.7Hz, H5), 5.03 (2H, t, JH3-H4 9.6Hz, JH4-H5 9.6Hz, H4), 5.16 

(2H, dd, JH2-H3 9.9Hz, JH1-H2 4.1Hz, H2,) 5.19 (2H, d, JH1-H2 3.8Hz, H1), 5.47 (2H, t, 

JH2-H3 9.6Hz, JH3-H4 9.6Hz, H3), 7.18 (2H, tt, Jmeta-para 6.6Hz, Jortho-para 2.2Hz, ArHpara), 

7.23-7.31 (8H, m, ArH); 13C NMR (126MHz, CDCl3) δ ppm 20.7, 20.7, 20.8, (3 x 2C, 

6 x CH3CO), 35.6 (2C, C6), 69.2 (2C, C2), 70.2 (4C, C3, C5), 71.9 (2C, C4), 91.8 

(2C, C1), 126.3 (2C, ArCpara), 128.9 (4C, ArCortho), 129.0 (4C, ArCmeta), 136.2 (2C, 

ArCipso), 169.6, 169.7, 170.0 (3 x 2C, 6 x CH3CO); FT-IR (KBr disc) υ 1759 (C=O); 

HRMS (MS+) m/z 801.1864 [M + Na]+ (required 801.1857). 

Compound 4.6 

Rf 0.52 (2 ethyl acetate : 1 petrol), [α]D
25 +101.2 (c = 1.0, CHCl3); 

1H NMR (500MHz, CDCl3) δ ppm 2.01, 2.02, 2.03, 2.03, 2.04, 2.06 

(6 x 3H, 6 x s, 6 x OAc), 3.02 (1H, dd, JH6’a-H6’b 13.6Hz, JH5’-H6’b 

3.2Hz, H6’b), 3.07 (1H, dd, JH6’a-H6’b 13.6Hz, JH5’-H6’a 8.2Hz, H6’a), 

4.07-4.15 (2H, m, H5, H5’), 4.22 (1H, ddd, JH6a-H6b 11.3Hz, JH-31P 6.6Hz, JH5-H6b 

2.2Hz, H6b), 4.29 (1H, ddd, JH6a-H6b 11.2Hz, JH-31P 6.2Hz, JH5-H6a 5.7Hz, H6a), 5.01 

(1H, t, JH3’-H4’ 9.1Hz, JH4’-H5’ 9.1Hz, H4’), 5.02-5.05 (3H, m, H1’, H2’, H4), 5.07 (1H, 

dd, JH2-H3 10.1Hz, JH1-H2 3.8Hz, H2), 5.12 (1H, d, JH1-H2 3.8Hz, H1), 5.44 (1H, t, JH2’-

H3’ 9.5Hz, JH3’-H4’ 9.5Hz, H3’), 5.46 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 7.14-7.24 

(7H, m, P-OPh ArHortho, P-OPh ArHpara, S-Ph ArHpara), 7.24-7.40 (8H, m, P-OPh 

ArHmeta, SPh ArHortho, SPh ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 20.5, 20.6, 

20.6, 20.7, 20.7, 20.8 (6 x 1C, 6 x CH3CO), 35.6 (1C, C6’), 66.6 (1C, d, JC-31P 5.7Hz, 

C6), 68.4 (1C, C2’), 68.7 (1C, d, JC-31P 7.6Hz, C5), 69.0 (1C, C2), 69.5 (1C, C4’), 

70.1 (1C, C3’), 70.1 (1C, C3), 70.2 (1C, C5’), 71.7 (1C, C4), 92.1 (1C, C1’), 92.3 

(1C, C1), 120.0 (4C, d, JC-31P 4.8Hz, P-OPh ArCortho), 125.5 (2C, P-OPh ArCpara), 

126.3 (1C, S-Ph ArCpara), 129.0 (2C, S-Ph ArCortho), 129.0 (2C, S-Ph ArCmeta), 129.8 

(4C, d, JC-31P 1.9Hz, P-OPh ArCmeta), 136.3 (1C, S-Ph ArCipso), 150.3 (1C, d, JC-31P 

5.7Hz, P-OPh ArCipso), 150.4 (1C, d, JC-31P 6.7Hz, P-OPh ArCipso), 169.4 (2C, 2 x 

CH3CO), 169.6, 169.7(2 x 1C, 2 x CH3CO), 170.0(2C, 2 x CH3CO); FT-IR (thin film) 

υ 1216 (P=O), 1757 (C=O); HRMS (ES+) m/z 941.2067 [M + Na]+ (required 

941.2062). 
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4.8. 2,2’,3,3’,4,4’-O-acetyl-D-trehalose-6,6’-diphosphate 

A suspension of 3.16 (50mg, 0.047mmol, 1eq) and PtO2 (1mg, 

5μmol, 0.1eq) in methanol (2ml) and water (2ml) with glacial acetic 

acid (20μl) was repeatedly degassed under vacuum and charged with 

hydrogen. The reaction mixture was vigorously stirred at room 

temperature for 32 hours, after which TLC (1 water : 2 isopropanol : 

2 ethyl acetate) showed the complete consumption of starting material and the 

formation of a single product. The reaction was filtered through Celite® and the 

solvent removed in vacuo to give the desired compound as a colourless solid (32mg, 

90%). 

Rf 0.1 (1 water : 2 isopropanol : 2 ethyl acetate), [α]D
25 +115 (c = 1.0, MeOH); 1H 

NMR (500MHz, MeOD) δ ppm 2.03, 2.07, 2.13 (6 x 3H, 3 x s, 6 x OAc), 4.01 (2H, 

m, H6’), 4.05 (2H, m, H6), 4.19 (2H, ddd, JH4-H5 10.4Hz, JH5-H6 5.1Hz, JH5-H6’ 2.8Hz, 

H5), 5.11 (2H, dd, JH2-H3 10.1Hz, JH1-H2 3.1Hz, H2), 5.12 (2H, t, JH3-H4 9.5Hz, JH4-H5 

9.5Hz, H4), 5.37 (2H, d, JH1-H2 3.5Hz, H1), 5.50 (2H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, 

H3); 13C NMR (126MHz, MeOD) δ ppm 20.6, 20.7, 20.7 (3 x 2C, 6 x COCH3) 65.9 

(2C, d, JC-31P 3.8Hz, C6), 70.0 (2C, C4), 70.5 (2C, d, JC-31P 3.8Hz, C5), 71.0 (2C, C2), 

71.7 (2C, C3), 94.0 (2C, C1), 171.3, 171.3, 171.5 (3 x 2C, 6 x C=O); FT-IR (KBr 

disc) υ 1701 (C=O); HRMS m/z (ES-) 753.1050 [M – H]- (required 753.1050). 

4.9. 6,6’-dideoxyiodo-2,2’,3,3’,4,4’-acetyl-D-trehalose 

4.104.10. 6-O-(diphenoxyphosphoryl)-6’-deoxyiodo-2,2’,3,3’,4,4’-acetyl-D-

trehalose 

A solution of 3.16 (1.00g, 0.95mmol, 1eq) and TBAI (0.35g, 0.95mmol, 1eq) in 

anhydrous THF (7ml) was irradiated in a microwave cavity to 150°C at a maximum 

power of 300W and maximum pressure of 300Psi with a stream of cooling nitrogen 

for 2 hours, after which TLC (2 ethyl acetate : 1 petrol) showed the formation of two 

products. The solvents were removed in vacuo and the residue taken up in ethyl 

acetate (25ml) and washed with water (25ml) and brine (3 x 10ml), dried over MgSO4 

and concentrated in vacuo. The compounds were separated by automated silica gel 

chromatography (12 – 100% ethyl acetate / petrol over 9 column volumes) to give 

4.10 (250mg, 29%) as a colourless oil and 4.9 (208mg, 27%) as a white crystalline 

solid. 
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Compound 4.9 

Rf 0.62 (2 ethyl acetate : 1petrol), [α]D
25 +72.3 (c = 1.0, CHCl3), m.p. 

152-157°C; 1H NMR (500MHz, CDCl3) δ ppm 2.01, 2.07, 2.14 (3 x 6H, 

3 x s, 6 x OAc), 3.06 (2H, dd, JH6-H6’ 11.0Hz, JH5-H6’ 9.1Hz, H6’), 3.22 

(2H, dd, JH6-H6’ 10.9Hz, JH5-H6 2.4Hz, H6), 3.94 (2H, td, JH4-H5 9.5Hz, 

JH5-H6’ 9.5Hz, JH5-H6 2.2Hz, H5), 4.88 (2H, t, JH3-H4 9.6Hz, JH4-H5 9.6Hz, H4), 5.19 

(2H, dd, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2), 5.41 (2H, d, JH1-H2 3.8Hz, H1), 5.47 (2H, t, 

JH2-H3 10.1Hz, JH3-H4 10.1Hz, H3); 13C NMR (126MHz, CDCl3) δ ppm 2.5 (2C, C6), 

20.6, 20.7, 21.2 (3 x 2C, 6 x CH3CO), 69.2 (2C, C2), 69.7 (2C, C3), 69.9 (2C, C5), 

72.3 (2C, C4), 91.7 (2C, C1), 169.4, 169.5, 169.9 (3 x 2C, 6 x CH3CO); FT-IR (KBr 

disc) υ 1760 (C=O); HRMS (ES+) m/z 836.9728 [M + Na]+ (required 836.9723). 

Compound 4.10 

Rf 0.53 (2 ethyl acetate : 1 petrol), [α]D
25 +88.8 (c = 1.0, CHCl3); 1H 

NMR (500MHz, CDCl3) δ ppm 2.02, 2.02, 2.03, 2.05, 2.08, 2.14 (6 

x 3H, 6 x s, 6 OAc), 3.06 (1H, dd, JH6’a-H6’b 10.9Hz, JH5-H6’b 8.7Hz, 

H6’b), 3.22 (1H, dd, JH6’a-H6’b 11.0Hz, JH5-H6’a 2.5Hz, H6’a), 3.90 

(1H, td, JH4’-H5’ 9.4Hz, JH5’-H6’b 9.4Hz, JH5’-H6’a 2.5Hz, H5’), 4.11 (1H, m, H5), 4.23 

(1H, ddd, JH6a-H6b 11.3Hz, JH-31P 6.6Hz, JH5-H6b 2.2Hz, H6b), 4.29 (1H, ddd, JH6a-H6b 

11.4Hz, JH-31P 6.8Hz, JH5-H6a 6.0Hz, H6a), 4.88 (1H, t, JH3’-H4’ 9.6Hz, JH4’-H5’ 9.6Hz, 

H4’), 5.04 (1H, dd, JH3-H4 10.2Hz, JH4-H5 9.3Hz, H4), 5.03 (1H, dd, JH2’-H3’ 10.2Hz, 

JH1’-H2’ 3.9Hz, H2’), 5.09 (1H, dd, JH2-H3 10.1Hz, JH1-H2 3.8Hz, H2), 5.11 (1H, d, JH1’-

H2’ 3.9Hz, H1’), 5.25 (1H, d, JH1-H2 3.8Hz, H1), 5.45 (1H, t, JH2’-H3’ 9.8Hz, JH3’-H4’ 

9.8Hz, H3’), 5.46 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 7.18-7.24 (6H, m, ArHortho, 

ArHpara), 7.35 (1H, t, Jortho-meta 7.9Hz, Jmeta-para 7.9Hz, ArHmeta), 7.36 (1H, t, Jortho-meta 

7.9Hz, Jmeta-para 7.9Hz, ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 2.6 (1C, C6’), 

20.5, 20.6, 20.6, 20.6, 20.7, 21.2 (6 x 1C, 6 x CH3CO), 66.6 (1C, d, JC-31P 4.8Hz, C6),  

68.4 (1C, C2’), 68.7 (1C, d, JC-31P 8.6Hz, C5), 69.0 (1C, C2), 69.6 (1C, C4), 69.6 (1C, 

C5’), 69.7 (1C, C3), 70.1 (1C, C3’), 72.3 (1C, C4’), 92.0 (1C, C1’), 92.2 (1C, C1), 

120.0 (4C, d, JC-31P 5.7Hz, ArHortho), 125.5 (2C, ArCpara), 129.8 (4C, ArCmeta), 150.3 

(1C, d, JC-31P 5.7Hz, ArCipso), 150.4 (1C, d, JC-31P 4.8Hz, ArCipso), 169.4, 169.4, 169.4, 

169.6, 169.9, 170.0 (6 x 1C, CH3CO); FT-IR (thin film) υ 1220 (P=O), 1756 (C=O);  

HRMS (ES+) m/z 959.1043 [M + Na]+ (required 959.0995). 

O

O

O

AcO
AcO

AcO

AcO
AcO

AcO

I

I

O

O

O

AcO
AcO

AcO

AcO
AcO

AcO

O

I

P
O

OPh
OPh



178 

4.11. 6-O-(dimethoxyphosphoryl)-6’-iodo-2,2’,3,3’,4,4’-acetyl-D-trehalose 

4.12. 4,6-(monomethyl)phosphoryl-6’-iodo-2,2’,3,3’,4’,6’-acetyl-D-trehalose 

4.13. 6-O-(dimethoxyphosphoryl)-2’6’-cyclo-2,3,3’,4,4’-acetyl-D-trehalose 

A solution of 4.10 (2.40g, 2.56mmol, 1eq) and CsF (3.88g, 25.6mmol, 10eq) was 

heated under reflux for 8 hours after which TLC showed the complete consumption of 

starting sugar. The reaction mixture was cooled to room temperature and the solvent 

removed in vacuo. The residue was dissolved in pyridine and acetic anhydride 

(4.35ml, 46.1mmol, 18eq) was added. The reaction mixture was stirred at room 

temperature for 32 hours. The reaction was quenched with methanol (5ml) and the 

solvents removed in vacuo. The crude products were taken up in ethyl acetate (50ml) 

and washed with 1M HCl (3 x 50ml), saturated NaHCO3 (50ml), 0.25M CuSO4 

(50ml), brine (2 x 20ml) and dried over MgSO4. The products were separated by silica 

gel chromatography (4 ethyl acetate : 1 petrol to pure ethyl acetate over 4 CV then 

ethyl acetate for 6 CV) to give the desired compound 4.11 as a white solid (0.85g, 

42%), as well as side product 4.12 (38mg, 2%) and as colourless oils. Two other 

cyclization adducts were also isolated by silica gel chromatography (0.41g, 25%) but 

required HPLC using a Phenomenex Synergi Hydro C18 column (21.2 x 250mm, 

4μm) using 3 water : 1 acetonitrile as the mobile phase at a flow rate of 23ml/min, 

with ELS detection of eluants.  
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Compound 4.11 

Rf 0.27 (ethyl acetate), [α]D
25 +96.2 (c = 1.0, CHCl3), m.p. 59-60°C 

(ethyl acetate/petrol); 1H NMR (500MHz, CDCl3) δ ppm 2.02, 2.03, 

2.07, 2.08, 2.09, 2.15 (6 x 3H, 6 x s, 6 x OAc), 3.07 (1H, dd, JH6’a-

H6’b 11.0Hz, JH5’-H6’b 8.8Hz, H6’b), 3.23 (1H, dd, JH6’a-H6’b 11.0Hz, 

JH5’-H6’a 2.5Hz, H6’a), 3.76 (3H, d, JH-31P 11.3Hz, OMe), 3.77 (3H, d, JH-31P 11.3Hz, 

OMe), 3.94 (1H, td, JH4’-H5’ 9.4Hz, JH5’-H6’b 9.4Hz, JH5’-H6’a 2.4Hz, H5’), 4.03 (1H, 

ddd, JH6a-H6b 10.7Hz, JH6b-31P 5.3Hz, JH5-H6b 1.9Hz, H6b), 4.05 (1H, m, H5), 4.09 (1H, 

dt, JH6a-H6b 10.7Hz, JH6a-31P 5.7Hz, JH5-H6a 5.7Hz, H6a), 4.89 (1H, t, JH3’-H4’ 9.6Hz, JH4’-

H5’ 9.6Hz, H4’), 5.07 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 5.08 (1H, t, JH3-H4 

9.5Hz, JH4-H5 9.5Hz, H4), 5.18 (1H, dd, JH2-H3 10.2Hz, JH1-H2 3.9Hz, H2), 5.33 (1H, d, 

JH1’-H2’ 4.1Hz, H1’), 5.38 (1H, d, JH1-H2 3.8Hz, H1), 5.48 (1H, t, JH2-H3 9.5Hz, JH3-H4 

9.5Hz, H3), 5.49 (1H, dd, JH2’-H3’ 10.1Hz, JH3’-H4’ 9.5Hz, H3’); 13C NMR (126MHz, 

CDCl3) δ ppm 2.6 (1C, C6’), 20.5, 20.6, 20.7, 21.2 (4 x 1C, 4 x COCH3), 20.6 (2C, 2 

x COCH3), 54.6 (2C, d, JC-31P 6.7Hz, 2 x OMe), 65.2 (1C, d, JC-31P 4.8Hz, C6), 68.2 

(1C, C4), 68.8 (1C, d, JC-31P 8.6Hz, C5), 69.1 (1C, C2), 69.5 (1C, C3’), 69.7 (1C, 

C5’), 69.8 (1C, C2’), 70.2 (1C, C3), 72.3 (1C, C4’), 91.9 (1C, C1’), 92.3 (1C, C1), 

169.5, 169.5, 169.5, 169.6, 169.9, 170.0 (6 x 1C, 6 x C=O); FT-IR (KBr disc) υ 1219 

(P=O), 1754 (C=O); HRMS m/z (ES+) 835.0675 [M + Na]+
 (required 865.0682). 

Compound 4.12 

Rf 0.38 (ethyl acetate), [α]D
25 93.4 (c = 1.0, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 2.03, 2.08, 2.09, 2.15, 2.15 (5 x 3H, 5 x s, 

5 x OAc), 3.05 (1H, dd, JH6’a-H6’b 11.0Hz, JH5’-H6’b 9.1Hz, H6’b), 3.23 

(1H, dd, JH6’a-H6’b 11.0Hz, JH5’-H6’a 2.5Hz, H6’a), 3.86 (3H, d, JH-31P 

11.0Hz, OMe), 3.95 (1H, td, JH4’-H5’ 9.5Hz, JH5’-H6’b 9.5Hz, JH5’-H6’a 2.4Hz, H5’), 4.09 

(1H, m, H5), 4.13 (1H, t, JH6ax-H6eq 9.5Hz, JH5-H6ax 9.5Hz, H6ax), 4.19 (1H, t, JH3-H4 

9.5Hz, JH4-H5 9.5Hz, H4), 4.21 (1H, ddd, JH6eq-31P 22.7Hz, JH6ax-H6eq 9.1Hz, JH5-H6eq 

3.5Hz, H6eq), 4.88 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 4.98 (1H, dd, JH2’-H3’ 

10.4Hz, JH1’-H2’ 4.1Hz, H2’), 5.11 (1H, dd, JH2-H3 9.9Hz, JH1-H2 3.9Hz, H2), 5.33 (1H, 

d, JH1-H2 3.8Hz, H1), 5.39 (1H, d, JH1’-H2’ 4.1Hz, H1’), 5.48 (1H, t, JH2’-H3’ 9.8Hz, JH3’-

H4’ 9.8Hz, H3’), 5.54 (1H, t, JH2-H3 9.6Hz, JH3-H4 9.6Hz, H3); 13C NMR (126MHz, 

CDCl3) δ ppm 2.5 (1C, C6’), 20.6, 20.7, 21.2 (5C, 3 x as, 5 x COCH3), 54.3 (1C, d, 

JC-31P 5.7Hz, OMe), 63.0 (1C, d, JC-31P 5.7Hz, C5), 68.1 (1C, d, JC-31P 8.6Hz, C6), 69.1 
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(1C, d, JC-31P 9.5Hz, C3), 69.2 (1C, d, JC-31P 2.9Hz, C2), 69.3 (1C, C3’), 70.0 (1C, 

C5’), 70.3 (1C, C2’), 72.1 (1C, C4’), 77.5 (1C, d, JC-31P 6.7Hz, C4), 91.8 (1C, C1), 

92.8 (1C, C1’), 169.1, 169.6, 169.6, 169.7, 170.1 (5 x 1C, 5 x C=O); FT-IR (thin film) 

υ 1220 (P=O), 1755 (C=O). 

Compound 4.13 

Rf 0.14 (ethyl acetate), [α]D
25 +87.7 (c = 0.11, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 2.03, 2.07, 2.11, 2.17, 2.20 (5 x 3H, 5 

x s, 5 x OAc), 3.79 (6H, d, JH-31P 11.3Hz, 2 x OMe), 3.99 (1H, 

dd, JH6’a-H6’b 10.9Hz, JH5’-H6’b 3.0Hz, H6’b), 4.02 (1H, ddd, JH4-H5 10.2Hz, JH5-H6b 

3.0Hz, JH5-H6a 1.9Hz, H5), 4.10 (1H, ddd, JH6a-H6b 11.0Hz, JH6b-31P 6.8Hz, JH5-H6b 

4.3Hz, H6b), 4.16 (1H, ddd, JH6a-H6b 11.4Hz, JH6a-31P 5.7Hz, JH5-H6a 2.2Hz, H6a), 4.19 

(1H, d, JH6a’-H6b’ 10.7Hz, H6a’), 4.50 (1H, t, JH4’-H5’ 2.7Hz, JH5’-H6’b 2.7Hz, H5’), 4.64 

(1H, t, JH2’-H3’ 4.7Hz, JH3’-H4’ 4.7Hz, H3’), 4.73 (1H, dd, JH3’-H4’ 5.0Hz, JH4’-H5’ 2.8Hz, 

H4’), 4.82 (1H, dd, JH2-H3 10.1Hz, JH1-H2 3.8Hz, H2), 5.11 (1H, t, JH3-H4 9.9Hz, JH4-H5 

9.9Hz, H4), 5.17 (1H, t, JH1’-H2’ 3.9Hz, JH2’-H3’ 3.9Hz, H2’), 5.35 (1H, d, JH1’-H2’ 

3.5Hz, H1’), 5.37 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 5.53 (1H, d, JH1-H2 3.8Hz, 

H1); 13C NMR (126MHz, CDCl3) δ ppm 20.5, 20.5, 20.6, 20.7, 20.7 (5 x 1C, 5 x 

COCH3), 54.5 (1C, d, JC-31P 6.7Hz, OMe), 54.6 (1C, d, JC-31P 5.7Hz, OMe), 65.2 (1C, 

d, JC-31P 5.7Hz, C6), 67.6 (1C, C4), 67.6 (1C, C2’), 68.2 (1C, C6’), 68.9 (1C, d, JC-31P 

7.6Hz, C5), 69.4 (1C, C3), 70.0 (1C, C3’), 70.4 (1C, C2), 70.9 (1C, C4’), 73.5 (1C, 

C5’), 90.0 (1C, C1’), 92.0 (1C, C1), 169.6, 170.0, 170.1, 170.1, 170.7 (5 x 1C, 5 x 

C=O); FT-IR (thin film) υ 1225 (P=O), 1748 (C=O); HRMS m/z (ES+) 665.1463 [M 

+ Na]+ (required 665.1453). 

General protocol for one-pot substitution/deprotection 

To a suspension of NaH (60% dispersion in mineral oil, 10eq) in anhydrous THF 

(1ml) was added dropwise at room temperature the thiol (10eq). The reaction was 

stirred for 30 minutes and once hydrogen production had ceased, a solution of 4.11 

(1eq) in THF (4ml) was added. The reaction mixture was irradiated in a microwave 

cavity to 80°C at a maximum power of 300W and maximum pressure of 300Psi with 

a stream of cooling nitrogen for 30 minutes. The reaction was monitored by 

electrospray mass spectrometry (negative mode) for unwanted phosphate cyclization. 

The reaction was quenched by addition of glacial acetic acid. The solvents were 
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removed under reduced pressure, and the crude mixture was dried in vacuo for 1 hour. 

To the crude solid was added dioxane (3ml) and the suspension was sonicated for 10 

minutes. TMSI (10eq) was added and the reaction mixture stirred at room temperature 

for 60 minutes, after which mass spectrometry and TLC showed the formation of a 

single product. The reaction was quenched by addition of water (1ml) and the solvents 

were removed in vacuo. The crude product was taken up in water (1ml) and washed 

with ethyl acetate (3 x 2ml). The aqueous layer was concentrated under reduced 

pressure and the product purified using HPLC on an Applied Biosystems Poros® HQ 

strongly basic anion exchange column (10mm x 100mm, 50µm). A gradient from 

0mM to 500mM aqueous NH4HCO3 was used as the mobile phase and eluants were 

detected with an ELS detector parallel to the main flow path. Fractions containing the 

desired product were pooled and repeated lyophilization to removed residual 

NH4HCO3 afforded the title compounds as a white amorphous solids. 

Compound 4.18 

Rf 0.8 (5 ethanol : 3 NH4OH : 1 water), [α]D
25 +18.9 (c = 1.12, H2O); 

1H NMR (500MHz, D2O) δ ppm 3.01 (1H, dd, JH6’a-H6’b 14.3Hz, JH5’-

H6’b 8.7Hz, H6’b), 3.33 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.48 

(1H, m, H6’a), 3.49 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 4.4Hz, H2’), 3.51 

(1H, t, JH3’-H4’ 10.1Hz, JH4’-H5’ 10.1Hz, H4’), 3.59 (1H, dd, JH2-H3 9.9Hz, JH1-H2 3.9Hz, 

H2), 3.71 (1H, t, JH2’-H3’ 9.6Hz, JH3’-H4’ 9.6Hz, H3’), 3.71 (1H, t, JH2-H3 9.5Hz, JH3-H4 

9.5Hz, H3), 3.76 (1 H, add, JH4-H5 9.8Hz, JH5-H6a 3.5Hz, H5), 3.85 (1H, ddd, JH6a-H6b 

12.0Hz, JH6b-31P 5.2Hz, JH5-H6b 1.4Hz, H6b), 3.87 (1H, m, H5’), 3.93 (1H, ddd, JH6a-H6b 

12.0Hz, JH6a-31P 7.4Hz, JH5-H6a 4.1Hz,H6a), 5.00 (1H, d, JH1’-H2’ 4.1Hz, H1’), 5.08 (1H, 

d, JH1-H2 3.8Hz, H1), 7.21 (1H, t, Jmeta-para 7.6Hz, ArHpara), 7.31 (2H, t, Jortho-meta 7.7Hz, 

Jmeta-para 7.7Hz, ArHmeta), 7.39 (1H, d, Jorth-meta 7.9Hz, ArHortho); 13C NMR (126MHz, 

D2O) δ ppm 34.8 (1C, C6’), 62.5 (1C, d, JC-31P 3.8Hz, C6), 69.0 (1C, C4), 70.7 (1C, 

C5’), 70.9 (1C, C2), 71.1 (1C, C2’), 71.8 (1C, d, JC-31P 6.7Hz, C5), 72.3 (2C, C3, 

C3’), 72.9 (1C, C4’), 92.9 (1C, C1), 93.3 (1C, C1’), 126.6 (1C, ArCpara), 129.2 (1C, 

ArCortho), 129.3 (1C, ArCmeta), 135.1 (1C, ArCipso); FT-IR (KBr disc) υ 3453 br (OH); 

MRMS m/z (ES-) 513.0839 [M – H]- (required 513.0837). 
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Compound 4.19 

Rf 0.41 (5 ethanol : 3 NH4OH : 1 water), [α]D
25 +15.8 (c = 0.80, H2O); 

1H NMR (500MHz, D2O) δ ppm 1.16 (3H, t, JCH2-CH3 7.4Hz, 

SCH2CH3), 2.57 (2H, q, JCH2-CH3 7.6Hz, SCH2CH3), 2.64 (1H, dd, 

JH6’a-H6’b 13.9Hz, JH5’-H6’b 8.5Hz, H6’b), 2.99 (1H, dd, JH6’a-H6’b 

14.2Hz, JH5’-H6’a 2.2Hz, H6’a), 3.30 (1H, t, JH3’-H4’ 9.3Hz, JH4’-H5’ 9.3Hz, H4’), 3.55 

(1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.60 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 4.1Hz, 

H2’), 3.61 (1H, dd, JH2-H3 9.8Hz, JH1-H2 4.1Hz, H2), 3.74 (1H, t, JH2’-H3’ 9.8Hz, JH3’-H4’ 

9.8Hz, H3’), 3.78 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.82 (1H, m, H5), 3.87 (1H, 

m, H5’), 3.87 (1H, ddd, JH6a-H6b 12.6Hz, JH6b-31P 5.4Hz, JH5-H6b 1.9Hz, H6b), 3.95 (1H, 

ddd, JH6a-H6b 12.0Hz, JH6a-31P 7.6Hz, JH5-H6a 4.1Hz, H6a), 5.11 (1H, d, JH1’-H2’ 

3.8Hz, H1’), 5.13 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, D2O) δ ppm 13.8 

(1C, SCH2CH3), 25.9 (1C, SCH2CH3), 32.2 (1C, C6’), 62.5 (1C, d, JC-31P 3.8Hz, C6), 

69.1 (1C, C4), 70.9 (1C, C5’), 71.0 (1C, C2’), 71.2 (1C, C2), 71.8 (1C, d, JC-31P 

7.6Hz, C5), 72.3 (1C, C3), 72.3 (1C, C3’), 72.8 (1C, C4’), 93.1 (1C, C1’), 93.6 (1C, 

C1); HRMS m/z (ES-) 465.0844 [M – H]- (required 465.0837). 

 

Compound 4.20 

Rf 0.8 ( 5 ethanol : 3 NH4OH : 1 water), [α]D
25 22.64 (c = 

0.75, H2O); 1H NMR (500MHz, D2O) δ ppm 0.79 (3H, t, JH13-

H14 6.0Hz, H14), 1.21 (6H, br s, H13, H12, H11), 1.30 (2H, s, 

H10), 1.53 (2H, quin, JH8-H9 5.7Hz, JH9-H10 5.7Hz, H9), 2.56 

(2H, at, JH8-H9 6.6Hz, H8), 2.63 (1H, dd, JH7-H7’ 13.9Hz, JH7’-H8 

8.8Hz, H7’), 2.98 (1H, d, JH7-H7’ 13.2Hz, H7), 3.30 (1H, t, JH3’-H4’ 9.1Hz, JH4’-H5’ 

9.1Hz, H4’), 3.54 (1H, t, JH3-H4 9.1Hz, JH4-H5 9.1Hz, H4), 3.60 (2H, ad, JH2-H3 8.8Hz, 

H2, H2’), 3.70 (1H, m, H6’b), 3.74 (1H, t, JH2’-H3’ 9.5Hz, JH3’-H4’ 9.5Hz, H3’), 3.78 

(1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 3.77-3.88 (2H, m, H5, H6’a), 3.85 (2H, m, 

H5’, H6b), 3.94 (1H, ad, JH6a-H6b 10.7Hz, H6a), 5.11 (1H, d, JH1’-H2’ 3.1Hz, H1’), 5.13 

(1H, d, JH1-H2 3.1Hz, H1); 13C NMR (126MHz, D2O) δ ppm 13.5 (1C, C14), 22.0 (1C, 

C13), 27.9 (1C, C10), 28.3 (1C, C12), 28.3 (1C, C9), 28.6 (1C, C11), 31.1 (1C, C8), 

31.9 (1C, C7), 61.9 (1C, C6’), 62.5 (1C, d, JC-31P 3.9Hz, C6), 68.3 (1C, C4), 69.1 (1C, 

C5’), 70.9 (1C, C2’), 71.0 (1C, C2), 71.2 (1C, C3’), 71.8 (1C, d, JC-31P 5.7Hz, C5), 
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72.3 (1C, C3), 72.8 (1C, C4’), 93.1 (1C, C1’), 93.5 (1C, C1); FT-IR (KBr disc) υ 

3455 br (OH); HRMS m/z (ES-) 549.1776 [M – H]- (required 549.1776). 

4.23. 2,2’,3,3’,4,4’-O-acetyl-6-(dimethoxy)phosphoryl-6’-deoxy-

D-trehalose 

A suspension of 4.11 (20mg, 0.025mmol, 1eq) and Pd/C (5mg, 

0.0025mmol, 0.1eq) was vigorously stirred in methanol (5ml) and 

triethylamine (0.5ml). The reaction mixture was degassed under vacuum and charged 

with hydrogen (x3) and then stirred at room temperature for 16 hours after which TLC 

(2 ethyl acetate : 1 petrol) showed the complete consumption of starting material. The 

reaction was filtered through Celite® and the solvent removed in vacuo. The crude 

product was taken up in ethyl acetate (20ml) and washed with water (20ml), 1M HCl 

(2 x 20ml), saturated NaHCO3 (20ml), brine (20ml) and dried over MgSO4. The 

product was purified by automated silica gel chromatography (90% ethyl acetate in 

petrol for 3 column volumes, ramped to 100% ethyl acetate over 4 column volumes, 

then held at this composition for 8 column volumes) as a colourless oil (16.3mg, 

96%). 

Rf 0.34 (ethyl acetate), [α]D
25 +91.7 (c = 0.82, CHCl3); 1H NMR (500MHz, CDCl3) δ 

ppm 1.16 (3H, d, JH5-H6’ 6.3Hz, H6’), 2.03, 2.04, 2.07, 2.09 (4 x 3H, 4 x s, 4 x OAc), 

2.08 (2 x 3H, s, 2 x OAc), 3.77 (3H, d, JH-31P 11.3Hz, OMe), 3.77 (3H, d, J-31P 

11.3Hz, OMe), 3.98 (1H, m, JH5’-H6’ 6.3Hz, H5’), 4.02 (1H, ddd, JH6a-H6b 14.0Hz, JH5-

H6b 9.1Hz, JH5-31P 5.0Hz, H6b), 4.13 (2H, m, H5, H6a), 4.83 (1H, t, JH3’-H4’ 9.6Hz, JH4’-

H5’ 9.6Hz, H4’), 5.01 (1H, dd, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2), 5.03 (1H, dd, JH2’-H3’ 

9.5Hz, JH1’-H2’ 3.8Hz, H2’), 5.09 (1H, t, JH3-H4 9.6Hz, JH4-H5 9.6Hz, H4), 5.20 (1H, d, 

JH1’-H2’ 3.8Hz, H1’), 5.32 (1H, d, JH1-H2 3.8Hz, H1), 5.43 (1H, t, JH2’-H3’ 9.8Hz, JH3’-H4’ 

9.8Hz, H3’), 5.50 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3); 13C NMR (126MHz, 

CDCl3) δ ppm 17.1 (1C, C6’), 20.6, 20.6, 20.7, 20.8 (4 x 1C, 4 x COCH3), 20.7 (2C, 2 

x COCH3), 54.6 (2C, d, JC-31P 6.4Hz, 2 x OMe), 65.3 (1C, d, JC-31P 4.6Hz, C6), 66.0 

(1C, C5’), 68.3 (1C, C4), 68.7 (1C, d, JC-31P 8.2Hz, C5), 70.1 (1C, C3’), 70.1 (1C, 

C3), 70.2 (2C, C2, C2’), 73.5 (1C, C4’), 92.9 (1C, C1), 93.3 (1C, C1’), 128.6, 128.7, 

129.0, 129.1 (6C, C=O); 31P NMR (162MHz, CDCl3) δ ppm 1.3 (P(O)(OMe)2); 

FT-IR (thin film) υ 1223 (P=O), 1720 (C=O); HRMS (ES+) m/z 709.1715 [M + Na]+ 

(required 709.1718). 
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4.25. 6’-deoxy-D-trehalose-6-phosphate 

To a solution of 4.23 (13mg, 0.019mmol, 1eq) in anhydrous dioxane 

(2ml) was added TMSBr (5.5µl, 0.042mmol, 2.2eq) and the reaction 

mixture heated to 50°C. After 17 hours, TLC (1 water : 4 isopropanol 

: 4 ethyl acetate) showed complete consumption of starting material and the formation 

of a single product. The reaction was quenched with methanol (1ml). The solvent was 

removed under reduced pressure and the crude product dried under high vacuum for 2 

hours. The crude product was dissolved in dry methanol (3ml) and NaOMe (~5mg) 

was added until the reaction mixture was pH 10 (pH paper). The reaction mixture was 

stirred at room temperature for 4 hours, after which TLC (1 water : 3 NH4OH : 5 

ethanol) showed the complete consumption of starting material and the formation of a 

single product. The reaction was quenched by addition of solid CO2 until the reaction 

mixture was at pH 7 (pH paper). The crude product was partitioned between water 

(3ml) and ethyl acetate (3ml). The aqueous layer was retained and washed with ethyl 

acetate (6 x 2ml). The aqueous layer was concentrated under reduced pressure and the 

crude product dissolved in water (1ml). The solution was passed through a C18 

SepPak®
 Light cartridge, pre-equilibrated with water, and the cartridge was eluted 

with water (4ml). All effluent was collected and The aqueous layer was concentrated 

under reduced pressure and purified using HPLC on an Applied Biosystems Poros® 

HQ strongly basic anion exchange column (10mm x 100mm, 50µm). A gradient from 

0mM to 500mM aqueous NH4HCO3 was used as the mobile phase and eluants were 

detected with an ELS detector parallel to the main flow path. Fractions containing the 

product were pooled and lyophilized repeatedly to remove residual NH4HCO3 to yield 

the title compound as an amorphous white solid (7.0mg, 91%).  

Rf 0.39 (1 water : 3 NH4OH : 5 ethanol), 1H NMR (500MHz, D2O) δ ppm 1.19 (3H, 

d, JH5’-H6’ 6.3Hz, H6’), 3.11 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.54 (1H, t, 

JH3-H4 9.8Hz, JH4-H5 9.8Hz, H4), 3.57 (1H, dd, JH2’-H3’ 10.7Hz, JH1’-H2’ 4.4Hz, H2’), 

3.60 (1H, dd, JH2-H3 9.8Hz, JH1-H2 3.8Hz, H2), 3.71 (1H, t, JH2’-H3’ 9.5Hz, JH3’-H4’ 

9.5Hz, H3’), 3.77 (1H, t, JH2-H3 9.8Hz, JH3-H4 9.8Hz, H3), 3.79-3.82 (2H, m, H5, H5’), 

3.86 (1H, ddd, JH6a-H6b 11.7Hz, JH6b-31P 5.4Hz, JH5-H6b 1.6Hz, H6b), 3.95 (1H, ddd, 

JH6a-H6b 11.9Hz, JH6a-31P 7.6Hz, JH5-H6a 4.1Hz, H6a), 5.07 (2H, d, JH1-H2 3.8Hz, H1, 

H1’); 13C NMR (126MHz, D2O) δ ppm 16.6 (1C, C6’), 62.4 (1C, d, JC-31P 4.6Hz, C6), 

68.2 (1C, C5’), 69.1 (1C, C4), 71.2 (1C, C2’), 71.2 (1C, C2), 71.8 (1C, d, JC-31P 
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7.3Hz, C5), 72.1 (1C, C3’), 72.2 (1C, C3), 75.2 (1C, C4’), 93.2 (1C, C1), 93.5 (1C, 

C1’); 31P NMR (162MHz, D2O) δ ppm 4.6 (P(O)(OH)2); FT-IR (KBr disc) υ 1112 

(P=O), 3402 br (OH); HRMS (ES-) m/z 405.0807 [M – H]- (required 405.0804). 

4.26. D-trehalose-6,6’-diphosphate 

A suspension of 2.2 (180mg, 0.22mmol, 1eq) and PtO2 (5mg, 

0.022mmol, 0.1eq) in methanol (2.5ml) and water (7.5ml) with 1M 

HCl (0.2ml) was repeatedly degassed under vacuum and charged 

with hydrogen. The reaction mixture was vigorously stirred at room 

temperature for 28 hours, after which TLC (5 ethanol : 3 NH4OH : 1 

water) showed the complete consumption of starting material and the formation of a 

single product. The reaction mixture was filtered through Celite® and the solvent 

removed in vacuo. Lyophilization yielded the desired compound as an amorphous 

white solid (110mg, 98%). 

Rf 0.13 (5 ethanol : 3 NH4OH : 1 water), [α]D
25 +45.4 (c = 1.0, H2O); 1H NMR 

(500MHz, D2O) δ ppm 3.46 (2H, t, JH3-H4 9.6Hz, JH4-H5 9.6Hz, H4), 3.59 (2H, dd, JH2-

H3 10.1Hz, JH1-H2 3.8Hz, H2), 3.77 (2H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.85 (2H, 

dt, JH4-H5 10.1Hz, JH5-H6 3.0Hz, JH5-H6’ 3.0Hz, H5), 3.98-4.03 (4H, m, H6, H6’), 5.12 

(2H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, D2O) δ ppm 63.7 (2C, d, JC-31P 4.8Hz, 

C6), 69.2 (2C, C4), 70.9 (2C, C2), 71.2 (2C, d, JC-31P 7.6Hz, C5), 72.3 (2C, C3), 93.5 

(2C, C1); 31P{1H} NMR (162MHz, D2O) δ ppm 0.6 (1P, P(O)(OH)2); FT-IR (KBr 

disc) υ 3308 br (OH); HRMS m/z (ES-) 501.0413 [M – H]- (required 501.0416). 

4.11.3 Synthesis of affinity columns 

4.28. 1-azido- triethylene glycol46 

A mixture of 4.27 (20.0g, 119mmol, 1eq) and sodium azide (11.1g, 131mmol, 1.1eq) 

in DMF (50ml) was heated to 80°C for 18 hours after which TLC (ethyl acetate) 

showed complete consumption of starting material. The reaction mixture was allowed 

to cool to room temperature and the solvent removed in vacuo. The crude residue was 

partitioned between DCM (100ml) and water (50ml). The aqueous layer was extracted 

with DCM (2 x 50ml) and the combined organics were dried over MgSO4. The 

solvent was removed under reduced pressure to furnish the desired compound as a 

colourless liquid (20.1g, 97%).  
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Rf 0.46 (ethyl acetate); 1H NMR (400MHz, CDCl3) δ ppm 2.38 (1H, t, JH-OH 5.6, 

CH2OH), 3.41 (2H, t, J 4.9Hz, CH2N3), 3.62 (2H, t, J 4.0Hz, CH2CH2OH), 3.69 (6H, 

s, OCH2CH2O, OCH2CH2N3), 3.74 (2H, q, J 4.8Hz, CH2OH); 13C NMR (101MHz, 

CDCl3) δ ppm 50.6 (1C, CH2N3), 61.8 (1C, CH2OH), 70.0, 70.4, 70.6 (3 x 1C, 3 x 

CH2), 72.5 (1C, CH2CH2OH); FT-IR (thin film) υ 2105 (N3), 3453 br (OH); m/z (ES+) 

198.1 [M + Na]+. 

4.29. 1-azido-5-mesyl-triethylene glycol 

To a solution of 4.28 (20.5g, 117mmol, 1eq) in triethylamine (33ml, 234mmol, 2eq) 

and anhydrous DCM (200ml) at 0°C was added mesyl chloride (13.6ml, 176mmol, 

1.5eq) dropwise over 15 minute. The reaction mixture was stired at this temperature 

for 3 hours, after which TLC (ethyl acetate) showed complete comsumption of 

starting material. The reaction mixture was filtered to remove triethylamine salts and 

the solvent removed in vacuo. The reaction mixture was partitioned with DCM 

(200ml) and water (50ml) and the organic layer washed with 1M HCl (100ml). The 

aqueous layers were combined and re-extracted with DCM (3 x 50ml) and the 

combined organics dried over MgSO4. The solvent was removed in vacuo to yield the 

desired compound as a yellow liquid (29.0g, 98%).  

Rf 0.68 (ethyl acetate), 1H NMR (500MHz, CDCl3) δ ppm 3.06 (3H, s, OMs), 3.38 

(2H, t, J 4.9Hz, OCH2CH2N3), 3.66 (6H, m, OCH2CH2OCH2CH2N3), 3.78 (2H, t, J 

4.4Hz, MsOCH2CH2O), 4.37 (2H, t, J 4.4Hz, MsOCH2CH2O); 13C NMR (126MHz, 

CDCl3) δ ppm 37.6 (1C, OMs), 50.6 (1C, OCH2CH2N3), 69.1 (1C, MsOCH2CH2O), 

69.2 (1C, MsOCH2CH2O), 70.0, 70.6, 70.6 (3 x 1C, OCH2CH2OCH2CH2N3); FT-IR 

(thin film) υ 2110 (N3); HRMS (ES+) m/z 276.0623 [M + Na]+ (required 276.0625). 

4.30. 1-azido-5-thioacetyl-triethylene glycol 

To a solution of 4.29 (30.4g, 120mmol, 1eq) in dry DMF (150ml) was added 

portionwise over 15 minutes KSAc (20.5g, 180mmol, 1.5eq). After 15 minutes, a gel 

had formed within the reaction mixture. DMF (50ml) was added and the mixture 

stirred vigorously for 4 hours. TLC (ethyl acetate) showed complete consumption of 

starting material. The solvent was removed under high vacuum and the reaction 

mixture diluted with brine (300ml) and DCM (300ml). The aqueous layer was 

extracted with DCM (2 x 150ml) and the combined organics dried over MgSO4. The 
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solvent was removed under reduced pressure to yield the desired compound as a 

yellow liquid (27.9g, 99%). 

Rf 0.91 (ethyl acetate), 1H NMR (400MHz, CDCl3) δ ppm 2.31 (3H, s, SAc), 3.06 

(2H, t, J 6.4Hz, OCH2CH2N3), 3.36 (2H, t, J 4.9Hz, OCH2CH2SAc), 3.58 (2H, t, J 

6.4Hz, OCH2CH2N3) 3.61 (4H, s, OCH2CH2O), 3.65 (2H, t, J 5.1Hz, OCH2CH2SAc); 
13C NMR (101MHz, CDCl3) δ ppm 28.8 (1C, OCH2CH2N3), 30.5 (1C, COCH3), 50.6 

(1C, OCH2CH2SAc), 69.8 (1C, OCH2CH2SAc), 70.0, 70.3, 70.5 (3 x 1C, 

OCH2CH2OCH2CH2SAc), 195.5 (1C, C=O); FT-IR (thin film) υ 1692 (C=O), 2103 

(N3); HRMS (ES+) 256.0727 [M + Na]+ (required 256.0726). 

4.32. 1,18-diazido-3,6,13,16-tetraoxa-9,10-dithiaoctadecane 

A solution of 4.30 (27.8g, 119mmol, 1eq) and NaOMe (7.09g, 

131mmol, 1.1eq) in anhydrous methanol (50ml) was stirred at room temperature for 2 

hours. TLC (ethyl acetate) was inadequate for resolving the starting material and 

product, hence mass spectrometry was used to follow the reaction. Electrospray mass 

spectrometry (positive ionisation mode) showed the complete consumption of starting 

material and the formation of the desired compound. The reaction was quenched with 

Dowex 50WX8 (H+ form) until neutral (pH paper). The mixture was filtered and the 

product purified by silica gel chromatograph (10% ethyl acetate in petrol for 4CV, 

then ramped to 20% ethyl acetate in petrol over 2CV and maintained at this level for 

3CV) as a colourless liquid (17.4g, 76%). However, over time, the product oxidized to 

the title compound. 

Rf 0.22 (1 petrol : 9 ethyl acetate), 1H NMR (400MHz, CDCl3) δ ppm 2.86 (4H, t, J 

6.7Hz, OCH2CH2N3), 3.35 (4H, t, J 5.1Hz, OCH2CH2S), 3.62 (8H, s, OCH2CH2O), 

3.64 (4H, t, J 5.1Hz, OCH2CH2S), 3.71 (4H, t, J 6.6Hz, OCH2CH2N3); 13C NMR 

(101MHz, CDCl3) δ ppm 38.4 (2C, OCH2CH2N3), 50.6 (2C, OCH2CH2S), 69.6 (2C, 

OCH2CH2N3), 70.0 (2C, OCH2CH2S), 70.4, 70.6 (2 x 1C, OCH2CH2O); FT-IR (thin 

film) υ 2107 (N3); HRMS (ES+) m/z 403.1196 [M + Na]+ (required 403.1193). 

4.31. 1-azido-5-thiol-triethylene glycol 

To a solution of 4.32 (1.00g, 2.63mmol, 1eq) in methanol 

(5ml), ethyl acetate (5ml) and 100mM NH4HCO3 buffer (5ml) was added 

dithiothreitol (405mg, 2.63mmol, 1eq). The reaction was stirred at room temperature 

for 10 minutes after which TLC (2 ethyl acetate : 1 petrol) showed complete 

consumption of the starting materials. The solvent was removed in vacuo and the 
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product purified by automated silica gel chromatography (4 petrol : 1 ethyl acetate) to 

give the desired compound as a colourless liquid (247mg, 25%).  

Rf 0.28 (4 petrol : 2 ethyl acetate), 1H NMR (400MHz, CDCl3) δ ppm 1.60 (1H, br. s., 

SH), 2.69 (2H, t, J 6.3Hz, OCH2CH2N3), 3.38 (2H, t, J 5.1Hz, OCH2CH2SH), 3.62 

(2H, t, J 6.3Hz, OCH2CH2N3), 3.64 (4H, s, OCH2CH2O), 3.67 (2H, t, J 5.3Hz, 

OCH2CH2SH); 13C NMR (101MHz, CDCl3) δ ppm 24.3 (1C, OCH2CH2N3), 50.7 

(1C, OCH2CH2SH), 70.1 (1C, OCH2CH2SH), 70.2, 70.6 (2 x 1C, OCH2CH2O), 72.9 

(1C, OCH2CH2N3); FT-IR (thin film) υ 2106 (N3), 3003 (SH); HRMS (ES+) m/z 

214.0618 [M + Na]+ (required 214.0621). 

4.33. 6-O-(diphenoxyphosphoryl)-6’-deoxythio(triethylglycol-

6dexoxyazido)-2,2’,3,3’,4,4’-acetyl-D-trehalose 

To a solution of 4.31 (278mg, 1.46mmol, 1.05eq) in anhydrous THF 

(10ml) was added NaH (60% dispersion in mineral oil, 58mg, 

1.46mmol, 1.05eq). The reaction mixture was stirred at room 

temperature for 15 minutes, until the production of hydrogen had 

ceased. The solution was then added to 4.10 (1.30g, 1.39mmol, 1eq) and the reaction 

mixture was irradiated in a microwave cavity at 80°C with a stream of cooling 

nitrogen at a maximum power of 300W for 40 minutes, after which TLC (4 ethyl : 3 

petrol) showed the complete consumption of 4.31 and the formation of a product. The 

reaction mixture was quenched with glacial acetic acid (100μl) and the solvent 

removed in vacuo. The product was isolated by automated silica gel chromatography 

(12% ethyl acetate in petrol to 100% ethyl acetate over 10 column volumes) to give 

the desired compound as a colourless oil (488mg, 35%) as well as recovered starting 

material (360mg, 28%).  

Rf 0.14 (1 petrol : 1 ethyl acetate), [α]D
25 +83.9 (c = 1.0, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 2.01, 2.03, 2.03, 2.04, 2.06, 2.14 (6 x 3H, 6 x s, 6 x OAc), 2.64-2.68 

(2H, m, H6’a, H6’b), 2.72 (1H, dt, JH7a-H7b 13.2Hz, 2 x JH7b-H8 6.6Hz, H7b), 2.79 (1H, 

dt, JH7a-H7b 13.6Hz, 2 x JH7a-H8 6.6Hz, H7a), 3.39 (2H, t, JH11-H12 5.0Hz, H12), 3.60-

3.66 (6H, m, H8, H9, H10), 3.68 (2H, t, JH11-H12 4.7Hz, H11), 4.03 (1H, ddd, JH4’-H5’ 

10.1Hz, JH5’-H6’a 6.0Hz, JH5’-H6’b 4.1Hz, H5’), 4.13 (1H, ddd, JH4-H5 9.5Hz, JH5-H6a 

4.7Hz, JH5-H6b 1.6Hz, H5), 4.23 (1H, ddd, JH6a-H6b 11.3Hz, JH6b-31P 5.6Hz, JH5-H6b 

2.0Hz, H6b), 4.30 (1H, ddd, JH6a-H6b 12.3Hz, JH6a-31P 6.6Hz, JH5-H6a 5.7Hz, H6a), 4.99 

(1H, t, JH3’-H4’ 10.1Hz, JH4’-H5’ 10.1Hz, H4’), 5.03 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 
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2.4Hz, H2’), 5.04 (1H, t, JH3-H4 10.1Hz, JH4-H5 10.1Hz, H4), 5.05 (1H, dd, JH2-H3 

10.4Hz, JH1-H2 3.8Hz, H2), 5.08 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.19 (1H, d, JH1-H2 3.8Hz, 

H1), 5.43 (1H, t, JH2’-H3’ 9.6Hz, JH3’-H4’ 9.6Hz, H3’), 5.47 (1H, t, JH2-H3 9.8Hz, JH3-H4 

9.8Hz, H3), 7.21 (6H, ad, J 7.3Hz, ArHortho, ArHpara), 7.35 (4H, m, ArHmeta); 13C 

NMR (126MHz, CDCl3) δ ppm 20.5, 20.6, 20.7, 21.0 (4 x 1C, 4 x COCH3), 20.7 (2C, 

2 x COCH3), 32.8 (1C, C7), 33.4 (1C, C6’), 50.6 (1C, C12), 66.6 (1C, d, JC-31P 4.8Hz, 

C6), 68.5 (1C, C2), 68.7 (1C, d, JC-31P 7.6Hz, C5), 69.2 (1C, C4), 69.6 (1C, C2’), 70.1 

(2C, C3, C3’), 70.1 (1C, C11), 70.4, 70.6, 71.0 (3 x 1C, C8, C9, C10), 71.3 (1C, C5’), 

71.5 (1C, C4’), 92.2 (1C, C1’), 92.3 (1C, C1), 120.0 (4C, d, JC-31P 4.8Hz, ArCortho), 

125.5 (2C, ArCpara), 129.8 (4C, d, JC-31P 1.9Hz, ArCmeta), 150.3 (1C, d, JC-31P 7.6Hz, 

ArCipso), 150.4 (1C, d, JC-31P 6.7Hz, ArCipso), 169.4, 170.0 (2 x 2C, 4 x C=O),169.6, 

169.7 (2 x 1C, 2 x C=O); FT-IR (thin film) 1221 (P=O), 1751 (C=O), 2107 (N3); 

HRMS (ES+) m/z 1022.2613 [M + Na]+ (required 1022.2600).  

4.34. 4-O-(dimethoxyphosphoryl)-6’-deoxythio(triethylglycol-6dexoxyazido)-D-

trehalose 

4.36. 6-O-(dimethoxyphosphoryl)-6’-deoxythio(triethylglycol-6dexoxyazido)-

2,2’,3,3’,4,4’-acetyl-D-trehalose 

A solution of 4.33 (160mg, 0.16mmol, 1wq) and CsF (0.24g, 1.6mmol, 10eq) in 

methanol (10ml) was heated under reflux for 17 hours, after which TLC (1 water : 4 

isopropanol : 6 ethyl acetate) showed the formation of 2 products. The solvent was 

removed in vacuo and the products separated by automated silica gel chromatography 

(1 water : 4 isopropanol : 10 ethyl acetate for 4 column volumes, then ramped to 1 

water : 4 isopropanol : 4 ethyl acetate over 5 column volumes) to give the side 

product 4.34 (32.3mg, 32%) and the desired compound 4.35 (67.0mg, 67%) as white 

amorphous solids. The desired compound, 4.35, was dissolved in anhydrous pyridine 

(10ml) and acetic anhydride (0.27ml, 2.9mmol, 18eq) was added. The reaction 

mixture was stirred at room temperature for 10 hours after which TLC (ethyl acetate) 

showed complete consumption of starting material. The solvent was removed under 

reduced pressure and the crude product was co-evaporated with toluene to remove 

pyridine (x3). The product was dried under high vacuum to give the title compound 

4.36 as a colourless oil (94.5mg, 68% from 4.33). 
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Compound 4.34 

Rf 0.54 (1 water : 4 isopropanol : 6 ethyl acetate); 1H NMR 

(500MHz, D2O) δ ppm 2.66 (1H, dd, JH6’a-H6’b 14.2Hz, JH5’-H6’b 

8.8Hz, H6’b), 2.76 (1H, t, JH7-H8 6.1Hz, H7), 3.02 (1H, dd, 

JH6’a-H6’b 14.2Hz, JH5’-H6’a 2.2Hz, H6’a), 3.29 (1H, t, JH3’-H4’ 

9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.42 (1H, t, JH11-H12 5.0Hz, H12), 3.58 (1H, dd, JH2’-H3’ 

9.8Hz, JH1’-H2’ 3.8Hz, H2’), 3.59 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.63-3.65 

(6H, m, H9, H10, H11), 3.66 (2H, t, JH7-H8 6.3Hz, H8), 3.69 (1H, dd, JH6a-H6b 12.9Hz, 

JH5-H6b 5.7Hz, H6b), 3.75 (3H, d, JH-31P 11.3Hz, OMe), 3.75-3.80 (2H, m, H5, H6a), 

3.76 (3H, d, JH-31P 11.3Hz, OMe), 3.78 (1H, t, JH2’-H3’ 9.6Hz, JH3’-H4’ 9.6Hz, H3’), 3.79 

(1H, dd, JH2-H3 9.5Hz, JH1-H2 2.1Hz, H2), 3.85 (1H, td, JH4’-H5’ 9.4Hz, JH5’-H6’b 9.4Hz, 

JH5’-H6’a 2.2Hz, H5’), 4.48 (1H, q, JH3-H4 9.5Hz, JH4-H5 9.5Hz, JH4-31P 9.5Hz, H4), 5.09 

(1H, d, JH1’-H2’ 3.8Hz, H1’), 5.18 (1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, D2O) 

δ ppm 31.1 (1C, C7), 32.9 (1C, C6’), 50.1 (1C, C12), 55.1 (1C, d, JC-31P 6.7Hz, OMe), 

55.1 (1C, d, JC-31P 6.7Hz, OMe), 60.2 (1C, C6), 68.3 (1C, d, JC-31P 1.9Hz, C3) 69.2, 

69.3, 69.5 (3 x 1C, C9, C10, C11), 69.5 (1C, C8), 69.7 (1C, d, JC-31P 3.8Hz, C5), 71.1 

(1C, C2’), 71.1 (1C, C5’), 72.0 (1C, C3’), 72.4 (1C, C2), 72.7 (1C, C4’), 81.5 (1C, d, 

JC-31P 7.6Hz, C4), 92.9 (1C, C1’), 93.3 (1C, C1);  31P NMR (162MHz, D2O) δ ppm 

0.9 (P(O)(OMe)2); FT-IR (KBr disc) 1260 (P=O), 2114 (N3), 3424 br (OH); HRMS 

(ES+) m/z 646.1656 [M + Na]+ (required 646.1653). 

Compound 4.36 

Rf 0.27 (ethyl acetate), [α]D
25 +60.5 (c = 1.0, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 2.03 (2 x 3H, s, 2 x OAc), 2.07, 2.07, 

2.09, 2.15 (4 x 3H, 4 x s, 4 x OAc), 2.67-2.68 (2H, m, H6’a, H6’b) 

2.72 (1H, dt, JH7a-H7b 13.6Hz, 2 x JH7b-H8 6.6Hz, H7b), 2.79 (1H, dt, 

JH7a-H7b 13.6Hz, JH7a-H8 6.6Hz, H7a), 3.40 (2H, t, JH11-H12 5.0Hz, 

H12), 3.60-3.67 (6H, m, H8, H9, H10), 3.68 (2H, t, JH11-H12 5.2Hz, H11), 3.77 (3H, d, 

JH-31P 11.0Hz, OMe), 3.77 (3H, d, JH-31P 11.3Hz, OMe), 4.04 (1H, ddd, JH6a-H6b 

10.1Hz, JH6b-31P 5.4Hz, JH5-H6b 3.8Hz, H6b), 4.05-4.08 (2H, m, H5, H5’), 4.11 (1H, dt, 

JH6a-H6b 10.7Hz, JH6a-31P 5.0Hz, JH5-H6a 5.0Hz, H6a), 5.00 (1H, t, JH3’-H4’ 9.8Hz, JH4’-H5’ 

9.8Hz, H4’), 5.05 (1H, dd, JH2’-H3’ 10.2Hz, JH1’-H2’ 3.9Hz, H2’), 5.09 (1H, t, JH3-H4 

9.6Hz, JH4-H5 9.6Hz, H4), 5.13 (1H, dd, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2), 5.28 (1H, d, 

JH1’-H2’ 4.1Hz, H1’), 5.30 (1H, d, JH1-H2 3.8Hz, H1), 5.46 (1H, t, JH2’-H3’ 9.5Hz, JH3’-H4’ 
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9.5Hz, H3’), 5.49 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3); 13C NMR (126MHz, 

CDCl3) δ ppm 20.5, 20.6, 20.7, 20.7, 20.7, 21.0 (6 x 1C, 6 x COCH3), 32.8 (1C, C7), 

33.4 (1C, C6’), 50.6 (1C, C12), 54.6 (2C, d, JC-31P 6.7Hz, 2 x OMe), 65.2 (1C, d, JC-

31P 4.8Hz, C6), 68.3 (1C, C4), 68.8 (1C, d, JC-31P 8.6Hz, C5), 69.2 (1C, C2), 69.8 (1C, 

C2’), 69.9, 70.1 (2 x 1C, C3, C3), 70.1 (1C, C11), 70. 4, 70.6, 71.0 (3 x 1C, C8, C9, 

C10), 71.3 (1C, C5’),  71.6 (1C, C4’), 92.1 (1C, C1’), 92.4 (1C, C1), 169.5, 169.6, 

170.0, 170.0 (4 x 1C, 4 x C=O), 169.7 (2C, 2 x C=O); 31P NMR (162MHz, CDCl3) δ 

ppm 1.3 (P(O)(OMe)2); FT-IR (thin film) υ 1221 (P=O), 1753 (C=O), 2110 (N3); 

HRMS (ES+) m/z 898.2312 [M + Na]+ (required 898.2287).  

4.38. 6-O-(dihydroxyphosphoryl)-6’-deoxythio(triethylglycol-6-

dexoxyazido)-D-trehalose 

To a solution of 4.36 (90mg, 0.10mmol, 1eq) in anhydrous dioxane 

(5ml) was added TMSBr (29µl, 0.22mmol, 2.1eq) and the reaction 

mixture heated to 50°C. After 16 hours, TLC (1 water : 4 

isopropanol : 4 ethyl acetate) showed complete consumption of 

starting material and the formation of a single product. The reaction was quenched 

with methanol (1ml). The solvent was removed under reduced pressure and the crude 

product dried under high vacuum for 4 hours. The crude product was dissolved in dry 

methanol (10ml) and NaOMe (~10mg) was added until the reaction mixture was pH 

10 (pH paper). The reaction mixture was stirred at room temperature for 6 hours, after 

which TLC (1 water : 3 NH4OH : 5 ethanol) showed the complete consumption of 

starting material and the formation of a single product. The reaction was quenched by 

addition of solid CO2 until the reaction mixture was at pH 7 (pH paper). The crude 

product was partitioned between water (3ml) and ethyl acetate (3ml). The aqueous 

layer was retained and washed with ethyl acetate (6 x 2ml). The aqueous layer was 

concentrated under reduced pressure and the crude product dissolved in water (1ml). 

The solution was passed through a C18 SepPak®
 Light cartridge, pre-equilibrated with 

water, and the cartridge was eluted with water (4ml). All effluent was collected and 

lyophilized to yield the desired compound as an amorphous white solid (60.1mg, 

98%).  

Rf 0.31 (1 water : 3 NH4OH : 5 ethanol), [α]D
25 +56.9 (c = 0.5, H2O); 1H NMR 

(500MHz, D2O) δ ppm 2.67 (1H, dd, JH6’a-H6’b 14.2Hz, JH5’-H6’b 8.2Hz, H6’b), 2.76 

(2H, t, JH7-H8 6.3Hz, H7), 3.00 (1H, dd, JH6’a-H6’b 14.2Hz, JH5’-H6’a 2.2Hz, H6’a), 3.30 
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(1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.42 (2H, t, JH11-H12 4.7Hz, H12), 3.54 (1H, 

t, JH3-H4 9.6Hz, JH4-H5 9.6Hz, H4), 3.57 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 4.1Hz, H2’), 

3.59 (1H, dd, JH2-H3 9.8Hz, JH1-H2 4.1Hz, H2), 3.62-3.68 (8H, m, H8, H9, H10, H11), 

3.73 (1H, t, JH2’-H3’ 9.5Hz, JH3’-H4’ 9.5Hz, H3’), 3.76 (1H, t, JH2-H3 9.6Hz, JH3-H4 9.6Hz, 

H3), 3.79 (1H, m, H5), 3.82-3.87 (2H, m, H5’, H6b), 3.94 (1H, ddd, JH6a-H6b 12.0Hz, 

JH6a-31P 7.9Hz, JH5-H6a 4.4Hz, H6a), 5.10 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.11 (1H, d, JH1-

H2 3.8Hz, H1); 13C NMR (126MHz, D2O) δ ppm 31.2 (1C, C7), 32.9 (1C, C6’), 50.1 

(1C, C6), 62.4 (1C, d, JC-31P 3.8Hz, C6), 69.1 (1C, C4), 69.2, 69.3, 69.5, 69.5 (4 x 1C, 

C8, C9, C10, C11), 71.0 (1C, C2’), 71.1 (1C, C5’), 71.2 (1C, C2), 71.8 (1C, d, JC-31P 

6.7Hz, C5), 72.2 (1C, C3), 72.3 (1C, C3’), 72.6 (1C, C4’), 93.1 (1C, C1), 93.6 (1C, 

C1’); 31P NMR (162MHz, D2O) δ ppm 4.6 (P(O)(OH)2); FT-IR (KBr disc) υ 1103 

(P=O), 2113 (N3), 3443 (OH); HRMS (ES-) 594.1368 [M – H]- (required 594.1368). 

4.39. 6-O-(dihydroxyphosphoryl)-6’-deoxythio(triethylglycol-6-

dexoxyazido)-D-trehalose 

A suspension of 4.38 (60mg, 0.10mmol, 1eq) and Pd/C (22mg, 

0.01mmol, 0.1eq) was vigorously stirred in water (10ml). The 

reaction mixture was degassed under vacuum and charged with 

hydrogen (x3) and then stirred at room temperature for 3 hours after 

which TLC (1 water : 3 NH4OH : 5 ethanol) showed the complete 

consumption of starting material. The reaction was filtered through Celite® and the 

solvent removed in vacuo and lyophilized to yield the target compound as a white 

amorphous solid (57mg, 99%). 

Rf 0.19 (1 water : 3 NH4OH : 5 ethanol), [α]D
25 +65.5 (c = 0.5, H2O); 1H NMR 

(500MHz, D2O) δ ppm 2.66 (1H, dd, JH6’a-H6’b 14.2Hz, JH5’-H6’b 8.5Hz, H6’b), 2.78 

(1H, t, JH7-H8 6.1Hz, H7), 2.91 (1H, t, JH11-H12 5.4Hz, H12), 3.00 (1H, dd, JH6’a-H6’b 

14.2Hz, JH5’-H6’a 2.2Hz, H6’a), 3.30 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.54 

(1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.59 (1H, dd, JH2’-H3’ 9.9Hz, JH1’-H2’ 3.1Hz, 

H2’), 3.58 (1H, dd, JH2-H3 10.1Hz, JH1-H2 2.5Hz, H2), 3.59-3.64 (6H, m, H9, H10, 

H11), 3.66 (2H, t, JH7-H8 6.1Hz, H8), 3.73 (1H, t, JH2’-H3’ 9.5Hz, JH3’-H4’ 9.5Hz, H3’), 

3.77 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.78 (1H, m, H5), 3.84 (1H, td, JH4’-H5’ 

9.5Hz, JH5’-H6’b 9.5Hz, JH5’-H6’a 1.9Hz, H5’), 3.85 (1H, m, H6b), 3.94 (1H, ddd, JH6a-

H6b 12.0Hz, JH6a-31P 7.9Hz, JH5-H6a 4.4Hz, H6a), 5.11 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.13 

(1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, D2O) δ ppm 31.3 (1C, C7), 32.9 (1C, 
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C6’), 39.5 (1C, C12), 62.4 (1C, d, JC-31P 4.8Hz, C6), 69.0 (1C, C4), 69.3, 69.4 (x2), 

69.4 (4C, C8, C9, C10, C11), 71.0 (1C, C2’), 71.2 (1C, C5’), 71.2 (1C, C2), 71.8 (1C, 

d, JC-31P 6.7Hz, C5), 72.2 (1C, C3), 72.3 (1C, C3’), 72.6 (1C, C4’), 92.9 (1C, C1), 

93.4 (1C, C1’); 31P NMR (162MHz, D2O) δ ppm 4.6 (P(O)(OH)2); FT-IR (KBr disc) 

υ 1102 br (P=O, C-N), 1632 (1o NH2), 3430 br (OH, NH2);  HRMS (ES+) 592.1436 

[M + Na]+ (required 592.1435). 

4.9. 2,2’,3,3’,4,4’-O-acetyl-6,6’diiodo-D-trehalose 

4.42. 2,2’,3,3’,4,4’,6’-O-acetyl-6-iodo-D-trehalose 

To a suspension of trehalose (5.0g, 14.6mmol, 1eq) in anhydrous pyridine (20ml) was 

added dropwise diphenyl chlorophosphate (3.03ml, 14.6mmol, 1eq). The reaction was 

allowed to stir at room temperature for 15 hours, after which TLC (1 water : 4 

isopropanol : 4 ethyl acetate) showed the presence of two products. Acetic anhydride 

(30ml) was added to the reaction mixture and stirred at room temperature for 12 

hours. The reaction was cooled to 0°C and quenched by the addition of methanol 

(10ml). The solvents were removed in vacuo and the crude residue was dissolved in 

ethyl acetate (250ml) and washed with 1M HCl (5 x 100ml), saturated NaHCO3 

solution (2 x 100ml), brine (100ml) and dried over MgSO4. The solvents were 

removed under reduced pressure and the crude solid dried under high vacuum for 12 

hours. The crude products were dissolved in dry THF (20ml) and 

tetrabutylammoinum iodide (16.2g, 43.9mmol, 3eq) was added. All solids were 

dissolved by gentle heating and the resultant solution was divided between two 

microwave tubes. The reaction mixtures were irradiated with microwaves at a 

maximum of 300W for 60 minutes with cooling nitrogen to a temperature of 120°C. 

TLC (2 ethyl acetate : 1 petrol) showed the presence of three products. The solvents 

were removed in vacuo and the crude residue re-dissolved in ethyl acetate (250ml). 

The organic solvent was washed with brine (5 x 100ml) and dried over MgSO4. The 

compounds were separated by automated silica gel chromatography (10% ethyl 

acetate in petrol to 100% ethyl acetate over 12 column volumes) to give the desired 

compound 4.42 as a colourless oil (1.23g, 11%). Compound 4.9 was recrystallized 

from ethyl acetate as colourless needles (3.41g, 29%). 
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Compound 4.9 

Rf 0.62 (2 ethyl acetate : 1petrol), [α]D
25 +72.3 (c = 1.0, CHCl3), m.p. 

152-157°C (ethyl acetate); 1H NMR (500MHz, CDCl3) δ ppm 2.01, 

2.07, 2.14 (3 x 6H, 3 x s, 6 x OAc), 3.06 (2H, dd, JH6-H6’ 11.0Hz, JH5-H6’ 

9.1Hz, H6’), 3.22 (2H, dd, JH6-H6’ 10.9Hz, JH5-H6 2.4Hz, H6), 3.94 (2H, 

td, JH4-H5 9.5Hz, JH5-H6’ 9.5Hz, JH5-H6 2.2Hz, H5), 4.88 (2H, t, JH3-H4 9.6Hz, JH4-H5 

9.6Hz, H4), 5.19 (2H, dd, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2), 5.41 (2H, d, JH1-H2 3.8Hz, 

H1), 5.47 (2H, t, JH2-H3 10.1Hz, JH3-H4 10.1Hz, H3); 13C NMR (126MHz, CDCl3) δ 

ppm 2.5 (2C, C6), 20.6, 20.7, 21.2 (3 x 2C, 6 x CH3CO), 69.2 (2C, C2), 69.7 (2C, 

C3), 69.9 (2C, C5), 72.3 (2C, C4), 91.7 (2C, C1), 169.4, 169.5, 169.9 (3 x 2C, 6 x 

CH3CO); FT-IR (ATR) υ 1760 (C=O); HRMS (ES+) m/z 836.9728 [M + Na]+ 

(required 836.9723). 

Compound 4.42 

Rf 0.47 (2 ethyl acetate : 1 petrol), [α]D
25 +111.3 (c = 1.0, CHCl3); 1H 

NMR (500MHz, CDCl3) δ ppm 2.03, 2.04, 2.05, 2.09 (4 x 3H, 4 x s, 4 x 

OAc), 2.09 (6H, s, 2 x OAc), 2.15 (3H, s, C6’-OAc), 3.07 (1H, dd, JH6a-

H6b 11.0Hz, JH5-H6b 8.8Hz, H6b), 3.23 (1H, dd, JH6a-H6b 11.0Hz, JH5-H6a 2.5Hz, H6a), 

3.94 (1H, td, JH4-H5 9.4Hz, JH5-H6b 9.4Hz, JH5-H6a 2.4Hz, H5), 4.02 (1H, td, JH4’-H5’ 

9.8Hz, JH5’-H6’a 9.8Hz, JH5’-H6’b 2.2Hz, H5’), 4.04 (1H, dd, JH6’a-H6’b 12.3Hz, JH5’-H6’b 

1.9Hz, H6’b), 4.22 (1H, dd, JH6’a-H6’b 12.6Hz, JH5’-H6’a 6.6Hz, H6’a), 4.89 (1H, t, JH3-H4 

9.6Hz, JH4-H5 9.6Hz, H4), 5.05 (1H, t, JH3’-H4’ 10.4Hz, JH4’-H5’ 10.4Hz, H4’), 5.05 (1H, 

dd, JH2-H3 9.1Hz, JH1-H2 2.5Hz, H2), 5.19 (1H, dd, JH2’-H3’ 10.2Hz, JH1’-H2’ 3.9Hz, H2’), 

5.35 (1H, d, JH1-H2 3.8Hz, H1), 5.38 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.48 (1H, dd, JH2-H3 

10.1Hz, JH3-H4 9.1Hz, H3), 5.51 (1H, dd, JH2’-H3’ 10.1Hz, JH3’-H4’ 9.5Hz, H3’); 13C 

NMR (126MHz, CDCl3) δ ppm 2.5 (1C, C6), 20.5 (1C, COCH3), 20.6, 20.6 (2 x 2C, 

2 x COCH3), 20.7 (1C, COCH3), 21.2 (1C, C6’-COCH3), 61.8 (1C, C6’), 68.2 (1C, 

C5’), 68.6 (1C, C2), 69.1 (1C, C2’), 69.4 (1C, C3’), 69.7 (1C, C5), 70.0 (1C, C4’), 

70.2 (1C, C3), 72.3 (1C, C4), 91.6 (1C, C1), 92.1 (1C, C1’), 169.5, 169.6, 169.6, 

169.9, 169.9, 170.6 (7C, 7 x C=O); FT-IR (ATR) υ 1753 (C=O); HRMS (ES+) m/z 

769.0816 [M + Na]+ (required 769.0816). 
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4.43. 6-deoxythio(triethylglycol-6-dexoxyazido)-2,2’,3,3’,4,4’,6’-

acetyl-D-trehalose 

To a solution of 4.42 (250mg, 1.31mmol, 1eq) in anhydrous THF 

(7ml) was added NaH (60% dispersion in mineral oil, 52mg, 

1.31mmol, 1eq). The reaction mixture was stirred at room 

temperature for 15 minutes, until the production of hydrogen had ceased. The solution 

was then added to 4.31 (980mg, 1.31mmol, 1eq) and the reaction mixture was 

irradiated in a microwave cavity at 80°C with a stream of cooling nitrogen at a 

maximum power of 300W for 40 minutes, after which TLC (2 ethyl : 1 petrol) 

showed the complete consumption of starting materials. The reaction mixture was 

quenched with glacial acetic acid (100μl) and the solvent removed in vacuo. The 

product was isolated by automated silica gel chromatography (50% ethyl acetate in 

petrol to 100% ethyl acetate over 10 column volumes) to give the desired compound 

as an amorphous white solid (386mg, 36%).  

Rf 0.35 (2 ethyl acetate : 1 petrol), [α]D
25 +113.0 (c = 0.71, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 2.03, 2.03, 2.05, 2.06, 2.08, 2.09 (6 x 3H, 6 x s, 6 x OAc), 

2.14 (3H, s, C6’-OAc), 2.65-2.68 (2H, m, H6a, H6b), 2.72 (1H, dt, JH7a-H7b 13.6Hz, 2 

x JH7b-H8 6.6Hz, H7b), 2.79 (1H, dt, JH7a-H7b 13.6Hz, 2 x JH7a-H8 6.6Hz, H7a), 3.40 (2H, 

t, JH11-H12 5.0Hz, H12), 3.60-3.66 (6H, m, H8, H9, H10), 3.68 (2H, t, JH11-H12 5.0Hz, 

H11), 4.02 (1H, dd, JH6’a-H6’b 12.9Hz, JH5’-H6’b 1.9Hz, H6’b), 4.02-4.07 (2H, m, H5, 

H5’), 4.22 (1H, dd, JH6’a-H6’b 12.6Hz, JH5-H6’b 6.0Hz, H6’b), 4.99 (1H, t, JH3-H4 9.5Hz, 

JH4-H5 9.5Hz, H4), 5.02 (1H, dd, JH2-H3 10.4Hz, JH1-H2 3.8Hz, H2), 5.04 (1H, t, JH3’-H4’ 

10.1Hz, JH4’-H5’ 10.1Hz, H4’), 5.13 (1H, dd, JH2’-H3’ 10.4Hz, JH1’-H2’ 3.8Hz, H2’), 5.29 

(1H, d, JH1-H2 3.8Hz, H1), 5.29 (1H, d, JH1’-H2’ 3.8Hz, H1’), 5.47 (1H, dd, JH2-H3 

10.1Hz, JH3-H4 9.1Hz, H3), 5.49 (1H, dd, JH2’-H3’ 10.2Hz, JH3’-H4’ 9.3Hz, H3’); 13C 

NMR (126MHz, CDCl3) δ ppm 20.6 (1C, COCH3), 20.6 (2C, 2 x COCH3), 20.6, 20.7, 

20.7 (3 x 1C, 3 x COCH3), 21.0 (1C, C6’-COCH3), 32.8 (1C, C7), 33.3 (1C, C6), 50.6 

(1C, C12), 61.8 (1C, C6’), 68.2 (1C, C5’), 68.6 (1C, C4’), 69.3 (1C, C2’), 69.9 (1C, 

C2), 70.0 (1C, C4), 70.1 (1C, C3 or C3’), 70.1 (1C, C3 or C3’), 70.4 (1C, C11), 70.6, 

71.0, 71.3 (3 x 1C, C8, C9, C10), 71.6 (1C, C5), 91.7 (1C, C1 or C1’), 92.1 (1C, C1 

or C1’), 169.5, 169.6, 169.7, 169.7, 169.9, 169.9, 170.6 (7 x 1C, 7 x C=O); FT-IR 

(ATR) υ 1751 (C=O), 2110 (N3); HRMS (ES+) m/z 832.2421 [M + Na]+ (required 

832.2421). 
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4.44. 6-deoxythio(triethylglycol-6-dexoxyazido)-D-trehalose 

To a solution of 4.43 (380mg, 0.47mmol, 1eq) in anhydrous 

methanol (20ml) was added NaOMe (25mg, 0.47mmol, 1eq). The 

reaction mixture was stirred at room temperature for 15 hours, after 

which TLC (1 water : 3 isopropanol : 8 ethyl acetate) showed the 

presence of only one product. The reaction was quenched with Dowex 50WX8 (H+ 

form) until neutral and the mixture filtered and washed with methanol. The reaction 

mixture was concentrated under reduced pressure to ~20ml. 5% Pd/C (100mg, 

0.05mmol, 0.1eq) was added and the reaction vessel was repeatedly degassed under 

vacuum and charged with hydrogen. The reaction was vigorously stirred under an 

atmosphere of hydrogen for 3 hours, after which TLC (1 water : 3 isopropanol : 8 

ethyl acetate) showed complete consumption of the intermediate. The reaction 

mixture was filtered through Celite® and the solvent removed in vacuo. The product 

was dissolved in water and lyophilized to give the target compound as an amorphous 

white solid (220mg, 96%). 

Rf 0.5 (1 NH4OH : 3 H2O : 5 EtOH), [α]D
25 +104.0 (c = 0.5, H2O); 1H NMR 

(500MHz, D2O) δ ppm 2.67 (1H, dd, JH6a-H6b 14.2Hz, JH5-H6b 8.2Hz, H6b), 2.78 (2H, t, 

JH7-H8 6.3Hz, H7), 3.01 (1H, dd, JH6a-H6b 14.2Hz, JH5-H6a 2.2 Hz, H6a), 3.14 (1H, t, 

JH10-H11 5.0Hz, H11), 3.31 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.36 (1H, t, JH3’-H4’ 

9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.55 (1H, dd, JH2-H3 10.1Hz, JH1-H2 4.1Hz, H2), 3.58 (1H, 

dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.8Hz, H2’), 3.63-3.70 (9H, m, H6’b, H8, H9, H10, H11), 

3.74 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 3.75 (1H, t, JH2’-H3’ 9.5Hz, JH3’-H4’ 9.5Hz, 

H3’), 3.73-3.85 (1H, m, H5’), 3.78 (1H, dd, JH6’a-H6’b 12.0Hz, JH5’-H6’a 2.2Hz, H6a’), 

3.85 (1H, ddd, JH4-H5 9.5Hz, JH5-H6b 8.2Hz, JH5-H6a 2.2Hz, H5), 5.09 (1H, d, JH1-H2 

3.8Hz, H1), 5.14 (1H, d, JH1’-H2’ 3.8Hz, H1’); 13C NMR (126MHz, D2O) δ ppm 31.2 

(1C, C7), 32.8 (1C, C6), 39.1 (1C, C12), 60.5 (1C, C6’), 66.4 (1C, C11), 69.3, 69.4, 

69.5 (3 x 1C, C8, C9, C10), 69.7 (1C, C4’), 71.0 (2C, C2, C2’), 71.1 (1C, C5), 72.2 

(1C, C5’), 72.4 (1C, C4), 72.6 (2C, C3, C3’), 93.0 (1C, C1), 93.3 (1C, C1’); FT-IR 

(ATR) υ 2881 (NH2 bend overtone), 3299 (OH); HRMS (ES+) m/z 490.1941 [M + 

H]+ (required 490.1953). 
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General resin coupling reaction 

Compounds 4.39 and 4.44 were coupled to N-hydro succinimide activated 

Sepharose®, pre-packed in a 5ml HiTrap® column (GE Healthcare). All steps were 

performed at room temperature. The column was eluted with 1mM HCl (10ml) at 1 

ml/min. Compounds 4.39 and 4.44 (0.055mmol) were dissolved in 0.2M NaHCO3 at 

pH 8.3 and eluted through the column at 0.5 ml/min. The effluent was cycled back 

and forth through the column at 0.5ml for 2 hours after which the column was 

pumped with 0.2M NaHCO3 (15ml) and the total effluent was retained. The column 

was then washed with 0.5M ethanolamine at pH 8.3 at 5 ml/min (30ml); 0.1M acetate 

at pH 4 at 5 ml/min (30ml); and 0.5M ethanolamine at pH 8.3 at 5 ml/min (30ml). The 

column was capped and maintained at room temperature for 30 minutes, after which 

the column was eluted with 0.1M acetate at pH 4 at 5 ml/min (30ml); 0.5M 

ethanolamine at pH 8.3 at 5 ml/min (30ml); and 0.1M acetate at pH 4 at 5 ml/min 

(30ml). The column was then washed with 0.05M Na2HPO4 with 0.01% NaN3 at pH 

7, and stored at 4°C until use. Coupling efficiency was determined by measuring A220 

of the effluent from the column containing NHS and comparing to a standardised 

curve.  

4.11.4 Proteomics 

Proteomics experiments were conducted by the Proteomics Facility at the Dunn 

School of Pathology, University of Oxford, UK. Excised bands were destained, 

treated with DTT and digested by trypsin. Samples were injected through a Dionex 

nano-HPLC system running a C18 column, which was coupled to a LTQ-Orbitrap 

mass spectrometer. Peptide mass data was compared against the genomes of A. 

thaliana, B. oleracea and other green plants using the Mascot search engine.21 

Successful protein hits were determined with the MOWSE scoring algorithm.22 

4.11.5 Studies on recombinant 14-3-3 

Expression of Omega isoform 

The A. thaliana 14-3-3 Omega isoform was prepared in E. Coli using the pET-15b 

expression vector by Dr Lucia Primavesi (Rothamsted Research). The protein was 

purified by Ni2+ affinity chromatography, dialysed into 50mM HEPES and 150mM 



198 

NaCl at pH 7.5. and concentrated to 12.5mg/ml. The samples were stored at -80°C 

until use.  

MGSSHHHHHH SSGLVPRGSH MASGREEFVY MAKLAEQAER YEEMVEFMEK VSAAVDGDEL 60   
TVEERNLLSV AYKNVIGARR ASWRIISSIE QKEESRGNDD HVTAIREYRS KIETELSGIC 120  
DGILKLLDSR LIPAAASGDS KVFYLKMKGD YHRYLAEFKT GQERKDAAEH TLAAYKSAQD 180  
IANAELAPTH PIRLGLALNF SVFYYEILNS PDRACNLAKQ AFDEAIAELD TLGEESYKDS 240  
TLIMQLLRDN LTLWTSDMQD DAADEIKEAA APKPTEEQQ                        279 

The His-tag extension was cleaved using a Thrombin cleavage kit (Novagen) by 

Lucia Primavesi (Rothamsted Research). The His-tagged protein solution (300μl, 

12.5mg/ml, 3.77mg) and thrombin (4.2μl, 0.9 units/μl, 3.8 units) were incubated in 

10x cleavage buffer (150μl) made up to a total volume of 1.50ml with deionised water 

(MilliQ®) for 24 hours at room temperature, after which SDS-PAGE gel showed the 

formation of a single product. A strptavidin-agarose slurry (122μl) was added to the 

mixture and rocked gently at room temperature for 45 minutes. The reaction mixture 

was passed through a spin filter by gentle centrifugation, as per manufacturer’s 

instructions. The flow though was collected and Ni2+-NTA agarose (160μl, Quigen, 

pre-equilibrated in 50mM HEPES and 150mM NaCl at pH 7.5) was added. The 

mixture was shaken at room temperature for 10 minutes and the resin subsequently 

removed by spin filtration. The protein solution was concentrated by centrifugal 

filtration through a 100kDa cut-off membrane (Vivaspin®) and the concentration 

determined a standardised BCA assay to be 10.6mg/ml. The protein was frozen in 

liquid nitrogen and stored at -80°C until use. 

GSHMASGREE FVYMAKLAEQ AERYEEMVEF MEKVSAAVDG DELTVEERNL LSVAYKNVIG 60   
ARRASWRIIS SIEQKEESRG NDDHVTAIRE YRSKIETELS GICDGILKLL DSRLIPAAAS 120  
GDSKVFYLKM KGDYHRYLAE FKTGQERKDA AEHTLAAYKS AQDIANAELA PTHPIRLGLA 180  
LNFSVFYYEI LNSPDRACNL AKQAFDEAIA ELDTLGEESY KDSTLIMQLL RDNLTLWTSD 240  
MQDDAADEIK EAAAPKPTEE QQ                                          262 

Isothermal titration calorimetry 

ITC experiments were performed on a MicroCal ITC200 using 250μl of protein 

solution. Ligand was injected every 120s. The initial injection was 1ul over 2s. All 

subsequent injections were 2ul over 4 seconds. Protein was used at between 0.01mM 

to 0.02mM in 50mM HEPES and 150mM NaCl at pH 7.5. The protein concentration 

was measured by BCA assay or using a Nanodrop spectrophotometer. Ligand was 

prepared in the same buffer at between 0.2mM to 1.0mM concentration. Protein was 

buffer exchanged into the same using a PD-10 or PD-G25 size exclusion column. 
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Experiments were performed at 35°C with stirring (1000rpm) using buffer as the 

reference cell. Data were analysed using Origin Pro. 

Circular dichroism  

CD data were recorded on a Chirascan CD spectrophotometer using a 400ul cuvette 

and a path length of 1.0mm. Protein was used in HEPES and 150mM NaCl at pH 7.5 

at a concentration of 0.2mg/ml. Experiments were performed with 390ul of protein 

solution and 10ul of ligand (or water for the control). Ligand was added so it was 5 or 

10 equivalent to the protein concentration. Denaturation experiments were performed 

by raising the temperature at 2°C per minute and monitoring at 210nm wavelength. 

STD NMR 

For NMR studies, the protein was buffer exchanged into deuterated 20mM sodium 

phosphate and 130mM Nacl buffer at pH* 7.5 using a PD MiniTrap G-25  size 

exclusion column (GE Healthcare). The column was pre-equilibrated with the said 

buffer for 30 minutes prior to use, and then used as per manufacturer’s instructions. 

The protein eluant was collected and its concentration determined using a NanoDrop 

ND-1000 spectrophotometer and theoretical extinction coefficients based on the 

protein sequence. The protein concentration was adjusted to 40μM and 0.5ml was 

used for the NMR experiments. To this solution was added Tre-6-P (0.844mg, 4.0mM 

final concentration) and the mixture stored at 4°C for 15 hours to allow complete 

deuterium exchange of all exchangeable protons.  

STD NMR experiments were performed by Dr Timothy Claridge (Oxford Univeristy) 

on a Bruker AVII 500 spectrometer equipped with a 5mm TXI probe. Acquisitions 

were performed using the standard STD pulse sequence with a shaped Q5 pulse train 

(50ms, 90°, saturation bandwidth of 120Hz, 4μs delay between pulses). The pulses 

were either off-resonance at 50ppm (where no NMR resonances of ligand or protein 

are present) or on-resonance at 0.82ppm (to saturate mostly Ile, Leu and Val methyl 

groups). Multiple scans were measured for each spectrum with a relaxation recovery 

time of 10 seconds to allow complete relaxation to thermal equilibrium. All 

experiments were performed on the same sample at either 288, 298 or 310K with a 

saturation time of either 2 or 5 seconds. 
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Mass spectrometric analysis of Tre-6-P degradation 

Analysis was performed on a Hichrom SiELC Primesep SM mixed mode anion 

exchange/C18 reverse phase column (150 x 4.6mm, 5μm) with an applied gradient 

from 0.5% formic acid in water to 1% formic acid in 3 water : 1 acetonitrile at a flow 

rate of 0.4ml/min. Eluants were fed directly into a Waters Quattro micro in negative 

mode either operating in scan mode over the mass range 150-450 (for determining 

reaction products) or in SIR mode centred at the monoisotopic masses of Tre-6-P, 

Glc-6-P or 2-deoxy-Glc-6-P with a detection width of 0.5Da and a dwell time of 1ms 

(for quantitative applications). The mass spectrometer was operated with a cone 

voltage of 35V, a source temperature of 100°C and desolvation temperature of 150°C. 

All chromatograms are shown after smoothing. 

Mass spectrometric analysis of protein cleavage 

HPLC separation was performed using a Phenomenex Jupiter C4 column (4.6 x 

250mm, 5µm) and a linear gradient of 5% acetonitrile in water to 100% acetonitrile 

(both solvents containing 0.1% formic acid) over 30 minutes at a flow rate of 

0.6ml/min, with an injection volume of 20µl of the protein mixture at ~1mg/ml. 

Eluant detection was performed using a Waters Micromass LCT (reflecton TOF) 

mass spectrometer operating in the positive ionisation mode with a cone voltage of 

30V. The mass spectrometer was calibrated against the myoglobin ion series. Raw 

mass spectra were deconvoluted using the MaxEnt algorithm in the MassLynx 

(Waters) software suite. 

 



201 

4.11.6 Microarray compounds 

4.46. 2,3,4,6-tetra-O-benzyl-1-C-octadecyl-α-D-glucopyranose  

The reaction was performed under standard Schlenk conditions using 

argon gas. To a suspension of magnesium turnings (2.0g, 84mmol, 

1.4eq) and iodine (~5mg, cat.) in anhydrous THF (10ml) was added 5ml of 1-bromo-

octadecane (20.1g, 60mmol, 1eq), pre-dissolved in THF (30ml). The reaction was 

initiated by gentle heating and was subsequently maintained under reflux by the 

dropwise addition of 1-bromo-octadecane. After addition was complete, the reaction 

mixture was allowed to cool to room temperature. The concentration of active 

Gringard was determined by titration against menthol, with 1,10-phenanthroline as 

indicator, to be 0.77M. The Grignard solution (3.0ml, 2.3mmol, 3.5eq) was added via 

syringe to a solution of 4.45 (0.36g, 0.66mmol, 1eq)†† in anhydrous THF (10ml) at -

78°C. The reaction was maintained at this temperature and after 3 hours TLC (2 petrol 

: 1ethyl acetate) showed the formation of a product, but with incomplete consumption 

of 4.45. Addition of excess Gringard failed to drive the reaction to completion. The 

reaction was quenched by addition of 1M NH4Cl (5ml). The solvent was removed in 

vacuo and the crude residue taken up in ethyl acetate (20ml) and washed with 

saturated NaHCO3 solution (20ml), brine (20ml), dried over MgSO4 and concentrated 

in vacuo. The product was purified by silica gel chromatography (5 petrol : 1 ethyl 

acetate) as a colourless oil (0.21g, 39%). 

Rf 0.8 (5 petrol : 1 ethyl acetate), [α]D
24 + 10.2 (c = 1.0, CHCl3); 1H NMR (500MHz 

CDCl3) δ ppm 0.89 (3H, t, JCH3-CH2 6.9Hz, CH3), 1.27 (32H, as, C16H32), 1.62-1.67 

(2H, m, CH2C16H33), 3.44 (1H, d, JH2-H3 9.1Hz, H2), 3.65 (1, t, JH3-H4 9.6Hz, JH4-H5 

9.6Hz, H4), 3.67 (1H, dd, JH6-H6’ 11.0Hz, JH5-H6’ 2.2Hz, H6’), 3.77 (1H, dd, JH6-H6’ 

11.0Hz, JH5-H6 3.8Hz, H6), 3.99 (1H, ddd, JH4-H5 10.3Hz, JH5-H6 3.8Hz, JH5-H6’ 2.0Hz, 

H5), 4.01 (1H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, H3), 4.56 (1H, d, 2J 11.9Hz, OCH2Ph1), 

4.62 (1H, d, 2J 11.0Hz, OCH2Ph2), 4.64 (1H, d, 2J 11.9 Hz, OCH2Ph1), 4.69 (1H, d, 2J 

11.3 Hz, OCH2Ph3), 4.84 (1H, d, 2J 11.0Hz, OCH2Ph2), 4.88 (1H, d, 2J 11.3Hz, 

OCH2Ph3), 4.93 (1H, d, 2J 11.1Hz, OCH2Ph4), 4.93 (1H, d, 2J 11.0Hz, OCH2Ph4), 

7.21-7.37 (20H, m, Ar-H); 13C NMR (126MHz CDCl3) δ ppm 14.1 (1C, CH3), 22.5, 

22.6, 29.3, 29.5, 29.6-29.7, 31.9, (16C, CH2C16H32CH3), 38.6 (1C, CH2C17H35), 68.8 

(1C, C6), 71.6 (1C, C5), 73.3, 74.8, 75.4, 75.6, (4 x OCH2Ph), 78.4 (1C, C4), 81.4 

(1C, C2), 83.8 (1C, C3), 98.9 (1C, C1), 127.5, 127.6, 127.7, 127.9 (4 x 1C, ArCpara), 
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127.6-128.3 (8C, m, ArCortho) 126.3-128.4 (8C, m, ArCmeta), 137.9, 138.2, 138.4, 

138.6 (4 x 1C, 4 x ArCipso); FT-IR (thin film) υ 2850 (C-H), 3032 br (OH); HRMS 

m/z (ES+) 815.5221 [M + Na]+ required 815.5227. 

4.48. 2,3,4,6-tetra-O-benzyl-1-C-octadecyl-α-D-glucopyranosyl-

2,3,4,6-O-acetyl-α-D-glucopyranoside 

To a solution of 4.46 (100mg, 0.35mmol, 1.5eq) and 4.47 (150mg, 

0.19mmol, 1eq) in anhydrous DCM (12ml) in the presence of 3Å 

molecular sieves at -40°C was added TMSOTf (5µl, 0.027mmol, 

0.14eq). After stirring for 30 minutes, TLC (4 petrol : 1 ethyl acetate) revealed 

complete consumption of starting material. The reaction was quenched by addition of 

NEt3 (1ml), filtered through Celite® and concentrated in vacuo. The crude residue was 

purified by silica gel chromatography (3 petrol : 1ethyl acetate) to afford the title 

compound as a colourless oil (132mg, 61%). 

Rf 0.2 (4 petrol : 1 ethyl acetate), [α]D
25 +34.7 (c = 1.0, CHCl3), 1H NMR (500MHz 

CDCl3) δ ppm 0.89 (3H, t, JCH3-CH2 6.9Hz, CH3), 1.26 (30H, as, (CH2)2C15H30CH3), 

1.51-1.62 (3H, m, CH2CH2C16H33), 1.83 (1H, at, JCH2-CH2 8.2 Hz, CH2C17H35), 1.98, 

2.01, 2.03, 2.05 (4 x 3H, 4 x s, 4 x COCH3), 3.53-3.65 (4H, m, H2, H4, H6a, H6b), 

3.83 (1H, dd, JH6’a-H6’b 12.5Hz, JH5’-H6’b 2.4Hz, H6’b), 3.90 (1H, ddd, JH4-H5 10.0Hz, 

JH5-H6a 4.3Hz, JH5-H6b 2.0Hz, H5), 4.10 (1H, dd, JH6’a-H6’b 12.8Hz, JH5’-H6’b 4.9Hz, 

H6’b), 4.14 (1H, t, JH2-H3 9.5Hz, JH3-H4 9.5Hz, H3), 4.36 (1H, ddd, JH4’-H5’ 10.3Hz, 

JH5’-H6’b 4.7Hz, JH5’-H6’a 2.4Hz, H5’), 4.49 (1H, d, 2J 12.0Hz, OCH2Ph1), 4.56 (1H, d, 
2J 12.3Hz, OCH2Ph1), 4.61 (2H, d, 2J 10.7Hz, 2 x OCH2Ph2), 4.86 (1H, d, 2J 11.3Hz, 

OCH2Ph3), 4.94 (1H, d, 2J 11.3Hz, OCH2Ph3), 4.96 (1H, d, 2J 11.0Hz, OCH2Ph4), 

4.99 (1H, d, 2J 11.3Hz, OCH2Ph4), 5.05 (1H, t, JH3’-H4’ 10.1Hz, JH4’-H5’ 10.1Hz, H4), 

5.05 (1H, dd, JH2’-H3’ 10.1Hz, JH1’-H2’ 3.5Hz, H2’), 5.38 (1H, d, JH1’-H2’ 3.8Hz, H1), 

5.58 (1H, t, JH2’-H3’ 9.6Hz, JH3’-H4’ 9.6Hz, H3’), 7.19-7.36 (20H, m, ArH); 13C NMR 

(126MHz CDCl3) δ ppm 14.1 (1C, CH3), 20.6, 22.6, 25.7, 29.3-29.7, 31.9, 32.8, (16C, 

CH2C16H32CH3), 34.2 (1C, CH2C17H35), 61.9 (1C, C6’), 67.1 (1C, C5’), 68.6 (1C, 

C4’), 68.6 (1C, C6), 70.4 (1C, C2’), 70.7 (1C, C3’), 72.2 (1C, C5), 73.3, 74.9, 74.9, 

75.5 (4 x 1C, 4 x OCH2Ph), 78.4 (1C, C4), 79.6 (1C, C2), 82.9 (1C, C3), 88.7 (1C, 

C1’), 103.6 (1C, C1), 127.4, 127.5, 127.7, 127.9 (4 x 2C, ArCortho), 127.5, 127.5, 

127.6, 127.8 (4 x 1C, ArCpara), 128.3, 128.3, 128.3, 128.4 (4 x 2C, ArCmeta), 138.3, 

138.3, 138.6,138.6 (4 x 1C, ArCipso), 169.7, 169.8, 170.2, 170.6 (4 x 1C, 4 x C=O); IR 
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(thin film): FT-IR (thin film) 1751 (C=O), 2955 (C-H), 3028 br (OH); HRMS m/z 

(ES+) [M + Na]+ peaks 1145.59 (100%), 2246.60 (74%), 1147.60 (29%), 1148.60 

(8%), 1149.60 (2%) required 1145.62 (100%), 1146.62 (73%), 1147.62 (29%), 

1148.63 (8%), 1149.63 (2%). 

4.49. 1-octadecyl-2,3,4,6-O-benzyl-D-trehalose 

Compound 4.48 (50mg, 0.045mmol, 1eq) and sodium methoxide 

(1.2mg, 22µmol, 0.5eq) were dissolved in methanol (5ml) and 

allowed to stir at room temperature. TLC (ethyl acetate) after 2 hours 

showed the complete consumption of starting material. The reaction mixture was 

opened to the atmosphere and quenched by the addition of dry ice until neutral (pH 

paper). The reaction mixture was concentrated in vacuo and the compound purified by 

silica gel chromatography (ethyl acetate) to give the desired compound as a colourless 

oil (35mg, 82%).  

Rf 0.25 (ethyl acetate), [α]D
21 +32.3 (c = 0.84, CHCl3); 1H NMR (500MHz, CDCl3) δ 

ppm 0.89 (3H, t, JCH2-CH3 6.9Hz, CH3), 1.25 (32H, br s, CH2C16H32CH3), 1.77 (1H, 

ddd, 2J 14.0Hz, JCHH-CHH 13.6Hz, JCHH-CHH 4.1Hz, CH2C17H35), 1.82 (1H, ddd, 2J 

14.4Hz, JCHH-CHH 13.4Hz, JCHH-CHH 4.4Hz, CH2C17H35), 3.46 (1H, dd, JH2-H3 9.6Hz, 

JH1-H2 3.0Hz, H2), 3.49 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.56 (1H, d, JH2’-H3’ 

9.1Hz, H2’), 3.57 (1H, m, H6b), 3.60 (1H, dd, JH6’a-H6’b 11.2Hz, JH5’-H6’b 4.3Hz, 

H6’b), 3.62 (1H, t, JH2’-H3’ 9.6Hz, JH3’-H4’ 9.6Hz, H3’), 3.68 (1H, dd, JH6a-H6b 11.4Hz, 

JH5-H6a 3.2Hz, H6a), 3.69 (1H, dd, JH6’a-H6’b 11.4Hz, JH5’-H6’a 4.1Hz, H6’a), 3.90 (1H, 

dt, JH4’-H5’ 9.8Hz, JH5’-H6’a 3.7Hz, JH5’-H6’b 3.7Hz, H5’), 3.94 (1H, t, JH2-H3 9.3Hz, JH3-H4 

9.3Hz, H3), 4.10 (1H, t, JH3’-H4’ 9.3Hz, JH4’-H5’ 9.3Hz, H4’), 4.25 (1H, add, JH4-H5 

9.5Hz, JH5-H6b 1.6Hz, H5), 4.45 (1H, d, 2J 12.0Hz, OCH2Ph1), 4.57 (1H, d, 2J 12.3Hz, 

OCH2Ph1), 4.60 (1H, d, 2J 5.4Hz, OCH2Ph2), 4.62 (1H, d, 2J 5.7Hz, OCH2Ph2), 4.80 

(1H, d, 2J 11.0Hz, OCH2Ph3), 4.87 (2H, s, OCH2Ph4), 4.90 (1H, d, 2J 11.3Hz, 

OCH2Ph3), 5.19 (1H, d, JH1-H2 3.5Hz, H1), 7.14-7.39 (20H, m, ArH); 13C NMR 

(126MHz, CDCl3) δ ppm 14.1 (1C, CH3) 22.7, 24.5, 29.3, 296-29.7, 30.0, 31.9 (16C, 

m, C16H32), 34.6 (1C, CH2C17H35), 61.8 (1C, C6), 68.8 (1C, C6'), 70.4 (1C, C4), 71.2 

(1C, C5), 71.2 (1C, C5'), 72.4 (1C, C2), 73.1 (1C, OCH2Ph1), 73.8 (1C, C3), 75.1 (1C, 

OCH2Ph3), 75.2 (1C, OCH2Ph2), 75.1 (1C, OCH2Ph4), 78.6 (1C, C3'), 80.2 (1C, C2'), 

82.9 (1C, C4'), 91.3 (1C, C1), 102.9 (1C, C1'), 127.4, 127.6, 127.9 (8C, ArCortho), 

127.4, 127.5, 127.7, 127.8 (4 x 1C, ArCpara), 128.3, 128.4 (2 x 4C, ArCmeta), 137.9, 
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138.3, 138.5, 138.8 (4 x 1C, 4 x ArCipso); FT-IR (thin film) υ 2852, 2924 (C-H), 3385 

br, 3583 (OH); HRMS (ES+) m/z 977.5747 [M + Na]+ (required 977.5749). 

4.50. 1-octadecyl-2,3,4,6-O-benzyl-D-trehalose 

A suspension of 4.49 (17mg, 0.018mmol, 1eq), 10% Pd/C (1mg, 

0.009mmol, 0.1eq) and Brockman Grade I Alumina (5mg, as a buffer 

to ensure basic conditions) in methanol (1ml) was repeatedly 

degassed under high vacuum and the reaction vessel charged with 

hydrogen. The mixture was stirred under an atmospheric pressure of hydrogen for 6 

days, after which TLC (1 water : 4 isopropanol : 4 ethyl acetate) showed complete 

consumption of starting material and the formation of a single product. The reaction 

mixture was filtered through Celite® and the solvent removed in vacuo to yield the 

desired compound as a white amorphous solid (10.1mg, 96%).  

Rf 0.57 (1 water : 4 isopropanol : 4 ethyl acetate); [α]D
25 + 38.4 (c = 0.51, MeOH); 1H 

NMR (500MHz, MeOD) δ ppm 0.92 (3H, t, JCH2-CH3 6.9Hz, CH3), 1.31 (32H, as, 

CH2C16H32CH3) 1.91-2.02 (2H, m, CH2C17H35), 3.23 (1H, t, JH3-H4 9.6Hz, JH4-H5 

9.6Hz, H4), 3.38 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.41 (1H, d, JH2-H3 9.8Hz, 

H2), 3.47 (1H, dd, JH2’-H3’ 9.2Hz, JH1’-H2’ 3.6Hz, H2’), 3.66 (1H, dd, JH6a-H6b 11.8Hz, 

JH5-H6b 5.8Hz, H6b), 3.74 (2H, m, H6’a, H6’b), 3.81 (1H, m, JH5-H6a 2.2Hz, H6a), 3.83 

(1H, m, H5’), 3.83 (1H, JH2’-H3’ 9.1Hz, JH3’-H4’ 9.1Hz, H3’), 3.84 (1H, JH2-H3 9.8Hz, 

JH3-H4 9.8Hz, H3), 4.15 (1H, ddd, JH4-H5 9.9Hz, JH5-H6b 5.8Hz, JH5-H6a 2.2Hz, H5), 5.27 

(1H, d, JH1-H2 3.8Hz, H1); 13C NMR (126MHz, MeOD) δ ppm 14.5 (1C, CH3), 23.8, 

25.3, 30.5, 30.8, 31.3, 33.1 (16C, CH2C16H32CH3), 36.3 (1C, CH2C17H35), 62.5 (1C, 

C6’), 63.1 (1C, C6), 72.1 (1C, C4’), 72.3 (1C, C4), 73.5 (1C, C5’), 73.8 (1C, C2’), 

73.9 (1C, C2), 73.9 (1C, C5), 74.6 (1C, C3), 75.0 (1C, C3’), 92.8 (1C, C1); FT-IR 

(KBr disc) υ 2945 (C-H), 3398 br (OH); HRMS m/z (ES-) 593.3913 [M – H]- required 

593.3906. 

4.51. 1-octadecyl-2,3,4,6-O-benzyl-6’-diphenylphosphoryl-D-

trehalose 

The reaction was performed under Schlenk conditions using Argon 

gas. To a solution of 4.49 (50mg, 0.052mmol, 1eq) in anhydrous 

DCM (1ml) and anhydrous pyridine (1ml) was added diphenyl 

chlorophosphate (10.9μl, 0.052mmol, 1eq). The reaction was monitiored by TLC 
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(ethyl acetate) and  the addition of excess diphenyl chlorophosphate (10eq in total) 

and DMAP (0.6mg, 0.005mmol, 0.1eq) was required to force the reaction to 

completion. TLC after stirring for 64 hours showed complete consumption of starting 

material and the reaction was quenched by addition of water (20ml). The reaction 

mixture was extracted with ethyl acetate (3 x 20ml) and the combined organics 

washed with 1M HCl (2 x 25ml), 0.25M CuSO4 (25ml), water (25ml), brine (2 x 

25ml), dried over MgSO4 and the solvents removed in vacuo. The compound was 

purified by automated silica gel chromatography (1 petrol : 2 ethyl acetate) to give the 

desired compound as a colourless oil (32mg, 52%). 

Rf 0.13 (1 petrol : 2 ethyl acetate), [α]D
18 +31.1 (c = 0.48, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 0.89 (3H, t, JCH2-CH3 6.9Hz, CH3), 1.14 - 1.35 (32H, m, C16H32), 1.82 

(1H, m, JCH2-CH2 4.4Hz, CH2C17H35), 1.87 (1H, m, JCH2-CH2 4.7Hz, CH2C17H35), 3.29 

(1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, H4’), 3.39 (1H, dd, JH2’-H3’ 9.6Hz, JH1’-H2’ 3.6Hz, 

H2’), 3.57 (1H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, H3), 3.62 (1H, t, JH3-H4 9.5Hz, JH4-H5 

9.5Hz, H4), 3.64 (1H, m, H6b), 3.72 (1H, dd, JH6a-H6b 11.2Hz, JH5-H6a 4.1Hz, H6a), 

3.89 (1H, t, JH2’-H3’ 9.3Hz, JH3’-H4’ 9.3Hz, H3’), 3.98 - 4.07 (2H, m, H5’, H6’b), 4.03 

(1H, d, JH2-H3 9.5Hz, H2), 4.28 (1H, ddd, JH4-H5 10.1Hz, JH5-H6a 4.3Hz, JH5-H6b 1.9Hz, 

H5), 4.40 (1H, ddd, JH6’a-H6’b 12.1Hz, JH6’a-31P 9.0Hz, JH5’-H6’a 2.8Hz, H6’a), 4.50 (1H, 

d, 2J 12.3Hz, OCH2Ph1), 4.57 (1H, d, 2J 11.3Hz, OCH2Ph2), 4.61 (1H, d, 2J 12.3Hz, 

OCH2Ph1), 4.62 (1H, d, 2J 10.7Hz, OCH2Ph3), 4.83 (1H, d, 2J 11.0Hz, OCH2Ph3), 

4.86 (1H, d, 2J 11.0Hz, OCH2Ph4), 4.90 (1H, d, 2J 11.0Hz, OCH2Ph4), 4.92 (1H, d, 2J 

11.0Hz, OCH2Ph2), 5.24 (1H, d, JH1’-H2’ 3.8Hz, H1’), 7.19 - 7.40 (30H, m, ArH); 13C 

NMR (126MHz, CDCl3) δ ppm 14.1 (1C, C17H34CH3), 22.7, 29.3, 29.6, 30.0, 34.1 

(16C, m, CH2C16H32CH3), 31.9 (1C, CH2C17H34), 67.5 (1C, d, JC-31P 5.7Hz, C6’), 68.9 

(1C, C6), 69.2 (1C, C4’), 70.4 (1C, d, JC-31P 4.8Hz, C5’), 71.4 (1C, C5), 72.4 (1C, 

C2’), 73.0 (1C, OCH2Ph1), 73.2 (1C, C3’), 75.0 (1C, OCH2Ph3), 75.0 (1C, OCH2Ph2), 

75.4 (1C, OCH2Ph4), 78.5 (1C, C4), 80.1 (1C, C3), 83.1 (1C, C2), 91.0 (1C, C1’), 

103.0 (1C, C1), 120.0 (1C, d, JC-31P 4.8Hz, P-OPh ArCortho), 120.3 (1C, d, JC-31P 

3.8Hz, P-OPh ArCortho), 125.6 (1C, P-OPh ArCpara), 125.8 (1C, P-OPh ArCpara), 127.4, 

127.6, 127.8, 128.0, (4 x 2C, OBn ArCortho), 127.5, 127.7 (4C, OBn ArCpara), 128.3, 

128.3, 128.4, 128.4 (4 x 2C, OBn ArCmeta), 129.8, 129.9 (2 x 2C, P-OPh ArCmeta), 

138.1, 138.5, 138.6, 138.6 (4 x 1C, OBn ArCipso), 150.2 (1C, d, JC-31P 6.7Hz, P-OPh 

ArCipso), 150.4 (1C, d, JC-31P 7.6Hz, P-OPh ArCipso); 31P{1H} NMR (162 MHz, 
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CDCl3) δ ppm -9.53 (1P, P(O)(OPh)2); FT-IR (thin film) υ 1190 (P=O), 2922 (C-H), 

3297 br (OH); HRMS m/z (ES+) [M + Na]+ peaks 1209.60 (100%), 1210.61 (75%), 

1211.61 (30%), 1212.61 (8%), required 1209.60 (100%), 1210.61 (77%), 1211.61 

(32%), 1212.61 (9%). 

4.52. 1-octadecyl-6’-diphenylphosphoryl-D-trehalose 

Compound 4.51 was reduced using flow hydrogenation (Thales Nano 

H-Cube®) with 70 Bar hydrogen pressure and methanol as the solvent 

at a flow rate of 1.0ml/min over Pd/C (30mm CatCart®)  at 25°C. The 

reagent was continually cycled over the catalyst for 60 minutes after 

which TLC (1 water : 3 isopropanol : 14 ethyl acetate) showed  complete 

consumption of starting materials and the formation of a single product. The solvent 

was removed in vacuo give the title compound as a colourless oil (19mg, 90%). 

Rf 0.17 (1 water : 3 isopropanol : 14 ethyl acetate), [α]D
21 +51.0 (c = 0.2, MeOH); 1H 

NMR (500MHz, MeOD) δ ppm 0.92 (3H, t, JCH3-CH2 6.9Hz, C17H34CH3), 1.31 (32H, 

br. s, CH2C16H32CH3), 1.92 (1H, td, 2J 12.4Hz, JCHH-CHH 12.4Hz, JCHH-CHH 3.8Hz, 

CH2C16H33), 2.04 (1H, td, 2J 13.0Hz, JCHH-CHH 13.0Hz, JCHH-CHH 4.9Hz, CH2C16H33), 

3.23 (1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.33 (1H, t, JH3’-H4’ 9.5Hz, JH4’-H5’ 9.5Hz, 

H4’), 3.41 (1H, d, JH2-H3 9.5Hz, H2), 3.45 (1H, dd, JH2’-H3’ 9.8Hz, JH1’-H2’ 3.5Hz, H2’), 

3.66 (1H, dd, JH6a-H6b 11.8Hz, JH5-H6b 5.8Hz, H6b), 3.82 (1H, dd, JH6a-H6b 11.4Hz, JH5-

H6a 2.2Hz, H6a), 3.85 (2H, t, JH2-H3 9.1Hz, JH3-H4 9.1Hz, H3, H3’), 4.13 (1H, ddd, JH4’-

H5’ 9.8Hz, JH5’-H6’b 5.4Hz, JH5’-H6’a 1.6Hz, H5’), 4.16 (1H, ddd, JH4-H5 9.8Hz, JH5-H6b 

5.8Hz, JH5-H6a 2.0Hz, H5), 4.42 (1H, ddd, JH6’a-H6’b 10.9Hz, JH-31P 6.1Hz, JH5’-H6’b 

6.0Hz, H6’b), 4.54 (1H, ddd, JH6’a-H6’b 10.9Hz, JH-31P 5.8Hz, JH5’-H6’a 1.7Hz, H6’a), 

5.27 (1H, d, JH1-H2 3.8Hz, H1’), 7.26 (6H, m, ArHortho, ArHpara), 7.42 (4H, t, Jortho-meta 

7.9Hz, Jmeta-para 7.9Hz, ArHmeta); 13C NMR (126MHz, MeOD) δ ppm 14.5 (1C, CH3), 

23.8, 25.4, 30.5, 30.7, 30.8, 30.9, 31.3, 33.1 (16C, m, CH2C16H32CH3), 36.4 (1C, 

CH2C17H35), 63.1 (1C, C6), 70.1 (1C, d, JC-31P 5.7Hz, C6’), 71.8 (1C, C4’), 72.0 (1C, 

d, JC-31P 7.6Hz, C5’), 72.3 (1C, C4), 73.6 (1C, C2’), 73.8 (1C, C2), 74.0 (1C, C5), 

74.4 (1C, C3’), 75.0 (1C, C3), 92.8 (1C, C1’), 104.2 (1C, C1), 121.3 (2C, d, JC-31P 

4.8Hz, ArCortho), 126.8 (1C, ArCpara), 131.1 (1C, ArCmeta), 151.8 (1C, d, JC-31P 7.6Hz, 

ArCipso); FT-IR (KBr disc) υ 1201 (P=O), 2900 (C-H), 3337 br (OH); HRMS (ES+) 

m/z 849.4140 [M + Na]+ (required 849.4161). 
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4.53. 1-octadecyl-6’-diphenylphosphoryl-D-trehalose 

A suspension of 4.52 (12mg, 15µmol, 1eq) and PtO2 (0.4mg, 1.5µmol, 

0.1eq) in methanol (5ml) with glacial acetic acid (25µl) was 

repeatedly deassed under vacuum and charged with hydrogen. The 

reaction mixture was stirred vigorously at room temperature. After 5 

hours, TLC (1 water : 3 isopropanol : 14 ethyl acetate) showed complete consumption 

of the starting material. The reaction mixture was filtered through Celite®, which was 

subsequently washed with water. The solvents were removed in vacuo. The 

compound was purified by HPLC using a Pehnomenex Synergi Hydro C18 column 

(21.2 x 100mm, 4µm) and 3 water : 7 acetonitrile as the mobile phase at flow rate of 

23ml/min , with ELS detection of eluants. Lyophilization yielded the desired 

compound as an amorphous white solid (9.5mg, 98%). 

 
Rf 0.5 (5 ethanol : 3 NH4OH : 1 water), [α]D

20 +35.7 (c = 0.23, H2O); 1H NMR 

(500MHz, D2O + 2% MeOD) δ ppm 0.74 (3H, br. s, CH3), 1.15 (34H, br. s, C17H34), 

3.12 (1H, t, JH3-H4 8.5Hz, JH4-H5 8.5Hz, H4), 3.36 (1H, t, JH2-H3 10.1Hz, JH3-H4 10.1Hz, 

H3), 3.36 (1H, m, H2), 3.41 (1H, dd, JH2’-H3’ 9.7Hz, JH1’-H2’ 3.8Hz, H2’), 3.43 (1H, m, 

H4’), 3.44 (1H, add, JH5-H6b 7.2Hz, JH5-H6a 2.8Hz, H5), 3.58 (1H, t, JH2’-H3’ 9.6Hz, JH3’-

H4’ 9.6Hz, H3’), 3.80 (1H, ad, JH4’-H5’ 10.3Hz, H5’), 3.90 (1H, dd, JH6a-H6b 11.9Hz, JH5-

H6b 6.0Hz, H6b), 3.92-3.97 (2H, m, H6’b, H6a), 4.00 (1H, ddd, JH6’a-H6’b 11.7Hz, JH-
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31P 5.4Hz, JH5’-H6’a 1.6Hz, H6’a), 5.08 (1H, d, JH1’-H2’ 3.8Hz, H1’); 13C NMR 

(126MHz, D2O + 2% MeOD) δ ppm 13.9 (1C, CH3), 22.6, 29.4-30.8, 32.0 (17C, 

C17H34CH3), 64.0 (1C, d, JC-31P 9.5Hz, C6’), 64.0 (1C, C6), 69.0 (1C, C5), 69.1 (1C, 

C3), 70.4 (1C, d, JC-31P 7.6Hz, C5’), 71.4 (1C, C2’), 72.5 (1C, C3’), 74.0 (1C, C4), 

74.7 (1C, d, JC-31P 8.6Hz, C4’), 75.4 (1C, C2), 92.1 (1C, C1’), 95.9 (1C, C1); FT-IR 

(KBr disc) 1196 (P=O), 3298 br (OH); HRMS (ES-) m/z 673.3569 [M - H]- (required 

673.3570). 
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Chapter V - Sulfate binding to the mannose receptor 

5.1 Introduction 

Multivalency is a common strategy that nature employs for the binding of 

carbohydrates to lectins.1 The mannose receptor (MR) is a particularly interesting 

example of this, where polyvalent interactions are used not only to improve binding 

affinities, but to also control the selectivity between the many possible ligands for the 

receptor (section 1.3, page 11).2-5  

The binding of oligosaccharides terminating with mannose, fucose, N-acetyl 

glucosamine and glucose to the carbohydrate recognition domains (CRDs) of the MR 

is fairly well understood.3,6,7 The co-operative action of CRDs 4 and 5, which are 

almost exclusively responsible for the binding of these carbohydrate ligands,8,9 

permits divalent interactions resulting in strong binding. Sulfated carbohydrates can 

interact with a binding site at the terminal cysteine-rich region (CRR) of the MR, but 

such singular interactions are too weak to be biologically significant.2,4 However, 

receptor dimerization brings together two CRRs, allowing for divalent interactions 

that enhance binding affinity and selectivity for proteins bearing terminal sulfated 

carbohydrates.2,4 Several sulfated carbohydrate binding partners for the MR have been 

documented, but the biological implications of these interactions are poorly 

understood.10-12 However, there is a growing body of evidence to support the 

involvement of the CRR in the adaptive immune response through sulfate mediated 

trafficking of various components of the lymphatic system.4,10  

To better understand these biological roles, it is vital to have a clear awareness of the 

expression and post-translational modification patterns of the MR which are known to 

vary hugely between different cell types. Specifically, the factors responsible for 

receptor dimerization, upon which sulfate binding is critically dependent, need to be  

fully understood. Current methods to probe the extent of dimerization are rather 

archaic relying on covalent cross-linking,13 receptor isolation and purification,2 or 

density gradient centrifugation.9 There is evidence to suggest that MR dimers are held 

together with weak, non-covalent interactions and that dimerization is likely to be 

reversible.13 Hence, it is not surprising that these harsh methods have produced widely 
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differing results for the extent of dimerization. A method with minimal perturbation 

of the native cellular environment is needed for more accurate and reliable studies. 

Fluorescence microscopy is an excellent method for studying live cells.14 The high 

sensitivity and spatial and temporal resolution allows accurate monitoring of sub-

cellular events in real time,15 and with modern equipment, single molecule sensitivity 

can be attained giving unprecedented levels of insight into biological systems.16 

Importantly, cells extracted from live sources can be probed ex vivo with minimal 

disruption of the natural environment.  

Förster resonance energy transfer (FRET) is a specialized application of fluorescence 

microscopy, where energy is transferred between appropriately chosen fluorophores 

resulting in an increase in fluorescence intensity for the acceptor and a concomitant 

decrease for the donor.17 As a non-radiative energy transfer mechanism that results 

from dipolar coupling between the two fluorophores, the phenomenon is intrinsically 

short-ranged and rapidly falls off as the sixth power of inter-fluorophore distance. As 

such, the detection of short-ranged interactions that would normally be below the 

resolution of traditional fluorescence microscopy is possible. The method is now 

commonly used in biochemistry to probe the interactions of proteins on a sub 10nm 

scale.17-19 FRET microscopy could be a useful technique for the study of MR 

dimerization where two monomers are brought within close proximity of each other.  

The labelling of membrane proteins is often accomplished with immunofluorescence 

techniques, where the high antigen specificity of fluorescently labelled antibodies is 

exploited to strongly tether to proteins of interest.19 However, such methods also have 

drawbacks such as non-stoichiometric concentrations of fluorophores making 

quantification difficult, lower FRET resolution due to the large size of the antibodies, 

and high costs.20 For membrane receptors, an alternative is to use the binding ligand 

itself as a scaffold for fluorophore attachment.18,21,22 In this way, a much smaller 

probe can be created that has a very specific binding site on the receptor and ensures a 

1 : 1 stoichiometry between the fluorophore and the receptor. For the MR, different 

FRET systems can be envisaged based on the divalent binding of ligands at the CRR 

and the CRDs (Figure 5.1). Simultaneous use of both acceptor-labelled and donor-

labelled ligands results in FRET pair creation through 50% statistically coincidental 

binding of acceptor and donor dyes at adjacent sites.  
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Figure 5.1. Key: CRR (red), fibronectin domain (orange), core CRDs (blue), inactive or weakly active 
CRDs (green). Left: A system to probe dimerization based on the binding of sulfated carbohydrates at 

the CRR. A FRET signal is only possible for the dimer. Right: A system to probe the total amount of MR 
present based on carbohydrate binding to the CRDs. A FRET signal is produced for both monomer and 
dimer. The combined results would reveal the amount of monomer and dimer present at the cell surface. 

In such a scheme, dimerization could be surveyed with CRR specific, sulfated FRET 

probes. Since the MR contains only one CRR binding domain,2-5 sulfated ligands 

would only be able to form a FRET pair on the dimer. In this way, the sulfate FRET 

signal would provide a direct measurement for MR dimerization at the cell surface.  

In contrast, each MR contains two active CRDs that allow divalent binding even for 

the monomer. Recent evidence suggests that carbohydrate binding to the CRDs 

remains possible even after dimerization,13,23 and so a FRET signal would be expected 

for each individual CRD pair.  Thus, the carbohydrate FRET signal would provide 

data on the total levels of MR presentation. Experimentally measuring these FRET 

signals would be very difficult, but if conditions could be found, ,the amounts of MR 

monomer and dimer could potentially be evaluated from the CRR and CRD specific 

probes. 

In this chapter, we present some preliminary investigations on probing the MR with 

fluorescent microscopy. The synthesis of a mannose disaccharide is presented as a 

probe specific for the CRDs and our investigations into the synthesis of a GalNAc-4-

SO4 probe for the CRR are discussed. A cultured rat macrophage cell line is used to 

determine whether FRET experiments on live cells would be a feasible method for 
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determining MR dimerization.  Finally, we consider further experiments that would 

be required to draw firmer conclusions from these early inverstigations. 

5.2 Synthesis of the mannose probe 

Mannose-based oligosaccharides are recognised by the CRDs of the MR. Hence, the 

1→2 α mannose disaccharide motif that is widespread in nature was chosen as the 

ligand for the CRD probes. A C5 spacer with a terminal amine group was chosen as a 

versatile chemical handle for attachment to fluorophores and fluorescent proteins. We 

envisaged that this CRD probe 5.1 could be efficiently synthesized from the 

precursors 5.2 and 5.3 (Scheme 5.1). The monosaccharide 5.2 was synthesised by 

glycosylation of 5.4 with thiophenol in an excellent 80% yield, while azido transfer 

from triflic azide to 5.5 smoothly furnished the protected linker 5.3 in 74% yield.  

 
Scheme 5.1. Retrosynthetic analysis for the synthesis of the CRD probe. Synthesis of the 

precursors, conditions: (i) PhSH, DCM, BF3·OEt2, RT; (ii) NaN3, Tf2O, CuSO4, NEt3, H2O, RT. 

Within our research group, a polyglycosylation has been developed that permits the 

synthesis of 1→2 α polymannosides directly from 5.2 and alcohols such as 5.3.24 It is 

hypothesized that this reaction, which uses N-iodosuccinimide and triflic acid as the 

activator, proceeds via the orthoester between the 1 and 2 positions and the alcohol. 

Further attack at the anomeric centre can result in deprotection of the 2 position, from 

which further glycosylation can occur. These optimized conditions were applied to 

5.2 and 5.3, which gave the monosaccharide 5.6 in 4% yield and the desired 

compound 5.7 in a pleasing 16% (Scheme 5.2). The method also produced the tri- and 

tetrasaccharides as minor side products (<5%). 
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Scheme 5.2. Polyglycosylation conditions to produce the desired disaccharide.  

The disaccharide 5.7 was subsequently deacetylated with sodium methoxide in 

methanol to produce 5.8 in 73% yield. The product was then subjected to 

hydrogenolysis over palladium on charcoal to furnish the target compound 5.1 in near 

quantitative yield (Scheme 5.3). 

 
Scheme 5.3. Conditions: (i) NaOMe, MeOH; (ii) H2, Pd/C, MeOH, H2O. 

5.3 Mannosylated quantum dots 

The amine functionality in 5.1 allows attachment onto a variety of fluorophores 

through the formation of a strong and stable amide bond. Quantum dots offer several 

advantages that favour their use in microscopy, including very high fluorescence 

quantum yields, low vulnerability to photobleaching, narrow emission bandwidths, 

high biostability and the multivalent display of ligands.25 For these reasons, quantum 

dots were chosen for preliminary internalization studies with cultured cells. To ensure 

normal functioning of endocytotic pathways, small nanoparticles (~5nm) were used. 

CsSe/ZnS core/shell quantum dots with terminal carboxyl groups were modified with 

5.1 using an EDAC mediated peptide coupling reaction (Scheme 5.4). This gave 

quantum dots decorated with ~50 carbohydrates (5.9), as determined using the phenol 

sulphuric acid method (section 5.11.4, page 271).26  
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Scheme 5.4. Conditions: EDAC, 20mM sodium phosphate buffer pH 7.5, 1h, RT. 

Number of modifications assayed with the phenol-sulfuric acid method. 

Alveolar macrophages from rat lungs are known to have a high expression of the MR 

in a form that interacts strongly with mannose.2,3,5 To emulate this environment, we 

used the immortal cell line NR8383, which is derived from alveolar macrophages of a 

Sprague-Dawley rat, as a more convenient platform for studying the MR. A 40nM 

solution of 5.9 was incubated with lives cells derived from the rat macrophage cell 

line, which were labelled within minutes after addition of the quantum dots. After 1 

hour, significant internalization had occurred (Figure 5.2 and Figure 5.3).  

 
Figure 5.2. NR8383 cells incubated with 5.9 for 1 hour. (A) Quantum dot fluorescence (B) brightfield 

image (C) overlay of A and B. Scale bar = 250µm. Data show uptake of quantum dots into cells. 
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Figure 5.3. Magnified images of NR8383 cells with 5.9 after 1 hour. (A) Quantum 
dot  fluorescence (B) brightfield image (C) overlay of A and B. Scale bar = 50µm. 

Data shows labelling of cells with quantum dots. 

To demonstrate that the uptake of quantum dots was through active transportation 

rather than diffusion into dead cells, the trypan blue exclusion method was used to 

selectively label non-viable cells, whose cell membranes are no longer intact and thus 

allow unrestricted entry of the dye into the cell (Figure 5.4).27 The lack of co-

localization between trypan blue and 5.9 indicates that quantum dot uptake does not 

generally occur with non-viable cells. We note that there are more modern stains for 

determining cell viability such as ethidium homodimer III, the eFluor® dyes, or the 

Live/Dead labelling kits from molecular probes® which have brighter and more stable 

fluorescence compared to trypan blue. Use of such dyes would be preferable in future 

experiments.  
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Figure 5.4. NR8383 cell line  with 5.9 after 2 hours co-stained with trypan blue. (A) Quantum 
dot fluorescence (B) trypan blue fluorescence (C) brightfield image (D) overlay of A, B and C. 

Scale bar = 250µm. Data shows quantum dot uptake with only viable cells. 

However, there are several possible mechanisms for the cellular uptake of quantum 

dots that allow even unmodified nanoparticles to be internalized (such as lipid raft 

transport).28 This is especially true for negatively charged nanoparticles such as the 

carboxylate capped dots used in this work.28 To demonstrate that cellular uptake was 

due to the mannose moiety rather than non-specific uptake, a preparation of quantum 

dots capped with propylamine was synthesized as a control (Scheme 5.5). 

 
Scheme 5.5. Conditions: EDAC, 20mM sodium phosphate buffer pH 7.5, 1h, RT. 

NR8383 cultured cells did not show any binding or uptake of 5.10, even after 1 hour 

incubation (Figure 5.5). Hence, we believe uptake of 5.9 requires mannose for 

endocytosis rather that through non-specific mechanisms. However, alternative 

control experiments can also be envisaged and should be performed to fully validate 

this result. For example, the experiment could be repeated with different 

concentrations of 5.1 incubated with the cells and 5.9. If endocytosis occurs due to 

interaction with the sugar, increased concentrations of free 5.1 should compete with 

binding to the receptor thus slowing the rate of uptake. A further control that should 

be attempted involves capping the quantum dots with a carbohydrate that does not 

bind to the CRDs (for example ribose). The propylamine cap used in 5.11 has very 

different chemical properties from the mannose used in 5.9, so an alternative inert 

carbohydrate would provide a more robust control experiment.  
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Figure 5.5. NR8383 cells with 5.10 after 1 hour. (A) Quantum dot fluorescence (B) 

brightfield image (C) overlay of A and B. Scale bar = 250µm. Data shows quantum dots 
capped with propylamine functionality are not taken up into cells. 

Despite successful labelling with 5.9, the quantum dots were found to be toxic to the 

cells. Over 2-3 hours, significant cell death had occurred and even cells that survived 

showed deformities. Time lapse images showed the gradual degradation of the cell 

structure, which in extreme cases, led to cell explosion (Figure 5.6). Quantum dots are 

known to be toxic, but the exact mechanism is not fully understood on a cellular 

level.29 Various factors, such as heavy metal poisoning or light induced generation of 

free radicals, may be responsible for the observed apoptosis.  

 
Figure 5.6. A time lapse of 5.9 with NR8383. The highlighted region shows the explosive death of 

a cell after quantum dot internalization. Scale bar = 250µm. 

5.4 Fluorescent mannosylated proteins 

The toxicity of quantum dots meant that an alternative, bio-compatible probe was 

needed. Proteins can provide the perfect scaffold for the surface presentation of 

multiple ligands and several conjugation methodologies have been developed that 

exploit the chemical reactivity of amino acid side groups.* In particular, thiophosgene 

coupling chemistry is a facile method for the conjugation of ligands bearing a primary 

amine with lysine residues, allowing high levels of protein attachment with a stable 

thiourea linkage.30 This strategy was used for the synthesis of a mannose-tagged 

                                                 
* For a detailed discussion on protein modification, the reader is directed to Chapter 6, page 273. 
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fluorescent protein (Scheme 5.6). The reaction of 5.1 with thiophosgene under basic 

conditions produces the isothiocyanate 5.12, which is used without further 

purification for protein modification. BSA is a readily available, stable and non-toxic 

protein that offers 60 possible ligation sites (59 lysines and the N-terminus), so is 

ideally suited for live cell studies and multiple modifications. Conjugation with 5.12 

allowed installation of an average of 4.5 copies of 5.1 per protein (with a dispersity of 

3.2 meaning that 95% of the sample contained between 1.3 – 7.7 modifications per 

protein).† This conjugate (5.13) was further modified with fluorescein isothiocyanate 

5.14 to give a mannosylated fluorescent protein 5.15 tagged with an average of 2.3 

dye molecules (with a dispersity of 1.6 modifications meaning that 95% of the sample 

contained between 0.7 – 3.9 fluorescein molecules per protein).† We note that such 

fluorescent proteins can also be analysed by UV-Visible spectroscopy to determine 

the extent of fluorescent labelling which would provide further data to support the 

MALDI characterization. Such an analysis should be considered in future 

experiments. 

                                                 
† The extent of modification and sample dispersity was determined using MALDI mass spectrometry 

and analysis of the peak width. For a full discussion, the reader is directed to Chapter 6, page 273. 
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Scheme 5.6. Conditions: (i) CSCl2, CHCl3, H2O, 0.3M Na2CO3, 0.3M NaHCO3, RT 3h; (ii) 

0.3M Na2CO3, 0.3M NaHCO3, 12h, RT; (iii) 0.3M Na2CO3, 0.3M NaHCO3, 12h, RT. The range 
in copy numbers was determined from MALDI MS using dispersity analysis (see Chapter 6). 

Pleasingly, uptake of 5.15 by the cultured rat macrophage cell line was detected 

within 15 minutes of incubation. After 1 hour, there was considerable labelling of the 

cell membrane and subsequent internalization into intracellular endosomes was 

observed (Figure 5.7 and Figure 5.8). 

 
Figure 5.7. NR8383 cells with 5.15 after 1 hour. (A) Fluorescein fluorescence (B) brightfield image 
(C) overlay of A and B. Scale bar = 250µm.  Data show labelling of cells with fluorescent protein. 
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Figure 5.8. Magnified images of NR8383 cells with 5.15 after 1 hour. (A) 

Fluorescein  fluorescence (B) brightfield image (C) overlay of A and B. Scale bar 
= 25µm. Data show internalization of fluorescent protein into cells. Labelling of 

the cell membrane can be seen and individual endosomes can be observed. 

In contrast to the quantum dots, the protein conjugate was found to be essentially non-

toxic even after 2 hours of incubation. Trypan blue was completely excluded by the 

cells, demonstrating long term cell viability and suggestive of the active transport of 

5.15 (Figure 5.9 and Figure 5.10). It is worth noting that microscopy experiments with 

BSA tend to have a higher background of fluorescein fluorescence compared to the 

quantum dot experiments. BSA can adhere to the glass slide which may explain these 

high background readings. 
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Figure 5.9. NR8383 cells with 5.15 after 2 hours co-stained with trypan blue. (A) Fluorescein 

fluorescence (B) trypan blue fluorescence (C) brightfield image (D) overlay of A, B and C. Scale bar = 
250µm. Data shows the exclusion of trypan blue dye indicating the viability of the vast  majority of cells. 

 
Figure 5.10. Magnified images of NR8383 cells with 5.15 after 2 hours co-stained with trypan blue. (A) 

Fluorescein fluorescence (B) trypan blue fluorescence (C) brightfield image (D) overlay of A, B and C. Scale 
bar = 25µm. Data shows internalization of fluorescent protein into viable cells which exclude the trypan blue 

dye. Labelling of the cell membrane can be seen and individual endosomes can be observed. 

For sufficiently magnified images, individual endosomes could be resolved, which 

provided evidence for the receptor mediated endocytosis of 5.15. Additionally, neutral 

red, a fluorescent dye that selectively stains all endosomes and lysosomes,31 was co-

localized with 5.15 for the vast majority of endosomes which suggested an increase in 

endocytotic activity upon addition of the probe (Figure 5.11). There are more modern 

alternatives for tracking lysosomes in live cell fluorescent imaging such as 



226 

LysoTracker® which have better fluorescent properties compared to neutral red. For 

future experiments, it would be preferable to use these alternative dyes.  

 
Figure 5.11. Magnified images of 5.15  with NR8383 cells after 2 hours co-stained with neutral red. (A) 
Fluorescein fluorescence (B) neutral red fluorescence (C) brightfield image (D) overlay of A, B and C. 

Scale bar = 25µm. Neutral red is an indicator for endosomes and lysosomes. Data shows colocalisation 
of fluorescent protein with neutral red indicating uptake of the protein into endosomes via endocytosis. 

Fluorescent protein lacking the critical mannose moiety (5.16) was also synthesized as 

a control to demonstrate the necessity of the sugar (Scheme 5.7). Incubation with 

NR8383 cells failed to produce any internalization, even after 1 hour, ruling out 

alternative non-specific uptake mechanisms such as pinocytosis.32 Thus, the 

internalization of 5.15 likely proceeds through endocytosis. As with the quantum dot 

experiments described above, alternative controls are needed to verify this assertion. 

Competition experiments with 5.1 would determine whether the sugar is responsible 

for cellular uptake as described in section 5.3.  

 
Scheme 5.7. Conditions: 0.3M Na2CO3, 0.3M NaHCO3, 12h, RT. The range in copy 
numbers was determined from MALDI MS using dispersity analysis (see Chapter 6). 
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Figure 5.12. NR8383 cells with 5.16 after 1 hour. (A)Fluorescein  fluorescence 
(B) brightfield image (C) overlay of A and B. Scale bar = 250µm. Data shows 

that fluorescent protein without the mannose tag is not taken up by cells. 

In all the above experiments, we have demonstrated that uptake of our mannose 

probes is possible, but conclusive evidence for binding to the MR is still required. 

Here, we suggest a variety of potential experiments that could be performed to 

accomplish this. To demonstrate the expression of the MR on NR8383 cells, a 

fluorescently labelled antibody specific to the receptor could be used with successful 

labelling of the cell surface providing conclusive evidence of expression of the 

protein. To prove that uptake of our mannose probes was due to binding with this 

receptor, a control experiment should be conducted with macrophages derived from a 

MR-/- knockout rat in which uptake would not be observed. Alternatively, a cell line 

that does not normally express the MR could be transfected with the gene for the 

receptor. Thus by comparing the uptake between the wild type and transfected cells, 

the uptake attributable to the MR can be directly determined. 

5.5 Attempted synthesis of an N-acetyl-galactose-4-sulfate probe 

With an effective probe for the CRDs in hand, attention was then turned towards the 

CRR that is involved in the binding of sulfated carbohydrates. GalNAc-4-SO4 is 

known to be a potent natural ligand, so was chosen as the basis of our initial synthetic 

target. Our synthetic route was based off a previous synthesis of the core 

GalNAc-4-SO4 sugar,33 but slightly modified to allow incorporation of an amine 

terminated linker at the anomeric position. Unfortunately, this synthesis failed at the 

final deprotection step and was unsuccessful (Scheme 5.8). 

Glucosamine, 5.17, was protected at the amine with a phthalic group (5.18) and 

subsequently per-O-acetylated to give 5.19. Glycosylation with allyl alcohol furnished 

5.20 in 59%, where the allyl functionality served as a protecting group. Deacetylation 
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gave 5.21 in quantitative yield, which was protected with a 4,6-benzylidene in 61% 

yield to give selective access to the 3-position (5.22). Benzylation of this position 

with sodium hydride and benzyl bromide proceeded smoothly in 80% to give 5.23. 

Ring opening of the benzylide gave selective access to the 4-position 5.24 in a 

reasonable 43%, which was acetylated in near quantitative yield to furnish 5.25. The 

allyl group was isomerized with (PPh3)3RhCl, allowing hydrolysis with mercuric (II) 

oxide to free the anomeric position (5.26) in 53% yield. Treatment with oxallyl 

chloride smoothly gave the anomeric chloride 5.27, which allowed glycosylation with 

5.3 in 90% yield to furnish 5.28. Treatment with sodium methoxide gave selective 

access to the 4-position 5.29, which was converted to the triflate 5.30 using triflic 

anhydride in pyridine and DCM. The crude product was reacted with tert-

butylammonium acetate (as a soluble source of the acetate ion) which allowed 

inversion of stereochemistry by SN2 to the desired galactose configuration. Thus, after 

HPLC, 5.31 was produced in 37% yield. Once again, deacetylation gave selective 

access to the 4-position 5.32, which was sulfated with a sulphur trioxide pyridinium 

complex to afford 5.33 in an excellent 96% yield. Deprotection of the phthalic group 

with hydrazine acetate proceeded smoothly to give the free amine, which was 

acetylated to furnish 5.34. This highly polar compound was used without further 

purification. At this stage, the synthesis completely failed. The final benzyl and azide 

deprotection was first attempted with hydrogenolysis over palladium on charcoal, but 

the reaction was unsuccessful and neither the starting material nor the product could 

be recovered. Several different solvent combinations were screened, as well as the use 

of acid catalysis, but all were ineffective. A frustrating aspect of this reaction was the 

complete loss of carbohydrate material, which could not be detected by TLC or even 

crude 1H NMR.  
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Scheme 5.8. Conditions: (i) Phthalic anhydride, NaOH, H2O; (ii) Ac2O, Py; (iii) allyl alcohol, 
SnCl4, DCM; (iv) NaOMe, MeOH; (v) dimethyl acetal, TsOH, CH3CN, reflux; (vi) BnBr, NaH, 
DMF, 0°C to RT; (vii) Et3SiH, MsOH, DCM, -78˚C to RT; (viii) Ac2O, Py; (ix) (PPh3)3RhCl, 
DABCO, EtOH, toluene, H2O, 100°C then HgO, HgCl2, acetone, H2O;(x) oxallyl chloride, 

DMF, DCM; (xi) AgOTf, collidine, DCM, 3Å molecular sieves, -40°C; (xii) NaOMe, MeOH; 
(xiii) Tf2O, Py, DCM; (xiv) Bu4NOAc, DMF, RT; (xv) NaOMe, MeOH; (xvi) Py⋅SO3, DMF, 
60°C; (xvii) NH2NH2⋅AcOH, MeOH, reflux, then Ac2O, Py; (xviii) H2, Pd/C, MeOH. H2O. 

5.6 Synthesis of a generic sulfate probe 

The crystal structures of the MR bound to various sulfonated ligands at the CRR have 

been solved.11,12 From these structures, it can be seen that the majority of strong 

hydrogen bonds solely involve the sulfonate group, with the carbohydrate moiety 

being mostly involved in other peripheral van der Waals interactions. In fact, out of 

the eight direct H-bonds between the CRR and GalNAc-4-SO4, six involve the 

sulfonate group. While the other weaker hydrophobic interactions with the galactose 

ring are important in fine tuning the selectivity of the CRR, we hypothesized that the 
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carbohydrate component may not be entirely necessary for binding. Indeed, a crystal 

structure has been solved with the CRR binding to a molecule of HEPES buffer,12 and 

surface plasmon resonance studies have shown that the compound has a reasonable 

binding affinity for the receptor,5 demonstrating that the carbohydrate moiety is 

dispensible. Furthermore, it was found that HEPES binds to the receptor with a KD of 

3.9mM compared to 0.11mM for the GalNAc-4-SO4.12 Considering the structural 

simplicity of a HEPES molecule compared to the natural ligand, the drop in binding 

affinity is surprisingly small. 

For these reasons, we rationalized that a simple sulfonate group tethered to a C5 

amine-terminated linker would provide enough binding for our CRR probes. Whereas 

HEPES bears a sulfonic acid group, the CRR crystal structures show that a sulfonate 

probe would benefit from an extra water-mediated hydrogen bond at the oxygen 

linkage of the sulfate ester, and thus should have an improved avidity. While this was 

not an ideal solution, the difficulty in synthesizing the desired GalNAc-4-SO4 scaffold 

meant that a suitable alternative was needed, at least for these preliminary studies. 

 
Scheme 5.9. Conditions: (i) benzyloxycarbonyl chloride, Na2CO3,  DCM, 

H2O, RT; (ii) sulfonic acid, Py, DCM, RT; (iii) H2, Pd/C, MeOH. 

A simple three step route was required for the synthesis (Scheme 5.9). Carboxybenzyl 

protection of the amine on compound 5.5 afforded 5.35 in 91% yield. With selective 

access the hydroxyl functionality, sulfonation was effected with chlorosulfonic acid to 

produce 5.36, which was subjected to hydrogenolysis without further purification to 

furnish the free amine and the target compound 5.37 in 81% yield over two steps. 

5.7 Fluorescent sulfonated proteins 

The strategy for building a fluorescent probe mirrored that of mannose. BSA was used 

as a scaffold for initial attachment of 5.37 using isothiocyanate chemistry (Scheme 

5.10). This allowed the installation of an average of 6.8 units of 5.37 per protein (with 
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a dispersity of 4.9 meaning that 95% of the sample contained between 1.9 – 11.7 

modifications per protein).‡ The higher yield of attachment compared to 5.1 is likely 

due to the lower steric bulk for 5.37, allowing higher rates of reaction.§ This was 

followed by fluorescein ligation to furnish a fluorescent sulfonated protein 5.40 

modified with an average of 2.5 dye molecules per BSA (with a dispersity of 1.9 

meaning that 95% of the sample contained between 0.6 – 4.4 modifications per 

protein).‡  

 
Scheme 5.10. Conditions: (i) CSCl2, CHCl3, H2O, 0.3M Na2CO3, 0.3M NaHCO3, RT 3h; (ii) 

0.3M Na2CO3, 0.3M NaHCO3, 12h, RT; (iii) 0.3M Na2CO3, 0.3M NaHCO3, 12h, RT. The range 
in copy numbers was determined from MALDI MS using dispersity analysis (see Chapter 6). 

 

 
                                                 
‡ The extent of modification and sample dispersity was determined using MALDI mass spectrometry 

and analysis of the peak width. For a full discussion, the reader is directed to Chapter 6, page 273. 
§ For a detailed discussion on the trends in the extent of protein modification, the reader is directed to 

Chapter 6, page 273. 
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The sulfonated protein 5.40 was incubated with cultured cells from the NR8383 cell 

line, which pleasingly, showed internalization within 15 minutes of addition. After 1 

hour, significant uptake of 5.40 had occurred (Figure 5.13) and with sufficient 

magnification, individual endosomes could be resolved (Figure 5.14). 

 
Figure 5.13. NR8383 cells  with  after 1 hour. (A) Fluorescein fluorescence (B) brightfield image (C) 

overlay of A and B. Scale bar = 100µm. Data shows labelling of cells with fluorescent protein. 
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Figure 5.14. Magnified images of NR8383 cells  with  after 1 hour. (A) 

Fluorescein fluorescence (B) brightfield image (C) overlay of A and B. Scale bar 
= 25µm. Data shows internalization of fluorescent protein into endosomes. 

As with 5.15, long-term cell viability and the active transport of 5.40 into the cells 

were demonstrated with the trypan blue exclusion method, with almost all cells still 

being viable after 2 hours of incubation. 

 
Figure 5.15. NR8383 cells with   after 2 hours co-stained with trypan blue. (A) Fluorescein fluorescence 
(B) trypan blue fluorescence (C) brightfield image (D) overlay of A, B and C. Scale bar = 100µm. Data 

shows the exclusion of trypan blue dye indicating the viability of the vast  majority of cells. 
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Figure 5.16. Magnified images of NR8383 cells with   after 2 hours co-stained with trypan blue. (A) 

Fluorescein fluorescence (B) trypan blue fluorescence (C) brightfield image (D) overlay of A, B and C. Scale 
bar = 50µm. Data shows internalization of fluorescent protein into viable cells which exclude the trypan blue 

dye. Labelling of the cell membrane can be seen and individual endosomes can be observed. 

Neutral red was used as a co-stain to visualize endosomes and lysosomes. As before, 

there was a large amount of co-localization between fluorescein and neutral red 

fluorescence (Figure 5.17). Thus, a large proportion of the resolved endosomes also 

contained 5.40, which reveals an increase in endocytosis upon addition of the probe. 

As with the experiments involving 5.1, we recommend that future experiments be 

conducted with more modern alternatives to trypan blue and neutral red. 
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Figure 5.17. Magnified images of  with NR8383 cells after 2 hours co-stained with neutral red. (A) 

Fluorescein fluorescence (B) neutral red fluorescence (C) brightfield image (D) overlay of A, B and C. Scale 
bar = 50µm. Neutral red is an indicator for endosomes and lysosomes. Data shows colocalisation of 
fluorescent protein with neutral red indicating uptake of the protein into endosomes via endocytosis. 

While these experiments demonstrate that 5.39 is taken up by cells, binding to the 

MRR still remains to be conclusively proven. In future experiments, the desired 

compound 5.34 would ideally be synthesized. Furthermore, interaction of these 

probes with the CRR should be experimentally verified using ITC or surface plasmon 

resonance on recombinant fragment proteins of the MR. As with the mannose probes, 

further experiments using MR-/- derived macrophages, or cell lines transfected with 

the MR gene should be used to conclusively demonstrate MR mediated endocytosis. 
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5.8 Probing receptor dimerization with FRET microscopy 

Even though our previous experiments with BSA based fluorophores still require 

rigorous validation, we decided to conduct some initial testing on FRET microscopy 

to establish whether such a technique would be viable for determining receptor 

dimerization. 

The measurement of FRET signals can be technically very difficult.17 Fluorophores 

are generally chosen to maximize the spectral overlap between donor emission and 

acceptor absorbance to improve the FRET efficiency. However, this requirement 

creates problems during image capture due to spectral crosstalk, where the emission 

of one fluorophore bleeds into the acquisition channel of the other, and cross-

excitation where the donor frequency also partially excites the acceptor fluorescence. 

Of the various methods available for FRET detection, sensitized emission (which 

simply involves monitoring of both channels after donor excitation) is the most 

suitable for dynamic systems because both channels can be acquired simultaneously, 

but crosstalk is still a major problem.17,34 To correct for this behaviour, donor-only 

and acceptor-only samples are measured as controls, from which correction factors 

can be determined. Several algorithms have been developed for the implementation of 

these techniques.35 A widely used algorithm developed by van Rheenen et al. allows 

determination of an apparent FRET efficiency (EA) and is used herein.36  

For our FRET fluorophores, we used the commercially available ATTO dyes from 

ATTO-TEC, which are available as N-hydrosuccinimide esters that allow facile 

modification with amines such as 5.1 and 5.37 (section 5.11, page 251). We chose 

three different dyes (ATTO 520, 565, and 633)** that could be used in two different 

FRET pair combinations with high overlap integrals (Figure 5.18).  

                                                 
** The structures of all ATTO dyes are not available due to proprietary reasons and are therefore 

referred to by name only. 
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Figure 5.18. Donor emission and acceptor absorbance spectral profiles showing FRET overlap 

integrals for the ATTO 520 and ATTO 565  pair (left) and the ATTO 565 and ATTO 633 pair (right). 

These dyes were modified with 5.1 to produce CRD specific FRET probes (section 

5.11.6, page 274). These probes were individually incubated with NR8383 cells to 

determine correction factors for sensitized emission analysis and to ensure adequate 

localization at the cell membrane (Figure 5.19). 

 
Figure 5.19. NR8383 cells with ATTO dyes modified with 5.1 after 5 minutes incubation. 
(A) ATTO fluorescence (B) brightfield image (C) overlay of A and B. Scale bar = 50µm. 

Data shows that ATTO 520 and ATTO 565 are readily incorporated into the cell 
membrane. ATTO 633 is more hydrophilic and less absorbed into the membrane. 
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5.1-ATTO 520 and 565 were immediately absorbed into the cell membrane. Note that 

this localisation is not due to interactions with the MR, but is instead attributed to the 

lipophilic nature of the dyes. In contrast, 5.1-ATTO 633 was far more hydrophilic and 

consequently exhibited much lower incorporation into the cell membrane, requiring 

up to 30 minutes of incubation for any significant levels of absorption.  

FRET experiments were performed on NR8383 cells with the ATTO 520 and 565 pair 

(Figure 5.20, rows 1-3) and the 5.1-ATTO 565 and 633 pair (Figure 5.20, rows 4-6). 

The samples were irradiated with the donor excitation wavelength and images were 

acquired of the donor fluorescence (channel A) and acceptor fluorescence (channel 

B), which was immediately followed by image capture of acceptor fluorescence under 

acceptor excitation (channel C). These images were corrected for crosstalk and 

subsequently used to determine apparent FRET efficiencies,36 which were expressed 

using a tricolour red-green-blue (RGB) look-up table (LUT) that provides a readily 

interpretable representation on the extent of energy transfer.  
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Figure 5.20. FRET experiments on dyes modified with 5.1 on NR8383 cells; 5.1-ATTO 520+565 (1-3); 

5.1-ATTO 565+633 (4-6). (A) Donor excited, donor emission; (B) donor excited, acceptor emission; 
(C) acceptor excited, acceptor emission; (D) EA expressed through the tricolour RGB LUT. Scale bar 
= 250µm.  Data shows a high degree of FRET enhancement at the cell membrane for both dye pairs. 
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High FRET enhancements (blue – EA between 66-100%) were detected at the cell 

surfaces even for the latter FRET pair, despite the lower membrane incorporation of 

ATTO 633. These FRET data provide complimentary information to the standard 

fluorescence images. At the resolution of standard confocal microscopy, the acceptor 

and donor dyes have a high degree of co-localization. However, FRET enhancement 

requires much more intimate contact between the two fluorophores, and can therefore 

differentiate between occupation of the same pixel (~200 nm resolution) versus 

binding to the same protein (~10 nm distances). This difference is exemplified for 

non-viable cells that are flooded with both ATTO dyes (row 5, Figure 5.20 and Figure 

5.21). At the confocal level of resolution, there is a high degree of co-localization 

between the two dyes, but the FRET image shows very little enhancement (red – EA 

between 0-33%) indicating that although the two fluorophores occupy the same space, 

there are no short range interactions between the two. In comparison, the high FRET 

signals at the cell membrane for viable cells indicates proximal binding, consistent 

with the multivalent CRD binding modes in the MR.  

 
Figure 5.21. FRET images of non-viable cells with 5.1-ATTO 565+633. Scale bar = 50µm  Images were 

acquired immediately after addition of dyes to minimize uptake of 5.1-ATTO 633 into the cell membranes of 
viable cells. Non-viable cells are immediately flooded with both ATTO dyes, but despite this intracellular 

co-localization, there is insignificant FRET enhancement due to lack of sub-10nm proximity. 

However, there are alternative explanations for the FRET signals that should be 

rigorously explored in future experiments. For instance, the close proximity of the 

dyes may arise through non-specific binding to the cell membrane resulting in a high 

surface concentration. Alternatively, endocytosis of the probes would result in a high 

concentration within a single endosome which could explain the observed FRET 

enhancements. To elucidate whether either of these mechanisms is responsible for the 

observed FRET, experiments should be conducted with different concentrations of 

ATTO dyes or with use of sodium azide to restrict endocytosis. Additionally, 
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experiments with MR-/- knockout macrophages or MR transfected cell lines could 

provide more rigorous evidence for MR mediated FRET. 

We then turned our attention to the CRR specific FRET probes. As before, the ATTO 

dyes were modified with the sulfated ligand 5.37 (section 5.11.6, page 274) and 

individually incubated with NR8383 cells to determine correction factors for 

sensitized emission analysis (Figure 5.22). 5.37-ATTO 520 and 565 were quickly 

incorporated into the cell membrane, but once again 5.37-ATTO 633 was poorly 

taken up. Hence, the 5.37-ATTO 565 and 633 pair was deemed unsuitable for FRET 

studies and was not used. Instead, FRET images were obtained for the 5.37-ATTO 

520 and 565 pair by sequential irradiation and subsequent analysis of the raw data as 

above (Figure 5.23). 

 
Figure 5.22. NR8383 cells with ATTO dyes modified with 5.37 after 5 minutes incubation. 
(A) ATTO fluorescence (B) brightfield image (C) overlay of A and B. Scale bar = 250µm. 

Data shows that both ATTO dyes are readily absorbed into the cell membrane. 
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Figure 5.23. FRET experiments on ATTO 520+565 modified with 5.37 on NR8383 cells. (A) Donor 

excited, donor emission; (B) donor excited, acceptor emission; (C) acceptor excited, acceptor 
emission; (D) EA expressed through the tricolour RGB LUT. Scal bar = 100µm.  Data shows FRET 

enhancement at the cell surface, but is lower than the corresponding enhancements observed for 5.1. 

Significant FRET enhancements were detected at the cell surface (blue – EA between 

66-100%). Such a result may be suggestive of MR dimers and would be consistent 

with the rapid endocytosis of 5.40, which is reliant upon bivalent binding with the 

receptor.2-5 However, as with the FRET experiments on the CRD specific probes, 

further control experiments would be needed to fully verify this hypothesis. Firstly, 

the binding of 5.37 to the CRR should be confirmed using recombinant protein as 

discussed above. FRET experiment. As with the CRD FRET pair, microscopy could 

be performed at differing concentrations of ATTO dyes or with sodium azide to 

elucidate the role of non-specific binding or endosome formation in the observed 

enhancements. Once again, experiments with transfected cell lines or MR-/- would 

provide more rigorous evidence. 

While further experiments are clearly needed to fully establish the origin of our FRET 

enhancements, our early studies indicate that further studies may be worthwhile. If the 
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methodology can be rigorously demonstrated, a noteworthy advantage of these FRET 

images would be the prospect of determining more quantitative information on the 

extent of MR dimerization. The RGB representation of the FRET data allows for a 

straightforward histogram analysis of the images, where simple counting of blue 

pixels that relate to high EA facilitates a numerical comparison of the close proximity 

interactions for the CRD and CRR specific probes. By accounting for the differential 

binding modes of the two probes (Figure 5.1) and their differences in binding affinity, 

the relative proportions of monomer and dimer may be reasonably approximated.  

5.9 Endothelial liver derived cell line 

Having studied the FRET microscopy technique on a cell line derived from rat 

macrophages, we decided to explore the methodology on other cell types. Endothelial 

liver cells also have a good expression of the MR where a high level of dimerization 

has been detected, so would make a good system for further studies.2-5 For 

experimental convenience, we chose to perform investigations with the immortal cell 

line SK-HEP-1 which is derived from human endothelial liver cells, rather than using 

a live source. Our workflow paralleled the previous experiments with NR8383 cells.  

Initially, the fluorescent mannosylated protein 5.15 and the fluorescent sulfated 

protein 5.40 were incubated with cultured SK-HEP-1 cells, which were monitored for 

internalization (Figure 5.24 and Figure 5.25 respectively). 

 
Figure 5.24. SK-HEP-1 cells with 5.15 after 3 hours. (A) Fluorescein fluorescence 
(B) brightfield image (C) overlay of A and B. Scale bar = 75µm. Data shows poor 

uptake of mannosylated fluorescent protein even after incubation for 3h. 
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Figure 5.25. SK-HEP-1 cells with   after 3 hours. (A) Fluorescein fluorescence (B) 

brightfield image (C) overlay of A and B. Scale bar = 75µm. Data shows poor uptake 
of sulfated fluorescent protein even after incubation for 3h. 

Unlike the NR8383 cells, the endothelial liver derived cells showed much less uptake 

of 5.15 and 5.40, even after 3 hours of incubation. Small amounts of internalization 

could be detected when individual cells were magnified (Figure 5.26 and Figure 5.27; 

rows 1 – 3). The cells were washed with phosphate buffered saline (PBS) to remove 

unbound residual protein, which eliminated the background fluorescence and 

dramatically improved contrast allowing individual endosomes to be visualized 

(Figure 5.26 and Figure 5.27; rows 4 – 6). Endosomes were stained with neutral red 

and the vast majority showed co-localization with fluorescein fluorescence, indicating 

an increase in endocytosis upon addition of the probes. Furthermore, to prove that 

internalization occurred through receptor mediated endocytosis rather than 

pinocytosis,32 the cells were incubated with the control fluorescent protein 5.16 

where, even after 3 hours, no uptake was observed (Figure 5.28). 

Visual inspection of these images demonstrated that the sulfated probe 5.40 showed 

greater uptake than the mannosylated analogue 5.15, although both created 

substantially lower endocytosis than with NR8383 cells. Hence, it appeared that the 

cultured SK-HEP-1 cells suffered from low expression of the MR. In future studies, 

the expression levels of MR in different cells lines could be determined using a 

fluorescent labelled antibody as discussed above for the NR8383 cells. 
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Figure 5.26. Magnified images of 5.15  with SK-HEP-1 cells after 3 hours co-stained with neutral red 
(1-3) and after washing with PBS to remove unbound protein (4-6). (A) Fluorescein fluorescence (B) 

neutral red fluorescence (C) brightfield image (D) overlay of A, B and C. Scale bar = 5µm. Data shows 
uptake of mannosylated fluorescent protein into endosomes, which are stained with neutral red. 
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Figure 5.27. Magnified images of  with SK-HEP-1 cells after 3 hours co-stained with neutral red (1-3) 
and after washing with PBS to remove unbound protein (4-6). (A) Fluorescein fluorescence (B) neutral 

red fluorescence (C) brightfield image (D) overlay of A, B and C. Scale bar = 10µm. Data shows 
uptake of sulfated fluorescent protein into endosomes, which are stained with neutral red. 
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Figure 5.28. Magnified images of SK-HEP-1 cells with 5.16 after 3 hours (1-3) and 

after washing with PBS to remove unbound protein (4-5). (A) Fluorescein  fluorescence 
(B) brightfield image (C) overlay of A and B. Scale bar = 35µm. Data shows that 

fluorescent protein without the mannose or sulfate tag is not taken up by cells. 

The SK-HEP-1 cells were then investigated with our CRD and CRR specific FRET 

probes. As before, absorption into the cell membrane was validated with the modified 
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ATTO dyes, and the images were used to generate correction factors for sensitized 

emission analysis (Figure 5.29 and Figure 5.30).  

 
Figure 5.29. SK-HEP-1 cells with ATTO dyes modified with 5.1 after 5 minutes incubation. (A) 

ATTO fluorescence (B) brightfield image (C) overlay of A and B. Sclae bar = 75µm. Data shows 
that mannosylated ATTO 520 and ATTO 565 are readily incorporated into the cell membrane. 

 
Figure 5.30. SK-HEP-1 cells with ATTO dyes modified with 5.37 after 5 minutes incubation. (A) 
ATTO fluorescence (B) brightfield image (C) overlay of A and B. Sclae bar = 75µm. Data shows 
that mannosylated ATTO 520 and ATTO 565 are readily incorporated into the cell membrane. 

FRET images were acquired using the previous protocols with the CRD specific 

(Figure 5.31, rows 1 – 3) and CRR specific (Figure 5.31, rows 4 – 6) ATTO dyes. 
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Figure 5.31. FRET experiments on ATTO 520+565 modified with 5.1 (1-3) or 5.37 (4-6) on SK-HEP-1 
cells. (A) Donor excited, donor emission; (B) donor excited, acceptor emission; (C) acceptor excited, 

acceptor emission; (D) EA expressed through the tricolour RGB LUT. Sclae bar = 100µm. Data shows 
only a low level of FRET enhancement at the cell surface compared to NR8383 cells 
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As expected for cells with poor expression of the MR, very little FRET enhancement 

was detected (red – EA between 0-33%). These results, while slightly disappointing, 

serve as a good negative control for our FRET methodology and clearly demonstrate 

the need for close-range interactions to observe FRET enhancements.  

The lack of MR expression for these cultured cells compared to endothelial liver cells 

from a live source is most likely attributable to inadequacies with the SK-HEP-1 cell 

line. Such immortal cell lines, especially those of a cancerous origin, as is the case 

here, often have an altered physiology from the natural system and it appears that the 

ability to express the MR has been severely weakened in the SK-HEP-1 system. The 

immortal endothelial cell line TMNK-1,37 or primary cells may be suitable 

alternatives. Alternatively, the SK-HEP-1 cell line could be transfected with the MR 

gene to provide rigorous evidence for binding of our probes to the receptor.  

5.10 Conclusions 

The dimerization of cell surface receptors is common across the natural world.22,38 

The study of this phenomenon is vital due to the profound effect it can have on 

downstream biochemical processes. This is especially true for the MR, where 

dimerization is known to be essential for the binding of sulfated carbohydrates, yet the 

biological implications of this are still poorly understood. Our investigations into 

probing this dimerization are still in their infancy and several control experiments are 

required to fully validate our methodology. Most importantly, our labelling 

experiments should be performed on a simplified system to isolate the role of the MR 

from other effects. As discussed above, MR-/- derived cells, or transfected cell lines 

would be an ideal method to achieve this. However, if this methodology could be 

successfully developed, we believe it would be a powerful tool for studying the 

involvement of MR dimerization in the immune system about which very little is 

presently known. 

Current hypotheses invoke a role for the MR in linking innate and adaptive immunity, 

where the MR is involved in both antigen uptake through the CRDs, and subsequent 

sulfate mediated targeting to secondary lymphoid organs via the CRR, which likely 

involves receptor dimerization (section 1.3.2, page 14).4,5,10 Not surprisingly, the 

expression of the receptor is heavily regulated. An experiment can be envisaged 
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where machinery of the immune system, such as macrophages, lymphocytes and 

dendritic cells, are monitored with FRET microscopy at various points during the 

immune response to quantify and track changes in the extent of MR dimerization. In 

this way, a truly comprehensive study on MR dimerization could be conducted. Given 

the potential importance of such a pathway, further experiments to develop our 

microscopy technique are warranted. 

5.11 Experimental 

For general experimental conditions see section 2.8.1 page 44. 

5.11.1 Synthesis of the mannose ligand 

α-thiophenyl-2,3,4,6-O-acetyl-mannopyranside39 (5.2) 

To a solution of 5.4 (12.0g, 390mmol, 1eq) in anhydrous DCM (50ml) 

was added BF3·OEt2 (7.6ml, 62mmol, 2eq) at room temperature. After 

5 minutes of stirring, PhSH (6.3ml, 62mmol, 2eq) was added dropwise. The reaction 

mixture was stirred at room temperature for 15 hours, after which TLC (3 ethyl 

acetate : 2 petrol) showed complete consumption of starting material. The reaction 

was quenched with ice (~100ml). The layers were allowed to separate and the organic 

layer was washed with saturated NaHCO3 solution (100ml), brine (100ml) and dried 

over MgSO4. The product was purified by automated silica gel chromatography (10% 

ethyl acetate in petrol to 100% ethyl acetate over 11 column volumes) to afford the 

title compound as a colourless oil (10.9g, 80%). 

Rf 0.43 (1 petrol : 1 ethyl acetate); [α]D
25 +109.5 (c = 1.0, CHCl3), lit.39 [α]D

27 +107.2 

(c = 1.0, CHCl3);  1H NMR (500MHz, CDCl3) δ ppm 2.01, 2.05, 2.07, 2.15 (4 x 3H, 4 

x  s, 4 x OAc), 4.10 (1H, dd, JH6a-H6b 12.1Hz, JH5-H6b 2.4Hz, H6b), 4.30 (1H, dd, JH6a-

H6b 12.3Hz, JH5-H6a 6.0Hz, H6a), 4.54 (1H, ddd, JH4-H5 8.9Hz, JH5-H6a 6.0Hz, JH5-H6b 

2.2Hz, H5), 5.31-5.34 (2H, m, H3, H4), 5.48-5.51 (2H, m, H1, H2), 7.28-7.34 (3H, m, 

ArHortho, ArHpara), 7.48 (2H, m, ArHmeta); 13C NMR (126MHz, CDCl3) δ ppm 20.6, 

20.7, 20.7, 20.8 (4 x 1C, 4 x COCH3), 62.4 (1C, C6), 66.3 (1C, C4), 69.3 (1C, C3), 

69.5 (1C, C5), 70.8 (1C, C2), 85.6 (1C, C1), 128.1 (1C, ArCpara), 129.1 (2C, ArCortho), 

129.2 (1C, ArCmeta), 132.0 (1C, ArCipso), 169.7, 169.8, 169.9, 170.5 (4 x 1C, 4 x 

C=O); m/z (ES+) 458.2 [M + NH4]+, 463.1 [M + Na]+. 

SPh

OAcO
AcO

OAcAcO
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5-azidopentan-1-ol (5.3)  

To a suspension of NaN3 (0.95g, 14.5mmol,1.5eq) in acetonitrile (10ml) at 0°C was 

added dropwise Tf2O (1.96ml, 11.6mmol, 1.2eq). The reaction mixture was stirred at 

this temperature for 2 hours after which 5.5 (50% weight solution in water, 2.0ml, 

9.69mmol, 1eq) was added dropwise, followed by CuSO4 (15mg, 0.1mmol, 0.01eq), 

triethylamine (3ml) and water (1ml). The reaction mixture was allowed to warm to 

room temperature and stirred for 16 hours. The solvent was removed in vacuo and the 

product purified by silica gel chromatography (3 ethyl acetate : 7 petrol) as a 

colourless liquid (920mg, 74%). 

Rf 0.25 (ethyl acetate); 1H NMR (400MHz, CDCl3) δ ppm 1.45 (2H, m, H3), 1.55-

1.71 (4H, m, H2, H4), 3.31 (2H, t, JH1-H2 5.9Hz, H1), 3.68 (2H, t, JH4-H5 6.1Hz, H5); 
13C NMR (101MHz, CDCl3) δ ppm 23.0 (1C, C3), 28.6 (1C, C2), 32.2 (1C, C4), 51.4 

(1C, C1), 62.6 (1C, C5); m/z (ES+) 405.2 [M + NH4]+, 410.2 [3M + Na]+; HRMS 

(FI+) 130.0910 [M + H]+ required 130.0926. 

1-azido-5-pentyl-α-D-2,3,4,6-O-acetyl-mannopyranoside (5.6) 

α-D-2,3,4,6-O-acetyl-mannopyranosyl-(1→2)-1-azido-5-pentyl-α-D-2,3,4,6-O-

acetyl-mannopyranoside (5.7) 

A solution of 5.4 (1.48g, 3.36mmol, 1eq) and 5.3 (457mg, 3.53mmol, 1.05eq) was 

stirred with pre-activated 4Å molecular sieves in anhydrous DCM (50ml) at -2°C for 

30 minutes. To this mixture was added N-iodosuccinimide (907mg, 4.03mmol, 1.2eq), 

which had been freshly crystallized from 1,4-dioxane and dried under high vacuum 

for at least 24 hours, and the mixture stirred for 10 minutes. The reaction was initiated 

by addition of triflic acid (89µl, 1.01mmol, 0.3eq) and the mixture stirred at -2°C for 

2 hours after which TLC (3 ethyl acetate : 2 petrol) showed the complete consumption 

of starting material. The reaction mixture was filtered through Celite® and washed 

with 10% Na2S2O3 (100ml), saturated NaHCO3 (100ml), brine (100ml) and dried over 

MgSO4. The products were separated by automated silica gel chromatography (10% 

ethyl acetate in petrol to 100% ethyl acetate over 12 column volumes) to give the 

monosaccharide 5.6 (62mg, 4%) and disaccharide 5.7 (400mg, 16%). Trisaccharide 

and tetrasaccharide were also detected but were not isolated with high purity. 

 

 

HO N3
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Compound 5.6 

Rf 0.36 (1 petrol : 1 ethyl acetate); [α]D
25 +33.3 (c = 1.0, 

CHCl3); 1H NMR (500MHz, CDCl3) δ ppm 1.46 (2H, aquin, 

JH8-H9 6.8Hz, JH9-H10 6.8Hz, H9), 1.55-1.69 (4H, m, H8, H10), 2.00, 2.05, 2.11, 2.16 (4 

x 3H, 4 x s, 4 x OAc), 3.46 (1H, dt, JH7-H7’ 9.7Hz, JH7’-H8 6.3Hz, H7’), 3.67 (2H, t, 

JH10-H11 6.6Hz, H11), 3.70 (2H, dt, JH7-H7’ 9.2Hz, JH7-H8 6.5Hz, H7), 3.98 (1H, ddd, 

JH4-H5 9.8Hz, JH5-H6 5.4Hz, JH5-H6’ 2.5Hz, H5), 4.11 (1H, dd, JH6-H6’ 12.1Hz, JH5-H6’ 

2.4Hz, H6’), 4.28 (1H, dd, JH6-H6’ 12.3Hz, JH5-H6 5.4Hz, H6), 4.80 (1H, d, JH1-H2 

1.6Hz, H1), 5.23 (1H, dd, JH2-H3 3.5Hz, JH1-H2 1.9Hz, H2), 5.28 (1H, t, JH3-H4 9.9Hz, 

JH4-H5 9.9Hz, H4), 5.34 (1H, dd, JH3-H4 9.9Hz, JH2-H3 3.5Hz, H3); 13C NMR (126MHz, 

CDCl3) δ ppm 20.7, 20.7, 20.7, 20.9 (4 x 1C, 4 x COCH3), 23.3 (1C, C9), 28.6 (1C, 

C10), 28.8 (1C, C8), 62.5 (1C, C6), 62.6 (1C, C11), 66.2 (1C, C4), 68.1 (1C, C7), 

68.4 (1C, C5), 69.1 (1C, C3), 69.6 (1C, C2), 97.6 (1C, C1), 169.7, 169.9, 170.1, 170.6 

(4 x 1C, 4 x C=O); FT-IR (thin film) υ 1784 (C=O), 2099 (N3), 2924 (C-H); HRMS 

m/z (ES+) 482.1743 [M + Na]+ required 482.1745. 

Compound 5.7 

Rf 0.3 (1 petrol : 1 ethyl acetate); 1H NMR (500MHz, 

CDCl3) δ ppm 1.45 (2H, quin, JH8-H9 8.2Hz, JH9-H10 8.2Hz, 

H9), 1.63 (4H, quin, JH7-H8 6.9Hz, JH8-H9 6.9Hz, JH9-H10 

6.9Hz, JH10-H11 6.9Hz, H8, H10), 2.01, 2.03, 2.04 (3 x 3H, 3 x s, 3 x OAc), 2.08 (2 x 

3H, s, 2 x OAc), 2.14, 2.15 (2 x 3H, 2 x s, 2 x OAc), 3.30 (2H, t, JH10-H11 6.8Hz, H11), 

3.44 (1H, dt, JH7a-H7b 9.5Hz, 2 x JH7b-H8 6.3Hz, H7b), 3.71 (1H, dt, JH7a-H7b 9.5Hz, 2 x 

JH7a-H8 6.6Hz, H7a), 3.91 (1H, ddd, JH4-H5 9.5Hz, JH5-H6a 4.4Hz, JH5-H6b 2.5Hz, H5), 

4.02 (1H, dd, JH2-H3 2.8Hz, JH1-H2 2.2Hz, H2), 4.12 (1H, dd, JH6a-H6b 12.0Hz, JH5-H6b 

2.2Hz, H6b), 4.13 (1H, dd, JH6’a-H6’b 12.0Hz, JH5’-H6’b 3.2Hz, H6’b), 4.16 (1H, ddd, 

JH4’-H5’ 9.9Hz, JH5’-H6’b 5.4Hz, JH5’-H6’a 2.2Hz, H5’), 4.22 (2H, dd, JH6a-H6b 12.3Hz, JH5-

H6a 5.0Hz, H6a, H6’a), 4.92 (1H, d, JH1-H2 1.3Hz, H1), 4.92 (1H, d, JH1’-H2’ 1.2Hz, 

H1’), 5.26 (1H, dd, JH2’-H3’ 3.5Hz, JH1’-H2’ 1.3Hz, H2’), 5.28 (1H, t, JH3’-H4’ 10.1Hz, 

JH4’-H5’ 10.1Hz, H4’), 5.28 (1H, dd, JH3-H4 10.4Hz, JH2-H3 2.5Hz, H3), 5.33 (1H, t, JH3-

H4 10.1Hz, JH4-H5 10.1Hz, H4), 5.41 (1H, dd, JH3’-H4’ 9.9Hz, JH2’-H3’ 3.3Hz, H3’); 13C 

NMR (126MHz, CDCl3) δ ppm 20.5, 20.6 (2 x 1C, 2 x COCH3), 20.7 (2C, 2 x 

COCH3), 20.7, 20.7, 20.9 (3 x 1C, 3 x COCH3), 23.4 (1C, C9), 28.6 (1C, C8), 28.9 

(1C, C10), 51.2 (1C, C11), 62.1 (1C, C6’), 62.2 (1C, C6), 66.2 (1C, C4), 66.4 (1C, 
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C4’), 68.1 (1C, C7), 68.4 (1C, C3’), 68.5 (1C, C5), 69.1 (1C, C5’), 69.7 (1C, C2’), 

70.3 (1C, C3), 77.1 (1C, C2), 98.3 (1C, C1’), 99.2 (1C, C1), 169.4, 169.4, 169.7, 

169.8, 170.4, 170.4, 170.9 (7 x 1C, 7 x C=O); FT-IR (ATR) υ 1743 (C=O), 2098 (N3); 

HRMS (ES+) m/z  770.2597 [M + Na]+ (required 770.2596). 

α-D-mannopyranosyl-(1→2)-1-azido-5-pentyl-α-D-

2,3,4,6-O-acetyl-mannopyranoside (5.8) 

To a solution of 5.7 (0.40g, 0.54mmol, 1eq) in anhydrous 

methanol (20ml) was added NaOMe (29mg, 0.54mmol, 

1eq). The reaction mixture was stirred at room temperature for 12 hours, after which 

TLC (1 petrol : 2ethyl acetate) showed complete consumption of starting material. 

The solvents were removed under reduced pressure and the product purified by 

automated silica gel chromatography (1 water : 3 isopropanol : 8 ethyl acetate) to 

afford the title compound as a white amorphous solid (180mg, 73%) 

Rf 0.25 (1 water : 3 isopropanol : 8 ethyl acetate), 1H NMR (500MHz, D2O) δ ppm 

1.37 (2H, quin, JH8-H9 6.6Hz, JH9-H10 6.6Hz, H9), 1.55 (2H, quin, JH7-H8 6.9Hz, JH8-H9 

6.9Hz, JH9-H10 6.9Hz, JH10-H11 6.9Hz, H8, H10), 3.26 (2H, t, JH10-H11 6.8Hz, H11), 3.47 

(1H, dt, JH7a-H7b 10.0Hz, 2 x JH7b-H8 6.0Hz, H7b), 3.53 (1H, t, JH3-H4 9.8Hz, JH4-H5 

9.8Hz, H4), 3.54 (1H, ddd, JH4-H5 9.5Hz, JH5-H6b 6.0Hz, JH5-H6a 1.9Hz, H5), 3.60 (1H, 

t, JH3’-H4’ 9.8Hz, JH4’-H5’ 9.8Hz, H4’), 3.64 (1H, dd, JH6a-H6b 12.0Hz, JH5-H6b 6.6Hz, 

H6b), 3.66-3.71 (2H, m, H5, H7a), 3.68 (2H, dd, JH6a-H6b 12.1Hz, JH5-H6a 5.8Hz, H6a, 

H6’a), 3.76 (1H, dd, JH3’-H4’ 9.8Hz, JH2’-H3’ 3.2Hz, H3’), 3.80 (1H, dd, JH6a-H6b 12.0Hz, 

JH5-H6a 2.2Hz, H6a), 3.81 (1H, dd, JH6’a-H6’b 12.0Hz, JH5’-H6’a 2.3Hz, H6’a), 3.82 (1H, 

dd, JH3-H4 9.1Hz, JH2-H3 3.8Hz, H3), 3.87 (1H, dd, JH2-H3 3.3Hz, JH1-H2 1.7Hz, H2), 

3.99 (1H, dd, JH2’-H3’ 3.2Hz, JH1’-H2’ 1.9Hz, H2’), 4.94 (1H, d, JH1’-H2’ 1.6Hz, H1’), 

5.02 (1H, d, JH1-H2 1.6Hz, H1); 13C NMR (126MHz, D2O) δ ppm 22.7 (1C, C9), 27.7 

(1C, C10), 28.0 (1C, C8), 51.0 (1C, C11), 60.9 (1C, C6’), 61.1 (1C, C6), 66.9 (1C, 

C4’), 66.9 (1C, C4), 67.7 (1C, C7), 69.9 (1C, C2’), 70.3 (2C, C3, C3’), 72.7 (1C, C5), 

73.3 (1C, C5’), 78.7 (1C, C2), 98.1 (1C, C1), 102.3 (1C, C1’); FT-IR (ATR) υ 2115 

(N3), 3156 (OH); HRMS (ES-) m/z 452.1889 [M – H]- (required 452.1886). 
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α-D-mannopyranosyl-(1→2)-1-amino-5-pentyl-α-D-

2,3,4,6-O-acetyl-mannopyranoside (5.1)40 

A suspension of 5% Pd/C (85mg, 0.040mmol, 0.1eq) and 

5.8 (180mg, 0.40mmol, 1eq) in methanol (10ml) and 

water (2ml) was repeatedly degassed under vacuum and charged with hydrogen. The 

reaction was vigorously stirred under an atmosphere of hydrogen for 28 hours, after 

which TLC (1 water : 3 isopropanol : 8 ethyl acetate) showed complete consumption 

of the starting material. The reaction mixture was filtered through Celite® and the 

solvent removed in vacuo. The product was dissolved in water and lyophilized to give 

the target compound as an amorphous white solid (167mg, 98%). 

Rf 0.4 (1 water : 3 NH4OH : 5 EtOH), [α]D
25 +45.1 (c = 1.0, H2O), lit.40 +48.3 (c = 

1.0, H2O); 1H NMR (500MHz, D2O) δ ppm 1.32 (2H, quin, JH8-H9 6.9Hz, JH9-H10 

6.9Hz, H9), 1.52 (2H, quin, JH7-H8 6.3Hz, JH8-H9 6.3Hz, H8), 1.55 (2H, quin, JH9-H10 

7.9Hz, JH10-H11 7.9Hz, H10), 2.85 (2H, t, JH10-H11 7.7Hz, H11), 3.41 (1H, dt, JH7a-H7b 

9.9Hz, 2 x JH7b-H8 6.0Hz, H7b), 3.46 (1H, ddd, JH4-H5 9.7Hz , JH5-H6b 5.8Hz, JH5-H6a 

2.6Hz, H5), 3.47 (1H, t, JH3-H4 9.7Hz, JH4-H5 9.7Hz, H4), 3.55 (1H, t, JH3’-H4’ 9.4Hz, 

JH4’-H5’ 9.4Hz, H4’), 3.58-3.67 (2H, m, H5’, H7a), 3.62 (2H, dd, JH6a-H6b 12.3Hz, JH5-

H6b 6.0Hz, H6b, H6’b), 3.71 (1H, dd, JH3’-H4’ 9.6Hz, JH2’-H3’ 3.3Hz, H3’), 3.76 (2H, dd, 

JH6a-H6b 12.8Hz, JH5-H6a 2.6Hz, H6a), 3.76 (1H, dd, JH3-H4 9.4Hz, JH2-H3 3.2Hz, H3), 

3.82 (1H, dd, JH2-H3 3.2Hz, JH1-H2 1.6Hz, H2), 3.94 (1H, dd, JH2’-H3’ 3.2Hz, JH1’-H2’ 

1.9Hz, H2’), 4.89 (1H, d, JH1’-H2’ 1.4Hz, H1’), 4.97 (1H, d, JH1-H2 1.2Hz, H1); 13C 

NMR (101MHz, D2O) δ ppm 22.8 (1C, C9), 27.1 (1C, C10), 28.3 (1C, C8), 39.8 (1C, 

C11), 61.3 (1C, C6), 61.5 (1C, C6’), 67.3 (1C, C4), 67.3 (1C, C4’), 67.9 (1C, C7), 

70.3 (1C, C2’), 70.6 (1C, C3’), 70.7 (1C, C3), 73.1 (1C, C5), 73.6 (1C, C5’), 79.1 

(1C, C2), 98.4 (1C, C1), 102.7 (1C, C1’); FT-IR (ATR) υ 2894 (NH2 bend overtone), 

3348 (OH); m/z (ES+) 428.2 [M + H]+. 
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5.11.2 Attempted synthesis of GalNAc-4-SO4 ligand 

N-phthalamido-1,3,4,6-O-acetyl-D-glucose (5.19) 

Compound 5.17 (20.0g, 92.7mmol, 1eq) and NaOH (4.1g, 

102mmol, 1.1eq) were dissolved in water (100ml) and allowed to 

stir at room temperature for 10 minutes, after which phthalic 

anhydride (14.0g, 94.6mmol, 1.02mmol) was added. The reaction mixture was stirred 

at room temperature for 5 hours, during which time a pale yellow precipitate had 

formed. The reaction mixture was lyophilized and re-dissolved in anhydrous pyridine 

(50ml) and cooled to -78°C. Acetic anhydride (70ml, 742mmol, 8eq) was added 

dropwise over 10 minutes. The reaction was allowed to warm to room temperature 

and stirred for 16 hours after which TLC (2 petrol : 1 ethyl acetate) showed the 

formation of a single product. The reaction was quenched by pouring onto ice 

(~200ml) and the mixture was extracted with ethyl acetate (2 x 150ml). The combined 

organics were washed with 2M HCl (5 x 100ml), saturated NaHCO3 (2 x 100ml), 1M 

NaOH (50ml), brine (2 x 100ml) and dried over MgSO4. The solvent was removed in 

vavuo to yield the desired product as a pale yellow solid as a mixture of anomers 

(32.1g, 72%, α:β 1:1.05). 

Rf 0.1 (2 petrol : 1 ethyl acetate), [α]D
25 +75.9 (c = 2.0, CHCl3); 1H NMR (400MHz, 

CDCl3) δ ppm 1.85, 1.86, 1.98, 2.03, 2.05, 2.07, 2.10, 2.11 (8 x 3H, 8 x s, 8 x OAc (4 

x α, 4 x β)), 4.02 (1H, ddd, JH4β-H5β 10.1Hz, JH5β-H6aβ 4.0Hz, JH5β-H6bβ 1.8Hz, H5β), 

4.13 (2H, dd, JH6a-H6b 12.4Hz, JH5-H6b 1.5Hz, H6bα, H6bβ), 4.31 (1H, dt, JH4α-H5α 

11.9Hz, JH5α-H6aα 3.4Hz, JH5α-H6bα 3.4Hz, H5α), 4.36 (2H, dd, JH6a-H6b 12.3Hz, JH5-H6a 

4.3Hz, H6aα, H6bβ), 4.46 (1H, dd, JH2β-H3β 10.4Hz, JH1β-H2β 9.1Hz, H2β), 4.71 (1H, 

dd, JH2α-H3α 11.6Hz, JH1α-H2α 3.3Hz, H2α), 5.15 (1H, t, JH3α-H4α 9.3Hz, JH4α-H5α 9.3Hz, 

H4α), 5.20 (1H, t, JH3β-H4β 9.8Hz, JH4β-H5β 9.8Hz, H4β), 5.87 (1H, t, JH2β-H3β 9.9Hz, 

JH3β-H4β 9.9Hz, H3β), 6.27 (1H, d, JH1α-H2α 3.3Hz, H1α), 6.50 (1H, d, JH1β-H2β 8.8Hz, 

H1β), 6.55 (1H, dd, JH2α-H3α 11.4Hz, JH3α-H4α 9.3Hz, H3α), 7.71-7.79 (4H, m, ArH3, 

ArH4 (2 x α, 2 x β)), 7.81-7.88 (4H, m, ArH2, ArH5 (2 x α, 2 x β)); 13C NMR 

(101MHz, CDCl3) δ ppm 20.4, 20.6, 20.7, 21.0 (4 x 1C, 4 x COCH3), 20.6, 20.7 (2 x 

2C, 4 x COCH3), 52.8 (1C, C2α), 53.5 (1C, C2β), 61.5, 61.5 (2C, C6α, C6β), 67.0 

(1C, C3α), 68.3 (1C, C4β), 69.3 (1C, C4α), 70.1 (1C, C5α), 70.5 (1C, C3β), 72.6 (1C, 

C5β), 89.7 (1C, C1β), 90.5 (1C, C1α), 123.7, 123.8 (2 x 2C, ArC2, ArC5), 131.1, 

131.2 (2 x 2C, ArC1, ArC6), 134.4, 134.5 (2 x 2C, ArC3, ArC4), 167.4, 167.4 (2 x 1C, 
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2 x NCO), 168.6, 169.3, 169.4, 169.5, 169.7, 170.0 (6 x 1C, 6 x COCH3), 170.6 (2C, 

2 x COCH3); m/z (ES+) 500.1 [M + Na]+, 977.1 [2M + Na]+. 

β-O-allyl-N-phthalamido-3,4,6-O-acetyl-D-glucose41 

(5.20) 

To a solution of 5.19 (48.6g, 102mmol, 1eq) in anhydrous 

DCM (100ml) at room temperature was added dropwise 

over 20 minutes SnCl4 (23.9ml, 204mmol, 2eq). After 30 minutes of stirring at room 

temperature, allyl alcohol (10.4ml, 153mmol, 1.5eq) was added dropwise over 10 

minutes. After stirring at this temperature for 33 hours, TLC (1 petrol : 1 ethyl 

acetate) showed complete consumption of starting material.  The reaction was 

quenched by pouring onto ice (400ml) and the mixture was extracted with DCM 

(500ml). The organic layer was washed with saturated NaHCO3 (2 x 200ml), brine 

(200ml) and dried over MgSO4. The product was purified by silica gel 

chromatography (1 petrol : 1  ethyl acetate)  as a white amorphous solid (28.7g, 59%, 

contaminated with a small amount of the α anomer). 

Rf 0.39 (1 petrol : 1 ethyl acetate), [α]D
25 +52.0 (c = 1.0, CHCl3); 1H NMR (500MHz, 

CDCl3) δ ppm 1.86, 2.03, 2.12 (3 x 3H, 3 x s, 3 x OAc), 3.87 (1H, ddd, JH4-H5 10.1Hz, 

JH5-H6a 4.7Hz, JH5-H6b 2.5Hz, H5), 4.06 (1H, ddt, JH7a-H7b 12.9Hz, JH7b-H8 6.6Hz, JH7b-

H9a 1.1Hz, JH7b-H9b 1.1Hz, H7b), 4.18 (1H, dd, JH6a-H6b 12.1Hz, JH5-H6b 2.4Hz, H6b), 

4.28 (1H, ddt, JH7a-H7b 12.9Hz, JH7a-H8 5.0Hz, JH7a-H9a 1.4Hz, JH7a-H9b 1.4Hz, H7a), 4.33 

(1H, dd, JH6a-H6b 11.5Hz, JH5-H6a 5.5Hz, H6a), 4.35 (1H, dd, JH2-H3 10.7Hz, JH3-H4 

8.5Hz, H2), 5.07 (3H, dd, JH8-H9b 10.6Hz, JH9a-H9b 1.4Hz, H9b), 5.14 (1H, dd, JH8-H9a 

17.3Hz, JH9a-H9b 1.6Hz, H9a), 5.18 (1H, dd, JH4-H5 10.1Hz, JH3-H4 9.1Hz, H4), 5.41 

(1H, d, JH1-H2 8.5Hz, H1), 5.71 (1H, dddd, JH8-H9a 17.4Hz, JH8-H9b 10.4Hz, JH7b-H8 

6.3Hz, JH7a-H8 5.4Hz, H8), 5.80 (1H, dd, JH2-H3 10.7Hz, JH3-H4 9.1Hz, H3), 7.74 (2H, 

dd, 3J 5.5Hz, 4J 3.0Hz, ArH3, ArH4), 7.86 (2H, dd, 3J 5.5Hz, 4J 3.0Hz, ArH2, ArH5); 
13C NMR (126MHz, CDCl3) δ ppm 20.4, 20.6, 20.8 (3 x 1C, 3 x COCH3), 54.6 (1C, 

C2), 62.0 (1C, C6), 69.0 (1C, C4), 70.2 (1C, C7), 70.8 (1C, C3), 71.8 (1C, C5), 97.1 

(1C, C1), 117.9 (1C, C9), 123.6 (2C, ArC2, ArC5), 131.4 (2C, ArC1, ArC6), 133.2 

(1C, C8), 134.3 (2C, ArC3, ArC4), 167.6 (2C, NCO), 169.5, 170.2, 170.7 (3 x 1C, 3 x 

COCH3); FT-IR (KBr disc) υ 1227 (O-C), 1718 (N-C=O), 1749 (O-C=O);  m/z (ES+) 

498.1 [M + Na]+, 536.2 [M + iPrOH + H]+, 973.3 [2M + Na]+. 
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β-O-allyl-N-phthalamido-D-glucose42 (5.21) 

Compound 5.20 (28.6g, 60.2mmol, 1eq) and NaOMe (325mg, 

6.02mmol, 0.1eq) were dissolved in anhydrous methanol (75ml) 

and stirred at room temperature for 7 hours, after which TLC 

(ethyl acetate) showed complete consumption of starting materials. The reaction was 

quenched with Dowex 50WX8 (H+ form) until neutral (pH paper). The solvent was 

removed under reduced pressure to give the desired compound as a pale yellow 

amorphous solid (21.0g, 100%). 

Rf 0.28 (ethyl acetate), [α]D
25 12.2 (c = 1.0, CHCl3); 1H NMR (500MHz, CDCl3) δ 

ppm 3.43 (1H, dt, JH4-H5 9.5Hz, JH5-H6a 2.8Hz, JH5-H6b 2.8Hz, H5), 3.71 (1H, t, JH3-H4 

9.1Hz, JH4-H5 9.1Hz, H4), 3.84-3.89 (2H, m, H6a, H6b), 4.01 (1H, ddt, JH7a-H7b 

13.2Hz, JH7b-H8 6.0Hz, JH7b-H9a 1.2Hz, JH7b-H9b 1.2Hz, H7b), 4.13 (1H, dd, JH2-H3 

10.7Hz, JH1-H2 8.5Hz, H2), 4.24 (1H, ddt, JH7a-H7b 13.2Hz, JH7a-H8 5.0Hz, JH7a-H9a 

1.3Hz, JH7a-H9b 1.3Hz, H7a), 4.30 (1H, dd, JH2-H3 10.6Hz, JH3-H4 9.0Hz, H3), 5.01 (1H, 

dd, JH8-H9b 10.6Hz, JH9a-H9b 1.4Hz, H9b), 5.09 (1H, dd, JH8-H9a 17.0Hz, JH9a-H9b 1.6Hz, 

H9a), 5.23 (1H, d, JH1-H2 8.5Hz, H1), 5.68 (1H, dddd, JH8-H9a 17.0Hz, JH8-H9b 10.7Hz, 

JH7b-H8 6.0Hz, JH7a-H8 5.0 Hz, H8), 7.69 (2H, dd, 3J 5.5Hz, 4J 3.0Hz, ArH3, ArH4), 7.80 

(2H, dd, 2J 5.5Hz, 3J 3.0Hz, ArH2, ArH5); 13C NMR (126MHz, CDCl3) δ ppm 56.6 

(1C, C2), 61.6 (1C, C6), 70.0 (1C, C7), 71.2 (1C, C4), 71.5 (1C, C3), 75.5 (1C, C5), 

97.5 (1C, C1), 117.4 (1C, C9), 123.3 (2C, ArC2, ArC5), 131.7 (2C, ArC1, ArC6), 

133.6 (1C, C9), 134.0 (2C, ArC3, ArC4), 168.4 (2C, C=O); FT-IR (KBr disc) υ 1705 

(C=O); m/z (ES+) 372.1 [M + Na]+, 404.1 [M + MeOH + Na]+, 721.2 [2M + Na]+, 

753.3 [2M + MeOH + Na]+. 

β-O-allyl-N-phthalamido-4,6-benzylidene-D-glucose43 

(5.22) 

A solution of 5.21 (21.7g, 62.1mmol, 1eq), benzyl 

dimethylacetal (9.41ml, 62.7mmol, 1.01eq) and p-toluene sulfonic acid monohydrate 

(0.59g, 3.10mmol, 0.05eq) in acetonitrile (75ml) was heated to 50°C. After 28 hours, 

TLC (ethyl acetate) showed the formation of a product but with incomplete 

consumption of starting material. Extra benzyl dimethylacetal (9.41ml, 62.7mmol, 

1.01eq) was added and the reaction mixture heated under reflux for 56 hours after 

which time TLC (ethyl acetate) showed complete consumption of starting material. 

The solvent was removed in vacuo and the crude residue partitioned between in ethyl 
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acetate (300ml) and water (200ml). The organic layer was washed with saturated 

NaHCO3 (200ml), brine (200ml), dried over MgSO4 and concentrated under reduced 

pressure. The desired compound was purified by silica gel chromatography (7% to 

60% ethyl acetate in petrol over 10 column volumes) as a pale yellow foam (16.45g, 

61%). 

Rf 0.3 (7 petrol : 3 ethyl acetate), [α]D
25 -35.1 (c = 1.0, CHCl3), lit.43 [α]D -39 (c = 1.0, 

CHCl3); 1H NMR (500MHz, CDCl3) δ ppm 2.54 (1H, br. s, OH), 3.63 (1H, t, JH3-H4 

9.1Hz, JH4-H5 9.1Hz, H4), 3.66 (1H, td, JH4-H5 9.5Hz, JH5-H6b 9.5Hz, JH5-H6a 4.7Hz, H5), 

3.85 (1H, t, JH5-H6b 9.8Hz, JH6a-H6b 9.8Hz, H6b), 4.05 (1H, ddt, JH7a-H7b 13.0Hz, JH7b-H8 

6.3Hz, JH7b-H9a 1.4Hz, JH7b-H9b 1.4Hz, H7b), 4.29 (1H, m, JH7a-H8 7.9Hz, JH7a-H9a 1.6Hz, 

JH7a-H9b 1.6Hz, H7a), 4.29 (1H, dd, JH2-H3 10.7Hz, JH1-H2 8.5Hz, H2), 4.40 (1H, dd, 

JH6a-H6b 10.6Hz, JH5-H6a 4.6Hz, H6a), 4.66 (1H, dd, JH2-H3 10.6Hz, JH3-H4 8.7Hz, H3), 

5.06 (1H, ddt, JH8-H9b 10.4Hz, JH9a-H9b 1.6Hz, JH7a-H9b 1.3Hz, JH7b-H9b 1.3Hz, H9b), 

5.15 (1H, dq, JH8-H9a 17.0Hz, JH7a-H9a 1.6Hz, JH7b-H9a 1.6Hz, JH9a-H9b 1.6Hz, H9a), 5.32 

(1H, d, JH1-H2 8.5Hz, H1), 5.58 (1H, s, PhCH), 5.70 (1H, dddd, JH8-H9a 17.0Hz, JH8-H9b 

10.4Hz, JH7a-H8 6.3Hz, JH7b-H8 5.0Hz, H8), 7.38-7.39 (3H, m, Bd ArHortho, Bd ArHpara), 

7.50-7.52 (2H, m, Bd ArHmeta), 7.74 (2H, dd, 3J 5.7Hz, 4J 3.2Hz, ArH3, ArH4), 7.84-

7.89 (2H, m, ArH2, ArH5); 13C NMR (126MHz, CDCl3) δ ppm 56.5 (1C, C2), 60.4 

(1C, C5), 66.1 (1C, C3), 68.6 (1C, C6), 70.1 (1C, C7), 82.2 (1C, C4), 97.9 (1C, C1), 

102.0 (1C, PhCH), 117.7 (1C, C9), 123.5 (2C, ArC2, ArC5), 126.3 (2C, Bd ArCmeta), 

128.4 (3C, Bd ArCortho, Bd ArCpara), 131.7 (2C, ArC1, ArC6), 133.3 (1C, C8), 134.1 

(1C, ArC3, ArC4), 136.9 (1C, Bd ArCipso), 168.1 (2C, NCO); m/z (ES+) 460.1 [M + 

Na]+, 492.2 [M + MeOH + Na]+, 897.3 [2M + Na]+, 929.3 [2M + MeOH + Na]+. 

β-O-allyl-N-phthalamido-3-benzyl-4,6-benzylidene-D-

glucose44 (5.23) 

To a solution of 5.22 (16.45g, 37.6mmol, 1eq) in anhydrous 

DMF (100ml) cooled to 0°C was added NaH (60% dispersion in mineral oil, 1.66g, 

41.4mmol, 1.1eq) portionwise over 5 minutes. The reaction mixture was stirred at this 

temperature for 5 minutes, after which benzyl bromide (4.93ml, 41.4mmol, 1.1eq) 

was added dropwise. The reaction mixture was allowed to warm to room temperature 

and stirred for 12 hours after which TLC (7 petrol : 3 ethyl acetate) showed complete 

consumption of starting materials. The reaction mixture was quenched with 

isopropanol (10ml) and the solvent removed in vacuo. The crude residue was 
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partitioned between ethyl acetate (500ml) and water (250ml). The organic layer was 

washed with brine (3 x 250ml), dried over MgSO4 and concentrated in vacuo. Silica 

gel chromatography (5% to 50% ethyl acetate in petrol over 10 column volumes) 

afforded the desired compound as a white foam (15.90g, 80%). 

Rf 0.47 (7 petrol : 3 ethyl acetate), [α]D
25 +44.0 (c = 0.45, CHCl3), lit.44 [α]D 20 -12.8 

(c = 1.2, CHCl3);  1H NMR (500MHz, CDCl3) δ ppm 3.65 (1H, td, JH4-H5 9.6Hz, JH5-

H6b 9.6Hz, JH5-H6a 5.0Hz, H5), 3.83 (1H, t, JH3-H4 9.1Hz, JH4-H5 9.1Hz, H4), 3.88 (1H, t, 

JH5-H6b 10.2Hz, JH6a-H6b 10.2Hz, H6b), 4.00 (1H, ddt, JH7a-H7b 12.9Hz, JH7b-H8 6.3Hz, J-

H7b-H9a 1.3Hz, JH7b-H9a 1.3Hz, H7b), 4.25 (1H, ddt, JH7a-H7b 11.5Hz, JH7a-H8 6.3Hz, JH7a-

H9a 1.6Hz, JH7a-H9b 1.6Hz, H7a), 4.26 (1H, dd, JH2-H3 10.4Hz, JH1-H2 8.5Hz, H2), 4.41 

(1H, dd, JH6a-H6b 10.4Hz, JH5-H6a 5.0Hz, H6a), 4.44 (1H, dd, JH2-H3 10.4Hz, JH3-H4 

9.1Hz, H3), 4.51 (1H, d, 2J 12.3Hz, OCH2Ph), 4.80 (1H, d, 2J 12.3Hz, OCH2Ph), 5.02 

(1H, dq, JH8-H9b 10.4Hz, JH7a-H9b 1.3Hz, JH7b-H9b 1.3Hz, JH8-H9b 1.3Hz, H9b), 5.11 (1H, 

dq, JH8-H9a 17.0Hz, JH9a-H9b 1.6Hz, JH7a-H9a 1.6Hz, JH7b-H9a 1.6Hz, H9a), 5.25 (1H, d, 

JH1-H2 8.5Hz, H1), 5.64 (1H, s, PhCH), 5.66 (1H, dddd, JH8-H9a 17.0Hz, JH8-H9b 10.4Hz, 

JH7a-H8 6.3Hz, JH7b-H8 5.0Hz, H8), 6.87 - 6.95 (3H, m, Bn ArHmeta, Bn ArHpara), 7.00 

(2H, dd, Jortho-meta 6.9Hz, Jortho-para 1.3Hz, Bn ArHpara), 7.36-7.44 (3H, m, Bd ArHortho, 

Bd ArHpara), 7.51-7.56 (2H, m, Bd ArHmeta), 7.64-7.84 (4H, m, NPhth); 13C NMR 

(126MHz, CDCl3) δ ppm 55.8 (1C, C2), 66.0 (1C, C5), 68.8 (1C, C6), 70.1 (1C, C7), 

74.1 (1C, PhCH2), 74.5 (1C, C3), 83.1 (1C, C4), 98.0 (1C, C1), 101.3 (1C, PhCH), 

117.6 (1C, C9), 123.3 (2C, ArC2, ArC5), 126.0 (2C, Bd ArCmeta), 127.4, 128.0, 128.0, 

128.3, 129.0 (10C, Bd ArC, Bn ArC), 131.6 (2C, ArC1, ArC6), 133.3 (1C, C8), 133.8 

(2C, ArC3, ArC4), 137.3, 137.9 (2x 1C, Bd ArCipso, Bn ArCipso), 167.6, 167.9 (2 x 1C, 

NCO); m/z (ES+) 549.7 [M + Na]+. 

β-O-allyl-N-phthalamido-3,6-dibenzyl-D-glucose33 (5.24) 

To a solution of 5.23 (15.9g, 30.2mmol, 1eq) in anhydrous DCM 

(100ml) cooled to -78°C was added Et3SiH (7.23ml, 45.3mmol, 

1.5eq) followed by MsOH (2.35ml, 36.2mmol, 1.2eq). The 

reaction mixture was maintained at -78°C for 8 hours and then allowed to warm to 

room temperature over a further 11 hours, after which TLC (8 petrol : 2 ethyl acetate) 

showed complete cnsumption of starting materials. The reaction mixture was diluted 

with DCM (200ml) and washed with water (200ml), saturated NaHCO3 (200ml), 

brine (200ml), dried over MgSO4 and concentrated in vacuo. The products were 
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separated by silica gel chromatography (7% to 60% ethyl acetate in petrol over 9 

column volumes) to afford the title compound (6.89g, 43%) as a white foam. 

Rf 0.3 (7 petrol : 3 ethyl acetate), [α]D
25 +28.7 (c = 1.0, CHCl3), lit.33 [α]D +31.4 (c = 

1.0, CHCl3); 1H NMR (500MHz, CDCl3) δ ppm 2.94 (1H, br. s, 4-OH), 3.65 (1H, dt, 

JH4-H5 9.5Hz, JH5-H6a 5.0Hz, JH5-H6b 5.0Hz, H5), 3.80 (1H, dd, JH6a-H6b 10.4Hz, JH5-H6b 

5.4Hz, H6b), 3.83 (1H, t, JH3-H4 9.0Hz, JH4-H5 9.0Hz, H4), 3.85 (1H, dd, JH6a-H6b 

10.1Hz, JH5-H6a 5.0Hz, H6a), 3.99 (1H, ddt, JH7a-H7b 13.2Hz, JH7b-H8 6.0Hz, JH7b-H9a 

0.9Hz, JH7b-H9b 0.9Hz, H7b), 4.23 (1H, ddt, JH7a-H7b 13.2Hz, JH7a-H8 4.7Hz, JH7a-H9a 

0.9Hz, JH7a-H9b 0.9Hz, H7a), 4.20 (1H, dd, JH2-H3 10.7Hz, JH1-H2 8.2Hz, H2), 4.26 (1H, 

dd, JH2-H3 10.7Hz, JH3-H4 8.2Hz, H3), 4.55 (1H, d, 2J 12.3Hz, OCH2Ph 1), 4.60 (1H, d, 
2J 12.0Hz, OCH2Ph 2), 4.66 (1H, d, 2J 12.0Hz, OCH2Ph 2), 4.75 (1H, d, 2J 12.3Hz, 

OCH2Ph 1), 5.01 (1H, dq, JH8-H9b 10.4Hz, JH7a-H9b 1.3Hz, JH7b-H9b 1.3Hz, JH9a-H9b 

1.3Hz, H9b), 5.09 (1H, dq, JH8-H9a 17.3Hz, JH7a-H9a 1.6Hz, JH7b-H9a 1.6Hz, JH9a-H9b 

1.6Hz, H9a), 5.19 (1H, d, JH1-H2 7.9Hz, H1), 5.68 (1H, dddd, JH8-H9a 17.3Hz, JH8-H9b 

10.4Hz, JH7b-H8 6.3Hz, JH7a-H8 5.0Hz, H8), 6.94-6.99 (3H, m, 3-OBn ArHmeta, 3-OBn 

ArHpara), 7.06 (2H, dd, Jortho-meta 7.1Hz, Jortho-para 2.4Hz, 3-OBn ArHortho), 7.30-7.39 

(5H, m, 6-OBn ArH), 7.70 (3H, br. s., NPhth), 7.81 (1H, br. s., NPhth); 13C NMR 

(126MHz, CDCl3) δ ppm 55.3 (1C, C2), 69.7 (1C, C7), 70.7 (1C, C6), 73.5 (1C, C5), 

73.8 (1C, PhCH2), 74.3 (1C, PhCH2), 74.5 (1C, C4), 78.6 (1C, C3), 97.3 (1C, C1), 

117.3 (1C, C9), 123.2, 123.4 (2 x 1C, ArC2, ArC5), 127.4, 127.8, 127.9, 127.9, 128.1, 

128.5 (4 x 2C, 2 x 1C, OBn ArCortho, OBn ArCmeta, OBn ArCpara), 131.7 (2C, ArC1, 

ArC6), 133.6 (1C, C8), 133.8 (2C, ArC3, ArC4), 137.6, 138.2 (2 x 1C, OBn ArCipso), 

167.6, 168.3 (2 x 1C, 2 x NCO); m/z (ES+) 552.2 [M + Na]+, (ES-) 528.2 [M – H]-, 

564.2 [M + Cl]-. 

β-O-allyl-N-phthalamido-3,6-dibenzyl-4-acetyl-D-glucose33 

(5.25) 

To a solution of 5.24 (3.69g, 6.98mmol, 1eq) in anhydrous 

DCM (20ml) and pyridine (1ml)  at -5°C was added dropwise 

triflic anhydride (1.47ml, 8.73mmol, 1.25eq). The reaction mixture was stirred at this 

temperature for 30 minutes after which TLC (6 ethyl acetate : 4 petrol) showed 

complete consumption of starting material and the formation of a single product. The 

reaction mixture was quenced with ice water (20ml) and diluted with DMF (20ml). 

DCM and water was removed under reduced pressure at 0°C to give a solution of the 
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crude triflate in DMF. To this solution was added Bu4NOAc (10.5g, 34.9mmol, 5eq) 

and the mixture stirred at room temperature for 18 hours. TLC (6 ethyl acetate : 4 

petrol) showed the formation of two products- acetyl and hydroxyl subsitution 

products. Anhydrous pyridine (10ml) and acetic anhydride (5ml) were added to the 

reaction mixture and stirred at room temperature for 5 hours, after which TLC showed 

the presence of a single product. The reaction mixture was partitoned between ethyl 

acetate (500ml) and water (200ml). The organic layer was washed with brine (100ml), 

1M HCl (5 x 100ml), brine (5 x 100ml), dried over MgSO4 and the solvent removed 

in vacuo. The product was purified by silica gel chromatography (10% to 60% ethyl 

acetate in petrol over 10 column volumes) to give the title compound as a pale yellow 

oil (3.75g, 95%). 

Rf 0.75 (6 ethyl acetate : 4 petrol), [α]D
25 +60.1 (c = 1.0, CHCl3), lit.33 +65.4 (c = 0.37, 

CHCl3); 1H NMR (500MHz, CCCl3) δ ppm 2.15 (3H, s, OAc), 3.59-3.69 (2H, m, 

H6a, H6b), 3.76 (1H, dt, JH4-H5 10.1Hz, JH5-H6a 5.0Hz, JH5-H6b 5.0Hz, H5), 4.02 (1H, 

ddt, JH7a-H7b 12.9Hz, JH7b-H8 6.0Hz, JH7b-H9a 1.6Hz, JH7b-H9b 1.6Hz, H7b), 4.26 (1H, ddt, 

JH7a-H7b 12.9Hz, JH7a-H8 5.0Hz, JH7a-H9a 2.2Hz, JH7a-H9b 2.2Hz, H7a), 4.28 (1H, dd, JH2-

H3 10.7Hz, JH1-H2 8.5Hz, H2), 4.33 (1H, d, 2J 12.0Hz, PhCH2
1), 4.45 (1H, dd, JH2-H3 

10.9Hz, JH3-H4 9.0Hz, H3), 4.57 (1H, d, 2J 12.0Hz, PhCH2
2), 4.61 (1H, d, 2J 12.0Hz, 

PhCH2
2), 4.60 (1H, d, 2J 12.0Hz, PhCH2

1), 5.02 (1H, dq, JH8-H9b 10.4Hz, JH7a-H9b 

1.9Hz, JH7b-H9b
 1.9Hz, JH9a-H9b 1.9Hz, H9b), 5.10 (1H, dq, JH8-H9a 17.4Hz, JH7a-H9a 

1.6Hz, JH7b-H9a 1.6Hz, JH9a-H9b 1.6Hz, H9a), 5.14 (1H, t, JH3-H4 9.1Hz, JH4-H5 9.1Hz, 

H4), 5.19 (1H, d, JH1-H2 8.5Hz, H1), 5.68 (1H, dddd, JH8-H9a 17.5Hz, JH8-H9b 10.4Hz, 

JH7b-H8 6.3Hz, JH7a-H8 5.0Hz,H8), 6.87-7.07 (5H, m, 3-OBn ArH), 7.28-7.40 (3H, m, 6-

OBn ArH), 7.57-7.88 (4H, m, NPhth); 13C NMR (126MHz, CDCl3) δ ppm 20.9 (1C, 

COCH3), 55.4 (1C, C2), 69.7 (1C, C7), 69.8 (1C, C6), 72.5 (1C, C4), 73.4 (1C, C5), 

73.6 (1C, PhCH2), 73.6 (1C, PhCH2), 73.8 (1C, C3), 97.2 (1C, C1), 117.5 (1C, C9), 

123.4 (2C, ArC2, ArC5), 127.4, 127.5, 127.7, 127.8, 127.8, 128.0, 128.0, 128.1, 128.1, 

128.3, 128.4, 128.5 (10C, OBn ArCortho, OBn ArCmeta, OBn ArCpara), 131.6 (2C, ArC1, 

ArC6), 133.5 (1C, C8), 133.8 (2C, ArC3, ArC4), 137.7, 137.9 (2 x 1C, OBn ArCipso), 

167.6, 168.2 (2 x 1C, 2 x NCO), 169.6 (1C, COCH3); m/z (ES+) 572.1 [M + H]+, 

594.2 [M + Na]+. 
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N-phthalamido-3,6-dibenzyl-4-acetyl-D-glucose33 (5.26) 

A mixture of 5.25 (3.75g, 6.57mmol, 1eq), (Ph3P)3RhCl (910mg, 

0.99mmol, 0.15eq) and DABCO (295mg, 2.63mmol, 0.4eq) in 7 

ethanol : 3 toluene : 1 water (100ml) was heated at 100°C for 22 

hours. The solvent was removed under reduced pressure and the crude mixture re-

dissolved in 9 acetone : 1 water. To this solution was added HgO (30mg, 0.138mmol, 

0.02eq) and HgCl2 (9.0g, 33.1mmol, 5eq), and the reaction mixture stirred at room 

temperature for 3 hours after which TLC (6 ethyl acetate : 4 petrol) showed complete 

consumption of starting material. The solvent was removed in vacuo and the crude 

product partitioned between ethyl acetate (300ml) and 30% NaBr solution (300ml). 

The organic layer was washed with 10% Na2S2O3 (300ml), brine (200ml), dried over 

MgSO4 and concentrated in vacuo. The products were separated by silica gel 

chromatography (10% to 80% ethyl acetate in petrol over 9 column volumes) to yield 

the title compound (1.85g, 53%) as a white foam. 

Rf 0.27 (6 petrol : 4 ethyl acetate), [α]D
25 +74.8 (c = 1.0, CHCl3), m/z (ES+) 554.2 [M 

+ Na]+; α:β 0.38:1 

β anomer: 1H NMR (500MHz, CDCl3) δ ppm 1.94 (3H, s, Oac), 3.56-3.60 (2H, m, 

H6a, H6b), 3.80 (2 H, ddd, JH4-H5 9.9Hz, JH5-H6a 5.4Hz, JH5-H6b 3.6Hz, H5), 4.18 (1H, 

dd, JH2-H3 10.7Hz, JH1-H2 8.5Hz, H2), 4.34 (1H, d, 2J 12.0Hz, PhCH2
1), 4.52 (1H, dd, 

JH2-H3 10.7Hz, JH3-H4 8.8Hz, H3), 4.50-4.57 (1H, m, PhCH2
2), 4.61 (1H, d, 2J 12.0Hz, 

PhCH2
2), 4.61 (1H, d, 2J 12.0Hz, PhCH2

1), 5.15 (1H, dd, JH4-H5 10.1Hz, JH3-H4 9.1Hz, 

H4), 5.36 (1H, br. S., H1), 6.88-7.11 (5H, m, 3-Obn ArH), 7.28-7.40 (5H, m, 6-Obn 

ArH), 7.58-7.91 (4H, m, NPhth); 13C NMR (126MHz, CDCl3) δ ppm 20.8 (1C, 

COCH3), 57.1 (1C, C2), 69.2 (1C, C6), 72.2 (1C, C4), 73.6 (1C, C5), 73.6 (1C, 

PhCH2), 73.9 (1C, PhCH2), 76.7 (1C, C3), 92.9 (1C, C1), 123.4 (2C, ArC2, ArC5), 

127.4, 127.7, 127.8, 128.0, 128.0, 128.1, 128.1, 128.3, 128.4, 128.5 (Obn ArCortho, 

Obn ArCmeta, Obn ArCpara α and β), 131.5 (2C, ArC1, ArC6), 133.9 (2C, ArC3, ArC4), 

137.6, 137.7 (2 x 1C, Obn ArCipso), 168.0 (2C, NCO), 169.6 (1C, COCH3). 

α anomer: 1H NMR (500MHz, CDCl3) δ ppm 1.92 (3H, s, OAc), 3.55 (1H, m, H6b), 

3.64 (1H, dd, JH6a-H6b 9.5Hz, JH5-H6a 6.3Hz, H6a), 4.26 (1H, d, 2J 12.3Hz, PhCH2
1), 

4.41 (1H, m, JH5-H6b 4.3Hz, H5), 4.43 (1H, d, 2J 12.3Hz, PhCH2
2), 4.50-4.57 (2H, m, 

H2, PhCH2
2), 4.62 (1H, d, 2J 12.0Hz, PhCH2

1), 4.93 (1H, dd, JH2-H3 11.3Hz, JH3-H4 

9.1Hz, H3), 5.23 (1H, dd, JH4-H5 10.1Hz, JH3-H4 9.1Hz, H4), 5.38 (1H, br. s, H1), 6.88-
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7.11 (5H, m, 3-OBn ArH), 7.28-7.40 (5H, m, 6-OBn ArH), 7.58-7.91 (4H, m, NPhth); 
13C NMR (126MHz, CDCl3) δ ppm 20.9 (1C, COCH3), 55.6 (1C, C2), 68.9 (1C, C6), 

71.1 (1C, PhCH2), 72.5 (1C, C4), 73.5 (1C, C5), 74.0 (1C, PhCH2), 74.2 (1C, C3), 

92.7 (1C, C1), 123.6 (2C, ArC2, ArC5), 127.4, 127.7, 127.8, 128.0, 128.0, 128.1, 

128.1, 128.3, 128.4, 128.5 (OBn ArCortho, OBn ArCmeta, OBn ArCpara α and β), 131.5 

(2C, ArC1, ArC6), 134.2 (1C, ArC3, ArC4), 137.7, 137.9 (2 x 1C, OBn ArCipso), 168.2 

(1C, NCO), 169.6 (1C, COCH3).  

N-phthalamido-3,6-dibenzyl-4-acetyl-D-glucose33 (5.27) 

To a solution of 5.26 (0.60g, 1.13mmol, 1eq) and DMF (26μl, 

0.34mmol, 0.3eq) in anhydrous DCM (10ml) was added dropwise 

oxallyl chloride (0.29ml, 3.39mmol, 3eq). The reaction mixture was 

stired at room temperature 5 hours, after which the mixture was diluted with DCM 

(50ml) and quenched with ice water (~50ml). The organic layer was retained, dried 

over MgSO4 and the solvent removed in vacuo to yield the desired compound as a 

pale yellow foam (0.60g, 97%). 

Rf 0.48 (1 petrol : 1 ethyl acetate), [α]D
25 +81.1 (c = 0.31, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 1.90 (3H, s, OAcα), 1.95 (3H, s, OAcβ), 3.58 (2H, dd, JH6aα-

H6bα 9.8Hz, JH5α-H6bα 7.3Hz, H6bα), 3.61 (1H, dd, JH6aβ-H6bβ 11.3Hz, JH5β-H6bβ 3.8Hz, 

H6bβ), 3.62 (1H, dd, JH6aβ-H6bβ 11.3Hz, JH5β-H6aβ 5.0Hz, H6aβ), 3.67 (1H, dd, JH6aα-H6bα 

9.5Hz, JH5α-H6aα 6.0Hz, H6aα), 3.85 (1H, ddd, JH4β-H5β 9.8Hz, JH5β-H6aβ 4.7Hz, JH5β-H6bβ 

3.8Hz, H5β), 4.25 (1H, d, 2J 12.6Hz, PhCH2α), 4.32 (2H, m, H3α H5α), 4.32 (1H, d, 
2J 12.0Hz, PhCH2β), 4.41-4.46 (2H, m, H2β, H3β), 4.51-4.67 (3H, m, PhCH2α, 

PhCH2β), 4.61 (1H, dd, JH2α-H3α 11.7Hz, JH1α-H2α 2.8Hz, H2α), 5.22 (1H, dd, JH4β-H5β 

10.1Hz, JH3β-H4β 8.8Hz, H4β), 5.42 (1H, dd, JH4α-H5α 11.0Hz, JH3α-H4α 9.1Hz, H4α), 

5.99 (1H, d, JH1β-H2β 8.8Hz, H1β), 6.23 (1H, d, JH1α-H2α 3.8Hz, H1α), 6.86-7.13 (5H, 

m, 3-OBn ArH), 7.28-7.43 (5H, m, 6-OBn ArH), 7.59-7.92 (4H, m, NPhth); 13C NMR 

(126MHz, CDCl3) δ ppm 20.8 (1C, COCH3β), 20.9 (1C, COCH3α), 57.2 (1C, C2α), 

58.4 (1C, C2β), 68.1 (1C, C6α), 69.0 (1C, C6β), 71.2 (1C, PhCH2α), 71.7 (1C, C4β), 

72.3 (1C, C3α), 72.8 (1C, C5α), 73.5 (1C, PhCH2α), 73.6 (1C, PhCH2α), 73.7 (1C, 

PhCH2β), 73.9 (1C, C4α), 74.1 (1C, PhCH2β), 76.1 (1C, C3), 77.2 (1C, C5, obscured 

by CDCl3), 86.1 (1C, C1β), 92.4 (1C, C1α), 123.6 (2C, ArC2β, ArC5β), 123.6 (1C, 

ArC2α, ArC5α), 127.0, 127.4, 127.6, 127.7, 127.8, 127.8, 128.0, 128.1, 128.1, 128.2, 

128.4, 128.5, 128.7 (ArC), 131.3 (2C, ArC2β, ArC5β), 131.5 (2C, ArC2α, ArC5α), 
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134.1 (2C, ArC1β, ArC6β), 134.2 (2C, ArC1α, ArC6α), 137.0, 137.5 (2 x 1C, OBn 

ArCipsoβ), 137.3, 137.6 (2 x 1C, OBn ArCipsoα), 169.4 (1C, COCH3β), 169.5 (1C, 

COCH3α); m/z (ES+) 568.2 [M + NH4]+, 572.2 [M + Na]+. 

N-phthalamido-1-(5-azido-pentan-1-ol)-3,6-dibenzyl-4-

acetyl-D-glucose (5.28) 

A solution of 5.27 (0.60g, 1.09mmol, 1eq), 5.3 (155mg, 

1.20mmol, 1.1eq) and collidine (106mg, 0.87mmol, 0.8eq) in anhydrous DCM (20ml) 

was stirred with 3Å molecular sieves for 1 hour. The reaction mixture was cooled to -

40°C and AgOTf (350mg, 1.36mmol, 1.25eq) was added. The reaction mixture was 

stirred at this temperature for 7 hours and then allowed to warm to room temperature. 

After 15 hours, TLC (2 petrol : 1 ethyl acetate) showed complete consumption of 

starting material. The reaction mixture was diluted with DCM (50ml) and filtered 

through Celite®. The filtrate was washed with water (2 x 50ml), 1M HCl (100ml), 

saturated NaHCO3 (100ml), brine (100ml) and dried over MgSO4. The desired 

product was purified by silica gel chromatography (6% to 50% ethyl acetate in petrol 

over 9 column volumes) to give the desired compound as a colourless oil (632mg, 

90%).  

Rf 0.25 (3 petrol : 1 ethyl acetate), [α]D
25 +35.8 (c = 0.83, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 1.13 (2H, quin., JH8-H9 6.6Hz, JH9-H10 6.6Hz, H9), 1.26-1.51 

(4H, m, H8, H10), 1.95 (3H, s, OAc), 2.90 (1H, dt, JH11a-H11b 12.3Hz, JH10a-H11b 6.9Hz, 

JH10b-H11b 6.9Hz, H11b), 2.95 (1H, dt, JH11a-H11b 12.3Hz, JH10a-H11a 6.9Hz, JH10b-H11a 

6.9Hz, H11a), 3.40 (1H, ddd, JH7a-H7b 10.1Hz, JH7b-H8a 7.3Hz, JH7b-H8b 5.7Hz, H7b), 

3.62 (2H, d, JH5-H6 4.7Hz, H6a, H6b), 3.76 (1H, dt, JH4-H5 10.1Hz, JH5-H6a 4.4Hz, JH5-

H6b 4.4Hz, H5), 3.82 (1H, dt, JH7a-H7b 9.9Hz, JH7a-H8a 6.1Hz, JH7a-H8b 6.1Hz, H7a), 4.24 

(1H, dd, JH2-H3 11.0Hz, JH1-H2 8.5Hz, H2), 4.33 (1H, d, 2J 12.0Hz, OCH2Ph1), 4.43 

(1H, dd, JH2-H3 10.9Hz, JH3-H4 9.0Hz, H3), 4.56 (2H, s, OCH2Ph2), 4.61 (1H, d, 2J 

12.0Hz, OCH2Ph1), 5.13 (1H, dd, JH4-H5 10.1Hz, JH3-H4 9.1Hz, H4), 5.14 (1H, d, JH1-H2 

8.2Hz, H1), 6.87-7.03 (5H, m, 3-OBn, ArH), 7.28-7.38 (5H, m, 6-OBn, ArH), 7.61-

7.87 (4H, m, NPhth); 13C NMR (126MHz, CDCl3) δ ppm 20.9 (1C, COCH3), 23.0 

(1C, C9), 28.3 (1C, C10), 28.7 (1C, C8), 51.1 (1C, C11), 55.5 (1C, C2), 69.2 (1C, 

C7), 69.7 (1C, C6), 72.6 (1C, C4), 73.5 (1C, C5), 73.6 (1C, OCH2Ph), 73.8 (1C, 

OCH2Ph), 77.0 (1C, C3), 98.2 (1C, C1), 123.3 (2C, ArC2, ArC5), 127.4, 127.7, 127.8, 

127.8, 128.1, 128.4 (10C, 6 x OCH2Ph ArC), 131.5 (2C, ArC1, ArC6) 133.9 (2C, 
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ArC3, ArC4), 137.7, 137.9 (2 x 1C, 2 x OBn ArCipso), 167.3, 168.3 (2 x C, 2 x NPhth 

C=O) 169.7 (1C, COCH3); FT-IR (thin film) υ 1715 (C=O, NPhth), 1747 (C=O, 

OAc), 2096 (N3); HRMS (ES+) m/z 665.2587 [M + Na]+ (required 665.2582). 

N-phthalamido-1-(5-azido-pentan-1-ol)-3,6-dibenzyl-D-

glucose (5.29) 

A solution of 5.28 (630mg, 0.98mmol, 1eq) and NaOMe (5mg, 

0.1mmol, 0.1eq) in methanol (10ml) was stirred at room temperature for 6 hours, after 

which TLC (3 petrol : 1 ethyl acetate) showed complete consumption of starting 

material. The reaction was quenched by addition of Dowex 50WX8 (H+) until neutral. 

The reaction mixture was filtered and the solvent removed in vacuo to yield the 

desired compound as a colourless oil (560mg, 95%). 

Rf 0.22 (3 petrol : 1 ethyl acetate), [α]D
25 +26.8 (c = 0.23, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 1.13 (2H, quin., JH8-H9 6.6Hz, JH9-H10 6.6Hz, H9), 1.30-1.51 

(4H, m, H8, H10), 2.63 (1H, br. s, OH), 2.85-2.97 (4H, m, H11), 3.37 (1H, ddd, JH7a-

H7b 9.8Hz, JH7b-H8a 6.9Hz, JH7b-H8b 5.7Hz, H7b), 3.65 (1H, dt, JH4-H5 9.8Hz, JH5-H6a 

5.0Hz, JH5-H6b 5.0Hz), 3.76-3.89 (4H, m, H4, H6a, H6b, H7a), 4.15 (1H, dd, JH2-H3 

10.4Hz, JH1-H2 8.5Hz, H2), 4.23 (1H, dd, JH2-H3 10.7Hz, JH3-H4 8.5Hz, H3), 4.55 (1H, 

d, 2J 12.3Hz, OCH2Ph1), 4.60 (1H, d, 2J 12.0Hz, OCH2Ph2), 4.66 (1H, d, 2J 12.3Hz, 

OCH2Ph2), 4.76 (1H, d, 2J 12.3Hz, OCH2Ph1), 5.14 (1H, d, JH1-H2 8.5Hz, H1), 6.91-

7.09 (5H, m, 3-OBn ArH), 7.29-7.41 (5H, m, 6-OBn ArH), 7.63-7.93 (4H, m, NPhth 

ArH); 13C NMR (126MHz, CDCl3) δ ppm 23.0 (1C, C9), 28.3 (1C, C10), 28.7 (1C, 

C8), 51.1 (1C, C11), 55.4 (1C, C2), 69.1 (1C, C7), 70.8 (1C, C6), 73.5 (1C, C5), 73.8 

(1C, OCH2Ph), 74.3 (1C, OCH2Ph), 74.6 (1C, C4), 78.7 (1C, C3), 98.3 (1C, C1), 

123.1, 123.4 (2 x 1C, ArC2, ArC5), 127.4, 127.8, 127.8, 127.9, 127.9, 127.9, 128.2, 

128.5 (10C, OBn ArC), 131.6, 131.7 (2 x 1C, ArC1, ArC6), 133.8 (2C, ArC3, ArC4), 

137.2, 137.6 (2 x 1C, 2 x 1C, 2 x OCH2Ph ArCipso), 167.7, 168.3 (2 x 1C, 2 x C=O); 

FT-IR (thin film) υ 1713 (C=O), 2096 (N3), 2929 (OH); HRMS (ES+) m/z 623.2468 

[M + Na]+ (required 623.2476). 
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N-phthalamido-1-(5-azido-pentan-1-ol)-3,6-dibenzyl-4-acetyl-

D-galactose (5.30) 

To a solution of 5.29 (325mg, 0.54mmol, 1eq) in anhydrous DCM 

(10ml) and pyridine (0.5ml) at 0°C was added triflic anhydride 

(140μl, 0.81mmol, 1.5eq) dropwise over 2 minutes. The reaction mixture was stired at 

this temperature for 1 hour after which TLC (3 petrol : 1 ethyl acetate) showed 

complete consumption of starting material. The reaction was quenched by addition of 

ice (~50ml) and allowed to warm to temperature. The organic layer was washed with 

ice cold 1M HCl (4 x 50ml), saturated NaHCO3 (50ml), brine (50ml) and dried over 

MgSO4. The solvent was removed under reduced pressure and the crude triflate 

product 5.30 dried under high vacuum for 1 hour. The triflate 5.30 was dissolved in 

dry DMF (10ml) and Bu4NOAc (814mg, 2.70mmol, 5eq) added. The reaction mixture 

was stirred under argon at room temperature for 19 hours, after which TLC (3 petrol : 

1 ethyl acetate) showed complete consumption of the triflate. The reaction mixture 

was diluted with ethyl acetate (100ml) and washed with brine (5 x 100ml) and dried 

over MgSO4. The solvent was removed in vacuo and the two products separated by 

HPLC using a Phenomenex Synergi Hydro (100 x 21.2mm, 4μm) with 65% 

acetonitrile in water as the mobile phase at a flow rate of 1.0ml/min. Eluants were 

detected with an in-line UV absorbance detector at 214nm. The desired compound 

was purified over multiple injections as a colourless oil (129mg, 37%). 
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Rf 0.29 (3 petrol : 1 ethyl acetate), [α]D
25 +36.3 (c = 0.44, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 1.14 (2H, quin., JH8-H9 6.3Hz, JH9-H10 6.3Hz, H9), 1.28-1.52 

(4H, m, H8, H10), 2.15 (3H, s, OAc), 2.89 (1H, dt, JH11a-H11b 12.3Hz, JH10a-H11b 6.9Hz, 

JH10b-H11b 6.9Hz, H11b), 2.95 (1H, dt, JH11a-H11b 12.0Hz, JH10a-H11a 6.9Hz, JH10b-H11a 

6.9Hz, H11a), 3.38 (1H, ddd, JH7a-H7b 9.8Hz, JH7b-H8a 7.3Hz, JH7b-H8b 6.0Hz, H7b), 3.59 

(1H, dd, JH6a-H6b 9.5Hz, JH5-H6b 6.9Hz, H6b), 3.65 (1H, dd, JH6a-H6b 9.5Hz, JH5-H6a 

6.0Hz, H6a), 3.83 (1H, dt, JH7a-H7b 9.8Hz, JH7a-H8a 6.0Hz, JH7a-H8b 6.0Hz, H7a), 3.93 

(1H, ddd, JH5-H6b 7.3Hz, JH5-H6a 6.0Hz, JH4-H5 0.9Hz, H5), 4.27 (1H, d, 2J 12.3Hz, 

OCH2Ph1), 4.28 (1H, dd, JH2-H3 11.2Hz, JH3-H4 3.3Hz, H3), 4.39 (1H, dd, JH2-H3 

11.0Hz, JH1-H2 8.5Hz, H2), 4.51 (1H, d, 2J 12.6Hz, OCH2Ph2), 4.61 (1H, d, 2J 12.6Hz, 

OCH2Ph2), 4.61 (1H, d, 2J 12.0Hz, OCH2Ph1), 5.13 (1H, d, JH1-H2 8.5Hz, H1), 5.67 

(1H, dd, JH3-H4 3.5Hz, JH4-H5 0.6Hz, H4), 6.93 (2H, t, Jortho-meta 7.6Hz, Jmeta-para 7.6Hz, 

3-OBn ArHmeta), 6.98 (2H, dd, Jortho-meta 7.6Hz, Jortho-para 1.6Hz, 3-OBn ArHortho), 7.04 

(1H, tt, Jmeta-para 7.3Hz, Jortho-para1.6Hz, 3-OBn ArHpara), 7.28-7.41 (5H, m, 6-OBn 

ArH), 7.67 (1H, dd, JArH2-ArH3 5.7Hz, JArH2-ArH4 1.9Hz, ArH2), 7.73 (1H, td, JArH2-ArH3 

5.7Hz, JArH3-ArH4 5.7Hz, JArH3-ArH5 1.3Hz, ArH3), 7.75 (1H, JArH3-ArH4 7.6Hz, JArH4-ArH5 

7.6Hz, JArH2-ArH4 1.3Hz, ArH4), 7.86 (1H, dd, JArH4-ArH5 6.0Hz, JArH3-ArH5 1.9Hz, 

ArH5); 13C NMR (126MHz, CDCl3) δ ppm 20.9 (1C, COCH3), 23.0 (1C, C9), 28.3 

(1C, C10), 28.7 (1C, C8), 51.1 (1C, C11), 53.0 (1C, C2), 65.9 (1C, C4), 68.0 (1C, 

C6), 69.3 (1C, C7), 71.1 (1C, OCH2Ph), 72.3 (1C, C5), 73.0 (1C, C3), 73.7 (1C, 

OCH2Ph), 98.6 (1C, C1), 123.1, 123.4 (2 x 1C, ArC2, ArC5), 127.6, 127.9, 128.0, 

28.1, 128.5 (10C, OCH2Ph), 131.6, 131.6 (2 x 1C, ArC1, ArC6), 133.8, 134.0 (2 x 1C, 

ArC3, ArC4), 137.4, 137.6 (2 x 1C, 2 x OCH2Ph ArCipso), 167.6, 168.2 (2 x 1C, 2 x 

NPhth C=O), 170.5 (1C, COCH3); FT-IR (thin film) υ 1713 (C=O, NPhth), 1744 

(C=O, OAc), 2096 (N3); HRMS (ES+) m/z 665.2580 [M + Na]+ (required 665.2582). 

N-phthalamido-1-(5-azido-pentan-1-ol)-3,6-dibenzyl-D-

galactose (5.31) 

A solution of 5.30 (0.10g, 0.155mmol, 1eq) and NaOMe (8mg, 

0.155mmol, 1eq) in methanol (10ml) was stirred at room 

temperature for 5 hours, after which TLC (3 petrol : 1 ethyl acetate) showed complete 

consumption of starting material. The reaction was quenched by addition of Dowex 

50WX8 (H+) until neutral. The reaction mixture was filtered and the solvent removed 

in vacuo to yield the desired compound as a colourless oil (92mg, 99%). 
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Rf 0.15 (3 petrol : 1 ethyl acetate), [α]D
22 +26.5 (c = 0.43, CHCl3); 1H NMR 

(500MHz, CDCl3) δ ppm 1.14 (2H, quin., JH8-H9 6.3Hz, JH9-H10 6.3Hz, H9), 1.28-1.51 

(4H, m, H8, H10), 2.62 (1H, br. s, OH), 2.90 (1 H, dt, JH11a-H11b 12.3Hz, JH10a-H11b 

6.9Hz, JH10b-H11b 6.9Hz, H11b), 2.96 (1H, dt, JH11a-H11b 12.0Hz, JH10a-H11a 6.9Hz, JH10b-

H11a 6.9Hz, H11a), 3.38 (1H, ddd, JH7a-H7b 10.1Hz, JH8a-H7b 7.3Hz, JH8b-H7b 5.7Hz, 

H7b), 3.76-3.84 (3H, m, H5, H6a, H6b), 3.88 (1H, dt, JH7a-H7b 8.5Hz, JH7a-H8a 6.3Hz, 

JH7a-H8b 6.3Hz, H7a), 4.17 (1H, d, JH3-H4 3.2Hz, H4), 4.25 (1H, dd, JH2-H3 10.9Hz, JH3-

H4 3.3Hz, H3), 4.34 (1H, d, 2J 12.3Hz, OCH2Ph1), 4.45 (1H, dd, JH2-H3 11.0Hz, JH1-H2 

8.5Hz, H2), 4.63 (2H, s, OCH2Ph2), 4.64 (1H, d, 2J 12.3Hz, OCH2Ph1), 5.10 (1H, d, 

JH1-H2 8.5Hz, H1), 6.96-7.07 (5H, m, 3-OBn ArH), 7.34-7.40 (5H, m, 6-OBn ArH), 

7.63-7.78 (3H, m, NPhth ArH), 7.87 (1H, d, JArH2-ArH3 6.6Hz, NPhth ArH2 or 5); 13C 

NMR (126MHz, CDCl3) δ ppm 23.0 (1C, C9), 28.3 (1C, C10), 28.7 (1C, C8), 51.1 

(1C, C11), 52.4 (1C, C2), 65.6 (1C, C4), 68.9 (1C, C6), 69.1 (1C, C7), 71.3 (1C, 

OCH2Ph), 73.4 (1C, C5), 73.7 (1C, OCH2Ph), 75.0 (1C, C3), 98.3 (1C, C1), 123.0, 

123.4 (2 x 1C, ArC2, ArC5), 127.8, 127.8, 127.8, 127.9, 128.3, 128.4 (10C, OBn 

ArC), 131.6, 131.7 (2 x 1C, ArC1, ArC6), 133.8, 134.0 (2 x 1C, ArC3, ArC4), 137.2, 

138.0 (2 x 1C, 2 x 1C, 2 x OCH2Ph ArCipso), 167.7, 168.4 (2 x 1C, 2 x C=O); FT-IR 

(thin film) υ 1711 (C=O), 2095 (N3), 2924 (OH); HRMS (ES+) m/z 623.2485 [M + 

Na]+ (required 623.2476). 

N-phthalamido-1-(5-azido-pentan-1-ol)-3,6-dibenzyl-D-

galactose-4-sulfate (5.32) 

A solution of 5.31 (98mg, 0.163mmol, 1eq) and pyridinium 

sulphur trioxide complex in anhydrous DMF (10ml) was heated 

at 60°C for 5 hours. After this time, TLC (2 petrol : 1 ethyl acetate) showed complete 

consumption of starting material. The solvent was removed in vacuo and the crude 

residue taken up in DCM (100ml) and washed with water (2 x 50ml), brine (50ml) 

and dried over MgSO4. Removal of solvent under reduced pressure gave the title 

compound as a pale yellow amorphous solid (107mg, 96%).  

Rf 0 (ethyl acetate), [α]D
25 +31.1 (c = 1.0, CHCl3); 1H NMR (500MHz, CDCl3) δ ppm 

1.10-1.19 (2H, m, H9), 1.33-1.47 (4H, m, H8, H10), 2.91-2.99 (2H, m, H11), 3.43 

(1H, dt, JH7a-H7b 9.9Hz, JH7b-H8a 6.5Hz, JH7b-H8b 6.5Hz, H7b), 3.77-3.89 (2H, m, H5, 

H7a), 3.92 (1H, dd, JH6a-H6b 9.8Hz, JH5-H6b 6.6Hz, H6b), 4.16 (1H, dd, JH6a-H6b 10.2Hz, 

JH5-H6a 4.3Hz, H6a), 4.27-4.30 (2H, m, H2, H3), 4.59-4.63 (2H, m, OCH2Ph1, 
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OCH2Ph2), 4.70 (2H, d, 2J 11.6Hz, OCH2Ph1), 4.91 (1H, d, 2J 11.3Hz, OCH2Ph2), 

5.16 (1H, d, JH4-H5 1.9Hz, H4), 5.20 (1H, d, JH1-H2 8.2Hz, H1), 6.84-7.08 (5H, m, 3-

OBn ArH), 7.29-7.44 (6H, m, 6-OH ArH), 7.69-7.88 (4H, m, NPhth ArH); 13C NMR 

(126MHz, CDCl3) δ ppm 28.3 (1C, C9), 28.8 (1C, C8), 29.7 (1C, C10), 51.1 (1C, 

C11), 53.2 (1C, C2), 69.0 (1C, C7), 70.0 (1C, C6), 71.2 (1C, OCH2Ph), 71.5 (1C, C4), 

73.5 (1C, OCH2Ph), 74.3 (1C, C5), 74.8 (1C, C3), 98.1 (1C, C1), 123.2, 123.3 (2 x 

1C, ArC2, ArC5), 126.8, 127.5, 127.9, 128.1, 128.3, 128.4 (10C, OBn ArC), 131.5, 

131.5 (2 x 1C, ArC1, ArC6), 134.1, 134.2 (2 x 1C, ArC3, ArC4), 137.4 (2C, 2 x OBn 

ArCipso), 168.1, 168.3 (2 x 1C, 2 x C=O); FT-IR (KBr disc) υ 1391 (S=O), 1713 

(C=O), 2096 (N3), 2926 (OH); HRMS (ES-) m/z 679.2083 [M – H]- (required 

679.2079). 

5.11.3 Synthesis of the sulfate ligand 

5-Aminobenzyloxycarbonyl pentanol (5.35) 

To a solution of 5.5 (6.20 g, 60.0 mmol, 1 eq) in DCM 

(50ml) and water (50ml) was added benzyloxycarbonyl chloride (12.80 g, 75 mmol, 

1.25 eq) and sodium carbonate (15.9 g, 150 mmol, 2.5 eq). After stirring at RT for 4 

hours, the reaction mixture was diluted with DCM (250ml) and H2O (250ml). The 

organic layer was separated and washed with brine (250ml), dried over MgSO4 and 

the crude compound purified by automated silica gel chromatography (1 petrol : 1 

ethyl acetate) to yield the titled compound (13.0g, 91%) as a white solid.  

Rf 0.29 (50% EtOAc/Petrol); 1H NMR (400MHz, CDCl3) δ ppm 1.40 (2H, m, CH2), 

1.65-1.48 (4H, m, OCH2CH2, CH2CH2NHCbz), 3.21 (2H, dd, JCH2-NH 13.1Hz, JCH2-

CH2 6.7 Hz, CH2NHCbz), 3.64 (2H, br. s, OCH2), 4.84 (1H, s, NH), 5.10 (2H, s, 

CH2Ph), 7.34-7.27 (5H, m, Ph); 13C NMR (101MHz, CDCl3) δ ppm 22.8 (1C, CH2), 

29.7 (1C, CH2CH2NHCbz), 32.1 (1C, OCH2CH2), 40.8 (1C, CH2NHCbz), 62.5 (1C, 

OCH2), 66.5 (1C, CH2Ph), 128.0, 128.4,  (5C, ArC Ph), 136.5 (1C, ArCipso), 156.4 

(1C, NHCO); HRMS (ES+) m/z 260.1258 [M + Na]+ (required 260.1257). 

5-aminopentan-1-sulfonate (5.37) 

To a solution of 5.35 (0.50g, 2.11mmol, 1eq) in anhydrous DCM 

(2ml) and pyridine (0.1ml) was added dropwise chlorosulfonic acid (154μl, 

2.32mmol, 1.1eq). The reaction was stirred at room temperature for 10 minutes, after 

which TLC (4 DCM : 1 methanol) showed complete consumption of starting material 
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and the formation of a single product. The reaction was quenched with water (1ml) 

and the solvents removed in vacuo.  The crude compound was dissolved in water 

(0.25ml) and passed through a C18 SepPak® cartridge (Waters). The cartridge was 

eluted with methanol to yield the desired compound 5.36. The effluent was transferred 

to a round bottomed flask and made up to 10ml with methanol. Palladium on charcoal 

(5%, 200mg) was added to this solution, which was repeatedly degassed under 

vacuum and charged with hydrogen (x3). The mixture was vigorously stirred under 

hydrogen at room temperature for 25 hours after which TLC (4 DCM : 1 methanol) 

indicated the complete consumption of the intermediate. The reaction mixture was 

filtered through Celite® and the filtrand washed with water (20ml). The organic 

solvent was removed in vacuo and the solution lyophilized to give the target 

compound as a white amorphous solid (312mg, 81%). 

Rf 0 (4 DCM : 1 methanol); 1H NMR (400MHz, D2O) δ ppm 1.30 (2H, quin, J 7.6Hz, 

CH2), 1.53 (2H, quin, J 7.6Hz, CH2CH2NH2), 1.55 (2H, quin, J 7.3Hz, 

CH2CH2OSO4H), 2.84 (2H, t, J 7.6Hz, CH2NH2), 3.90 (2H, t, J 6.2Hz, CH2OSO4H); 
13C NMR (101MHz, D2O) δ ppm 22.3 (1C, CH2), 26.5 (1C, CH2CH2NH2), 28.1 (1C, 

CH2CH2OSO4H), 39.7 (1C, CH2NH2), 69.3 (1C, CH2OSO4H); FT-IR (ATR) υ 1161 

(S=O), 1611 (NH2 scissoring), 3083 (NH2, u), 3191 (NH2, g); HRMS (ES-) m/z 

182.0488 [M – H]- (required 182.0492). 

5.11.4 Modification of quantum dots 

A solution of  CdSe-ZnS  core-shell quantum dots (emission λmax 525nm, Invitrogen, 

50μl of an 8μM solution in borate buffer pH 8, 4 × 10-4 μmol, 1eq), 5.1 (0.34mg, 

0.8μmol, 2000eq) and EDAC (0.77mg, 4.0μmol, 10000eq) in 20mM sodium 

phosphate buffer at pH 7.5 (1ml) was stirred at room temperature for 1 hour. The 

reaction mixture was repeatedly (x6) concentrated by centrifugal filtration through a 

10kDa cut-off membrane and reconstituted in PBS buffer. The mixture was passed 

through a 0.2μm membrane filter to remove aggregates. The quantum dot solution 

was made up to 1ml with PBS and the concentration determined using previously 

reported procedures45  to be 0.34µM (ε350 = 710000 M-1cm-1). An agarose gel was 

used to conclusively demonstrate quantum dot modification, and visual inspection 

showed a lack of aggregation in the colloidal phase (Figure 5.32). The carbohydrate 

loading on the quantum dots was determined using the phenol sulphuric acid 
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method.46,47 An aliquot of the quantum dot solution (50µl) was treated with 

concentrated sulphuric acid (75µl) and aqueous phenol (5% w/w, 10µl) and heated to 

90°C. After 5 minutes the sample was cooled to room temperature and A490 measured, 

referenced to a solution of carbohydrate modified quantum dots and phenol. The 

concentration of mannose was determined by comparison to a standardised curve. The 

carbohydrate content per dot was calculated from the ratio of mannose concentration 

to the concentration of ZnS-CdSe quantum dots and was found to be ~50 sugars/dot.  

 
Figure 5.32. Left: fluorescent image of 1% w/w agarose gel run at 100V for 60min. Lane 1- unmodified 

quantum dot solution. Lane 2-mannose modified quantum dots. Right: Sample of the carbohydrate 
modified CdSe-ZnS quantum dot solution under UV irradiation showing a fully homogenous solution. 

A control batch of quantum dots was prepared using propylamine instead of 5.1, 

which was prepared as detailed above. The concentration was adjusted to be 0.34μM 

with PBS buffer. 

5.11.5 Modification of BSA 

To a biphasic mixture of 5.1 or 5.37 (10 x 60 eq) in 0.3 M NaHCO3 and 0.3 M 

Na2CO3 at pH 9 (1ml, pH paper) and chloroform (1ml) was added a solution of 

thiophosgene (6 x 10 x 60 eq) to the organic layer. The biphasic mixture was 

vigorously stirred at room temperature and monitored by mass spectrometry (ES+ for 

5.1, ES- for 5.37). After 3 hours, complete consumption of the starting material and 

the formation of single isothiocyante products were detected.  The aqueous layer was 

retained and washed with chloroform (5 x 1ml). Reactions were performed with 0.25-

1mg of BSA (Sigma Aldrich, 60 reactive amines). The solution of isothiocyanate was 

added to a solution of BSA in 0.3 M NaHCO3 and 0.3 M Na2CO3 at pH 9 (pH paper) 
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to a final concentration of 1mg/ml. The reaction mixture was gently shaken at room 

temperature for 12 hours after which, excess reagent was removed by repeated (x3) 

centrifugal filtration though a 10kDa cut-off membrane and the protein re-dissolved in 

0.3 M NaHCO3 and 0.3 M Na2CO3 at pH 9 (pH paper). The solution was made up to 

1ml and 5.14 (0.2 x 10 x 60eq) was added. The reaction mixture was shaken for a 

further 12 hours, after which, the mixture was concentrated by centrifugal filtration 

through a 10kDa cut-off membrane. The proteins were purified and buffer exchanged 

into PBS with a PD G-25 MiniTrap™ size exclusion column (GE Healthcare). The 

protein concentrations were measured using the BCA method and adjusted to 

1.0mg/ml with PBS. The protein solutions were stored at 4˚C until use.  

For the synthesis of 5.16, the initial ligand conjugations were not performed and the 

synthesis was initiated by reaction with 5.14 (0.2 x 10 x 60eq), using the above 

conditions. 

The extent of modification was determined by MALDI mass spectrometry as follows. 

5 μL of the reaction mixture was diluted to 250 μL with 0.1 % TFA in water. This 

solution was mixed in a 1 : 1 ratio (v/v) with a solution of mass spectrometry grade 

sinapinic acid (10 mg/mL in 1 : 1 water : acetonitrile with 0.1% TFA). From this 

combined matrix/ sample solution, 2 μL was spotted onto a steel target and allowed to 

co-crystallize at room temperature over 3 hours. MALDI analysis was conducted on a 

Water MALDI Micro MX spectrometer with TOF detection, in positive linear mode. 

Unmodified protein was used as a lock mass calibrant. For each comparative set of 

experiments, laser energy and pulse width were optimised for a modified protein 

sample, and kept identical for the remainder of the sample set. In general, multiple 

laser shots were combined to produce the final spectrum. Data were further processed 

using Mass Lynx 4.1. Mass spectra were smoothed with Savitzky-Golay smoothing 

prior to dispersity analysis. 
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5.11.6 Modification of ATTO dyes 

Reactions were performed with ATTO 520, 565 and 633 NHS esters (Sigma Aldrich) 

using between 0.25-1mg of the dye. ATTO dyes (1eq) were dissolved in 100μl of 

solvent (ATTO 520 was dissolved in DMF while ATTO 565 and 633 were dissolved 

in 1 water : 1 methanol) and added to a solution of 5.1 or 5.37 (1.5eq) in 100mM 

NaHCO3 buffer at pH 8.3 (400μl). The reactions were stirred at room temperature for 

~13 hours and were monitored by silica gel TLC and C18 TLC. The solvents were 

removed under reduced pressure and the crude dyes were purified by automated 

reverse phase chromatography (Biotage C18 12g SNAP cartridge, 5% acetonitrile in 

water to 100% water over 10 column volumes). The fluorescent fractions were pooled 

and the solvent removed in vacuo to give the modified dyes. The dyes were dissolved 

in PBS buffer for microscopy experiments. 

5.11.7 Growth of cells 

General protocol for cell culture 

All cell culture experiments were performed in a laminar flow hood under strict 

aseptic conditions. Dulbecco’s PBS refers to a solution of phosphate buffered saline 

without Ca2+ or Mg2+ salts. Cell counting was performed manually using ISL cell 

counting slides. Viability was confirmed with the Trypan Blue dye exclusion method. 

Cell lines were purchase from the American Type Culture Collection and stored in 

vapour phase of liquid nitrogen until use. On first use, DMSO was removed by 

centrifugation at 100g for 5 minutes and the cells were then grown as described 

below. Stock suspensions for cryopreservation were made in the growth medium 

supplemented with DMSO to a 10% final concentration. Cells were harvested in the 

log phase of growth and suspended at ~3-4 × 105 cells/ml in the cryopreservation 

medium. Cells were frozen using the Nalgene™ Cryo 1˚C Freezing Container and 

transferred to liquid nitrogen for long term storage. 

Growth of NR8383 cells from Rattus norvegicus 

Alveolar macrophage derived cells from a Sprague-Dawley rat (cell line designation 

NR8383) were grown in F-12K medium with fetal bovine serum (Sigma Aldrich) to a 

final concentration of 15%. Cells were grown in T-25 tissue culture flasks for 
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adherent cell lines (Greiner Bio-One) with 4-5ml of growth medium at 37˚C in a 

humified atmosphere of 5% CO2.  

The growth medium was renewed every 3-4 days. Non-adherent cells were decanted 

into a centrifuge tube and pelleted by centrifugation at 200g for 5 minutes. The 

supernatant was discarded and the cell pellet re-suspended in 4-5ml of growth 

medium and transferred to the original cell culture flask.  

The culture was split when adherent cells had reached 60-70% confluence (~ 3-4 × 

106 total cells). Non-adherent cells were decanted into a centrifuge tube and retained. 

Adherent cells were washed with Dulbecco’s PBS (~3ml) and the washings 

transferred to the centrifuge tube. Adherent cells were harvested by gentle scraping, 

re-suspended in Dubecco’s PBS (~3ml) and transferred to the centrifuge tube. The 

tissue culture flask was washed with Dulbecco’s PBS (~4ml) and the washings 

retained. The combined washings were centrifuged at 200g for 5 minutes. The 

supernatant was discarded and the cell pellet re-suspended in the growth medium. 

Cells were transferred to a fresh T-25 flask containing 3-4ml of growth medium, 

preheated to 37˚C and exposed to 5% CO2 for ~ 5 minutes. Cells were split in a ratio 

between 1:3 to 1:2 to give a cell concentration of ~2-4 × 105 viable cells/ml, in a total 

volume of 4-5ml.  

Growth of HK-SEP-1 cells 

Endothelial liver derived cells (cell line designation SK-HEP-1) were grown in 

Modified Eagle’s Medium with fetal bovine serum (Sigma Aldrich) to a final 

concentration of 10%. Cells were grown in T-25 tissue culture flasks for adherent cell 

lines (Greiner Bio-One) with 4-5ml of growth medium at 37˚C in a humid atmosphere 

of 5% CO2.  

The growth medium was renewed every 2-3 days. The spent medium was discarded 

by decantation and replaced with fresh medium. 

The culture was split when cells had reached 80-100% confluence (~ 7-8 × 105 total 

cells). The spent medium was discarded by decantation and the adherent cells washed 

with Dulbecco’s PBS (3 x 4ml). Cells were detached incubating at 37˚C for 1-2 

minutes with a solution of Trypsin-EDTA (1ml, 1x concentration, Sigma Aldrich). 

Cells were transferred to a fresh T-25 flask containing 4ml of growth medium, 
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preheated to 37˚C and exposed to 5% CO2 for ~ 5 minutes. Cells were split in a ratio 

between 1:4 to 1:3 to give a cell concentration of ~2-4 × 105 viable cells/ml, in a total 

volume of 4-5ml. 

Growth of cells for microscopy 

Cells were grown as above on 8-well tissue culture treated chambered coverglass 

(Nunc). Cells were grown in 0.3ml of growth medium at 37˚C in a humid atmosphere 

of 5% CO2 for at least 3 days to allow full recovery. The final cell concentration was 

~ 2-4 x 105 cells/ml. 

For SK-HEP-1 cells, which were harvested by trypsinization, the Trypsin-EDTA 

solution containing suspended cells was added to growth medium (~5ml) and 

centrifuged at 200g for 5 minutes to pellet cells. The supernatant was discarded. The 

cell pellet was re-suspended in growth medium and then treated as above. 

5.11.8 Confocal microscopy 

Microscopy experiments were performed on a Leica Microsystems SP5 Inverted 

Confocal Microscope. All experiments were performed with the pinhole set at 1 Airy 

diameter. All images were captured at 512x512 resolution at 400Hz capture rates. All 

experiments were performed with the 20× dry objective and further magnification was 

achieved with the optical zoom. Fluorescein was excited at 488nm (Ar laser) and 

emission collected between 495-640nm. Trypan blue was excited at 633nm (He/Ne 

laser) and emission collected between 645-790nm. Neutral red was excited at 543nm 

(He/Ne laser) and emission collected between 565-790nm. QDot™ 525 was excited at 

458nm (Ar laser) and emission collected between 465-620nm. Experiments with 

multiple dyes were performed using sequential excitation to avoid optical cross-talk. 

Images requiring comparison between experiments were run with identical laser 

irradiance and photomultiplier tube gain settings. 

Generally, neutral red was added to a final concentration of 5μM and trypan blue at 

150μM.  BSA-fluorescein conjugates were used at a final concentration of 1.7μM. 

Modified quantum dots were used at a final concentration of 40nM. ATTO dyes for 

FRET experiments were added to a final concentration of 2μM. Cells were 

maintained at 37˚C and under an atmosphere of 5% CO2 during imaging. 
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Images were processed with the Leica LAS or ImageJ. Deconvolution, where used, 

was performed with the Biochemical Image Group DeconvolutionLab plugin for 

ImageJ,48 using theoretical point spread functions determined using the Biochemical 

Image Group PSF Generator plugin for ImageJ.49 

5.11.9 FRET microscopy 

FRET imaging was preformed using the Leica FRET Sensitized Emission wizard. For 

ATTO 520/ ATTO 565 FRET experiments, ATTO 520 was excited at 514nm (Ar 

laser) and emission collected between 523-572nm, while ATTO 565 was excited at 

543nm (He/Ne laser) and emission collected between 573-710nm. For ATTO 565/ 

ATTO 633 FRET experiments, ATTO 565 was excited at 543nm (He/Ne laser) and 

emission collected between 547-637nm, while ATTO 633 was excited at 633nm 

(He/Ne laser) and emission collected between 638-800nm. The donor and acceptor 

were sequentially excited in a line-by-line mode, as controlled by the wizard. Donor-

only and acceptor-only images were taken to generate correction factors accounting 

for cross-excitation and cross-talk. FRET images were gathered under an identical 

optical set-up as for the control images. Apparent FRET efficiencies were determined 

using these correction factors according to previously reported procedures.36 Images 

were displayed in an RGB tricolour LUT with Leica LAS imaging software. 

Histogram analysis and pixel counting was performed with ImageJ. 
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Chapter VI – Characterization of synthetic glycoproteins 

6.1 Introduction 

The presentation of carbohydrates on proteins and cell surfaces has far reaching 

biological significance.1 Carbohydrates act as markers for critical signalling events 

and trafficking pathways, which are mediated by interaction with sugar binding 

proteins known as lectins. While lectins can have high specificity for their ligands, 

their binding affinity is low. Nature utilizes a high surface density of carbohydrates 

for multivalent interactions to improve binding.2 Synthetic glycoproteins that mimic 

this high surface coverage can interact with these lectins and are useful for clinical 

applications.3 Synthetic glycoconjugates have been used as vaccines,4 for treatment of 

lysosomal storage diseases,5 for targeted drug delivery6 and as vehicles for gene 

therapy.7 

The synthesis of pure, well defined glycoproteins is ideal. Introduction of a reactive 

tag, followed by chemoselective conjugation would allow complete control of ligand 

placement.8 Multivalency can be obtained by using either dendrimeric scaffolds9 or 

multiple tags.10 However, a more widespread and pragmatically useful alternative is 

the non site-selective modification of many functional groups, such as at the 

nucleophilic primary amine on native lysine residues and the N-terminus. Numerous 

linkage methodologies based on this principle have been reported.11 Since lysine has a 

high natural abundance in proteins, multiple modifications occur. This procedure is 

easier to implement since it intrinsically produces multivalent conjugates while 

avoiding the need for time-consuming mutagenesis.  

A striking drawback to this technique is the formation of a statistical mixture of 

products and the experimental challenge of both measuring and controlling this 

product dispersity. Conjugated proteins are usually characterized with matrix-assisted 

laser desorption/ ionization (MALDI) mass spectrometry, but for large molecular 

weights the resolving power is insufficient to distinguish between the protein 

products.12 Hence, a broad peak is observed, the centre of which is the mean copy 

number of ligands per protein. Information on the dispersity of the sample is typically 

neglected. This is surprising since these conjugated proteins are often used directly in 

pre-clinical and clinical trials and it would seem vital to fully characterize the final 
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products, not least to ensure reproducibility between batches,13 but also to fully 

understand both protein chemical reactivity and therapeutic structure-activity 

relationships. 

At present, there are no simple methods to determine sample dispersity. Top-down 

proteomics may reveal possible modification sites, but the product distribution is not 

readily apparent and not yet amenable to high throughput analysis.14 Fourier 

transform- ion cyclotron resonance15 offers high resolution and may be capable of 

directly measuring product distributions.16 While this technique is promising, the 

deconvolution of data is complicated and often requires extensive computation.17 In 

addition, the expensive instrumentation and necessity for optimization of detector 

conditions restricts widespread use. A method for extracting dispersity information 

form MALDI data would be more straightforward, since such spectra are already 

gathered for the basic characterization of glycoconjugates. 

In this chapter, methodology for determining the dispersity of a synthetic glycoprotein 

sample from MALDI data is developed.  Initially, we explore the expected product 

distributions of indiscriminate protein modifications from a theoretical standpoint. 

This allows the development of a simplified method to extract dispersity information 

from the broadened MALDI peaks of synthetic glycoproteins. The assumptions for 

this methodology are tested on computed and experimental models and applied for the 

analysis of mannose-bearing protein conjugates. These dispersity data are analyzed to 

reveal the key trends in the reactions of carbohydrates with proteins.  

6.2 The Gaussian approximation 

Initially, protein modification reactions were explored theoretically to determine the 

expected product distributions. Such reactions can be modelled as a series of 

competitive consecutive second order reactions of the type: 

                      
D k R  C
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The associated rate equations for these reactions can be computationally solved to 

obtain the expected product distribution. For a protein, the consecutive reaction rate 

constants would be expected to fall in proportion with the number of available 

reactive sites. Under these ideal conditions, the product distribution was found to be 

exactly reproduced by a binomial probability distribution function* (Figure 6.1). 

 
Figure 6.1. The computed product distribution of a hypothetical protein with 10 reactive 

sites treated with varying equivalents of a reagent, compared against binomial 
distributions where n =10 and p = the number of equivalents of reagent/ 10. The data 

shows that the predicted distribution is exactly given by a binomial distribution. 

Real proteins, however, do not necessarily follow this ideal model which neglects 

structural effects and assumes the rate constants are solely dependent on the number 

of free lysines. For the ideal model, the binomial distribution offers an exact 

analytical solution, but this is not the case when the rate constants are not purely 

defined by statistics. For instance, a reaction on BSA, which contains 60 reactive 

amine sites (59 lysine residues and the N-terminus), where the consecutive rate 

constants are hypothesized to be identical would give a hypergeometrical distribution 

of protein products for which the binomial distribution is a poor match (Figure 6.2). 

 
Figure 6.2. The product distribution for a hypothetical reaction of BSA with varying equivalents of a reagent, 
compared against best-fit Gaussian and binomial distributions. Data shows that the Gaussian distribution is a 

good fit under all conditions, but the binomial distribution provides a poor fit at higher equivalents, 

                                                 
* Binomial distribution k n kn

P p (1 p)
k

−⎛ ⎞
= −⎜ ⎟
⎝ ⎠
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In contrast, a Gaussian distribution† offers a very good approximation to the product 

distribution under a wide range of criteria for the rate constants. This arises because of 

the mathematical flexibility offered by the Gaussian function – both the mean and 

peak width can be independently set through μ (the mean) and σ (the standard 

deviation), and the function can be easily modified to represent the underlying 

distribution. Thus, even if the actual product distribution for a protein modification is 

unknown, the Gaussian function could be adapted to provide an excellent 

approximation. Crucially, the intuitive description of sample spread through σ makes 

the Gaussian distribution an ideal choice for analyzing the dispersity of glycoproteins. 

6.3 Analysis of MALDI peak broadening 

The creation of multiple protein adducts results in a MALDI mass spectrum peak with 

an increased average mass and a wider width. These broadened peaks can, in 

principle, reveal valuable information on the underlying distribution of the sample 

(Figure 6.3). The MALDI mass spectrum of an unmodified protein can be 

approximated as a Gaussian peak which can be mathematically expressed from its full 

width at half maximum (FWHM). Thus the overall shape is given by:  

 

2x
22
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1 e
2

−

δ

πδ
 (1) 

where x is the measured mass and δ  is the standard deviation of the peak for the 

unmodified protein, obtained from the FWHM.‡ The broadened peak of the protein 

after modification is also approximately Gaussian and can be similarly represented as: 
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Where μ is the relative mean mass of the conjugate proteins and λ is the standard 

deviation of the peak for the conjugates.‡  

Indiscriminate modification produces a mixture of protein products, each of which 

generates its own Gaussian “peaklet”. Inadequate resolution leads to peaklet 

                                                 
† Gaussian distribution 
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‡ The FWHM and standard deviation are related as: 2ln22 deviation  standard  FWHM ×=   
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coalescence producing this widened peak, and therefore the mass spectrum of the 

modified protein can also be represented as a sum of smaller peaklets. However, the 

intensity of each peaklet is not identical, but should parallel the distribution of the 

sample.  

 
Figure 6.3. General principle for determining the dispersity of the underlying product distribution. 

Hence, the peaklets themselves should be weighted by a probability distribution 

function that is representative of the underlying product mixture. As discussed above, 

the Gaussian distribution offers an excellent approximation and is ideally suited for 

this purpose (section 6.2, page 282). Hence, assuming the standard deviation of each 

peaklet stays constant as δ  and the ionization efficiency is unaltered by successive 

modifications, we can write: 
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2 2

2 2
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1 1f (x) e e dx
2 2

+− − − −μ

δ σ

−

⎡ ⎤
⎢ ⎥=
⎢ ⎥πδ πσ⎣ ⎦

∑ ∫  (3) 

where m is the mass change per modification, n is the total number of reactive sites 

per protein, and σ is the standard distribution of the product distribution. The 

integration from n – 0.5 to n + 0.5 is a continuity correction to account for 

discrepancy between the continuous Gaussian distribution and the discrete nature of 

protein modifications.  

Equations (2) and (3) represent different analyses of the same function: that of the 

broadened peak of the synthetic conjugate mixture. By equating the two formulae, the 

value of σ can be computationally solved. Thus, by simply measuring the FWHM of 

modified and unmodified protein, it is possible to calculate the standard deviation of 

the underlying product distribution. Conveniently, the area of a Gaussian function 

between ± 2σ equates to 95% of the total, and so μ ± 2σ represents the range within 

which 95% of the protein adducts exist thus giving a direct and physically intuitive 

measure of the sample dispersity. 
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Alternatively, deconvolution could be used to determine the dispersity of the sample. 

Deconvolution is widely used in the fields of spectroscopy and microscopy to recover 

information that is lost during data acquisition. For example, in microscopy, 

deconvolution is used to sharpen images that are blurred due to inadequacies is the 

optical setup. Similarly, spectral deconvolution can be used to restore absorption 

patterns from multiple overlapping spectra. An analogous method could be applied to 

the above MALDI spectra. The spectra of the unmodified protein essentially provides 

a function representing the maximum resolving power of the spectrometer for a single 

pure protein. The conjugated protein spectrum can be viewed as arsing from the 

convolution of this function with the product distribution. Hence, with the spectra for 

the conjugated and pure proteins, deconvolution could be used to determine the exact 

product distribution. Our technique is more approximate than a deconvolution, but 

only requires the FWHMs as inputs (rather than the entire spectrum) and is arguably a 

simpler method to implement.  

6.4 Validation of the methodology 

This methodology is underpinned by various assumptions whose validity required 

testing prior to real-world application. Crucially, our model assumes that the 

ionization efficiency is unaltered upon single stepwise modifications, and that the 

MALDI peak for the unmodified protein is of Gaussian shape and is a suitable 

representation for all other peaklets in the protein mixture.  

To validate these assumptions, we analysed previous MALDI data from synthetic Qβ 

glycoproteins.18 In these cases, since the Qβ monomer is a low molecular weight 

protein (14 kDa, 8 reactive sites), the individual peaklets are well resolved providing a 

useful model for testing our assumptions (Figure 6.4).  
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Figure 6.4. Left: structure of Qβ glycoprotein; right: MALDI mass spectrum of the singly charged 

adduct. Individual peaklets can be resolved and demonstrate that the variance is broadly unchanged 
upon modifications and that the product distribution is approximated by a Gaussian function, 

This data shows that individual peaklets clearly have an overall Gaussian shape with 

identical FWHMs, lending support to our use of just the unmodified protein peak to 

encapsulate the characteristics of all peaklets. Furthermore, the distribution profile 

exactly matches the theoretical expectation indicating similar ionisation of the 

different protein products. This identical ionizabilty of differentially glycosylated 

proteins has also been witnesses by other researchers,19 further demonstrating the 

validity of our assumptions.  

To confirm the overall effectiveness of our dispersity analysis, we conducted a 

computational simulation of a protein modification reaction on BSA using Gaussian 

shaped peaklets to compare the expected dispersity with that derived from our 

calculation. Furthermore, real MALDI spectra often exhibit some high mass peak 

tailing caused by in source decay-desolvation of protein-matrix cluster ions, as well as 

the formation of cation and matrix photochemical adducts.20 To probe the effect of 

this peak tailing on the dispersity calculation, a simulated reaction was performed 

with a Gumbel function to replicate peaklet asymmetry (Figure 6.5). 
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Figure 6.5. Hypothetical reaction on BSA with 10eq of reagent simulated to give a binomial 

distribution of products with Gaussian (A) or Gumbel (B) peaklet shapes.The simulated product 
MALDI peaks (below) were used to test effect of peak tailing on the dispersity calculation. 

In both cases, the protein modification reaction is simulated to produce a binomial 

distribution of products. Hence, we can say the true dispersity (2σ) of the products is 

5.77,§ which can be compared to the calculated dispersity from the broadened MALDI 

peaks of the modified protein. For the Gaussian peaklet function, which represents a 

theoretical ideal, the analysis gives a dispersity of 5.74 thus reproducing the true 

dispersity very well and validating our core model. For the second, more realistic 

case, the peak tailing for the unmodified protein induces some asymmetry in the 

modified protein peak. If the FWHMs are determined as normal, our analysis gives a 

dispersity of 5.86. Hence, even with significantly skewed peaks, the dispersity 

analysis produces only a small deviation from the true value. This is not too surprising 

since the peak tailing serves to increase the FWHM of both the unmodified and the 

modified protein peaks, and is therefore, to an extent, self compensating.  

                                                 
§ The standard deviation of the binomial distribution is given by p)-np(1  
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For these reasons, we believe the procedure is robust and likely to perform well under 

a wide range of experimental condirions. While MALDI conditions should be 

screened for the best possible peak shapes, a small amount of tailing can be tolerated. 

6.5 Dispersity analysis on synthetic glycoproteins 

To demonstrate the versatility of this analysis, various glycoconjugates were 

synthesized and their dispersity determined using MALDI with time of flight (TOF) 

detection. Mannose-bearing synthetic glycoproteins can lead to potential HIV 

vaccines due to mimicry of the glycosylation on envelope protein gp120.3,4 As a 

result, the conjugation of mannose residues onto immunogenic carrier proteins is an 

area of active current research and would be well served by our dispersity 

analysis.4,18,21,22 Thus efforts were focused on analogous model systems.  

Carbohydrates bearing anomerically linked amine terminated linkers were synthesized 

for protein attachment using thiophosgene conjugation chemistry; a strategy 

previously explored for synthetic vaccine constructs.23 Initial attention was directed 

towards a simplified monosaccharide system (Scheme 6.1). 

 
Scheme 6.1. Synthesis of a mannose linker for modification of proteins. 

Conditions: (i) Ac2O, Py; (ii) CbzCl, Na2CO3, DCM, H2O, RT; (iii) SnCl4, CH3CN, 
RT, 19h; (iv) NaOMe, MeOH then H2, Pd/C, CF3CH2OH, H2O + 1% HCOOH. 

The per-O-acetylation of mannose 6.1 with acetic anhydride in pyridine gave 6.2 in an 

excellent 97% yield. This was glycosylated with 6.3, which was synthesized by the 

carboxybenzyl protection of 5.5 in 97% yield, with SnCl4 in acetonitrile to afford the 

protected monosaccharide 6.4 in a reasonable 59% yield. Deprotection with sodium 

methoxide followed by hydrogenation gave the target compound 6.5 in 91% yield.  
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BSA is commonly used for the development of vaccine candidates, but with 60 

reactive sites (59 lysine residues and the N-terminus), non site-selective modifications 

produce a wide mixture of products. Therefore synthetic BSA glycoproteins are 

ideally suited for analysis with our dispersity calculation and were chosen as a model 

platform for testing our methodology. Initially, BSA was conjugated with increasing 

concentrations of 6.5 per lysine residue and the products analysed by MALDI mass 

spectrometry. Detector settings, laser irradiance and matrix preparation were kept 

identical for each experiment to ensure consistency (Figure 6.6) 

2

2

2 3

 
Figure 6.6. (A) Modification reaction on BSA with increasing concentrations of 6.5 per lysine. (B) 
Raw MALDI data highlighting the singly charged protein peak. (C) The extent of modification and 

dispersity revealed from broadened MALDI peaks. The data were well represented as power curves.  
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The analysis of MALDI peak broadening revealed the range of carbohydrate copy 

numbers present within the sample. For instance, BSA modified with a mean of 15 

copies of 6.5 has a dispersity (2σ) of 8. Thus, 95% of the protein products incorporate 

between 7 to 23 copies of 6.5. This is a more informative description of the actual 

product composition than simply stating the mean. As expected from a statistical 

rationale, the sample dispersity increased with the extent of protein modification. 

We then investigated conjugations of BSA with the previously synthesized mannose 

disaccharide 5.1 as a more realistic example of a vaccine candidate.** As before, 

reactions were performed with varying concentrations of sugar and analysed by 

MALDI mass spectrometry (Figure 6.7).  

2

2

2 3

 
Figure 6.7. (A) Modification reaction on BSA with increasing concentrations of 5.1 per lysine. (B) 
Raw MALDI data highlighting the singly charged protein peak. (C) The extent of modification and 

dispersity revealed from broadened MALDI peaks. The data were well represented as power curves. 
                                                 
** For the work conducted in this chapter, compound 5.1 was synthesized by Dr Balakumar 

Vijayakrishnan, University of Oxford, UK. For fulI details, see M. K. Patel, B. Vijayakrishnan, J. R. 
Koeppe, J. M. Chalker, K. J. Doores, B. G. Davis, Chem. Commun., 2010, 46, 9119. 
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The greater steric demand of 5.1 required a larger excess of reagent to achieve the 

same levels of modification as 6.5. Interestingly, the FWHM analysis showed an 

unexpected trend in the dispersity of the two different conjugates. 

 
Figure 6.8. Comparison of the dispersity between BSA conjugates with 6.5 and 
5.1. Data shows that modification with the disaccharide has a higher dispersity 

than with the monosaccharide for the same levels of modification on BSA. 

The dispersity is determined by the ratios of the consecutive rates constants (the so-

called distribution constants).24 The average rate constant of each successive 

modification is expected to decrease due to the reducing number of available lysines 

and increasing steric crowding from the protein structure. Thus, the rate of this 

decrease determines the dispersity of the sample, with a sharper fall resulting in a less 

dispersed product distribution. Since 5.1 is bulkier than 6.5, a slower reaction rate 

would be expected. However, the ratios between successive rate constants are the 

critical determinants in dictating product dispersity, and these may not be affected to 

the same extent. If earlier rates in the sequence are retarded to a greater extent than 

later ones, the progressive decrease in reaction rates is much slower leading to a more 

dispersed product distribution. The overall outcome revealed that the use of reagent 

6.5 compared to 5.1 appears to have a greater effect on earlier lysine couplings than 

on those with later, less solvent exposed residues which are already less reactive.  

We then sought to expand the methodology to other protein conjugates. The cross 

reacting material fragment diphtheria toxin (CRM-197) is commonly used in vaccine 

constructs and was chosen for modification with 5.1. Significantly, the protein would 
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give insights into the effect of the number of reactive sites on product dispersity. 

Thus, CRM†† was modified with 5.1 and analysed as before (Figure 6.9). 

2

2

2 3

 
Figure 6.9. (A) Modification reaction on CRM with increasing concentrations of 5.1 per lysine. (B) 
Raw MALDI data highlighting the singly charged protein peak. (C) The extent of modification and 

dispersity revealed from broadened MALDI peaks. The data were well represented as power curves. 

Compared to BSA, the lower number of reactive sites on CRM (39 lysines and the N-

terminus) meant that the extent of modification was reduced for the latter as would be 

expected due to the decreased likelihood for a coupling reaction. Furthermore, the 

dispersity of CRM conjugates is also lower compared with BSA, since the statistical 

fall in sequential rate constants is exaggerated when there are fewer reactive groups. 

For instance, after one modification, the expected decrease in rate for CRM would be 

97.5% (39/40), whereas for BSA it is only 98.3% (59/60). This steeper fall in rate 

constants manifests itself as a lower dispersity for reactions on CRM. 

                                                 
†† CRM was expressed and purified by Dr Julia R. Koeppe, University of Oxford, UK. For full details, 

see M. K. Patel, B. Vijayakrishnan, J. R. Koeppe, J. M. Chalker, K. J. Doores, B. G. Davis, Chem. 
Commun., 2010, 46, 9119. 
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6.6 Conclusions 

Indiscriminate protein modification methodologies are useful for the creation of 

surface-decorated bioconjugates. Due to their practical simplicity, such methods have 

found particular use in vaccinology. However, non site-selective conjugation 

produces a mixture of products and as a result, the purity and characterization of 

many vaccine candidates falls far short of the standards required for traditional small 

molecule drugs. The simple mathematical method that we have described here allows 

dispersity in ligand copy-number to be determined and expressed intuitively, which 

would allow conjugates to be better characterized without the need for any additional 

experiments than is currently routine. Our analysis is by no means limited to 

thiophosgene coupling chemistry and is easily extended to other conjugation 

methodologies. Given that very few synthetic vaccines in mainstream use are well 

defined, this should ensure much better reproducibility and allow more logical 

comparisons to be made between different glycoconjugates. 

Moreover, comparisons can easily be made between different coupling reagents 

providing novel insights into protein modification reactions that have not been 

previously possible. We have shown here that bulkier sugars can increase dispersity, 

while proteins with fewer reactive groups cause a decrease. Knowledge of the 

coupling kinetics may allow more predictable conjugations and better control of 

reactions with proteins. 

We propose that our dispersity measure may find use akin to the polydispersity index 

commonly used in polymer science. Polymers also exist as a mixture of different 

entities, but unlike bioconjugates, are more rigorously characterized in terms of their 

underlying distribution.25 In fact, such measurements are often conducted with mass 

spectrometry, thus showing many similarities with our dispersity analysis.26 Other 

applications of therapeutic relevance can also be envisaged. For example, 

indiscriminate in vivo lysine modification also results in a distribution of metabolic 

protein products. This "protein glycation" is implicated in several diseases and 

measuring the dispersity of glycated proteins would assist in disease diagnostics.19,27 
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6.7 Experimental 

For general experimental conditions see section 2.8.1 page 44. 

6.7.1 Synthetic protocols 

6.3. 5-Aminobenzyloxycarbonyl pentanol 

To a solution of 5.5 (3.10g, 30.0mmo1, 1eq) in 1 DCM: 1 H2O (l00ml) was added 

benzyloxycarbonyl chloride (6.40g, 37.5mmo1, 1.25eq) and sodium carbonate (7.95g, 

75mmol, 2.5eq). After stirring at room temperature for 4 hours, the reaction mixture 

was diluted with DCM and H2O and the organic layer was separated and washed with 

brine, and dried over Na2SOa. The residue was purified by silica gel chromatography 

(40 to 60% ethyl acetate in petrol over 10 column volumes) to yield the title 

compound as a white solid (6.93g, 97%). 

Rf 0.29 (1 petrol : 1 ethyl acetate); 1H NMR (400MHz, CDCl3) δ ppm 1.35-1.45 (2H, 

m, CH2CH2CH2), 1.48-1.65 (4H, m, CH2CH2NHCbz, CH2CH2OH), 3.21 (2H, dd, JCH-

NH 13.1Hz, JCH-CH2 6.7Hz, CH2NHCbz), 3.64 (2H, t, JCH-CH2 6.8Hz, HOCH2) 4.84 

(1H, s, NH), 5.10 (2H, s, CH2Ph), 7.34-7.27 (5H, m, ArH); 13C NMR (50MHz, 

CDCl3) δ ppm 22.8 (CH2), 29.7 (CH2CH2NHCbz), 32.1 (CH2CH2OH), 40.8 

(CH2NHCbz), 62.5 (CH2OH), 66.5 (CH2Ph), 128.0, 128.4, 136.5 (5 x ArC), 156.4 

(NHCO); HRMS (ES+) m/z 260.1258 [M + Na]+ (required 260.1257). 

6.4. 5-(Benzyloxycarbonylamino)pentyl-2,3,4,6-tetra-

O-acetyl-a-D-mannopyranoside 

To a solution of 6.2 (0.80g, 2.lmmol, leq) in CH3CN 

(15ml) was added SnCl4 (0.69g, 2.67mmol, 1.3eq) and the mixture stirred for 20 

minutes. To the reaction mixture, 6.3 (0.535g, 2.25mmo1, 1.1eq) dissolved in dry 

CH3CN (5ml) was added dropwise and the resultant mixture was stirred for an 

additional 19 hours at room temperature. The reaction mixture was quenched by 

addition of saturated NaHCO3 solution and then filtered over a pad of Celite® and 

washed with hot CHCl3. The filtrate was concentrated and the residue re-dissolved in 

DCM and then washed with brine and dried over Na2SO4. The residue was purified by 

silica gel chromatography (40 to 60% ethyl acetate in petrol over 10 column volumes) 

to yield the title compound as a colourless oil (0.68g, 59%). 

HO NHCbz

OAcO
AcO

OAcAcO

O NHCbz
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Rf 0.43 (1 petrol : 1 ethyl acetate); [α]D
25 +32.2 (c = 1.03, CHCl3); 1H NMR 

(400MHz, CDCl3) δ ppm 1.33-1.45 (2H, m, CH2CH2CH2), 1.47-1.75 (4H, m, 

CH2CH2NHCbz, CH2CH2OH), 1.99, 2.04, 2.10, 2.16 (4 x 3H, 4 x s, 4 x OAc), 3.21 

(2H, dd, JCH-NH 13.2Hz, JCH-CH2 6.7Hz, CH2NHCbz), 3.45 (1H, td, 2J 9.4Hz, JCH-CH 

9.4Hz, JCH-CH 6.3Hz, OCHHCH2), 3.69 (1H, td, 2J 9.2Hz, JCH-CH 9.2Hz, JCH-CH 6.5Hz, 

OCHHCH2), (1H, ddd, JH4-H5 9.4Hz, JH5-H6a 5.2Hz, JH5-H6b 2.3Hz, H5), 4.10 (1H, dd, 

JH6a-H6b 10.2Hz, JH5-H6b 1.9Hz, H6b), 4.29 (1H, dd, JH6a-H6b 12.2Hz, JH5-H6a 5.3Hz, 

H6a), 4.80 (1H, d, JH1-H2, 1.3Hz, H1), 4.86 (1H, s, NH), 5.10 (2H, s, CH2Ph), 5.23 

(1H, dd, JH2-H3 3.3Hz, JH1-H2 1.7Hz, H2), 5.27 (1H, t, JH3-H4 9.9Hz, JH4-H5 9.9Hz, H4), 

5.34 (1H, dd, JH3-H4 10.0Hz, JH2-H3 3.3Hz, H3), 7.34-7.26 (5H, m, ArH); 13C NMR 

(50MHz, CDCl3) δ ppm 20.7 (2 x CH3CO), 20.8, 20.9 (2 x 1C, CH3CO), 23.38 (CH2), 

28.8 (CH2CH2NHCbz), 29.7 (CH2CH2OH), 40.8 (CH2NHCbz), 62.5 (C6), 66.2 (C4), 

66.5 (CH2Ph), 68.2 (OCH2), 68.3 (C5), 69.0 (C3), 69.6 (C2), 97.4 (C1) 128.0, 128.4, 

136.5 (5 x ArC), 156.3 (NHCO), 169.7, 169.9, 170.0, 170.6 (4 x COCH3); HRMS 

(ES+) m/z 590.2208 [M + Na]+ (required 590.2197). 

6.5. 5-(Amino)pentyl-D-mannopyranoside 

To a solution of 6.4 (0.30g, 0.53mmol, l.0eq) in dry MeOH 

(4ml) and DCM (4ml) was added sodium methoxide (25% 

wt. solution, 63μl,0.27mmol, 0.5eq) and stirred at room temperature for 3 hours. The 

reaction mixture was neutralized with Dowex 50WX8 (H+ form), filtered and the 

solvent removed in vacuo. The residue was dissolved in 9 CF3CH2OH : 1 H2O with 

l% HCOOH (3ml) with Pd/C (10% ,0.11g) and stirred continuously under a hydrogen 

atmosphere for 24 hours. The reaction mixture filtered over Celite® and lyophilized to 

yield the title compound as an amorphous white solid (0.13g, 91%). 

Rf 0.5 (5 ethanol : 3 NH4OH : 1 water); [α]D
25 +44.9 (c = 1.0, MeOH); 1H NMR 

(500MHz, MeOD) δ ppm 1.45 (2H, quin, JH8-H9 6.9Hz, JH9-H10 6.9Hz, H9), 1.55 (2H, 

quin, JH9-H10 7.1Hz, JH10-H11 7.1Hz, H10), 1.63 (2H,  dq, JH8-H8’ 13.5Hz, JH7-H8 6.6Hz, 

JH8-H9 6.6Hz, H8, H8’), 2.70 (2H, t, JH10-H11 7.3Hz, H11), 3.45 (1H, dt, JH7-H7’ 9.8, 

JH7’-H8 6.1Hz, H7’), 3.54 (1H, ddd, JH4-H5 9.7Hz, JH5-H6’ 6.0Hz, JH5-H6 1.9Hz, H5), 3.61 

(1H, t, JH3-H4 9.5Hz, JH4-H5 9.5Hz, H4), 3.70 (1H, dd, JH3-H4 9.6Hz, JH2-H3 3.9Hz, H3), 

3.72 (1H, dd, JH6-H6’ 11.2Hz, JH5-H6’ 5.2Hz, H6’), 3.78 (1H, dt, JH7-H7’ 9.8Hz, JH7-H8 

6.6Hz, H7), 3.80 (1H, dd, JH2-H3 3.2Hz, JH1-H2 1.6Hz, H2), 3.85 (1H, dd, JH6-H6’ 

11.8Hz, JH5-H6 2.0Hz, H6), 4.76 (1H, as, H1); 13C NMR (126MHz, MeOD) δ ppm 

OHO
HO

OHHO

O NH2
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24.7 (1C, C9), 30.4 (1C, C8), 32.9 (1C, C10), 42.3 (1C, C11), 63.0 (1C, C6), 68.4 

(1C, C7), 68.7 (1C, C4), 72.3 (1C, C2), 72.7 (1C, C3), 74.7 (1C, C5), 101.4 (1C, C1); 

FT-IR (thin film) υ 2968, 2931 (NH2), 3355 br (OH); HRMS m/z (ES+) 266.1602 [M 

+ H]+ required 266.1598. 

Preparation of CRM 

CRM was prepared by Dr Julia R Koeppe (University of Oxford) using the protocol 

shown below. 

Expression of CRM 

A 10 mL starter culture of LB containing 0.1 mg/mL ampicillin was inoculated with a 

single colony from a fresh transformation of CRM in E. coli BL21(DE3) cells and 

grown at 37 ºC overnight with shaking.   

One litre of LB containing 0.1 mg/mL ampicillin was inoculated with the 10 mL 

overnight culture.  This was grown at 37 ºC with shaking to an OD600 of 0.6.  Protein 

production was induced with the addition of 1 mM IPTG.  The culture was allowed to 

continue shaking at 25 ºC for 16 hours. 

The cells were harvested by spinning for 20 minutes at 13000g.  The cell pellets were 

collected and stored at -80 ºC until next use. 

Purification of CRM 

Cell lysis:  The cell pellets collected from 2 L of growth media were lysed in 40 mL 

of a buffer containing 50 mM TEA at pH 7.8, 300 mM NaCl, 15 mM imidazole, 1 

mM BME, 1 mg/mL lysozyme and 0.1 mg/mL DNAse.  The pellet and buffer were 

allowed to incubate on ice for 30 minutes. 

The cell pellets were then sonicated at 150 W in bursts of 30 seconds with a wait time 

of 1 minute between each burst.  A total of 4 bursts were used to break the cells.  The 

sonication of the cells was carried out in a plastic beaker placed on ice. 

The cell debris was removed from the lysis mixture by centrifugation at 13000g for 30 

minutes.  Samples of the pellet and soluble fractions were saved for SDS-PAGE 

evaluation. 
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NiNTA affinity purification:  The soluble portion of the lysed cells was loaded onto a 

5 mL pre-packed NiNTA column (GE Healthcare) which had been equilibrated in 

buffer containing 50 mM TEA at pH 7.8, 300 mM NaCl, 1 mM BME and 15 mM 

imidazole.  CRM was eluted using a linear gradient to the same buffer containing 300 

mM imidazole.  Protein-containing fractions (as determined by UV absorbance) were 

analyzed by SDS-PAGE. 

Anion exchange purification:  Protein-containing fractions from the NiNTA column 

were pooled and then loaded onto a 1 mL MonoQ 5/50 GL anion exchange column 

(GE healthcare) which had been equilibrated in 20 mM Tris, pH 7.8, 150 mM NaCl.  

The protein was eluted using a linear gradient to the same buffer containing 1 M 

NaCl.  Protein-containing fractions were then analyzed by SDS-PAGE. 

Size exclusion chromatography:  Protein-containing fractions from the MonoQ 

column were concentrated to a volume < 10 mL.  The protein was then loaded onto a 

S75 size exclusion column (HiLoad 16/60 Superdex 75, GE Healthcare) which had 

been equilibrated in 20 mM Tris, pH 7.8, 150 mM NaCl.  Only 2mL of protein 

solution was added at any one time.  Protein-containing fractions (as determined by 

UV absorbance) were analyzed by SDS-PAGE and combined and concentrated and 

stored at -20 ºC until further use. 

For glycoconjugation experiments, the protein was exchanged into 300 mM NaHCO3 

buffer at pH 9.0 using a PD10 column (GE Healthcare).  The protein concentration 

was checked by BCA assay (Pierce), and the protein was diluted to 3.0 mg/mL with 

the same NaHCO3 buffer prior to the experiment. 

6.7.2 Protein sequences 

BSA 

DTHKSEIAHR FKDLGEEHFK GLVLIAFSQY LQQCPFDEHV KLVNELTEFA KTCVADESHA  60   
GCEKSLHTLF GDELCKVASL RETYGDMADC CEKQEPERNE CFLSHKDDSP DLPKLKPDPN  120  
TLCDEFKADE KKFWGKYLYE IARRHPYFYA PELLYYANKY NGVFQECCQA EDKGACLLPK  180  
IETMREKVLT SSARQRLRCA SIQKFGERAL KAWSVARLSQ KFPKAEFVEV TKLVTDLTKV  240  
HKECCHGDLL ECADDRADLA KYICDNQDTI SSKLKECCDK PLLEKSHCIA EVEKDAIPEN  300  
LPPLTADFAE DKDVCKNYQE AKDAFLGSFL YEYSRRHPEY AVSVLLRLAK EYEATLEECC  360  
AKDDPHACYS TVFDKLKHLV DEPQNLIKQN CDQFEKLGEY GFQNALIVRY TRKVPQVSTP  420  
TLVEVSRSLG KVGTRCCTKP ESERMPCTED YLSLILNRLC VLHEKTPVSE KVTKCCTESL  480  
VNRRPCFSAL TPDETYVPKA FDEKLFTFHA DICTLPDTEK QIKKQTALVE LLKHKPKATE  540  
EQLKTVMENF VAFVDKCCAA DDKEACFAVE GPKLVVSTQT ALA                    583 

Molecular weight: 66463 
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CRM 
GADDVVDSSK SFVMENFSSY HGTKPGYVDS IQKGIQKPKS GTQGNYDDDW KGFYSTDNKY  60   
DAAGYSVDNE NPLSGKAGGV VKVTYPGLTK VLALKVDNAE TIKKELGLSL TEPLMEQVGT  120  
EEFIKRFGDG ASRVVLSLPF AEGSSSVEYI NNWEQAKALS VELEINFETR GKRGQDAMYE  180  
YMAQACAGNR VRRSVGSSLS CINLDWDVIR DKTKTKIESL KEHGPIKNKM SESPNKTVSE  240  
EKAKQYLEEF HQTALEHPEL SELKTVTGTN PVFAGANYAA WAVNVAQVID SETADNLEKT  300  
TAALSILPGI GSVMGIADGA VHHNTEEIVA QSIALSSLMV AQAIPLVGEL VDIGFAAYNF  360  
VESIINLFQV VHNSYNRPAY SPGHKTQPFL HDGYAVSWNT VEDSIIRTGF QGESGHDIKI  420  
TAENTPLPIA GVLLPTIPGK LDVNKSKTHI SVNGRKIRMR CRAIDGDVTF CRPKSPVYVG  480  
NGVHANLHVA FHRSSSEKIH SNEISSDSIG VLGYQKTVDH TKVNSKLSLF FEIKSLEHHH  540  
HHH                                                                543  

Molecular weight: 59406 

6.7.3 Protein modification 

General protocol for preparation of isothiocyanates 

To a solution of 6.5 or 5.1 (1 eq) in 0.3 M NaHCO3 (6 eq) and 0.3 M Na2CO3 (3 eq) at 

pH 9 (pH paper) was added a solution of thiophosgene (6 eq) dissolved in chloroform. 

The biphasic mixture was vigorously stirred at room temperature and monitored by 

TLC (1 water : 4 isopropanol : 4 ethyl acetate) and mass spectrometry (ES+). After ~ 3 

hours, complete consumption of the starting sugar and the formation of a single 

product was detected. Solvents and excess thiophosgene were removed under reduced 

pressure. The isothiocyanate of 6.5 was desalted for characterization purposes by 

silica gel chromatography (9 ethyl acetate : 1 methanol) to afford the desired 

compound as a pale yellow oil (24 mg, 84 %). The isothiocyanate of 5.1 was used 

without further purification. 

1-Isothiocyano-5-pentyl-O-α-D-mannoopyranoside 

Rf 0.23 (9 ethyl acetate : 1 methanol), [α]D
18 +33.2 (c = 1.2, MeOH); 1H NMR (500 

MHz, MeOD) δ ppm 4.77 (1d, J = 1.6 Hz, 1H, H-1), 3.83 (m, 1H, H-6a), 3.83 (t, J = 

2.5 Hz, 1H, H-2), 3.76 (ad, J 5.7 Hz, 1H, OCHHCH2), 3.75 (m, 1H, H-6b), 3.73 (dd, J 

= 10.1, 2.5 Hz, 1H, H-3), 3.65 (t, J = 9.6 Hz, 1H, H-4), 3.60 (t, J = 6.6 Hz, 1H, 

CHHNCS), 3.54 (ddd, J = 9.5, 5.5, 2.4 Hz, 1H, H-5), 3.48 (t, J = 6.3 Hz, 1H, 

CHHNCS), 3.47 (ddd, J = 14.3, 8.8, 2.2 Hz, 1H, OCHHCH2), 1.76 (quin, J = 6.9 Hz, 

1H, OCH2CHHCH2), 1.60-1.70 (m, 3H, OCH2CHH, CH2CH2NCS), 1.55 (m, 1H, 

CHHCH2), 1.45 (m, 1H, CHHCH2); 13C NMR (126 MHz, MeOD) δ ppm 101.6 (C-1), 

74.6 (C-5), 72.6 (C-3), 72.2 (C-2), 68.6 (C-4), 68.3 (OCH2), 62.7 (C-6), 45.9 

(CH2NCS), 30.9 (OCH2CH2), 29.8 (CH2CH2NCS), 24.5 (CH2), low intensity NCS 
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peak not observed; FT-IR (thin film) υ 2102 (N=C=S), 2180 (N=C=S), 2936 (C-H), 

3354 br (OH); HRMS m/z (ES+) 330.0970 [M + Na]+ (required 330.0982). 

General protocol for reactions 

Reactions were performed using between 0.1 – 1.0 mg of protein at a concentration of 

1.5mg/ml. The reactions were conducted in 0.3 M NaHCO3 and 0.3 M Na2CO3. A 

solution of the isothiocyanate was added and the reaction mixture was gently shaken 

at room temperature for 24 hours. Increasing ratios of isothiocyanate per lysine 

residue were used per reaction set. 

6.7.4 MALDI mass spectrometric analysis 

5 μL of the reaction mixture was diluted to 250 μL with 0.1 % TFA in water. This 

solution was mixed in a 1 : 1 ratio (v/v) with a solution of mass spectrometry grade 

sinapinic acid (10 mg/mL in 1 : 1 water : acetonitrile with 0.1% TFA). From this 

combined matrix/ sample solution, 2 μL was spotted onto a steel target and allowed to 

co-crystallize at room temperature over 3 hours. MALDI analysis was conducted on a 

Water MALDI Micro MX spectrometer with TOF detection, in positive linear mode. 

Unmodified protein was used as a lock mass calibrant. For each comparative set of 

experiments, laser energy and pulse width were optimised for a modified protein 

sample, and kept identical for the remainder of the sample set. In general, multiple 

laser shots were combined to produce the final spectrum. Data were further processed 

using Mass Lynx 4.1. Mass spectra were smoothed with Savitzky-Golay smoothing 

prior to dispersity analysis. 

6.7.5 MATLAB M-file scripts 

Example M-file code for BSA (n = 60) modified with 1 (m = 307), where the 

measured FWHM for unmodified BSA = 1298:  

function [estimates, model] = Dispersity(xdata, ydata) 
start_point = [0 500]; 
model = @MALDIfit; 
options = optimset('Display','iter'); 
estimates = fminsearch(model, start_point, options); 
    function [sse, FittedCurve] = MALDIfit(params) 
        mu = params(1); 
        sigma = params(2); 
        m = 307; 
        % m = the mass change per modification 
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        delta = 1298/2.35; 
        % delta = standard deviation of MALDI peak for unmodified protein 
        % 1298 is the measured FWHM 
        x = (-10000:20000); 
        FittedCurve = 0; 
            for n=0:60 
            % n = the number of lysines + N-terminus 
            FittedCurve = FittedCurve + (normcdf((n+0.5)*m,mu,sigma)- 
normcdf((n-0.5)*m,mu,sigma))*normpdf(x, n*m, delta); 
            end 
        ErrorVector = FittedCurve - ydata; 
        sse = sum(ErrorVector .^ 2); 
    end 
end 
 
Command line entry for a MALDI peak of modified protein of average mass relative 

to unmodified BSA = 3247, and measured FWHM = 3277: 

xdata = (-10000:20000); 
ydata = normpdf(xdata, 3247, 3277/2.35); 
[estimates, model] = Dispersity(xdata,ydata) 
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Chapter VII – Conclusions and Future Directions 

In this thesis, we have used the tools of chemistry to attempt to understand the 

biochemistry of two different carbohydrate systems involving charged functionality. 

The major achievements of this research will be highlighted in this chapter together 

with the limitations of our work and possible directions for future research. 

Significant progress has been made in elucidating the role of Tre-6-P in plant 

signalling. Prior to our work, a variety of carbohydrate phosphate esters (Tre-6-P, 

Glc-1-P, Glc-6-P and Rib-5-P) had been proposed as potential inhibitors of the protein 

kinase SnRK1. The nature of this interaction is poorly understood and is hypothesized 

to occur via an intermediary factor. The work described in Chapters II – IV has 

produced three main contributions to this field. Firstly, by studying the stability of 

these sugars under assay conditions, we have conclusively demonstrated that Tre-6-P, 

Glc-1-P and Glc-6-P are true inhibitors of SnRK1. In contrast, the reduction in 

SnRK1 activity by Rib-5-P was shown to actually occur through metabolism of the 

sugar resulting in consumption of ATP giving an apparent but not a true inhibition. 

Thus, we can now be confident that Tre-6-P (the most potent of the three 

carbohydrates) is a real inhibitor of SnRK1 and attention can be focused on 

elucidating its mechanism of action.  

A second accomplishment of our work is the development of methodology for the 

synthesis of analogues of Tre-6-P. While various analogues of trehalose have been 

previously synthesized, similar synthetic variants of Tre-6-P are much rarer. The 

problems with the synthesis of such compounds originate from (i) the 

desymmetrization of trehalose; and (ii) the installation of the phosphate group. 

Initially, we attempted to develop methodology for the efficient desymmetrization of 

trehalose using a flow reactor. Unfortunately, we could not develop this method for 

large scales due to blockage of the reactor channel. The use of biphasic or slug flow 

may be potential workarounds that could be explored in the future. While our large 

scale synthesis was unsuccessful, our studies furnished kinetic data that provided 

insight into these reactions, and in particular, explained the particularly low yields that 

have been observed by other researchers. Our studies on the installation and 

manipulation of the phosphate group proved more fruitful. We discovered that 

phosphate migrations could be controlled during transesterfications by using CsF. 
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This allows facile exchange of phosphoryl protecting groups allowing for greater 

flexibility in the design of synthetic routes. This methodology was extended to a range 

of carbohydrate scaffolds and used for the synthesis of a library of Tre-6-P analogues, 

which formed the basis of understanding structure-activity relationships between 

Tre-6-P and the intermediary factor. In this way, we found that while the phosphate 

group was essential for binding, one of the P-OH groups was dispensable. Crucially, 

we found that bulky groups could be tolerated at the C6’ centre of Tre-6-P which 

could therefore serve as a site of attachment for tethering the molecule onto a solid 

phase. 

Along these lines, a third achievement of our work was the synthesis of a Tre-6-P 

affinity column using our CsF transesterfication methodology and the data from 

Tre-6-P structure-activity relationships. This column was used to extract potential 

Tre-6-P binding proteins from a partially purified extract of SnRK1, which could then 

be identified by proteomics analyses. In this way, the 14-3-3 class of proteins was 

identified as potential intermediary factors, but unfortunately, binding to Tre-6-P 

could not be demonstrated in vitro and further work is needed in this direction. The 

lack of observed sugar binding to the recombinant 14-3-3 may be due to 

oversimplification of the in vitro system. For example, post-translational modification 

of the 14-3-3 may be required for binding to Tre-6-P. These intricacies would be 

difficult to replicate for a recombinant protein and alternative experiments may be 

required. Alternatively, the 14-3-3s may be a rogue result from non-specific binding 

to the column. To verify if this is the case, a control could be conducted with the 

trehalose affinity column. Various other proteins were also detected in the extracted 

fractions, but in too small a quantity for successful identification. Ideally, the 

extraction should be repeated on a larger scale to isolate greater quantities of these 

proteins that would allow for cleaner identifications. Additionally, in our studies, the 

column was eluted with an increasing salt gradient to release bound proteins. Strongly 

adhered proteins may not be released in this way, and elution with Tre-6-P would be 

preferable. While there are still many questions that remain to be answered, we have 

shown that the Tre-6-P affinity column can, in principle, be used to identify the 

intermediary factor. 

Our studies on the binding of GalNAc-4-SO4 to the MR are clearly still at a very early 

stage and significant work is required in this area. On the chemistry side, we have 
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developed syntheses for probes which can allow attachment onto quantum dots, small 

molecule dyes and proteins. For the latter case, we have developed a technique that 

can reveal the dispersity in the distribution of labelling using MALDI mass 

spectroscopy, which would allow better monitoring of reaction products and more 

consistent comparison between experiments involving such chemically modified 

proteins. This approach was used to study various protein modifications which have 

furnished insights into the kinetics of such reactions.   

The synthesis of a mannose based probe for the CRDs proved to be successful and 

can be readily used for further studies. The synthesis for our GalNAc-4-SO4 probe 

was more challenging. The reaction scheme failed at the last step and alternative 

methods for this final deprotection should be investigated. Furthermore, the binding 

of these probes to the MR should be experimentally investigated. The recombinant 

expression of various CRD and CRR fragments of the MR would give access to pure 

protein to which binding studies could be performed using isothermal titration 

calorimetry or surface plasmon resonance.  The generic sulfate probe that we have 

used in the place of GalNAc-4-SO4 should also be rigorously studied for interaction 

with the CRR. Our experiments showed a surprisingly fast cellular uptake for this 

probe and if significant binding to the CRR could be demonstrated, such a result may 

point to a wider role for sulfate biochemistry than is currently understood. 

Our microscopy studies using the NR8383 cell line have demonstrated that 

internalization of our probes is possible. While some of our experiments using 

unlabelled fluorescent probes and with the SK-HEP-1 cell line have hinted at receptor 

mediated endocytosis, more controls are needed to fully establish the role of the MR. 

The most rigorous experiments would involve genetic manipulation of cells. For 

example, macrophages derived from a MR-/- knockout rat would be a good negative 

control for our NR8383 experiments. An even more rigorous approach would use a 

cell line that does not normally express MR, which could then be transfected with the 

gene for the MR. Comparison between the wild type and transfected lines would 

provide direct evidence for the role of the MR.  

Similarly, the FRET microscopy studies have demonstrated signal enhancements at 

the cell surface for the NR8383 cell line, but the involvement of the MR still needs to 

be rigorously proved. As well as the general experiments mentioned above, further 
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studies with differing concentrations of the dye pair should be conducted to rule out 

non-specific interactions at the cell surface. Further experiments with sodium azide to 

inhibit endosome formation could also be performed.  

While much work is clearly still needed in this area, our early studies have hinted that 

recognition of our probes may be possible. Moreover, given the potential importance 

of MR dimerization in the immune response, such studies would be a worthwhile 

exercise.  
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