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Abstract 

Activated fluorosugars are covalent inactivators for a number of glycosidases, 

functioning through accumulation of stable glycosyl-enzyme intermediates. Two approaches 

were taken in designing new inactivators: more highly fluorinated sugars that could form 

more stable intermediates, and fluorosugars bearing novel aglycones that could be 

manipulated to improve selectivity and efficiency.  

Six novel difluorosugar fluorides were synthesized and evaluated as covalent 

inactivators. Four of the compounds were tested as time-dependent inactivators of the β-

glucosidase from Agrobacterium sp. (Abg) and, while they were shown to behave as 

reversible competitive inhibitors, the only time-dependent inactivation was traced to the 

presence of an extremely small amount (<0.1%) of a contaminating impurity. The other two 

compounds were evaluated as inactivators of human lysosomal α-iduronidase (Idua) the 

enzyme deficient in Mucopolysaccharidosis I. No time-dependent inactivation was observed, 

and only one functioned as a reversible competitive inhibitor for Idua.  

Ten novel fluorosugars bearing dialkyl phosphate, phosphonate or phosphinate 

aglycones were also synthesized and evaluated as covalent inactivators for appropriate model 

retaining α- and β-glycosidases, but as expected only inactivated retaining β-glycosidases. 

Some of these compounds were also tested as inactivators of human glucocerebrosidase 

(GCase), the enzyme that is deficient in Gauchers disease. Activated fluorosugars bearing 

phosphorus-based aglycones were found to be efficient inactivators of GCase with the best 

compound, dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl)phosphate, being ~4300-fold 

more efficient as an inactivator of GCase than the previously most efficient inactivator, 2-

deoxy-2-fluoro-β-D-glucopyranosyl fluoride.  

Two compounds, 2-deoxy-2-fluoro-β-D-glucopyranosyl fluoride and benzyl benzyl-

(2-deoxy-2-fluoro-β-D-glucopyranosyl)phosphonate, were evaluated as potential 

pharmacological chaperones for GCase. Both compounds raised the melting temperature of 

the enzyme in vitro, and cell-based assays showed an increase of GCase levels in the 

presence of both compounds, although no increase in enzyme activity was observed.  
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Finally, a radiosynthetic route was developed starting from 2-deoxy-2-[18F]-fluoro-D-

glucose to produce 2,4-dinitrophenyl 2-deoxy-2-[18F]-β-D-fluoroglucopyranoside, which 

behaved as an active-site directed inactivator of both Abg and GCase in vitro. The 

radiolabelled complex formed with GCase was purified, injected into mice, and imaged using 

positron emission tomography (PET). This represents a potentially useful technology for 

non-invasive studies on enzyme replacement therapy (ERT), which is used clinically to treat 

Gauchers disease. 
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1.1 Glycosidases 
 Glycoside hydrolases, or glycosidases, are widespread enzymes in nature that are 

responsible for the hydrolytic cleavage of the acetal bond (glycosidic bond) between a sugar 

(glycone) and a leaving group (aglycone). Glycosidic bond cleavage is accomplished by 

nucleophilic attack at the anomeric center by water to yield a reducing sugar and the free 

aglycone (Figure 1.1). Different glycosidases have different glycone and aglycone 

specificities; some are very promiscuous, whilst others are highly specific for the glycone, 

aglycone, or both. In addition, many glycosidases are known to accept a wide variety of 

unnatural aglycones and some are capable of cleaving C-OAryl, C-OAlkyl, C-F, C-S and C-

N bonds.  

Glycosidases are important enzymes in nature; their function and dysfunction have 

been implicated in a number of diseases, including HIV/AIDS, influenza, diabetes, and 

cancer, to name but a few. They are also industrially useful enzymes, with applications in the 

production of pulp and paper, various foods and food additives. They are also potentially 

useful in the generation of renewable energy sources and chemical feedstocks based on 

biomass conversion.   

O

OR

glycone aglycone

+ H2O*

Glycosidase

O

*OH
+ HOR

glycosidic
bond

 

Figure 1.1. General glycosidase-catalyzed hydrolysis reaction. 

 

 The nature of the reaction catalyzed by a glycosidase allows for its classification 

according to the following criteria: 

1) Glycone specificity. A given glycosidase usually has a sugar residue for which it has 

maximal hydrolytic activity. For example, a glucosidase has highest activity with 

glucoside substrates. 
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2) Anomeric specificity. A glycosidase usually catalyzes the cleavage of only α- or β-

linked glycosides. For example, an α-glucosidase usually only catalyzes the 

hydrolysis of α-glucosides, and generally is not capable of catalyzing the hydrolysis 

of a β-linked glucoside. 

3) Inverting or retaining. A given glycosidase usually catalyzes the cleavage of the 

glycosidic linkage with either retention or inversion of stereochemistry at the 

anomeric center. For example, a retaining α-glucosidase usually only catalyzes the 

hydrolysis of an α-glucoside to yield an α-configured sugar as the first formed 

product (Figure 1.2).  

O
OR

Retaining
glycosidase

Inverting
glycosidase

O
OH

O

OH

H

H

H

+ H2O

+ H2O

+ HOR

+ HOR

 

Figure 1.2. Cleavage of a glycoside catalyzed by either a retaining (upper pathway) or inverting 

(lower pathway) glycosidase. 

 

 In addition to the classification described on the basis of substrate specificity, 

glycosidases have been classified on the basis of their sequence similarity.1-3 A searchable 

online database that groups sequence-related glycosidases into families can be found on the 

internet at http://www.cazy.org. In virtually all cases, enzymes within the same sequence-

related family catalyze the cleavage of the glycosidic bond using the same mechanism, thus 

with the same stereochemical outcome (ie. either inverting or retaining), whilst sharing 

similar tertiary structures. Thus, the Carbohydrate Active enZYme (CAZY) database enables 

both the structure and function of a novel glycosidase to be predicted based solely on 

bioinformatics. 

 Glycosidases are among the most proficient enzymes known, showing rate 

enhancements (kcat/kuncat) of up to 1016-1017-fold. To put this in context, while the half-life for 
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hydrolysis of cellulose at neutral pH and 25 °C has been estimated at 4.7 million years,4 the 

glycosidase-catalyzed reaction can have a half-life of as little as 0.69 ms.5 

 

1.2 Glycosidase mechanisms 
 

1.2.1 Inverting glycosidases 

Inverting glycosidases effect bond cleavage through the action of two residues, 

usually carboxylic acids (Asp or Glu), located at least 6 Å apart on opposite faces of the 

active site.5 Of the two carboxylic acids, only one is deprotonated in the enzyme’s resting 

state and acts as a general base, removing a proton from the incoming nucleophile (typically 

water under normal conditions) as it attacks the anomeric carbon. The other carboxylic acid 

acts as an acid catalyst, protonating the departing aglycone oxygen atom and assisting in its 

departure from the anomeric center. The bond-making and bond-breaking steps proceed 

through a single, concerted oxocarbenium ion-like transition state in which the developing 

positive charge at the anomeric carbon is partially stabilized by electron donation from the 

endocyclic oxygen. The truncated sugar product is a hemi-acetal that initially has the 

opposite configuration at the anomeric center to that of the starting material; hence the 

enzyme is an “inverting” glycosidase. This mechanism, first suggested in a very insightful 

paper by Koshland in 1953,6 is illustrated for an inverting β-glucosidase in Scheme 1.1.  

OHO
HO

HO

OH

OR

HO O

O O

H
O H

OHO
HO

OH
O O

O O

OR
δ+

δ−

δ−

δ+

HO

H

H
OH

OHO
HO

HO

OH
O O

HO O

OH
HOR

δ−

δ−

 

Scheme 1.1. Mechanism of an inverting β-glucosidase. 
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1.2.2 Retaining glycosidases 

 Most retaining glycosidases, as with the inverting glycosidases, also have a pair of 

essential carboxylic acid residues (Asp or Glu) located on opposite faces of the enzyme’s 

active site, but they are normally closer together at ~5.5 Å apart.5 The mechanism of these 

retaining β-glycosidases was first proposed in 1953 by Koshland6 and, while some of the 

details have subsequently been revised, the essential ideas put forth by Koshland remain 

generally accepted. One of the residues functions as an acid catalyst in the first mechanistic 

step by donating a proton to the aglycone during its departure. At the same time, the other, 

deprotonated carboxylate acts as a nucleophile, attacking the anomeric carbon in a reaction 

that also proceeds through an oxocarbenium ion-like transition state. This step, referred to as 

the glycosylation step, leads to the formation of a covalently linked glycosyl-enzyme 

intermediate, which has an anomeric configuration opposite to that of the starting material. 

The second step of this reaction, the deglycosylation step, involves the hydrolysis of the 

glycosyl-enzyme intermediate. The carboxylate that first acted as an acid catalyst now acts as 

a base by abstracting a proton from the incoming nucleophile, normally a water molecule. 

The water molecule attacks the anomeric center of the sugar, and the carboxylate residue 

departs via a second oxocarbenium ion-like transition state. The product thus obtained is a 

hemi-acetal with the same anomeric configuration as the starting material. This mechanism is 

drawn for a retaining β-glucosidase in Scheme 1.2. 
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Scheme 1.2. Mechanism of a retaining β-glucosidase. Note that the proton delivered during general 

acid catalysis may be delivered in either a syn- or anti-fashion,7 depending on the specific enzyme. 

 

 The double-displacement mechanism has not always been widely accepted; an 

alternate mechanism made on the basis of structural studies was first proposed by Phillips8 

and invokes an intermediate oxocarbenium ion/carboxylate pair (Figure 1.3) rather than a 

covalent glycosyl-enzyme intermediate. 

OHO
HO

HO

OH

O O

. 

Figure 1.3. Ion-pair intermediate proposed by Phillips8 as an intermediate during hydrolysis of a 

glycoside catalyzed by a retaining glycosidase, shown here for a retaining β-glucosidase.  

 

 Early evidence for the presence of a covalent glycosyl-enzyme intermediate in a 

retaining glycosidase came from the observation of kinetic isotope effects using modified 
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substrates.9 In this study, substrates for which the second step of the enzyme-catalyzed 

reaction was rate-limiting showed a secondary deuterium kinetic isotope effect of (kH/kD) >1, 

indicating that this step involved the anomeric center undergoing a sp3  sp2-like 

hybridization change between the intermediate and the transition state. If the ion pair 

mechanism was operating, then an inverse kinetic isotope effect (kH/kD) <1 would be 

expected, since the transition state would have an increased degree of sp3-like character as it 

is more similar to the sp3-hybridized product. 

 Further support for the double-displacement mechanism came from X-ray 

crystallographic studies of the three-dimensional structures of a large number of retaining 

glycosidases. These structures revealed the presence of two carboxylic acid residues 

approximately 5.5 Å apart,5,10 which was consistent with the proposed mechanism involving 

a glycosyl-enzyme intermediate. Labelling studies with covalent inactivators of retaining 

glycosidases accompanied by mutagenesis studies confirmed that both of these carboxylic 

acid residues are important for catalysis. Kinetic analyses of mutants generated at both of 

these positions are consistent with one of the two residues playing the role of a nucleophilic 

catalyst, and the other playing the role of an acid-base catalyst.10-13 A study of the behaviour 

of a series of artificial substrates containing aglycones with different leaving group abilities 

with the retaining β-glucosidase from Agrobacterium sp. (Abg) also supported the double-

displacement mechanism. The kinetic data on these substrates were used to construct a 

Brønstead plot (log kcat vs. pKa) for these compounds, which showed a biphasic and concave-

downwards relationship, indicating that the rate-limiting step for more chemically activated 

substrates is the deglycosylation step, while the glycosylation step is rate-limiting for less 

chemically activated substrates.14 In this study, normal (kH/kD >1) secondary kinetic isotope 

effects were measured for both the glycosylation and deglycosylation steps,14 in agreement 

with earlier investigations. Therefore, on the basis of these studies among others, the double-

displacement mechanism has been widely accepted as the mechanism by which the majority 

of retaining glycosidases function. 

 However, it has recently been demonstrated that some glycosidase families utilize 

different mechanisms to effect hydrolysis of the glycosidic bond in a retaining fashion. 

Glycosidase families GH2015-17 and GH84,18 among others,10 have been shown to operate 
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using the oxygen atom of the acetamido substituent next to the anomeric center in the 

substrate as the nucleophile, rather than an enzymatic nucleophilic residue. Glycoside 

hydrolase families GH4 and GH109 utilize a unique NAD+-dependent elimination/addition 

sequence.19 Family GH33, GH34 and GH83 sialidases utilize a tyrosine residue as the 

nucleophile rather than a negatively charged carboxylate,10,20 possibly to avoid unfavourable 

electrostatic interactions between the incoming nucleophile and the negatively-charged 

substrate. Finally, there are other examples of glycosidases which appear to hydrolyze the 

glycosidic bond utilizing other unique mechanisms, and these have been reviewed in an 

excellent article by Vocadlo and Davies.10 However, as the enzymes studied in this body of 

work utilize the “classic” double-displacement mechanism, enzymes utilizing other 

mechanisms will not be discussed further.  

 

1.3  Small molecule inhibitors of glycosidases 
 

1.3.1 The significance of glycosidase inhibitors 

Small molecule inhibitors of glycosidases have proven to be very useful reagents for 

a wide variety of purposes. Since glycosidases have been implicated in a number of disease 

states, inhibitors of these enzymes represent attractive potential therapeutic targets. For 

example, glycosidase inhibitors have been explored as potential therapeutics for cancer, Type 

II (non-insulin dependent) diabetes, HIV/AIDS and viral infections such as influenza.21-28 In 

addition to having potential therapeutic applications, glycosidase inhibitors have also proven 

to be useful compounds for investigating the three-dimensional structures and catalytic 

mechanisms of glycosidases.5,10,12,13,23,29 Inhibitors have also been used to perturb biological 

and biochemical pathways through the ablation of a particular glycosidase activity. The 

resulting effects on the animal or cell-based system help us to learn about the role played by 

this enzyme activity in the organism or biological pathway. For example, treatment of 

healthy mice with an inhibitor of the retaining β-glucosidase glucocerebrosidase (GCase) 

was shown to create a phenotype resembling a disease characterized by a deficiency in that 

enzyme, known as Gauchers disease (discussed below).30  
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Small molecules that reduce glycosidase activity can be divided into two general 

categories: compounds that noncovalently bind to the enzyme through the formation of 

specific interactions with the protein, or compounds that function through the formation of a 

covalent bond to the enzyme. In both cases, the usual mechanism of inhibition of enzyme 

activity is that the inhibitor can: bind to and block the active site, physically preventing the 

substrate from entering the active site; bind to and force the enzyme to adopt a catalytically 

inactive conformation; inhibit through a combination of both of these mechanisms.  

 

1.3.2 Noncovalent glycosidase inhibitors 

The most commonly studied class of glycosidase inhibitors are those that associate 

with the enzyme noncovalently. This class of inhibitor often behaves kinetically as a 

competitive inhibitor, as a result of binding, at least in part, to the enzyme active site. Thus, 

many noncovalent glycosidase inhibitors are molecules that chemically resemble the sugar 

substrates or transition states of the enzyme-catalyzed hydrolysis reaction,21,23-25,28 although 

there are also examples of glycosidase inhibitors that do not fit this classification.31-33  

Among the most potent glycosidase inhibitors are polyhydroxylated nitrogen-

containing heterocycles in which the nitrogen atom can be protonated at physiological pH. 

This class of inhibitor is therefore positively charged, which can lead to very strong 

Coloumbic interactions between the inhibitor and the negatively charged carboxylate 

residues found in the glycosidase active site. Two groups of inhibitors bearing an endocyclic 

nitrogen that have proven to be potent glycosidase inhibitors are inhibitors based on the 

compound deoxynojirimycin (1.1, Figure 1.4) and inhibitors based on the compound 

isofagomine (1.2).  

NHHO
HO

OH

OH

NH
HO

HO

OH

1.1 1.2  

Figure 1.4. Chemical structures of the glycosidase inhibitors deoxynojirimycin (1.1) and isofagomine 

(1.2).  
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 Deoxynojirimycin (1.1) has a nitrogen atom, and thus presumably a positive charge at 

physiological pH, in place of the endocyclic oxygen of a normal glycoside. By contrast, 

isofagomine (1.2) has this nitrogen atom at a location on the ring that would overlay with the 

anomeric center in a normal glycoside. This is an important feature, since in the transition 

state of glycoside hydrolysis by a retaining glycosidase, there is a build-up of partial positive 

charge at both the ring oxygen atom and at the anomeric center. This suggests that the 

enzyme active site has evolved to accommodate positive charge at both locations, although 

whether these two compounds represent true transition state mimics or compounds that 

fortuitously interact favourably with the enzyme active site is not entirely clear.34 However, 

it is interesting to note that deoxynojirimycin is usually a more potent inhibitor of α-

glycosidases than β-glycosidases (for example, Ki = 12.6 μM23 and 47 μM23 vs. the α-

glucosidase from baker’s yeast, Yag, and the β-glucosidase from sweet almonds, 

respectively), while isofagomine usually shows the opposite selectivity (Ki = 86 μM35 and 

0.11 μM35 vs. Yag, and the β-glucosidase from sweet almonds, respectively). The origins of 

this inhibitor specificity are not entirely clear, although the preference of α-glycosidases for 

deoxynojirimycins and β-glycosidases for isofagomines may arise from differences in partial 

positive charge build-up between their ground states and the respective transition states for 

enzyme-catalyzed glycoside cleavage. It has been suggested that α-glycosidases show a 

larger difference in partial positive charge between the ground state and the transition state at 

the ring oxygen, while β-glycosidases show a larger difference in partial positive charge 

between the ground state and the transition state at the anomeric center.5 

 In addition to inhibitors that may function through mimicry of the charge distribution 

in the transition state of enzyme-catalyzed glycoside cleavage, other inhibitors may function 

by mimicking the conformation of the sugar ring in the transition state. Different sequence-

related families of glycosidases proceed through transition states with different 

conformations about the sugar ring, with these transition states having the sugar ring 

adopting a geometry in which C5, O5, C1 and C2 are co-planar, such as in 4H3 or 3H4 half-

chair conformations, or 2,5B or 2,5B boat conformations.36,37 This means that inhibitors that 

adopt similar conformations may be powerful glycosidase inhibitors by harnessing the 
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enzyme’s strong affinity for sugar-like molecules adopting these conformations. Examples of 

β-glucosidase inhibitors which may act through geometric mimicry of the transition state are 

shown in Figure 1.5.  
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Figure 1.5. Chemical structures of the β-glucosidase inhibitors gluconolactone (1.3), gluco-

hydroximolactam (1.4), and glucotetrazole (1.5).  

 

 Compound 1.3 does not bear a nitrogen that can be protonated, meaning that much of 

the inhibitory potency in that case (Ki = 1.4 μM vs. Abg,14 for example) presumably derives 

from geometric mimicry of the flattened transition state. The other two inhibitors, gluco-

hydroximolactam (1.4) and glucoimidazole (1.5) have nitrogen atoms that may be protonated 

at physiological pH, which may account for some of their inhibitory potency, but also adopt 

conformations that, when overlaid with a sugar ring, are more like a half-chair than the 4C1 

conformation adopted by many sugars in solution. Thus, some of the potency of these 

inhibitors (Ki vs. Abg =  30 μM14 and 1.4 μM38 for 1.4 and 1.5 respectively) may be ascribed 

to the charge on the inhibitors, and some of the potency to the conformation adopted by the 

pyranose ring.  

  

1.3.3 Covalent inactivators 

 Covalent inactivators of glycosidases are a class of molecules that ablate enzyme 

activity through the formation of a covalent bond between the enzyme and the 

inactivator.39,40 The bond is typically formed by the attack of an enzyme-based nucleophile 

onto an electrophilic portion of the inactivator, leading to covalent attachment of the 

inactivator. This attachment leads to a loss of activity, most often because it either physically 

blocks access to the enzyme active site or because it modifies an active site residue that is 

critical for catalysis.  
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 These irreversible glycosidase inhibitors can be used for many different purposes. 

One of the earliest and still most prevalent uses is in the identification of active site residues. 

Mutation of the identified residues followed by subsequent kinetic analysis of mutants 

modified at that position can confirm their function in either catalytic or structural roles. 

Covalent inactivators have also seen use in studying the catalytic mechanism(s) by which 

glycosidases function, both through kinetic and structural examination. Highly specific 

probes have been used to selectively inactivate a target enzyme or enzyme activity in 

complex biological systems while observing the effect of this ‘deletion’ on the organism. 

This has been further extended to the design of specific probes for the discovery and 

characterization of novel enzymes. 

 Covalent glycosidase inactivators can be shown to be active site-directed, even in the 

absence of any structural knowledge of the enzyme, by incubation of the inactivator in the 

presence and absence of a known active site-binding noncovalent inhibitor. Under these 

conditions, a reduction or ablation of irreversible inhibition should be observed if 

inactivation is indeed active site-directed, as both inhibitors are competing for the same 

region of the enzyme. The kinetic behaviour or extent of inactivation can usually be studied 

by incubating a solution of inactivator plus enzyme, and removal of enzyme aliquots at 

various time points. Residual enzymatic activity in these aliquots can be assayed to reveal the 

degree of inactivation as a function of time. Analysis of the data can reveal a time-dependent 

irreversible loss of enzyme activity, and the kinetic parameters of inactivation can be 

calculated by straightforward mathematical manipulations of the data.12,13,41 No general 

statements can be made about the rapidity of inactivation with any class of compounds, as 

the rate constant for inactivation is highly dependent on both the inactivator and the specific 

enzyme being investigated. The time necessary to completely ablate activity for a given 

enzyme and inactivator pair can range from milliseconds to weeks. 

Irreversible inhibitors can be divided into two general categories: affinity labels and 

mechanism-based inhibitors. An affinity label is any molecule that contains a region 

designed to impart specificity for a given protein, and a reactive functionality that will 

irreversibly covalently modify a neighbouring region of the protein.42 These affinity labels 

can be further subdivided into two classes: labels that are inherently reactive as a 
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consequence of their chemical structure,42 and labels that require external activation, such as 

photo-affinity labels.43 By contrast, a mechanism-based inhibitor is a substrate analogue that 

is stable towards spontaneous decomposition, but, upon activation by the enzymatic catalytic 

machinery, produces a species that reacts to form a covalent bond to the enzyme.39,40 

The structures of some sample covalent inactivators are shown in Figure 1.6. 

Compound 1.6 is one of the earliest examples of a photoaffinity probe applied to glycosidase 

labelling. This compound was found to be a modest inhibitor of the lacZ β-galactosidase 

from Escherichia coli (E. coli β-Gal). Upon irradiation, a reactive carbene electrophile was 

generated which covalently modified the enzyme, although only modest levels of 

inactivation were observed.44,45 Compounds 1.7 and 1.8 are both examples of covalent 

glycosidase affinity probes that bear reactive electrophiles appended to a specificity tag, in 

the form of a pyranose ring. Compound 1.7 has been shown to act as a covalent glycosidase 

inactivator for some retaining β-glucosidases through proton donation to the aromatic amine, 

which results in decomposition, with expulsion of nitrogen gas and formation of a glycosyl-

methyl carbocation. Nucleophilic attack of an enzymatic nucleophile on the carbocation 

results in covalent modification.46 Similarly, compound 1.8 and related derivatives have been 

shown to act as covalent inactivators for a variety of retaining β-glycosidases.47-50 These N-

bromoacetyl glycosylamines have been found in many cases to covalently bond to the 

catalytic acid/base residue, making them useful reagents in identifying candidate residues, 

although this assignment is best confirmed by a detailed kinetic analysis of both wild-type 

and mutant enzymes that have been modified at the identified residue.50 Compound 1.9   is 

an example of a mechanism-based inactivator that functions through the generation of a 

highly reactive quinone methide species following enzyme-catalyzed glycosidic cleavage 

(Scheme 1.3). While this class of covalent glycosidase inactivator has been extensively 

studied for possible proteomics applications, the resulting reactive aglycone species 

generated has no affinity for the glycosidase, and is capable of diffusing throughout the 

reaction mixture to react with any available nucleophile. Hence, this class of glycosidase 

inactivator has seen only limited use.51-56 Compound 1.10 is one example of a broad class of 

glycosidase inactivator known as the conduritol epoxides.39 Compound 1.10 functions 

through the attack of an enzymatic nucleophile on a carbon atom of the epoxide, 
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accompanied by departure of the epoxide oxygen through acid-catalyzed assistance. The 

mechanism of this class of inactivator is discussed in more detail in Section 3.1.1.1. Finally, 

compound 1.11 (X = F or dinitrophenolate) is a representative of a class of compound known 

as the activated fluorosugars that function as glycosidase inactivators through the generation 

of a very stable covalent glycosyl-enzyme intermediate. This class of compound has been 

developed and extensively studied in the Withers group,12,13,57,58 and is one of the focuses of 

the work described in this thesis. This class of compound is therefore discussed in greater 

detail in Section 2.2.   
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Figure 1.6. Structures of some representative covalent glycosidase inactivators. X = F or 

dinitrophenolate. 
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Scheme 1.3. Mechanism of generation of reactive aglycone from 1.9.  
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1.4 Lysosomal storage diseases 

 

1.4.1 General introduction 

 The lysosomal storage diseases (LSDs) are a group of genetic diseases caused by 

mutations in given lysosomal hydrolases that result in deficiencies in enzyme activity. The 

lysosome acts as a cellular recycling center, to which macromolecules are trafficked and 

degraded by a series of hydrolytic enzymes that operate most efficiently at low pH. 

Following hydrolysis, the macromolecular components such as lipids, sugars, or amino acids 

can be re-used by the organism.59 There are over 40 LSDs described to date,60-62 and they are 

caused by mutations that directly affect a given enzyme, one of the cofactors needed for 

enzymatic functionality, or one of the integral membrane proteins in the lysosome. This 

deficiency in enzyme activity compromises the entire catabolic pathway for a given 

macromolecule, and leads to a build-up of the unprocessed substrate. This accumulation is 

thought to be the major cause of the pathophysiology of these diseases, and leads to a wide 

variety of symptoms depending on the specific substrate that accumulates.61,62 

 These diseases can be broadly grouped into four categories that encompass most of 

the LSDs: the Sphingolipidoses, which result from the accumulation of sphingolipids or 

gangliosides; the Mucopolysaccharidoses, which result from the accumulation of the 

mucopolysaccharides heparan sulfate, dermatan sulfate, chondroitin sulfate or keratan 

sulfate; the Oligosaccharidoses and Glycoproteinoses, which result from the accumulation of 

oligosaccharides or glycoproteins; and diseases arising from defects in integral membrane 

proteins which lead to the accumulation of a variety of substances. There are other LSDs that 

do not fall into these sub-groups, but they are less common, and do not result from the 

accumulation of a common class of biomolecule.61  

 The incidence of an individual LSD is low in the general population; given the rarity 

of some of the diseases, it is difficult to obtain estimates for their prevalence.62,63 The most 

common LSD is Gauchers disease, which arises from a deficiency in the enzyme 

glucocerebrosidase (GCase), and has an estimated frequency of 1 in 40,000 live births in the 

general population although it can occur in up to 1 in 800 live births in select 
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populations.63,64 Gauchers disease is the most prevalent LSD, so it is the disease that is often 

regarded as the model for many other LSDs and has been studied the most. Therapeutic 

strategies that have been successfully adopted in the treatment of Gauchers disease have thus 

been explored in the context of other LSDs, since all these diseases share the common 

feature of an underlying defect in metabolism.65-68  

 In many, but not all of the LSDs, there remains a low level of residual enzyme 

activity. This residual enzyme activity arises from the low levels of mutant protein that are 

still present in the diseased tissues. In Gauchers disease, animal studies have suggested that 

the level of residual enzyme activity can be as low as 12-16% for a patient to remain 

asymptomatic.30 This low level of residual enzyme activity plays a critical role in two of the 

therapeutic options that are being explored for the treatment of LSDs, substrate reduction 

therapy (SRT) and enzyme enhancement therapy (EET) using pharmacological chaperones 

(PC). 

 

1.4.2 Enzyme replacement therapy (ERT) 

 Enzyme replacement therapy (ERT) is the most common treatment for managing 

patients with LSDs. In ERT, a recombinant form of the enzyme that is deficient is 

intravenously administered to the patient. The enzyme is then transported to the affected 

tissues, and is taken up into the lysosomes of cells in a receptor-mediated fashion. This 

results in an increase in the enzyme activity in the lysosome, and therefore leads to an 

increase in degradation of the accumulated substrate through the catalytic action of the 

enzyme. One limitation of ERT is that it is incapable of treating diseases in which there is 

neurological involvement, as the recombinant enzyme is unable to penetrate the blood-brain 

barrier.64,69-72 While there have been some experiments examining new systems for direct 

delivery of recombinant enzyme to the central nervous system,73-75 there is currently no 

consensus on the use of this strategy to alleviate neurological symptoms arising from a given 

LSD.76,77  
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1.4.3 Substrate reduction therapy (SRT) 

 Substrate reduction therapy (SRT) is a treatment that has currently only been applied 

to Gauchers disease (Section 1.4.6). Whereas ERT relies on increasing the rate of 

degradation of accumulated substrate in the lysosome to relieve disease symptoms through 

the addition of an exogenous source of the deficient enzyme, SRT relies on reducing the 

amount of substrate that is synthesized, through the introduction of a competitive inhibitor of 

the biosynthetic enzyme(s) responsible for the synthesis of the substrate. This therapy 

therefore relies on the low amount of residual enzyme activity present in many LSDs to 

process the reduced amount of substrate that is then introduced into the lysosome.22,65,78-80 

 

1.4.4 Protein misfolding 

 In many of the LSDs, the mutation that leads to a deficiency in enzyme activity is a 

point mutation that results in a single-amino acid change. This mutant protein often retains 

some catalytic activity, and is responsible for the low level of residual activity observed in 

many patients diagnosed with a lysosomal storage disease. In the vast majority of cases, this 

mutation does not impact an essential amino acid residue in the active site of the enzyme, but 

instead alters a residue distant from the active site. However, if a residue that forms part of 

the tightly packed hydrophobic core of the protein is altered to a residue that is not well 

accommodated in the core, or if the altered residue is part of a secondary structural motif, 

then this will partially disrupt the folded conformation of the protein. In the LSDs, these 

partially misfolded proteins may retain some degree of catalytic activity, but they are 

thermodynamically much less stable than the native protein, and are recognized by the 

organism as being misfolded. Protein misfolding diseases, a group to which some LSDs 

belong, are a large class of disorders  that include diseases such as Alzheimer’s disease, 

Huntington’s disease, the Spongiform encephalopathies (“Mad cow disease”), Parkinson’s 

disease, and amylotrophic lateral schlerosis (“Lou Gherig’s disease”), among many others.81-

85 

   A native protein that is synthesized in the endoplasmic reticulum (ER) is normally 

assisted during and after protein synthesis in reaching the properly folded conformation by a 
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series of enzymes, lectins and chaperone proteins. Once the proper conformation has been 

achieved, the protein passes by the Endoplasmic Reticulum Quality Control (ERQC) and is 

trafficked to its destination. A variant protein with a mutation that partially disrupts the 

folded conformation of the protein will not finish folding, and will remain in a molten 

globule-like conformation that resembles one of the normal intermediates along the folding 

pathway. Alternatively it folds, but the folded conformation is not very stable. Either this 

molten globule-like conformation or the hydrophobic patches of the protein that are exposed 

as a result of the partial folding are recognized by the ERQC and targeted for degradation 

through a pathway known as Endoplasmic Reticulum Associated Degradation (ERAD).86  

 In the context of the LSD, the majority of mutant enzyme molecules are targeted for 

ERAD, and therefore do not arrive in the lysosome where the unprocessed substrate 

accumulates. In diseases where there is residual enzyme activity, some small proportion of 

mutant enzyme molecules do properly traffic to the lysosome and are responsible for the low 

level of enzyme activity observed. However, the vast majority of the enzyme molecules that 

are synthesized are recognized by the ERQC and targeted for ERAD. This ER-stress can 

trigger the unfolded protein response,87 which may be partially responsible for the pathology 

of the LSD. However, given that the symptoms of the individual LSDs are not uniform, this 

suggests that the nature of the misfolded protein and the nature of the stored substrate also 

play a role in determining the disease pathology.61 

  

1.4.5 Pharmacological chaperones 

 The process of the mutant protein in the LSD being targeted for ERAD suggests that 

if the mutant protein can be stabilized or assisted in achieving its properly folded 

conformation, then the disease symptoms may be alleviated. There are a few different 

potential ways of achieving this goal: through the up-regulation of the expression of 

endogenous protein chaperones (such as the heat-shock proteins),88 lowering the temperature 

of the ER,89 using small-molecule osmolytes that thermodynamically increase the global 

stability of all folded proteins,90,91 or using a specific small-molecule ligand for a protein to 

selectively increase the stability of a chosen protein.66,70,90  
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 A pharmacological chaperone (PC) is a small molecule that is designed to selectively 

bind to the folded conformation of a given protein. This binding serves to stabilize the folded 

conformation of the protein, and should therefore help the protein pass by ERQC and avoid 

ERAD. In the context of the LSD, this means that the chosen enzyme will be trafficked to the 

lysosome in great quantities, and therefore decrease both the effects of the Unfolded Protein 

Response and also the levels of stored substrate, which will in turn lead to an alleviation of 

disease symptoms.  

A PC may bind to any region of the protein, so long as it acts to stabilize the folded 

conformation. To date, the vast majority of PC studies have focused on compounds that bind 

to the active site of the enzyme, since lead compounds can be initially identified by their 

inhibition of enzyme activity. This leads to the apparent paradox that the addition of an 

inhibitor for a particular enzyme to a living cell leads to an increase in the respective enzyme 

activity. Therefore, the concentration of inhibitor that is administered is a key factor in this 

approach; the inhibitor must be added at a high enough level to show chaperoning activity, 

but not at such a high concentration that it inhibits the enzyme in the lysosome. Recent 

advances in high-throughput screening for PC activities using lysosomal enzymes may soon 

result in the discovery of new chaperones that are not active-site directed by screening of 

large libraries of compounds.32,33  

 

1.4.6 Gauchers disease 

 Gauchers disease is the most prevalent of the LSD, and arises from a deficiency in the 

activity of the enzyme glucocerebrosidase (GCase), which is responsible for the cleavage of 

the β-linked glucosyl residue from glucosylceramide (Scheme 1.4) in the final step of 

lysosomal ganglioside degradation, which is represented schematically in Scheme 1.5.  
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Scheme 1.4. The hydrolytic cleavage reaction of glucosylceramide to glucose and ceramide that is 

catalyzed by GCase.  
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Scheme 1.5. The enzymatic degradation of gangliosides in the lysosome. Enzymes are shown in blue, 

and the respective diseases arising from their absence are shown in red. Adapted from Voet, Voet and 

Pratt.92 

 

 Gauchers disease presents in patients as a multi-system disorder; symptoms include 

enlarged liver and spleen, low platelet count, anemia, lung difficulties and bone problems. 
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The disease can be further divided into three sub-types, depending on the presence or 

absence of neuronopathic symptoms. Involvement of the central nervous system (CNS) is 

absent in Type I Gauchers disease, yet is present in Types II and III Gauchers disease. Types 

II and III Gauchers disease are differentiated by the age of onset of the neuronopathic 

symptoms; they appear very early (within days or weeks of birth) in Type II (acute) patients, 

with severe CNS involvement, and much later in Type III patients, usually in early 

adulthood. Of the three subtypes, Type I Gauchers disease is the most prevalent.62,64 While 

some genotype-phenotype correlations can be drawn, it is not always possible to make 

predictive diagnoses on the basis of a patient’s genotype owing to a wide variability in 

disease severity between individuals sharing identical genotypes.62,64 

 In all three Gauchers subtypes, some residual enzyme activity is observed.62,64 This 

means that the mutations in the gene encoding for GCase are all point mutations, and no 

nonsense mutations have been observed (which would result in a non-functional protein 

product). It seems exceedingly unlikely that any Gauchers patients will be found with no 

residual enzyme activity, given that mouse knock-out studies indicate that some residual 

GCase activity is necessary for the animals to survive any significant time (>48 hours) after 

birth.93-96 It has been estimated that 12-16% of control GCase activity is needed for a patient 

to remain asymptomatic, on the basis of animal and cell-based studies.30,97   

 The two currently approved therapeutic options for the treatment of Gauchers disease 

are ERT and SRT. In ERT, a recombinant form of GCase expressed from Chinese Hamster 

Ovary cells (CerezymeTM) is intravenously administered to the patient, although it is only 

approved for treatment of patients suffering from Type I Gauchers disease, since the 

intravenously injected enzyme is not capable of crossing the blood-brain barrier to alleviate 

neurological symptoms.64,69,70,78,98 In SRT, a small molecule inhibitor (N-butyl 

deoxynojirimycin, ZavescaTM) of the glucosyltransferase enzyme which is responsible for the 

synthesis of the substrate, glucosyl ceramide, is orally administered to the patient. This 

therapy relies on reducing the influx of glucosyl ceramide into the lysosome to a level that 

can be degraded by the low level of residual GCase enzyme activity present, thus alleviating 

patient symptoms.22,65,78,79  Currently, SRT has been approved for the treatment of patients 
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suffering from Type I Gauchers disease, and those who are either unable or unwilling to 

undergo ERT.64  

 

1.4.7 Mucopolysaccharidosis I (MPS I) 

 Mucopolysaccharidosis I (MPS I) arises from a deficiency in activity in α-L-

iduronidase (Idua). MPS I is also known as Hurler-Scheie syndrome. The more severe 

clinical phenotype, originally known as Hurler syndrome, presents with early onset of 

disease, with symptoms including mental retardation, enlarged liver and spleen, skeletal 

deformities, corneal clouding, and shortened lifespan, with those afflicted often not living 

past 10 years of age. The more attenuated form of the disease, originally known as Scheie 

syndrome, typically presents in early adulthood and displays symptoms such as enlarged 

liver and spleen, heart valve problems, skeletal defects and corneal clouding. MPS I is 

estimated to have a frequency in the general population of approximately 1 in 100,000 live 

births.63  

 In MPS I, there is an accumulation of dermatan sulfate and heparan sulfate arising 

from the lack of Idua enzyme activity. Idua is responsible for cleaving an α-linked terminal 

L-iduronic acid residue from the non-reducing ends of both dermatan sulfate and heparan 

sulfate (Scheme 1.6) in the lysosomal degradation of both mucopolysaccharides (see Scheme 

1.7 and Scheme 1.8 for the degradation pathways of dermatan sulfate and heparan sulfate, 

respectively). Note that because the substrate for this enzyme has the L-configuration at C5 

that the α- and β-stereochemical designations for the anomeric center are reversed from 

those more commonly seen for the D-series of sugars, even though they describe a 

stereocenter having the same relative configuration. This means that an L-iduronic acid 

residue bearing an axial substituent at the anomeric center when drawn in a 4C1 conformation 

is designated as β, rather than α as would be the case for the equivalent D-glycoside. This is a 

consequence of the rules concerning the nomenclature of carbohydrates and glycosidic 

linkages.99  
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Scheme 1.6. The hydrolytic reaction catalyzed by Idua. Note that the iduronic acid residue is drawn in 

a 4C1 conformation for clarity.  
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Scheme 1.7. The enzymatic degradation of dermatan sulfate in the lysosome. Enzymes are shown in 

blue, and the respective diseases arising from their absence are shown in red. Note that iduronic acid 

residues are drawn in a 4C1 conformation for clarity. Adapted from Varki, et al.100 
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Scheme 1.8. The enzymatic degradation of heparan sulfate in the lysosome. Enzymes are shown in 

blue, and the respective diseases arising from their absence are shown in red. Note that iduronic acid 

residues are drawn in a 4C1 conformation for clarity. Adapted from Varki, et al.100 

 

 Unlike in the case of Gauchers disease, patients suffering from the severe form of 

MPS I do not have any detectable residual enzyme activity.76,101 This is because some 

mutations in the gene encoding Idua are insertion or nonsense mutations,102 which lead to a 

protein product unable to function catalytically. Therefore correlations between genotype and 

disease phenotype have remained challenging.102 It has been shown on the basis of residual 

enzyme activity in patient fibroblasts, that residual Idua activity in patients afflicted with the 

severe form of MPS I, Hurler syndrome, can be as low as 0.17%,101 which likely arises from 

extremely low levels of iduronidase activity arising from other lysosomal enzymes. Patients 
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afflicted with the attenuated form of the disease, Scheie syndrome, show as high as 7% 

residual enzyme activity, suggesting that the minimum activity threshold to be asymptomatic 

lies somewhere above this value.101  

 The currently approved therapeutic options for the treatment of MPS I are bone 

marrow transplantation (BMT) and ERT. BMT is a treatment option for patients suffering 

from the severe form of MPS I, in this treatment the patient’s bone marrow cells are 

destroyed and replaced with marrow cells from a healthy, compatible donor. Idua is then 

synthesized by these newly introduced cells and is introduced into the circulatory system, 

where it presumably is taken up by affected cells. BMT requires early diagnosis before 

developmental deterioration has begun (< 2 years of age). It needs a compatible donor and 

carries significant risks of morbidity and mortality.76,103 In ERT, a recombinant form of the 

iduronidase enzyme is intravenously administered, and the enzyme is taken up in a receptor-

mediated process into the affected tissues. Once the enzyme has been trafficked to the 

lysosome, it hydrolyzes the accumulated substrate.67,69,76,104-107  

 

1.5 Positron emission tomography (PET) imaging 

 

1.5.1 Imaging techniques used in modern diagnostic medicine 

 Many forms of imaging used in modern diagnostic medicine rely on the external 

detection of electromagnetic radiation that interacts differentially with different tissues to 

generate an image. One way of classifying imaging technologies is to divide them on the 

basis of the source of the electromagnetic radiation that is detected: generated from an 

external source that is transmitted through the patient, or from an internal source that is first 

injected into the patient.  

 The most common imaging techniques employing electromagnetic radiation rely 

upon the detection of externally produced radiation that differentially interacts with different 

tissues. The first imaging technique to be introduced was X-ray radiography in 1895 by 

Röntgen. X-ray radiography relies on the generation of X-rays from a radiation source, 
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passage of this radiation through the patient, and collection of the transmitted X-rays on a 

photographic film. Different tissues have different transmission coefficients for X-rays, 

which allows a two-dimensional image that reflects different types of tissues to be generated. 

A series of two-dimensional X-ray scans can be taken around a single axis of rotation to 

create a Computed Tomography, or CT, image. This type of image is generated by the three-

dimensional reconstruction of a series of two-dimensional X-ray radiographical images. The 

final type of medical imaging relying on an external radiation source that is commonly 

employed is Magnetic Resonance Imaging, or MRI. In MRI, an external radio frequency 

pulse aligns the nuclear magnetization of the hydrogen atoms in (usually) water with the 

external field. As the nuclear magnetization relaxes, the emitted photons are collected by the 

scanner and used to reconstruct a three-dimensional image of the tissues. The physical 

process underlying MRI is the same as that used in Nuclear Magnetic Resonance (NMR) 

spectroscopy for the characterization of small molecules. Most forms of imaging through the 

generation of external radiation provide structural data on the organism, rather than 

functional data, although there is a branch of MRI imaging called functional MRI (fMRI) 

that uses MRI to probe blood flow in the brain in response to neural activity. 

 The second class of imaging techniques that use radiation rely on a source of photons 

that are generated inside the patient, through the introduction into the patient of a 

radioisotope that decays to produce photons of sufficient energy to escape the patient tissues 

and be detected. This method of imaging generally provides functional rather than structural 

data, as the radiation emission is dependent on the biodistribution of the radiotracer. Two of 

the common imaging techniques using this strategy are Single Photon Emission Computed 

Tomography, or SPECT, and Positron Emission Tomography, or PET. Both rely on the 

injection of a small molecule that has been radiolabelled with a radioactive nucleus which 

will decay to produce the photons that are collected to generate the image. In SPECT, the 

radioactive nucleus (typically 99Tc or 123I) decays to directly produce a gamma ray which is 

observed by the SPECT camera. In PET, the radioactive nucleus (most often 18F or 11C) 

decays to produce a positron (an antimatter particle with the properties of an electron except 

that it bears a positive charge, also known as a β+ particle), which combines with a nearby 

electron (often from water) in an annihilation event to produce a pair of anti-parallel gamma 

rays that are detected by the PET scanner. In both instances, a series of two-dimensional 
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snapshots are reconstructed to generate a three-dimensional image representing the 

distribution of the radioisotope throughout the patient’s tissues.  

 

1.5.2 A molecular description of the process underlying PET imaging 

 PET imaging relies on the detection of two 511 keV gamma rays that are 

simultaneously produced at 180° to each other following the collision of a positron emitted 

by a radioisotope in the imaging agent, and a nearby electron. Since these gamma rays are 

produced simultaneously, they will be simultaneously detected, and because they are 

generated at 180° to each other, a straight line can be constructed to their point of origin. 

Many molecules of the imaging agent decaying in the same location will generate many pairs 

of such gamma rays, which can be traced back in three-dimensional space to provide the 

point of origin in all three spatial coordinates. These line therefore gives the location of the 

positron annihilation event, yielding both spatial and temporal information on the 

annihilation event.108  

 The generation of the positron arises from a nuclear decay process involving an 

unstable nucleus, such as 11C, 13N, 15O or 18F. The energy imparted on the positron during the 

decay event will propel the positron a distance, depending on its energy before it encounters 

an electron and yields the gamma rays from the annihilation event. Therefore, the lower the 

energy of the positron emitted, the shorter the distance travelled on average, and therefore the 

higher the spatial resolution. This means that there is a slight distance of usually a few 

millimetres between the decay event and the annihilation event that represents a lower limit 

on the spatial resolution achievable by PET imaging. However, for most animal and human 

studies, this resolution is sufficient for the desired applications. Also, it is important that the 

decay process proceeds through positron emission with high efficiency, as opposed to decay 

through other processes.109 

 Out of the commonly used radioistotopes usually used in PET imaging, 18F is usually 

the isotope of choice. Chemically, fluorine is a small atom, meaning that it can be 

incorporated into a molecule with a relatively small structural perturbation. Other chemical 

properties of fluorine that make it useful in design of radiotracers are that fluorine is a weak 
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hydrogen-bond acceptor and that the carbon-fluorine bond is relatively strong. From a 

physical standpoint, 18F is also an ideal nucleus for PET imaging because of its high decay 

efficiency to produce positrons (97%), the low energy of the emitted positrons (0.635 MeV) 

and the relatively long half-life of decay (110 minutes), which means that 18F-labelled 

imaging agents can be shipped from their point of production to their point of use. 18F is 

available in both electrophilic (“18F+”) and nucleophilic (“18F-”) chemical forms. 

Electrophilic fluorine is produced by bombarding a 20Ne atom in [19F]F2 carrier gas with a 

deuteron beam. Following ejection of an α-particle (4He nucleus), a mixture of [18F]F2 and 

[19F]F2 is produced that can be subsequently used in the fluorination reaction. Because of the 

presence of a large concentration of [19F]F2 carrier gas, the specific activity, or amount of 

radioactivity present per unit mass or molar quantity, is not particularly high for [18F]F2. By 

contrast, nucleophilic 18F (“18F-”) is produced by irradiation of H2
18O with a proton beam, 

and 18O ejects a neutron to generate 18F-. Because there is no carrier 19F- added during the 

irradiation, the specific activity of 18F- is usually quite high, and radiosyntheses utilizing 18F- 

almost always have higher specific activities than syntheses employing [18F]F2.109,110 

 

1.5.3 Advantages and disadvantages of PET imaging 

 PET imaging has many features that make it a useful imaging technique for 

diagnostic medicine and research. Because PET imaging is a functional imaging technique, 

the image that is generated is reflective of the biological process(es) that are relevant to the 

radiolabelled molecule injected. As a consequence of this, different labelled molecules will 

generate different types of images based on the interaction of that molecule with the 

biological system. Thus, the image generated from the injection of a labelled 

neurotransmitter, for example, will be very different from the image generated by injection 

of fluorodeoxyglucose (FDG, discussed below), which reports on local levels of glucose 

utilization. So the interaction of any molecule with a biological system can be studied using 

PET imaging, as long as an appropriately radiolabelled version of the molecule can be 

produced.  

 Additionally, as discussed above, PET imaging is a non-invasive imaging technique 

with very little risk for the subject. The extreme sensitivity of the detection of the gamma 
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rays arising from radioactive decay means that the actual radiation dose the patient is 

presented with is very low, and the concentration of the labelled molecule in the patient is 

also correspondingly low, leading to little toxicity associated with the injection of the tracer. 

PET imaging is capable of generating a series of images that vary in both space and time, 

meaning that PET imaging can be used to monitor not only the spatial distribution of the 

radiotracer, but also how the distribution in a particular spatial region or organ changes as a 

function of time.  

 Currently, the application of PET imaging in diagnostic medicine and in research is 

limited by the high cost associated with production of the radiotracer and the expensive 

equipment needed for collection of the PET image. Generation of the commonly used PET 

imaging nuclei generally requires the use of a cyclotron, which is a large and very expensive 

piece of equipment to build and operate. This means that the equipment necessary for PET 

imaging is usually only available in large population centers that have well-funded health 

care systems, since most of the nuclei used in PET imaging have half-lives that are short 

enough to preclude long-distance transport. PET imaging is a functional imaging modality, 

so a molecular probe for a process must exist before the process can be imaged using PET. 

This means that not every process can be studied with equal efficiency or even at all; it will 

depend on the specificity and strength of the interaction of the chosen radiolabelled molecule 

with its relevant biological target. Finally, a radiosynthetic route must be developed that is 

unique for each radiotracer employed in PET imaging; this can be a time and labour-

intensive process.  

 

1.5.4 Examples of three commonly employed PET imaging agents 

1.5.4.1 Fluorodeoxyglucose (FDG) for imaging glucose metabolism 

 2-Deoxy-2-[18F]fluoro-D-glucopyranose (Fluorodeoxyglucose, or FDG, 1.12 in 

Figure 1.7), is the most commonly employed radiopharmaceutical for PET imaging in the 

world.  
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Figure 1.7. Structures of three commonly employed PET imaging agents, FDG (1.12), [11C]clorgyline 

(1.13) and [11C]L-deprenyl (1.14).  

FDG acts as a glucose mimic, so is actively transported into cells in the same manner 

as glucose. Once in the cell, FDG undergoes the first committed step in the catabolism of 

glucose, phosphorylation at O6 catalyzed by hexokinase to form 6-phospho-FDG [1.15 in 

Scheme 1.9, (a)].111 However, the second step of glycolysis [Scheme 1.9, (b)] normally 

involves an isomerisation from glucose-6-phosphate to fructose-6-phosphate catalyzed by 

phosphoglucoisomerase. Its mechanism involves an ene-diol intermediate between C1 and 

C2. Because of the replacement of the fluorine atom for O2 in FDG, the phosphorylated 

FDG is not a substrate for this step in glycolysis, and therefore 1.15 accumulates. The 

presence of the phosphate group at C6 on 1.15 imparts a charge on the radiotracer, meaning 

that the compound no longer crosses the cell membrane and is trapped in the cell. As a result 

of these reactions, FDG accumulates in cells that have a high glucose uptake, and is most 

often used to image the rapidly-growing cells that are characteristic of cancers. FDG is an 

example of a PET imaging agent that accumulates in a cell as a consequence of being trapped 

by the action of an endogenous enzyme, so an amplification of the tracer signal occurs as 

many tracer molecules accumulate. This property makes FDG an extremely sensitive probe 

of cellular glucose utilization, and it has seen wide application as an imaging agent in 

oncology for visualising tumours.109,110,112 



33 
 

OHO
HO

OH

OH

OH

OHO
HO

18F

OH

OH

1.12

ATP ADP

OHO
HO

OH

OPO3
2-

OH

OH
HOH
OHH
OHH

CH2OH

OHH

PGI

CH2OH
O
HOH
OHH
OHH

CH2OH

HK
OH

CH2OH

OH

OH
O

OPO3
2-

a)

ATP ADP

OHO
HO

18F

OPO3
2-

OH
HK PGI

b)

1.15

 

Scheme 1.9. Schemes depicting a) cellular metabolism of FDG, and b) first two steps of cellular 

metabolism of glucose. HK = Hexokinase, PGI = Phosphoglucose isomerise. Adapted from Voet and 

Voet.111 

 

1.5.4.2 [11C]clorgyline and [11C]L-deprenyl for imaging monoamine oxidase (MAO) 

  [11C]Clorgyline (1.13 in Figure 1.7) and [11C]L-deprenyl (1.14) can be used to image 

human monoamine oxidase-A and –B (MAO-A or MAO-B) respectively. Monoamine 

oxidase is an enzyme responsible for the oxidative deamination of a number of endogenous 

and exogenous amines113 through a radical flavin-mediated mechanism.114 There are two 

isozymes of MAO (MAO-A and MAO-B) that have different substrate and inhibitor or 

inactivator specificities; MAO-A preferentially oxidizes norepinephrine, dopamine and 

serotonin, whereas MAO-B preferentially oxidizes benzylamine and phenylethylamine. 

These two isozymes react preferentially with the covalent inactivators clorgyline and L-

deprenyl, respectively. The activities of these enzymes have been implicated in mood 

disorders such as depression, as well as in neurological diseases such as Parkinson’s 

disease.113  

 Both [11C]clorgyline and [11C]L-deprenyl function as mechanism-based inactivators 

of their respective enzymes through the generation of a reactive alkenyl radical intermediate 

that reacts with the flavin-based radical to form a covalent adduct (Scheme1.10). This means 

that [11C]clorgyline and [11C]L-deprenyl label their respective enzymes in a 1:1 
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stoichiometric ratio, and the resulting PET image directly reflects the activity of the relevant 

enzyme. So in contrast to the accumulation of a radiotracer metabolite that arises from using 

FDG as a PET imaging agent and the resulting signal amplification, the MAO imaging 

agents directly report on the number of molecules of MAO in different tissues.  
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Scheme 1.10. Mechanism of a) MAO oxidation of a primary amine, adapted from Bugg,115 and b) 

covalent inactivation of MAO with [11C]clorgyline (R’ = (CH2)3-2,4-dichlorophenol) or [11C]L-

deprenyl (R’ = CH(CH3)CH2Ph).  

 

1.5.5 Challenges surrounding radiochemistry 

 The incorporation of a short-lived radionuclide into a compound to generate a 

radiotracer for use as a PET imaging probe presents some unique synthetic challenges. 

Owing to the short half-lives of the commonly employed nuclei used in PET imaging, the 

synthetic route must be designed with that restriction in mind. Additionally, the possibilities 

of radioactive contamination of the equipment, personnel, and/or surroundings are also major 

considerations. These two concerns lead to the following general considerations. The 
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incorporation of the radioactive nucleus is performed in one of the final steps of a synthesis, 

to minimize the handling and the number of decay half-lives that pass during subsequent 

chemical steps. The chemical reactions employed must usually be rapid, high-yielding, and 

readily purified, to minimize the time between radionuclide generation and injection of the 

imaging agent into the subject. Many techniques that are often used in synthetic organic 

chemistry are incompatible with the need for speed inherent in a radiosynthesis, or generate 

an unacceptably high risk of radioactive contamination. For example, techniques such as 

two-phase liquid extractions are avoided whenever possible in radiochemistry because of the 

possibility of creating radioactive aerosols that may contaminate nearby equipment or 

personnel, in addition to requiring a time-intensive rotary evaporation step. To reduce the 

risk of contamination and radiation dose, remote handling and automation are employed 

whenever possible. Another challenge often encountered is in the characterization of the 

species produced; since the radiotracer is often present in approximately nanomolar 

concentrations, most of the standard analytical techniques used in synthetic organic 

chemistry are insufficiently sensitive to characterize the products in addition to requiring 

longer analysis times, or risks for contamination that are unacceptable. One advantage of 

performing chemistry at a radiotracer scale is that reactions that proceed only poorly or 

sluggishly on a typical synthetic scale (micromole to millimole scale) can be driven to 

completion much more readily and rapidly by the addition of a vast excess of other reagents, 

which can be present in 105-fold excess or more.  

 

1.6 Specific aims of this thesis 
 The aims of this thesis are as follows: 

1) The synthesis and enzymatic evaluation of new fluorosugars that act as mechanism-

based inactivators for retaining glycosidases. This will be accomplished by separately 

studying both the location and number of fluorine atoms incorporated in the sugar 

ring, and also by searching for novel activated aglycones that can be incorporated into 

an activated fluorosugar to generate more specific or efficient inactivators. 

2) The synthesis and enzymatic evaluation of more efficient and/or more selective 

activated fluorosugars that are covalent inactivators of two lysosomal enzymes: 
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human glucocerebrosidase and human iduronidase. This will be accomplished by 

applying to both enzymes the successful strategies from the first objective. 

3) The testing of any compounds determined to be useful from the second objective as 

potential pharmacological chaperones of either glucocerebrosidase or iduronidase. 

4) The development of a radiosynthetic route for the generation of a radioactively-

labelled activated fluorosugar to be used as a PET imaging probe for monitoring 

enzyme replacement therapy for the treatment of Gauchers disease or 

Mucopolysaccharidosis I in an animal model.  
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2.1 Model glycosidases: introduction 
 

2.1.1 Agrobacterium sp. β-glucosidase (Abg) 

 Agrobacterium sp. β-glucosidase (Abg, EC 3.2.1.21) is a family GH1 retaining exo-

glycosidase that is believed to have evolved to assist in cello-oligosaccharide degradation.116 

Abg has proven to be a useful model enzyme in the Withers group owing to its high stability 

under a variety of conditions, its tolerance for a variety of substrates, its ease of expression 

and purification, and its high catalytic efficiency with artificial substrates,14,117 and has been 

extensively studied by site-directed mutagenesis,118-121 and inactivator studies.57,58,122-124 The 

gene coding for Abg (abg) was first cloned in 1988, and the recombinant protein can be 

readily overexpressed and purified from E. coli cells.14,116  There is no experimentally 

determined three dimensional structure of Abg, although a homology model has been 

constructed based on the three dimensional structures solved by X-ray crystallography of 

other family GH1 β-glucosidases.125 Abg was also the first enzyme to be converted to a 

glycosynthase, a class of enzyme that can no longer act as a glycoside hydrolase, but can be 

used to catalyze the formation of new glycosidic linkages.126-128 This is accomplished by 

replacement of the enzymatic nucleophile with a non-nucleophilic residue. When reacted 

with a glycosyl fluoride of the opposite configuration to the natural substrate along with a 

suitable acceptor, efficient glycoside synthesis is achieved. Abg was also used as a model 

enzyme to assist in the development and study of many fluorosugar 

inactivators.57,58,122,124,129,130  

2.1.2 Yeast α-glucosidase (Yag) 

 Yeast α-glucosidase (Yag, EC 3.2.1.20) is a family GH13, commercially-available 

retaining exo-glucosidase from Saccharomyces cerevisiae that is involved in the degradation 

of maltosides. It has been used as a representative retaining α-glucosidase in many studies of 

potential glucosidase inhibitors,23 as well as being an important enzyme for studying the 

mechanism of this class of enzyme.5 While no three-dimensional structure for Yag is 

available, there are three-dimensional structures solved by X-ray crystallography for other 

GH13 glycosidases.131-133 It was chosen as a model enzyme for the studies with activated 
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fluorosugar derivatives described in this chapter since it was the enzyme used to help 

develop 5-fluoro-glycosyl fluorides as inactivators of retaining α-glucosidases.129,134 

 

2.1.3 β-Mannosidase from Cellulomonas fimi (Man2A) 

 The β-mannosidase from Cellulomonas fimi (Man2A, EC 3.2.1.25) is a family GH2 

mannosidase involved in the degradation of mannan,135 and was chosen as a representative 

retaining β-mannosidase for inactivator studies because it is very stable, has a high catalytic 

efficiency with artificial substrates, and has been shown to be inactivated by 2-deoxy-2-

fluoro-β-D-mannosyl fluoride.136,137 The gene encoding Man2A (man2A) has been identified, 

and a recombinant form of the enzyme has been overexpressed and purified from E. coli 

cells.135 There is no three dimensional protein structure of Man2A, although the X-ray 

crystallographic structures of other family GH2 glycosidases have been solved, such as the 

E. coli β-galactosidase138 (discussed below), the human β-glucuronidase139 and a β-

mannosidase from Bacteroides thetaiotaomicron.140,141 A nucleophile mutant of Man2A 

(Glu519Ser) has been shown to act as a glycosynthase.142 Interestingly, a mutant Man2A 

enzyme in which the catalytic acid/base residue has been mutated (Glu429Ala) that is treated 

with an activated 2,4-dinitrophenyl β-D-mannopyranoside and a high concentration of 

fluoride ion has been shown to form β-D-mannopyranosyl fluoride in situ, which has possible 

implications in the design of an enzyme capable of catalyzing the formation of C-F bonds.143 

 

2.1.4 Jack bean α-mannosidase (JBAM) 

 Canavalia ensiformis or Jack bean α-mannosidase (JBAM, 3.2.1.24) is a 

commercially available retaining α-mannosidase144 that is used as a representative retaining 

α-mannosidase to study the interaction between putative inhibitors and this class of 

enzyme.145,146 Neither its primary sequence nor its three dimensional structure have been 

reported. However, it is known that JBAM has a wide substrate specificity and readily 

hydrolyzes linkages between mannosides and a wide variety of aglycones.147 Additionally, it 

is known that 5-fluoro-β-L-gulosyl fluoride is a covalent inactivator of JBAM, and trapping 
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and identification of the catalytic nucleophile allowed the assignment of JBAM as a family 

GH38 glycosidase.148 The three-dimensional crystal structure of two family GH38 

glycosidases are known, the bovine149 and drosophila150 α-mannosidases. JBAM was chosen 

as a model glycosidase because it is commercially available and the catalytic nucleophile has 

already been trapped with an activated fluorosugar reagent.148 

 

2.1.5 E. coli β-galactosidase (E. coli β-gal) 

 E. coli β-galactosidase (E. coli β-gal, EC 3.2.1.23) is a commercially available family 

GH2 retaining β-galactosidase involved in the degradation of lactose. The lacZ gene of the 

lac operon in E. coli is responsible for its expression, and has become an extremely powerful 

tool in molecular biology for the overexpression of proteins in E. coli cells by fusion of the 

desired gene to the Z promoter gene and treatment of the cells with isopropyl β-D-1-

thiogalactopyranoside (IPTG) to induce protein expression. E. coli β-gal gene expression and 

catalytic activity have also been used as reporters in many other experiments studying gene 

expression, in combination with a chromogenic substrate such as 5-bromo-4-chloro-3-

indoylyl-β-D-galactopyranoside (X-Gal).92 The three-dimensional structure of the enzyme 

has been solved, and shows an open active site necessary to accommodate the varied natural 

substrates of the enzyme, lactose and allo-lactose.92,138 The catalytic nucleophile residue for 

this enzyme was initially mis-identified as Glu-461 by labelling studies using Conduritol 

epoxide-C,151 and subsequent kinetic studies.152 Later studies using a more specific reagent, 

2,4-dinitrophenyl β-D-galactopyranoside correctly identified the nucleophile residue as Glu-

537.153,154  

 

2.2 An introduction to fluorosugars as glycosidase inactivators 
 

2.2.1 Properties of fluorinated organic compounds 

 Fluorinated carbohydrates, or “fluorosugars”, are a broad class of molecules in which 

a hydroxyl group or a hydrogen atom has been replaced with a fluorine atom. The C-F bond 
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is a strong covalent bond (on average between 440-486 kJ/mol), which means that when 

bonded to a chemically unactivated carbon atom, the C-F bond is exceedingly stable.155 

However, because of its high electronegativity, fluorine can be a good leaving group when it 

is bonded to a chemically activated carbon atom.  

Owing to its small size, the replacement of a hydroxyl group by fluorine is a 

reasonably conservative replacement, as the average C-O bond length in a hydroxyl group 

(1.52 Å) is quite close to the C-F bond length (between 1.41-1.47 Å).155 However, due to its 

extreme electronegativity, introduction of a fluorine into a molecule can greatly perturb the 

distribution of electron density in a molecule. When replacing a hydroxyl group by fluorine, 

the ability to donate hydrogen bonds is completely abolished and the ability to accept 

hydrogen bonds is also severely attenuated.156-159  

Fluorinated organic compounds have potentially very polar bonds arising from the 

large difference in electronegativity between the carbon and fluorine atoms, however the 

small size of the fluorine atom means that its valence electrons are held tightly to the nucleus 

which means it forms a very non-polarizable surface. The net effect is that the bond, while 

polar, is not very polarizable. This means that in a polar solvent system, fluorinated 

compounds are not as soluble as might be expected, since other solvent molecules contain 

more polarizable bonds that preferentially form interactions through dispersion forces. This, 

combined with their poor ability to hydrogen-bond, means that highly fluorinated organic 

compounds are often poorly soluble in polar protic solvents such as water.160,161 

 

2.2.2 Activated fluorosugars as glycosidase inactivators 

 A fluorosugar is deemed to be “activated” when it has a good leaving group at the 

anomeric center, therefore making it chemically reactive towards substitution at the anomeric 

center. Activated fluorosugars have been found to be highly efficient covalent inactivators of 

a variety of glycosidases, as discussed below. They invariably function by forming a 

covalent bond to the catalytic nucleophile; no other enzymatic residues have been 

demonstrated to bond to this family of reagents.12,13 
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2.2.2.1 2-Deoxy-2-fluoro glycosides 

The activated 2-deoxy-2-fluoro glycosides (Figure 2.1, a)) were the first to be tested, 

and were found to be specific inactivators of a variety of retaining β-glycosidases.57,58,122 The 

appropriately configured 2-deoxy-2-fluoro α-glycosyl fluorides are not inactivators for 

retaining α-glycosidases, and only act as slow substrates for these enzymes.57 The 2-deoxy-

2-fluoro substitution leads to a destabilization of both the glycosylation and deglycosylation 

transition states in the retaining glycosidase catalytic mechanism, thereby slowing both the 

formation of the glycosyl-enzyme intermediate and its hydrolysis. This destabilization of the 

oxocarbenium ion-like transition state arises both from inductive effects of fluorine and from 

the removal of hydrogen-bonding interactions ordinarily formed with the O2 on the pyranose 

ring in the transition state. The incorporation of a good leaving group (often a 

dinitrophenolate or fluoride) accelerates the glycosylation step, leading to the accumulation 

of the covalent glycosyl-enzyme intermediate (Figure 2.2). This species can be moderately 

stable, with observed life-times ranging from seconds to months.13  
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Figure 2.1. Structures of activated fluorosugar glycosidase inactivators, represented as glucosides. a) 

2-deoxy-2-fluoro glycosides, b) 5-fluoro glycosyl fluorides, c) trinitrophenyl 2-deoxy-2,2-difluoro 

glycosides, and d) 1-fluoro glycosyl fluorides. R = F, dinitrophenyl; TNP = trinitrophenyl.  
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The activity of enzymes inactivated in this fashion can be recovered either through 

hydrolysis of the covalent glycosyl-enzyme intermediate, or by transglycosylation onto a 

suitable acceptor substrate to restore a catalytically competent enzyme. If the acceptor 

substrate molecule has an affinity for the enzyme’s aglycone binding site, then the 

transglycosylation onto that acceptor will be accelerated. Such acceleration of 

transglycosylation activity can be used as a probe to examine the interactions between the 

aglycone binding site and the acceptor molecule (Figure 2.3).57 As a consequence of this 

recovery of activity, this class of molecule is formally better described as being a very slow 

substrate rather than a true inactivator. However, the trapped intermediates are usually 

sufficiently long-lived that, for all practical purposes, these reagents function as inactivators 

and will generally be referred to as such. 
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Figure 2.3. Turnover of covalent glycosyl-enzyme intermediate by a) hydrolysis and b) 

transglycosylation. 
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2.2.2.2 5-Fluoro glycosides 

Activated 5-fluoro glycosides (Figure 2.1, b)) are also covalent inactivators of 

glycosidases, working by a similar mechanism to that of the activated 2-deoxy-2-fluoro 

glycosides. One structural difference between the two classes lies in the replacement of a 

hydrogen atom by fluorine, as opposed to the replacement of a hydroxyl group with fluorine 

in the 2-deoxy-2-fluoro glycosides. This change would be expected to be more strongly 

destabilizing to both glycosylation and deglycosylation transition states, on the basis of the 

larger change in electronegativity arising from replacement of hydrogen with fluorine. 

However, the replacement of an oxygen atom with fluorine in the 2-deoxy-2-fluoro 

glycosides also strongly attenuates the hydrogen- bonding interactions at that position, which 

have been shown to be very important in both the glycosylation and deglycosylation 

transition states.117 No such loss of hydrogen-bonding interactions is incurred by 5-fluoro 

substitution. The combined effect of these two competing factors is that, in the context of 

inhibitory activity against retaining β-glycosidases, the 5-fluoro glycosides tend to have both 

higher glycosylation and higher deglycosylation rates than the analogous 2-deoxy-2-fluoro 

glycosides. Indeed, they often function as slow substrates for which the second step 

(deglycosylation) is rate-limiting and the intermediate accumulates. Kinetically, this is 

revealed in very low Km values (if monitored as a substrate) or apparent very tight binding 

(low Ki values) if monitored as a reversible inhibitor. For a more detailed discussion, see 

Mosi and Withers, 2002.12 Interestingly, and in contrast to what is found with the 2-deoxy-2-

fluoro glycosides, the appropriately activated 5-fluoro glycosides are capable of inactivating 

retaining α-glycosidases. Kinetic, mechanistic and structural studies have confirmed that this 

inactivation is indeed due to the accumulation of a stable 5-fluoroglycosyl-enzyme 

species.129,134,148,162 By contrast, the 2-deoxy-2-fluoro α-glycosides act as slow substrates for 

α-glycosidases since the deglycosylation step remains faster than glycosylation. The origin 

of this selectivity, based on the site of fluorination, is not entirely clear, although it is thought 

to be related to the relative distribution of partial positive charge between the anomeric 

carbon and the ring oxygen in the transition state of the reaction.5  
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2.2.2.3 2-Deoxy-2,2-difluoro glycosides 

Activated 2-deoxy-2,2-difluoro glycosides (Figure 2.1, c)) have also been used to trap 

the covalent glycosyl-enzyme intermediate in retaining α-glycosidases.163-166 Since the 

appropriately configured 2-deoxy-2-fluoro glycosyl fluorides had been demonstrated to 

behave as slow substrates for retaining α-glycosidases,57 the introduction of a second 

fluorine atom at C2 was pursued to further inductively destabilize the two positively-charged 

transition states. Therefore, the presence of multiple fluorine atoms on the sugar ring has an 

additive destabilizing effect on the energy of the transition states. However, a more 

chemically activated aglycone such as chloride165 or trinitrophenol (TNP) 163-166 is necessary 

to sufficiently accelerate the glycosylation step to permit the accumulation of a significant 

steady-state population of the covalent glycosyl-enzyme intermediate. This class of 

inactivator has not been as widely adopted as either the activated 2-deoxy-2-fluoro 

glycosides or activated 5-fluoro glycosides owing to the challenges surrounding their 

synthesis. 

 

2.2.2.4 1-Fluoro-glycosyl fluorides 

The final class of activated fluorosugars that have been investigated as potential time-

dependent inactivators of glycosidases are the 1-fluoro glycosyl fluorides (Figure 2.4, d)). 

However, when 1-fluoro glucosyl fluoride was tested as a potential inactivator with a variety 

of retaining α- and β-glucosidases, no time dependent inactivation was observed, and the 

compound was observed to act simply as a substrate for the enzymes tested, with turnover of 

the covalent glycosyl-enzyme intermediate being relatively fast.166-168 The fluorine atom at 

the anomeric center in the 1-fluoro glycosyl fluorides is closer to the build-up of positive 

charge than is the case for the C-2 fluorine in the 2-deoxy-2-fluoro glycosyl fluorides, so it 

may at first seem counterintuitive that the former act as substrates while the latter act as 

covalent inactivators for the retaining β-glycosidases. However, the hydrogen bonding 

interactions in both of the enzyme-catalyzed transition states are an extremely important 

stabilizing interaction.5,117 Therefore, it was suggested that the behaviour of 2-deoxy-2-fluoro 

glycosides as inactivators for retaining β-glycosidases arises as much from their removal of 

specific hydrogen-bonding interactions between O2 on the sugar ring and the enzyme as 
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from the electron withdrawing effects of the fluorine atom.167 Additionally, while the 

fluorine atom at C-1 will inductively withdraw electron density from the developing positive 

charge in the transition state, it is capable of resonance donation from its lone pair of 

electrons to stabilize the developing empty orbital, which is a stabilizing effect. 

To date, no other general class of fluorosugar has been reported to act as a time-

dependent inactivator of a retaining glycosidase, though 3-,4- and 6-deoxyfluoro sugar 

derivatives have all been synthesized and their behaviour with retaining glycosidases 

examined.117,154,169  

 

2.2.3 General synthetic approaches to activated fluorosugars 

2.2.3.1 5-Fluoro and 1-fluoro glycosides 

Different synthetic approaches are required to install fluorine atoms at different 

locations on the sugar ring. There have been two methods reported for the installation of a 5-

fluoro moiety, both of which rely upon the nucleophilic attack of a fluoride ion. The C5 

carbon is activated towards nucleophilic attack either as the C5-bromide129,134,170-176 or as a 

C5-C6 epoxide,177 although this latter method has not been widely adopted. The generation 

of a C5 bromide is the most common strategy in the synthesis of 5-fluoro glycosyl fluorides, 

and is accomplished by a light-catalyzed free-radical bromination reaction using N-

bromosuccinimide (NBS) as the bromine atom source (Scheme 2.1). The regioselectivity of 

the free-radical bromination reaction is the key in the synthesis of both the 5-fluoro- and 1-

fluoro glycosides. Ferrier first reported this reaction and found that in O-linked glycosides, 

the bromination was selective for C5 over C1 although significant by-products arising from 

bromination at other sites, in particular the methyl groups on the acetate protecting groups, 

were also observed.175,176 The introduction of a bromine atom at C5 makes C5 an anomeric 

center, and the bromine atom preferentially adopts an axial configuration due to the anomeric 

effect of the ring oxygen. Praly later reported that the presence of a chlorine atom or a π-

acceptor such as a nitrile group at the anomeric center changed the selectivity of the 

bromination reaction to give predominantly bromination at C1.178 
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Scheme 2.1. Light catalyzed free-radical generation of a C5 bromide by N-bromosuccinimide (NBS). 

R = OAc, OPh, OMe. 

  

The regioselectivity of the bromination reaction is best explained by considering the 

stability of the intermediate free-radical formed at either C1 or C5. The radicals formed on 

either center can be stabilized by interactions with the lone pair of electrons on the ring 

oxygen. Normally carbon-based radical stability increases with a higher degree of 

substitution on that carbon atom.179 Therefore, radicals at C5 on a sugar ring are more stable 

than radicals at C1, which explains the observed preference for formation of the C5 bromide 

in most cases, as reported by Ferrier. This is shown by the fact that the bromination reaction 

proceeded more smoothly and in higher yield on protected uronic acids, which contain a 

radical-stabilizing ester group at C6, than on sugars with a hydroxymethyl group at C6, such 

as in normal glucosides.175,176 However, introduction of a π-acceptor such as a nitrile at C1 

increases the stability of radicals at that position and thus alters the regioselectivity of the 

bromination. The presence of an equatorial chlorine atom at C1 also appears to greatly 

stabilize radicals at this center, as β-chlorides react under free radical conditions to give 1-

bromo-β-glycosyl chlorides.178,180 

Following the introduction of a bromine atom at either C5 or C1, the fluorine atom is 

introduced via the nucleophilic displacement of the bromide with a fluoride ion, usually 
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using a silver salt. The formation of the 1-fluoro glycoyl fluorides requires greater than two 

equivalents of silver fluoride to displace both the bromine and chlorine atoms at the anomeric 

center;178,180 both 1-fluoro-glucosyl fluoride178 and 1-fluoro-galactosyl fluoride180 have been 

synthesized using this methodology. 

In the context of the synthesis of activated 5-fluoro glycosides, the fluoride source 

and solvent both play key roles in controlling the stereochemistry of the C-5 fluoride formed. 

If the C-5 fluoride has the opposite configuration to that of the starting bromide, then the 

resulting glycoside is an L-sugar. Generation of these unnatural L-configured sugars is 

achieved by treatment of the 5-bromide with silver fluoride in acetonitrile, which yields the 

kinetic product arising from inversion at C5.129,134,144,148,162,170-174,181-183 The 5-fluoro-D-

glycosyl fluoride, which arises from retention of configuration at C5 is more challenging to 

synthesize, and requires equilibrating conditions to obtain the axial (thermodynamically 

favoured) product. The original method used to obtain this class of compound involved 

treatment of the L-sugar, the product of inversion, with hydrogen fluoride/pyridine to obtain 

the thermodynamically favoured D-sugar.129 However, treatment of the 5-bromide species 

with silver tetrafluoroborate in diethyl ether was found to yield a mixture of both the 

inversion and retention products, which are usually separable by chromatography.170,172,174 

 

2.2.3.2 2-Deoxy-2-fluoro glycosides 

The synthesis of 2-deoxy-2-fluoro glycosides relies on either the addition of an 

electrophilic fluorine atom to an electron rich glycal,184-188 or the activation of the C2-

hydroxyl group to make it a very good leaving group followed by displacement with a 

nucleophilic fluoride ion.185,189 This latter method of fluorination is the strategy adopted for 

the synthesis of [18F] fluorodeoxyglucose (FDG, 1.12), which is the most widely used 

radiopharmaceutical in the world109,190,191, see Section 1.5.4.1 for a more complete discussion 

of FDG and radiochemistry). 

The most common method to introduce the fluorine atom at C2 that is amenable to 

large-scale synthesis is the reaction of the appropriate glycal with SelectfluorTM. 

SelectfluorTM (1-chloromethyl-4-fluoro-1,4-diazonia-bicyclo[2.2.2]octane 
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bis(tetrafluoroborate)) is a convenient reagent due to its ease of handling, commercial 

availability, safety and relatively low cost. This reagent introduces the fluorine atom only at 

C2, although the stereoselectivity achievable with SelectfluorTM depends on the specific 

glycal used. Equatorial fluorination is favoured in systems with an axial group at C4, 

likewise increasing steric bulk at either the 3 or 6 positions also leads to increased selectivity 

for equatorial fluorination.186-188,192,193 There are numerous examples in the literature of 

activated 2-deoxy-2-fluoro-glycosides being prepared and used; for some representative 

examples, see13,57,58,136,193-197 

The 2-deoxy-2,2-difluoro glycosides represent the most synthetically challenging of 

the activated fluorosugars. They were originally prepared by the addition of an electrophilic 

fluorine atom from acetyl hypofluorite to a 2-fluoro glycal.163,164,166,197 More recently, it has 

been shown that by appropriate choice of solvent, SelectfluorTM can be used as the 

fluorinating reagent165, which makes the preparation of 2-deoxy-2,2-difluoro glycosides 

considerably easier and safer. However, since the precursor for the second fluorination, the 

2-fluoro glycal, requires a prior fluorination step, this class of fluorosugar is still the most 

synthetically challenging to access. Further, the resultant sugars are so deactivated towards 

displacement at the anomeric center that installation of the desired leaving group can be 

challenging. 

 

2.3: Chemical synthesis of difluorosugar fluorides 
 

2.3.1 Target compounds 

 As described above, the different fluorination states of the sugar ring result in 

decreases in the rates of glycosylation and deglycosylation in a glycosidase active site by 

different amounts. The fluorosugar variants chosen as synthetic targets are shown in Figure 

2.4. The target fluorosugar variants 2.4 and 2.6-2.8 were chosen to explore the effect of 

simultaneously incorporating two of the fluorosugar modifications described above. The D-

gluco- and L-ido-configured sugars were chosen to test this idea since they are readily 
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synthetically manipulated, and the chemistry for making the above four modifications to the 

glucose ring is known.  
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 Figure 2.4. Fluorosugar variants chosen as synthetic targets. 

 

 Compounds 2.1, 2.2 and 2.3 are all known inactivators of Abg,57,129 and it is known 

that the covalent glycosyl-enzyme intermediate formed by Abg and the L-ido-configured 2.3 

is longer-lived than that formed by the D-gluco-configured 2.2. The covalent 2-deoxy-2-

fluoro-glucosyl-enzyme is the most stable intermediate formed of these three, thus compound 

2.4 was chosen as a target since it combines the 2-fluoro and 5-fluoro modifications. Since 

inactivation of Abg with the L-ido-configured 2.3 has already been demonstrated, we 

hypothesized that 2.4 could conceivably bind to the active site of Abg, and form the covalent 

glycosyl-enzyme intermediate. The analogous D-gluco-configured compound was not 

targeted since the effect of incorporation of fluorine at both C2 and C5 could be adequately 

studied with compound 2.4.  

 Compound 2.5 has not been specifically tested as an inactivator of Abg, although it 

has been shown to be a slow substrate for other retaining β-glucosidases, as well as for α-

glucosidases.166-168 Compounds 2.6, 2.7 and 2.8 were chosen to combine the anomeric gem-

difluoro modification with a 2-deoxy-2-fluoro-(2.6) and 5-fluoro-(2.7 and 2.8) glucosyl 

fluoride, and to study the effect on the rates of formation and breakdown of the proposed 

covalent glycosyl-enzyme intermediates.  

 One important consideration is that fluoride may not be a sufficiently chemically 

activated leaving group to permit these compounds to function as time-dependent 
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inactivators since all of the novel compounds proposed (2.4, 2.6, 2.7 and 2.8) incorporate a 

higher degree of fluorination than their parent compounds. As a consequence, they would all 

be predicted to have slower rates of both glycosylation and deglycosylation, as the 

electronegative fluorine(s) destabilize both of the positively charged transition states. Despite 

this potential drawback, fluoride was still chosen as the aglycone for these target compounds 

as this allowed direct comparison of the enzymatic activity of the novel compounds 2.4, 2.6, 

2.7 and 2.8 with that of the known compounds 2.1, 2.2, 2.3 and 2.5. Furthermore, the 

chemistry employed in the synthetic introduction of the chosen fluorination modifications 

was readily amenable to the presence of an equatorial anomeric fluoride. Finally, the only 

other aglycone that has been widely used to inactivate retaining β-glycosidases is 2,4-

dinitrophenol (DNP), which has approximately the same leaving group ability as fluoride as 

discussed in Section 2.5.  

 

2.3.2 Chemical synthesis 

2.3.2.1 2-Deoxy-2-fluoro-β-D-glucopyranosyl fluoride (2.1) 

 Compound 2-deoxy-2-fluoro-β-D-glucopyranosyl fluoride (2.1) was prepared as 

shown in Scheme 2.2.  
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Scheme 2.2. The synthesis of 2-deoxy-2-fluoro-glucosyl fluoride (2.1). i) SelectfluorTM, MeCN, AcOH 

2.10: 20%, 2.11 19%; ii) 33% (w/v) HBr/AcOH, 92%; iii) AgF, MeCN, 90%; iv) NaOMe, MeOH, 

98%. 
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Tri-O-acetyl glucal was reacted with SelectfluorTM in the presence of acetic acid to 

yield anomeric mixtures of both the manno- (2.10) and gluco- (2.11) configured 1,3,4,6-

tetra-O-acetyl-2-deoxy-2-fluoro-D-glycopyranoses in approximately a 1:1 ratio, which were 

separable by flash chromatography.186,188 The anomeric acetate of compound 2.11 was 

converted to a bromide by treatment with HBr/AcOH (33% w/v), followed by displacement 

with a fluoride ion using silver fluoride in acetonitrile to yield 2.13.198 The final product (2.1) 

was obtained easily by Zemplen deacetylation.  

 

2.3.2.2 5-Fluoro-β-D-glucopyranosyl fluoride (2.2) and 5-fluoro-α-L-idopyranosyl fluoride 

(2.3) 

 5-Fluoro-β-D-glucopyranosyl fluoride (2.2) and 5-fluoro-α-L-idopyranosyl fluoride 

(2.3) were prepared according to literature methods170 as shown in Scheme 2.3.  
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Scheme 2.3. Synthesis of 5-fluoro-β-D-glucosyl fluoride (2.2) and 5-fluoro-α-L-idosyl fluoride (2.3).i) 

33% (w/v) HBr/AcOH, then AgF, MeCN, 68%; ii) NBS, CCl4, hν; iii) AgBF4, Et2O, 2.17: 3% (from 

2.15), 2.18: 3% (from 2.15); iv) AgF, MeCN, 23%; v) NH3, MeOH, 76%; vi) NH3, MeOH, 59%.   

 

1,2,3,4,6-Penta-O-acetyl-β-D-glucopyranose was converted to its β-fluoride under 

Köenigs-Knorr conditions199 to yield compound 2.15, which was subsequently 

photobrominated to yield 2.16. This molecule was found to be moderately labile under 
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ambient conditions, and the material was therefore used crude for the subsequent fluorination 

steps. Treatment of crude 2.16 with silver fluoride in acetonitrile yielded solely the L-ido-

configured 5-fluoro glycosyl fluoride (2.18) in 23% yield, whereas treatment of crude 2.16 

with silver tetrafluoroborate, gave a mixture of epimeric D-gluco- (3%) and L-ido- 

configured (3%) glycosyl fluorides. While these yields were lower than previously reported, 

they still furnished sufficient material to facilitate subsequent deprotection and enzymatic 

testing. L-ido-configured compounds such as 2.3 are drawn in the 4C1 chair conformation for 

ease of identification, though it is understood that these compounds typically adopt a skew-

boat or 1C4 conformation in solution.200 

 

2.3.2.3. 2-Deoxy-2,5-difluoro-α-L-idopyranosyl fluoride (2.4) 

 2-Deoxy-2,5-difluoro-α-L-idopyranosyl fluoride (2.4) was prepared as shown in 

Scheme 2.4.  
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Scheme 2.4. Synthesis of 2-deoxy-2,5-difluoro-α-L-idopyranosyl fluoride (2.4). i) NBS, CCl4, hν; ii) 

AgF, MeCN, 28% from 2.13; iii) NH3, MeOH, 95%. 

 

Compound 2.13 was subjected to photobromination conditions to generate the C5 

bromide. The regiochemistry was assigned by the disappearance of the H5 signal in the 1H 

NMR spectrum. Since 2.19 proved to be somewhat unstable, the crude 2.19 was fluorinated 

at C5 using silver fluoride and acetonitrile to yield the L-ido-configured 2.20, in a modest 

yield. The presence of the 2-fluoro substituent did not appear to have any impact on the 

radical bromination or subsequent nucleophilic fluorination reactions at C5. The 

configuration was assigned as being ido on the basis of the small observed ring proton 

coupling constants (eg. JH1-H2 = 3.1 Hz), which are indicative of the fact that the product no 

longer adopts a 4C1 chair conformation. Likewise, no large F-5/H-4 coupling constant (JH4-F5 
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= 8.4 Hz) was observed, as would be the case for the D-gluco isomer. Deprotection of 2.20 

was accomplished using ammonia in methanol to yield the desired compound 2.4. 

 

2.3.2.4 1-Fluoro-D-glucopyranosyl fluoride (2.5), 1,5-difluoro-D-glucopyranosyl fluoride 

(2.7) and 1,5-difluoro-L-idopyranosyl fluoride (2.8) 

 The known167 compound 1-fluoro-D-glucopyranosyl fluoride 2.5 and the novel 

compounds 1,5-difluoro-D-glucopyranosyl fluoride 2.7 and 1,5-difluoro-L-idopyranosyl 

fluoride 2.8 were prepared as shown in Scheme 2.5.  
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Scheme 2.5. Synthesis of 1-fluoro-D-glucopyranosyl fluoride (2.5), 1,5-difluoro-D-glucopyranosyl 

fluoride (2.7) and 1,5-difluoro-L-idopyranosyl fluoride (2.8). i) AlCl3, CHCl3, 80%; ii) NBS, CCl4, hν, 

33%; iii) AgF, MeCN, 84%; iv) NaOMe, MeOH, 76%; v) NBS, CCl4, hν; vi) AgBF4, Et2O, 2.25: 5% 

from 2.23, 2.26: 3% from 2.23; vii) NaOMe, MeOH, 89%; viii) NaOMe, MeOH, 90%.  

 

 1,2,3,4,6-Penta-O-acetyl-β-D-glucopyranoside was readily converted to the β-

chloride using aluminum trichloride.201 Photobromination of the β-chloride yielded the 1,1-

mixed dihalo species 2.22 in a modest yield (33%) as reported previously.178 In contrast to 
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the previous report, the author was unable to obtain 2.22 as a crystalline solid,178 thus the 

mixed dihalo species was used shortly after synthesis to avoid decomposition. Treatment 

with an excess of silver fluoride in acetonitrile led to the 1,1-gem-difluoro species 2.23 in a 

good yield (84%). It is worth noting that in this class of compound the anomeric center is not 

stereogenic, meaning the compound lacks either an α- or β- designation. The known178 

compound 2.5 was thus obtained in good yield (74%) following Zemplen deprotection.  

 Treatment of 2.23 with N-bromosuccinimide under photobromination conditions led 

to radical photobromination at C5. The presence of the 1,1-gem difluoro moiety resulted in a 

dramatic decrease in the rate of radical bromination relative to a  β-configured fluoride or 

chloride. The starting material was consumed after 48 hours, compared with 2 hours for the 

synthesis of 2.22. The formation of the desired 5-bromide 2.24 was accompanied by the 

formation of multiple, uncharacterized, side products which presumably arise from the 

bromination of the acetate methyl groups.176 

 Compound 2.24 was found to be considerably less reactive than the other 5-bromo 

species prepared. In particular, the bromide did not react under standard silver 

fluoride/acetonitrile conditions, and could only be fluorinated by silver tetrafluoroborate. 

This reaction gave only a very poor yield of the desired compounds 2.25 (5%) and 2.26 

(3%). This reaction also led to the formation of a major by-product, which is presumed to be 

the product of elimination of HBr across the C4-C5 bond, on the basis of crude mass spectral 

data and TLC analysis. However, the desired compounds 2.7 and 2.8 were obtained in 

sufficient quantities to facilitate enzymatic testing following deacetylation. 

 

2.3.2.5 2-Deoxy-1,2-difluoro-D-glucopyranosyl fluoride (2.6) 

 The novel compound 2-deoxy-1,2-difluoro-D-glucopyranosyl fluoride (2.6) was 

synthesized according to the procedure shown in Scheme 2.6.  
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Scheme 2.6. Synthesis of 2-deoxy-1,2-difluoro-D-glucopyranosyl fluoride (2.6). i) AgCl, MeCN, 

77%; ii) NBS, CCl4, hν; iii) AgF, MeCN, overnight, 2.30: 7% from 2.27; iv) AgF, MeCN, 10 days; v) 

NaOMe, MeOH, 10% from 2.27.  

 

 Treatment of 2.12 with silver chloride for 4 days led to the β-chloride 2.27 in good 

yield (77%). This reaction was challenging to monitor, since both the starting material and 

product had identical Rf values by TLC analysis under all conditions tested. Fortunately, 2.27 

was found to be a crystalline solid, aiding purification. Treatment of 2.27 with N-

bromosuccinimide under photobromination conditions led to an inseparable mixture of 2.28 

and 2.29, which were not fully characterized at this stage. Treatment of the crude mixture of 

2.28 and 2.29 with silver fluoride in acetonitrile led to the selective fluorination of 2.29 only. 

Flash chromatography was used to separate unreacted 2.28 from the newly formed 2.30, 

which was isolated in a 7% overall yield from 2.27. 

 The unreacted 2.28 that was isolated was fluorinated to yield 2.31 by using silver 

fluoride over an extended reaction time of 10 days. This suggests that the substituent at C2 

has a profound impact on the reactivity of the dihalo C1 center towards nucleophilic 

substitution. When an O-acetyl group is present at C2, as in the synthesis of 2.23 from 2.21, 

the reaction time is less than twelve hours. Thus the electronegative fluorine atom has the 

expected impact of destabilizing the developing positive charge in the transition state of the 

displacement reaction. Compound 2.31 could not be fully isolated from other minor 

impurities present, but could be detected by its very distinctive 1H and 19F NMR spectra. 

However, deprotection of the mixture gave 2.6 in 10% overall yield from 2.27, which was 

readily separated from all other impurities that could be detected by TLC, NMR and MS.  
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2.4: Enzymatic testing of difluorosugar fluorides 
 

2.4.1 Kinetic analysis of the inactivation of Abg by 2.1 and 2.4-2.8  

2.4.1.1 2-Deoxy-2-fluoro-β-D-glucopyranosyl fluoride (2.1) 

Compounds 2.1, 2.2 and 2.3 are all known inactivators of Abg.57,122,129 Compound 2.1 

was evaluated as a covalent inactivator of Abg, as a control. The resulting activity vs. time 

curves for various concentrations of inactivator fitted to an exponential decay equation, and a 

second replot of the individual kobs values as a function of inactivator concentration are 

shown in Figure 2.5. Studies at higher inactivator concentrations were not possible owing to 

the rapidity of inactivation at these concentrations. As a consequence of this, saturation was 

not observed and only a second order ki/Ki rate constant was obtained. However, since the 

second order rate constant of 13.8 min-1mM-1 obtained in the present study agrees very 

closely with the previously published value of 14.6 min-1mM-1, this serves as a useful control 

experiment to show that the results obtained below can be directly compared with previously 

published values.  
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a)         b)  

Figure 2.5. Inactivation of Abg with 2.1. a) Non-linear plot of residual enzyme activity versus time at 

the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the observed 

rate constants of inactivation versus concentration of inactivator. 
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The covalent glycosyl-enzyme intermediate formed following the treatment of Abg 

with 2.1 was isolated and when treated with a suitable transglycosylation agent could be 

reactivated. Following separation of the inactivated Abg from excess small molecule 

inactivator, the enzyme was treated with 20 mM thiophenyl β-D-glucopyranoside and the 

residual enzyme activity was measured as a function of incubation time (Figure 2.6). The 

observed rate constant for reactivation at this concentration of thiophenyl β-D-

glucopyranoside was 0.013 min-1.  The absence of recovery of enzyme activity in the absence 

of acceptor (data not shown) demonstrates that thiophenyl β-D-glucopyranoside is an 

effective transglycosylation agent for the reactivation of the covalent glycosyl-enzyme 

intermediate of Abg.  
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Figure 2.6. Residual enzymatic activity versus time curve for the reactivation of covalent 2-deoxy-2-

fluoro-glucosyl-Abg intermediate following incubation with 20 mM thiophenyl β-D-glucopyranoside 

 

Compounds 2.2 and 2.3 were not re-evaluated as covalent inactivators of Abg, but 

were instead used in later experiments (see Section 3.1.6.3).  

 

2.4.1.2 2-Deoxy-2,5-difluoro-α-L-idopyranosyl fluoride (2.4) 

The novel compound 2.4 behaved as an apparent covalent inactivator of Abg, 

showing time-dependent inactivation of the enzyme in a pseudo-first order manner, as shown 

in Figure 2.7.  
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a)         b)  

Figure 2.7. Apparent inactivation of Abg with 2.4. a) Non-linear plot of residual enzyme activity 

versus time at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot 

of the observed rate constants of inactivation versus concentration of inactivator. 

 

However, inactivation of Abg by 2.4 was found to require very high concentrations 

(concentration of inactivator varies between 1-27 mM) and long incubation times (>600 min 

at an inactivator concentration of 27.3 mM) before the inactivation reaction approaches 

completion. From these data, it is possible to derive a second order rate constant for the 

inactivation process of 0.001 min-1 mM-1. Table 2.1 shows the kinetic parameters for the 

previously known inactivators of Abg: 2.1, 2.2 and 2.3. The apparent second order rate 

constant for inactivation of Abg by 2.4 (0.001 min-1 mM-1) is 3000 fold lower than the ki/Ki 

value for 2.3 (3.0 min-1 mM-1), and 13,800 fold lower than the ki/Ki value for 2.1 (13.8 min-1 

mM-1). This decreased rate of inactivation would be consistent with the cumulative, 

destabilizing electron-withdrawing effects of both the 2-deoxy-2-fluoro- and 5-fluoro- 

modifications on the glycosylation transition state. Indeed, the presence of two fluorines at 

the 2-position in 2,4,6-trinitrophenyl 2-deoxy-2,2-difluoro-α-D-maltoside lowered the rate of 

formation of the glycosyl-enzyme intermediate on α-amylase by almost 106-fold relative to 

α-maltosyl fluoride.163 If this is the case, then both the rate of formation (glycosylation) and 

breakdown (deglycosylation) of the covalent glycosyl-enzyme intermediate should be 

affected by roughly equal amounts, since both proceed through similar, positively charged 

transition states. Since the inactivation kinetics only report on the rate of formation of the 
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covalent glycosyl-enzyme intermediate, it is also necessary to examine the effect of the 

incorporation of multiple fluorine atoms on the rate of the breakdown of the presumed 

intermediate.  

Compound ki  

(min-1)  
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Table 2.1. Kinetic parameters for selected inactivators of Abg. 

 

Following incubation of Abg with a high concentration of 2.4 (21.8 mM) for 18 

hours, <10% residual enzyme activity could be detected. The inactivated enzyme was 

separated from excess small molecule inactivator using a 10 kDa molecular weight cut-off 

filter, and the inactivated enzyme was incubated in the presence of 20 mM thiophenyl β-D-

glucopyranoside and the rate of recovery of enzymatic activity monitored. A plot of residual 

enzyme activity as a function of incubation time is shown in Figure 2.7.  
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Figure 2.7. Residual activity versus time for Abg treated with 20 mM β-Glc-SPh, following treatment 

of Abg with 2.4.  

 

The most striking observation is that the rate of recovery (kobs = 0.012 min-1) of 

enzyme activity of the presumed 2-deoxy-2,5-difluoro-idosyl-enzyme intermediate of Abg in 

the presence of 20 mM thiophenyl β-D-glucopyranoside is very similar to that observed for 

the known 2-deoxy-2-fluoro-glucosyl-enzyme intermediate under the same conditions (kobs = 

0.013 min-1), which is obtained by treatment of Abg with 2.1. While it is possible that the 

rates of recovery of the two (presumed) covalent glycosyl-enzyme intermediates are 

coincidentally the same under the reactivation conditions, this seems exceedingly unlikely 

given the vast electronic differences between the two compounds and the differences 

observed in the rates of inactivation of Abg. A more likely explanation is that the sample of 

2.4 is contaminated with a small amount of a highly reactive impurity, such as 2.1, and that 

the desired compound 2.4 does not behave as a covalent inactivator of Abg.  

 

2.4.1.3 Testing a sample of 2.4 for the presence of a highly reactive inhibitory impurity  

 This problem of a reactive contaminant within the inactivator preparation is not 

unprecedented,29 and indeed it is probably quite common but undetected. An excellent test 

for the presence of a low concentration of a reactive impurity involves the reaction of a very 

high concentration of the enzyme with inactivator. Ideally an enzyme concentration 

approaching that of the “inactivator” is used. In reality, if the enzyme concentration is greater 

than the concentration of the reactive contaminant, and under those conditions complete 
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inactivation is still observed, then this shows that the contaminant cannot be responsible for 

the inactivation and that the active compound is likely indeed the desired compound. This 

experiment thus uses the enzyme as a stoichiometric reagent to titrate out the active 

compound that behaves as the covalent inactivator.  

Incubation of 2.4 (21.8 mM) with either a low (6 nM) or a high (6 μM) concentration 

of Abg showed the expected inactivation at the low enzyme concentration (Figure 2.8), but 

very little inactivation at the higher concentration of Abg. This demonstrates that 2.4 is not 

acting as the covalent inactivator, but instead a small amount of another contaminating small 

molecule is acting in that capacity. 
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Figure 2.8. Test for the presence of a contaminating impurity in the preparation of 2.4 using different 

concentrations of Abg. 

 

Confirmation that the inactivator was not 2.4 came from mass spectrometric analysis 

of the inactivated protein (Figure 2.9). Its mass of 51,372±5 is 164 mass units higher than 

that of unlabelled enzyme (51,208±5) and identical, within error, to that of Abg inactivated 

with 2.1 (51,373±5). Inactivation with 2.4 would have resulted in an increase in m/z of 184. 

This experiment shows that the active contaminant is some sort of activated 2-deoxy-2-

fluoro-glycoside, such as 2.1, consistent with the observed rate of recovery of enzyme 

activity in the reactivation experiments (Figure 2.7). Given that the per-acetylated precursor 

to 2.1, compound 2.13, is an intermediate in the synthetic scheme leading to 2.4, it is 
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reasonable to assume that the active contaminant is indeed 2.1 that results from unreacted 

2.13 inadvertently carried through the later synthetic steps in a very low concentration.  
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a) 

 

b) 

 

c) 

Figure 2.9. ESI-MS analysis of a) Abg, b) Abg inactivated with 2.1, and c) Abg inactivated with 2.4. 
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 The approximate degree of contamination can be estimated at between 0.03% and 

0.0003%, since 2.1 forms a covalent glycosyl-enzyme intermediate with Abg in a one-to-one 

inactivator-to-enzyme ratio.  In the experiment to test for the presence of a contaminant 

described above, the concentration of Abg (~6 μM) therefore represents the maximum 

concentration of contamination in the solution of 2.4, which is present at 21.6 mM, since 

Abg was not fully inactivated at this concentration.  However, a lower limit for the degree of 

contamination is ~60 nM, since at this concentration of enzyme Abg was fully inactivated.  

Thus, in a solution of 2.4 = 21.6 mM, the contaminant is present at a concentration between 

<6 μM and >60 nM, or between 0.03 % and 0.0003 % of the total material.  This degree of 

contamination is far beyond the detection ability of the commonly used analytical techniques 

used to assess purity such as high-field NMR or TLC analysis.   

 

2.4.1.4. 2-Deoxy-1,2-difluoro-D-glucopyranosyl fluoride (2.6), 1,5-difluoro-D-

glucopyranosyl fluoride (2.7) and 1,5-difluoro-L-idopyranosyl fluoride (2.8)  

 2-Deoxy-1,2-difluoro-D-glucopyranosyl fluoride (2.6), 1,5-Difluoro-D-

glucopyranosyl fluoride (2.7) and 1,5-difluoro-L-idopyranosyl fluoride (2.8) were each 

individually tested as covalent inactivators of Abg. In each case, the presence of a highly 

reactive impurity was detected as described for 2.4 above. Thus, none of these three 

compounds acted as a covalent inactivator of Abg. 

 

2.4.1.5 Enzymatic evaluation of 2.4, 2.6, 2.7 and 2.8 as reversible inhibitors of Abg 

 Since inactivation by the contaminant was very slow, it proved possible to measure 

Ki values for reversible binding of 2.4 and 2.5-2.8 to Ab in the usual manner by avoiding 

prolonged incubations. A solution of Abg was individually incubated with the substrate pNP-

β-D-Glc (0.089 mM, ~Km) and varying amounts of inhibitor, and the rate of enzyme-

catalyzed substrate hydrolysis monitored for <2 minutes. It was important to monitor the 

enzyme activity at short time spans, since at longer incubation times (>30 minutes) the 

enzyme activity began to decrease in a time dependent manner because of the presence of the 

highly reactive impurity described in Section 2.4.1.3. The resulting data were plotted as a 
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was not possible to sample higher inhibitor concentrations approaching or above Ki owing to 

the scarcity of material remaining. Clearly, all four compounds bind poorly; presumably the 

disruption of the hydrogen-bonding interactions at C2 (in the case of 2.4 and 2.6) and the 

changes in conformation arising from the L-ido configuration (in the case of 2.4 and 2.8) 

lower the affinity of these compounds for the enzyme active site, and make them poor 

inhibitors.  

 

2.4.1.6 1-Fluoro-D-glucopyranosyl fluoride (2.5) 

 Compound 2.5 was also tested as a covalent inactivator of Abg at concentrations 

ranging from 0.066-6.6 mM. Under the standard conditions used to test for inactivation, no 

time-dependent inactivation was observed.  

 In previous studies of this compound as an inhibitor of other retaining β-glycosidases, 

the rate of turnover of the covalent glycosyl-enzyme intermediate was found to be 

comparable to the rate of glycosylation.166-168 This similarity in rates means that 2.5 behaves 

like a slow substrate, rather than a covalent inactivator. Therefore, 2.5 was tested as a 

substrate for Abg as follows.  

 Abg-catalyzed hydrolysis of the chromogenic substrate, para-nitrophenyl β-D-

glucopyranoside (pNP-Glc, Km = 75 μM) can be monitored by the increase in UV 

absorbance at 400 nm arising from the increase in the concentration of para-nitrophenol.14 

The presence of a competing substrate (2.5) in solution that cannot be observed by a change 

in UV absorbance lowers the effective concentration of enzyme free to hydrolyze pNP-Glc, 

which is revealed kinetically as competitive inhibition. When 2.5 was tested under steady-

state conditions with the concentration of substrate = 0.1 mM, it was found to behave as a 

competitive inhibitor for Abg with an apparent Ki value (Ki’) of approximately 5 mM (Figure 

2.12). This Ki’ value for 2.5 behaving as a competitive inhibitor for Abg is the same as the 

Km value of the compound acting as a substrate for the enzyme, since both processes 

effectively reduce the concentration of free enzyme in solution. 
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Figure 2.13. Observed absorbance vs. time data for the hydrolysis of pNP-β-Glc by Abg in the 

presence (red) and absence (blue) of 2.5. 
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Figure 2.14. Mechanism of production of gluconolactone by sequential enzymatic and non-enzymatic 

reactions. 

 

 Although it is possible to measure a kcat value for many glycosyl fluorides using a 

fluoride ion-selective electrode, this was not possible with 2.5 owing to the continuous 

production of a competitive inhibitor as described above. Since the known Ki value (0.0014 

mM) for the inhibitor, gluconolactone, is below the limit of detection using the fluoride 

electrode (1 mM), it is not possible to measure the kcat value for 2.5 using this method since 

gluconolactone produced will begin to inhibit the enzyme before the fluoride release can be 

detected.  
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2.4.2 Kinetic analysis of the inactivation of Yag by 2.6, 2.7 and 2.8 

 As described in Section 2.3.1, 2-deoxy-1,2-difluoro-D-glucopyranosyl fluoride (2.6), 

1,5-difluoro-D-glucopyranosyl fluoride (2.7) and 1,5-difluoro-L-idopyranosyl fluoride (2.8) 

are also potential covalent inactivators of retaining α-glucosidases, owing to the presence of 

an axial anomeric fluoride. All three compounds were tested against yeast α-glucosidase 

(Yag) to see if time-dependent inactivation could be observed. While time-dependent 

inactivation was observed for compounds 2.7 and 2.8, in both cases this inactivation activity 

was determined to arise from the presence of a highly reactive impurity, using a similar 

method to that described in Section 2.4.1.3. No time-dependent inactivation was observed for 

2.6.  

 In an attempt to see if it was possible to determine the identity of the impurity, the 

following experiment was performed. Yag was treated with a large excess of either 2.7 or 2.8 

overnight, until <5% residual enzyme activity was detected. The enzyme was then separated 

from the small molecule using a 10 kDa molecular weight cut-off filter, and incubated in 

buffer at 37  ͦC. Aliquots were withdrawn from this solution at time intervals and assayed for 

the recovery of enzyme activity. The reactivation curves for Yag treated with a solution of 

2.7 and 2.8 (Figure 2.15) are shown below.  
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Figure 2.15. Recovery of enzyme activity as a function of time for Yag treated with a) 2.7 and b) 2.8. 
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The reactivation curves for Yag treated with either 2.7 or 2.8 yield the same values 

for the rate constant of recovery of enzyme activity (kobs = 0.005 min-1 for enzyme treated 

with 2.7, and kobs = 0.005 min-1 for enzyme treated with 2.8) which suggests that the covalent 

glycosyl-enzyme intermediate in both cases is the same species. Presumably, this means both 

compounds are contaminated by the same impurity which is plausible since the synthesis of 

the two compounds proceeds through common intermediates, so an impurity resulting from 

an earlier step could be carried forward in the final synthetic steps for both compounds. It is 

also important to note that the observed rate of reactivation for the covalent glycosyl-enzyme 

intermediate for Yag treated with either 2.7 or 2.8 (kobs = 0.005 min-1) is similar to the 

previously observed value for the reactivation of the covalent glycosyl-enzyme intermediate 

of Yag treated with 5-fluoro-β-L-idosyl fluoride (kobs = 0.002 min-1).134 This suggests that the 

contaminating species in the preparation of both 2.7 and 2.8 could be 5-fluoro-β-L-idosyl 

fluoride.  

 

2.4.3 General conclusions for the difluorosugar fluorides 

 None of the novel compounds described here functioned as time-dependent 

inactivators against either a retaining β-glucosidase (Abg) or a retaining α-glucosidase 

(Yag). In fact, all four novel compounds (2.4, 2.7, 2.8 and 2.6) tested as potential inactivators 

of Abg were found to be contaminated with a small amount (<0.03%) of a highly reactive 

impurity, hypothesized to be the known inactivator 2-deoxy-2-fluoro-β-D-glucopyranosyl 

fluoride (2.1). Two of the three potential inactivators of Yag (2.7 and 2.8) were also found to 

be contaminated with a highly reactive impurity (<0.03%), which was proposed to be the 

known inactivator 5-fluoro-β-L-idosyl fluoride. The final potential inactivator of Yag, 2.6, 

showed no time-dependent inactivation.  

 It is important to note that the presence of these impurities is undetectable by 

analytical techniques employed in standard synthetic characterization, and the compounds 

would be deemed “pure” using generally accepted criteria in the synthetic organic chemistry 

community. This demonstrates that caution must be used in assessing molecules possessing 

biological activity at such potentially low levels (a 1:1 stoichiometry with the enzyme of 
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interest in this instance), and shows how easy it is for such miniscule concentrations of 

contaminants to give false-positive results when they contaminate a compound otherwise 

possessing little or none of the desired activity.29  

 The fact that an impurity present in such incredibly small quantities is more active 

than the desired compound, present in a vast excess, clearly demonstrates the lack of 

reactivity of these novel compounds as glycosidase inactivators. All four compounds were 

shown to bind to the active site of Abg as reversible inhibitors, albeit poorly. Therefore, the 

most likely explanation for the lack of reactivity of these novel compounds is that the higher 

degree of fluorination on the sugar ring electronically destabilizes the oxocarbenium ion-like 

transition state in the enzymatic reaction to a level inaccessible to the enzyme. If this is true, 

the fluoride leaving group is not a powerful enough leaving group to accomodate 

glycosylation of the enzyme.  

In the compounds described thus far, the only leaving group (aglycone) that has been 

used is fluoride. As can be seen from the difluorosugar fluorides (2.4, 2.6, 2.7 and 2.8), 

fluoride does not appear to be the optimal leaving group. As a consequence of this 

restriction, it was decided to examine the possibility of other leaving groups for use in the 

context of a covalent glycosidase inactivator. 

 

2.5 Previous studies on the role of aglycones in activated fluorosugars 
 

2.5.1 General aglycone considerations 

 When considering different groups as potential aglycones in the design of covalent 

inactivators of glycosidases, the primary consideration is the reactivity, or the leaving group 

ability, of the group in question. It is necessary to have a good leaving group to increase the 

rate of glycosylation, and allow an accumulation of a large population of the covalent 

glycosyl-enzyme intermediate.122 As discussed above, this is one possible explanation for 

why compounds 2.4, 2.6, 2.7 and 2.8 were not successful as covalent inactivators of Abg. It 

is possible that the fluoride group was insufficiently chemically activated to act as a leaving 
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group for the enzymatic reaction with these compounds since the high degree of fluorination 

slowed down the glycosylation rate, such that a large steady-state concentration of the 

covalent glycosyl-enzyme intermediate cannot accumulate. It is also important that an 

aglycone is not too chemically reactive, or the compound will react spontaneously with the 

solvent and decompose. It is therefore necessary to strike a balance between having a group 

that is sufficiently activated that it will accelerate the glycosylation step when reacting with 

the glycosidase, but not so reactive that it will spontaneously decompose through reaction 

with solvent under ambient conditions. 

 One measure of an aglycone’s leaving group ability is its pKa value. However, while 

leaving group ability and pKa usually show a direct correlation, other factors such as steric 

hindrance may mean that a compound with a high pKa value can still act as a very effective 

leaving group. Furthermore, specific interactions with an enzymatic active site may turn a 

poorly activated leaving group into a very effective one.130 Therefore, while pKa values offer 

a rough guide for leaving group ability, caution must be employed when drawing direct 

comparisons between pKa and leaving group ability.202 

 

2.5.2 Fluoride aglycones 

 One of the most commonly used and successful aglycones for fluorosugar 

inactivators is fluoride.12,13 The pKa of HF in water is 3.1. The small fluorine atom 

presumably makes few if any specific interactions with the enzymatic active site, and its 

activation of a fluorosugar for enzymatic reaction may therefore be presumed to arise almost 

entirely from the electron withdrawing ability of the fluorine atom.  

 

2.5.3 2,4-Dinitrophenol aglycones 

 2,4-Dinitrophenyl (DNP) is the other commonly used aglycone for activated 

fluorosugars as glycosidase inactivators. Unlike fluoride, it has only been reported in the 

design of covalent inactivators of retaining β-glycosidases using 2-deoxy-2-fluoro 

glycosides.13 This narrower application of the DNP aglycone arises because the 
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photochemistry commonly used to synthesize the 5-fluoro glycosides is not compatible with 

the DNP ring, and the conditions necessary for the removal of commonly employed 

protecting groups that are compatible with the DNP group (acidic conditions), are 

incompatible with the 5-fluoro glycosides, which are very sensitive towards acidic 

conditions.129 The pKa value for 2,4-dinitrophenol is 4.0, which suggests that the DNP 

aglycone may be slightly less chemically activated than the fluoride aglycone. However, the 

aromatic DNP ring has the potential to make interactions with the enzyme active site, which 

may in certain cases make it a more efficient inactivator relative to the more highly 

chemically activated fluorine aglycone.122 Additionally, a dinitrophenyl ring offers the 

possibility of introducing additional substituents to try to harness specific interactions with 

the enzyme active site. 

 

2.5.4 2,4,6-Trinitrophenol aglycones 

 2,4,6-Trinitrophenyl (TNP) aglycones have not seen wide application as an aglycone 

for an activated fluorosugar, and have only been used as a leaving group with the 2-deoxy-

2,2-difluoro glycosides as inactivators of retaining α-glycosidases.12,163-166 This narrow 

application of the TNP leaving group in the context of activated fluorosugars arises from the 

fact that TNP-glycosides have only been demonstrated to be stable towards spontaneous 

solvolysis when used as a leaving group for the 2-deoxy-2,2-difluoro glycosides. Because its 

pKa value is 0.5, TNP-glycosides are much more reactive towards spontaneous 

decomposition. Additionally, TNP is synthetically much more challenging to incorporate, 

and trinitrophenyl groups (or picric acid derivatives) are also known to be highly explosive.  

 

2.5.5 Chloride aglycones 

 Similar to the TNP aglycones discussed above, glycosyl chlorides have only seen 

application as a potential glycosidase inactivator in two classes of compounds, the 2-deoxy-

2,2-difluoro glycosides and the 2-chloro-2-deoxy-2-fluoro glycosides.165 For 2-deoxy-2,2-

difluoro glycosides, it was previously predicted that fluoride (pKa of the conjugate acid = 

3.1) was insufficiently chemically activated to act as a good aglycone for displacement 
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reactions at the anomeric center of 2-deoxy-2,2-difluoro glycosides,197 therefore, the more 

chemically activated chloride (pKa of the conjugate acid = -7) was chosen. In that case, while 

both classes of anomeric chloride could be successfully deprotected and were stable towards 

spontaneous hydrolysis, only one of the two retaining α-glycosidases with which these 

compounds were tested was successfully inactivated.165  

 

2.5.6 Natural aglycones 

 There are currently only two examples of a fluorosugar that behaves as an inactivator 

of a glycosidase where the leaving group is not chemically activated. In the first example, the 

enzyme myrosinase was inactivated by treatment with 2-deoxy-2-fluoro-glucosyl tropaeolin 

(Figure 2.16, a)), which is an analogue of the natural substrate for the enzyme, 

glucotropaeolin.203 In the second example, 2’-deoxy-2’-fluoro-cellobiose (Figure 2.16, b)) 

was prepared and shown to be a covalent inactivator of Abg.130 The inactivator was proposed 

to harness specific interactions between the aglycone and the enzyme active site so 

effectively, that no chemical activation of the aglycone is necessary to make the covalent 

glycosyl-enzyme intermediate kinetically accessible. However, for this general class of 

fluorosugars with chemically unactivated aglycones to function as covalent inactivators, it 

was shown that the second (deglycosylation) step must be the rate-determining step in the 

enzyme-catalyzed reaction of the natural substrate.130 
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Figure 2.16. Structures of the fluorosugar inactivators incorporating natural aglycones. a) 2-deoxy-2-

fluoro-glucosyl tropaeolin and b) 2’-deoxy-2’-fluoro-cellobiose. 
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2.6: Chemical synthesis of activated fluorosugars bearing novel aglycones 
 

2.6.1 Target compounds 

 One goal of this project was to find new aglycones that would act as good leaving 

groups for activated fluorosugars used as covalent glycosidase inactivators. Although it is not 

always true that the pKa value of the corresponding free acid of the aglycone will correlate 

directly with the leaving group ability of that group in a glycosidase active site, aglycone pKa 

values do offer some ability to predict relative leaving group ability. Therefore, the pKa value 

of the aglycone was used as a predictive guide in selecting aglycones chosen as synthetic 

targets. 

 The structures of the first two target compounds are shown in Figure 2.17: 2-deoxy-2-

fluoro-β-D-glucopyranosyl chloride (2.32) and 2-deoxy-2,5-difluoro-α-L-idopyranosyl 

chloride (2.33). Both of these compounds were selected so as to test whether a fluorosugar 

bearing an equatorial chlorine at the anomeric center would survive deprotection and be 

stable in aqueous buffer, and if it would act as a sufficiently good leaving group to create a 

successful covalent inactivator. While a chlorine atom has been installed and tested as an 

axial substituent,165 there has been no report of a glycoside bearing an equatorial chlorine 

atom being successfully deprotected and tested as a covalent glycosidase inactivator to date. 
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Figure 2.17. Structures of the target compounds bearing an equatorial anomeric chloride as the 

aglycone. 

 

 The structures of the next six target compounds are shown in Figure 2.18. These are: 

methyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl)-sulfonate (2.34), para-toluene-(2-deoxy-2-

fluoro-β-D-glucopyranosyl)-sulfonate (2.35), para-toluene-(2-deoxy-2-fluoro-β-D-

glucopyranosyl)-sulfinate (2.36), dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate 
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(2.37), methyl methyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (2.38), and 

dimethyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.39). 
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Figure 2.18. Structures of the target aglycone variants incorporating sulfur- and phosphorus-based 

aglycones. 

 

 The two sulfonate compounds (2.34 and 2.35) were selected to see if a sulfonate 

leaving group would satisfy the chosen criteria. However, given that the pKa values for the 

corresponding sulfonic acids are considerably lower than the pKa
 values for the known 

aglycones (pKa HF = 3.1, pKa HODNP = 4.0 vs. pKa MsOH = -2.0, pKa TsOH = -6.5), it is 

also entirely possible that these groups will be too electron withdrawing, and the resulting 

target compounds too unstable towards spontaneous decomposition. To help address this 

question, a sulfinate derivative (2.36) was also considered as the pKa value for the free 

sulfinic acid is 2.0. In all three cases, the selection of the R group attached to the sulfur atom 

of the aglycone was made based on the synthetic route chosen (see below) and the 

availability of the precursor free acids or sulfonyl chlorides.  

 The three phosphorus-based compounds were chosen on the basis of the ability to 

modulate the pKa values based on the number of oxygen atoms directly bonded to the 

phosphorus atom. The target compound 2.38 also introduces a new stereocenter at the 

phosphorus atom. It was decided that no effort to control the stereochemistry at this center 

would initially be made, since that would greatly increase the complexity of the synthetic 

route required. 
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2.6.2 Synthesis 

2.6.2.1 Attempted synthesis of 2-deoxy-2-fluoro-β-D-glucopyranosyl chloride (2.32) and 2-

deoxy-2,5-difluoro-α-L-idopyranosyl chloride (2.33) 

 The protected versions of both compounds (2.27 and 2.30) were already available as 

intermediates from the synthesis of 2.6 (Section 2.3.2.5). In both cases, attempts to deprotect 

both 2.27 and 2.30 using ammonia in methanol were unsuccessful, leading only to the 

product of methanolysis at the anomeric center in the case of 2.27, or decomposition in the 

case of 2.30 (Figure 2.19)  
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Figure 2.19. Decomposition of both 2.27 and 2.30 when treated with NH3 in MeOH. 

 

 This indicates that chloride is too good a leaving group. Despite the increased 

reactivity of L-idosides compared to D-glucosides, the presence of the additional fluorine at 

C5 in 2.30 would be expected to make displacement reactions at the anomeric center much 

more difficult owing to the destabilization of a positively charged transition state. This is 

indeed observed in the behaviour of 2.4 towards enzymatic attack at the anomeric center (see 

Sections 2.4.1.2 and 2.4.1.3). The present results suggests that despite this increased 

stabilization towards displacement, the chloride leaving group is still too labile to be useful 

in the context of fluorosugar inactivators other than 2-deoxy-2,2-dihalo glycosides.  
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2.6.2.2 Attempted synthesis of methyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl)-sulfonate 

(2.34), para-toluene-(2-deoxy-2-fluoro-β-D-glucopyranosyl)-sulfonate (2.35), para-toluene-

(2-deoxy-2-fluoro-β-D-glucopyranosyl)-sulfinate (2.36) 

 The synthetic route used to try and prepare methyl-(2-deoxy-2-fluoro-β-D-

glucopyranosyl)-sulfonate (2.34) is shown in Scheme 2.7.  
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Scheme 2.7. Attempted synthesis of methyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl)-sulfonate (2.34). 

i) Ag2CO3, H2O, Acetone, 67%; ii) Mesyl chloride, pyridine, CH2Cl2.  

 

 The known204 compound 2.41 was prepared by the hydrolysis of bromide 2.12. 

Treatment of 2.41 with mesyl chloride and pyridine under a variety of reaction conditions 

yielded only the α-linked sulfonyl compound 2.42, with no trace of the β-linked compound 

2.43 detected by 1H-NMR spectroscopy. This suggests one of two possibilities: 1) that the 

presumably less reactive but more thermodynamically stable alpha anomer of the free 

hemiacetal is the one that is reacting with the mesyl chloride under these conditions, or 2) 

that the kinetically favoured β-linkage is isomerized to the thermodynamically more stable 

α-linkage under the reaction conditions. 

 To test these two possibilities, the synthesis of para-toluene-(2-deoxy-2-fluoro-β-D-

glucopyranosyl)-sulfonate (2.35) was attempted as shown in Scheme 2.8.  
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Scheme 2.8. Attempted synthesis of para-toluene-(2-deoxy-2-fluoro-β-D-glucopyranosyl)-sulfonate 

(2.35). i) AgOTs, MeCN.  

 

 Using a nucleophilic displacement of the α-bromide ensures that the kinetic product 

initially formed is the desired β-linked 2.45. However, under the conditions employed, only 

the α-linked 2.44 was observed following purification, which suggests that the initially 

formed β-tosylate is readily isomerized to the thermodynamically more stable α-tosylate. 

Given the lack of success experienced in deprotecting the other series of fluorosugars bearing 

highly electronegative aglycones, the β-chlorides described above, it was decided to abandon 

these targets.  

 An attempted synthesis of para-toluene-(2-deoxy-2-fluoro-β-D-glucopyranosyl)-

sulfinate (2.36) is shown in Scheme 2.9.  
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Scheme 2.9. Attempted synthesis of para-toluene-(2-deoxy-2-fluoro-β-D-glucopyranosyl)-sulfinate 

(2.36). i) para-Toluene sulfinic acid, Ag2CO3, MeCN. 

 

 Displacement of the α-bromide 2.12 using para-toluene sulfinic acid did not lead to 

the desired compound 2.46, instead, only 2.44 was observed. This suggests that any 2.46 that 

had been formed was oxidized to the β-linked sulfonate, which has already been shown to be 

kinetically unstable relative to the α-linked 2.44, during the work-up and purification steps. 

This facile oxidation suggested that should 2.36 be successfully prepared, it could only be 
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handled in an anaerobic environment, thereby severely limiting its usefulness. Thus, the 

synthesis of 2.36 was abandoned. 

 

2.6.2.3 Synthesis of dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.37), and 

attempted syntheses of methyl methyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate 

(2.38), and dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.39) 

 The synthesis of dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.37) is 

shown in Scheme 2.10.  
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Scheme 2.10. Synthesis of dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.37). i) 

MeOH, NEt3, CH2Cl2; ii) LiBr, MeCN, then Amberlite IR-120 (H+), 77%; iii) 2.12, Ag2CO3, MeCN, 

87%; iv) NaOMe, MeOH, 71%.  

 

 Dimethyl phosphoric acid was prepared by reaction of phosphorus oxychloride with 

methanol, followed by removal of one methyl group using lithium bromide in acetonitrile. 

The reaction of dimethyl phosphoric acid with bromide 2.12 gave 2.49 in good yield (87%), 

as only the β-anomer. Basic deprotection gave 2.37 (71%), although this compound was 

found to be moderately unstable to spontaneous solvolysis in polar protic solvents such as 

methanol or water. The relative stabilities of these compounds are discussed in Section 2.7.3.  

 The attempted synthesis of methyl methyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) 

phosphonate (2.38) is shown in Scheme 2.11. 
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Scheme 2.11. Attempted synthesis of methyl methyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) 

phosphonate (2.38). i) LiBr, MeCN, then Amberlite IR-120 (H+), 74%; ii) 2.12, Ag2CO3, MeCN, 82%; 

iii) NaOMe, MeOH or AcCl, MeOH.  

 

 Racemic 2.50 was prepared from the commercially available dimethyl 

methylphosphonate in a reasonable yield (74%).205 Displacement of bromide from 2.12 

proceeded smoothly, giving 2.51 in 82% yield as an equimolar mixture of diastereomers at 

the phosphorus center. The 13C NMR spectrum was extremely complex owing to two sets of 

extremely similar signals from the two diastereomers that are further complicated by the 

couplings to 19F- and 31P-nuclei. However, the high resolution mass spectrum, and the pattern 

of chemical shifts observed in the 1H- and 19F-NMR spectra, are consistent with structure 

2.51. 

 All attempts to remove the acetate protecting groups under basic (NaOMe/MeOH or 

NH3/MeOH) and acidic (HCl/MeOH) conditions failed. The only product observed, 2.52, 

arose from cleavage of the phosphonate aglycone. The mechanism for this decomposition is 

discussed in Section 2.6.2.4.  

 The attempted synthesis of dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) 

phosphinate (2.39) is shown in Scheme 2.12.  
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Scheme 2.12. Attempted synthesis of dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate 

(2.39). i) Dimethylphosphinic acid, Ag2CO3, MeCN, 83%; ii) NaOMe, MeOH or AcCl, MeOH. 

 

 The commercially available dimethylphosphinic acid was reacted with bromide 2.12 

to give 2.53 in a good yield (83%). Unlike compound 2.51, the NMR spectra for 2.53 were 

easier to interpret since the phosphorus atom is not stereogenic, as in 2.51. However, as with 

2.51, attempted removal of the acetate groups led only to the formation of the free hemiacetal 

2.52, with no trace of the desired compound 2.39.  

 

2.6.2.4 Proposed mechanism for decomposition of methyl methyl-(3,4,6-tri-O-acetyl-2-

deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (2.51), and dimethyl (3,4,6-tri-O-acetyl-2-

deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.53) under acidic or basic conditions 

During the design of these phosphorus-based compounds, it was predicted that the 

stability of the target glycoside would correlate inversely with the number of oxygen atoms 

bonded directly to the phosphorus. This was based on the assumption that these compounds 

decompose in an SN1-like process, where leaving group departure is the rate-limiting step and 

the compound with the best leaving group would be the most reactive and therefore least 

stable. Based on this reasoning, it was predicted that the target phosphate 2.37 would be the 

least stable compound, and that the target compound 2.39 would be the most stable. Instead, 

the opposite trend during the deprotection of the acetate protecting groups was actually 

observed.  

One noteworthy feature of the failed deprotections is that the free hemiacetal product 

was the only product observed, rather than the expected methyl glycoside. If the loss of the 

phosphorus-based aglycone was occurring through displacement of this group by solvent at 
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the anomeric center, significant amounts of the methyl glycoside would have been expected. 

This potential mechanism has been labelled as mechanism of decomposition 1 in Figure 

2.20. Such a mechanism was observed in the case of the decomposition of the anomeric 

chlorides 2.27 and 2.30 (Section 2.6.2.1). While it is possible to explain the presence of some 

of the free hemiacetal as arising from the attack of a small amount of water present in the 

methanol solution, it seems exceedingly unlikely that water acts as the nucleophile in the 

presence of a vast excess of methanol. 
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Figure 2.20. Schematic depiction of the mechanism of decomposition 1 for 2.51 and 2.53.  

 

  An alternative mechanism for decomposition that could explain the observed product 

has been labelled mechanism of decomposition 2, and is depicted schematically in Figure 

2.21. The observed product may arise from direct attack of solvent at the phosphorus center, 

and the anomeric oxygen atom act as a leaving group. 
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Figure 2.21. Schematic depiction of the mechanism of decomposition 2 for 2.51 and 2.53. 

 

 This mechanism would account for the presence of a free hemiacetal on the observed 

product and the lack of the methyl glycoside. Additionally, this mechanism gives rise to a 

phosphoester resulting from the attack of solvent at the phosphorus center, leading to either a 

phosphodiester or phosphomonoester depending on the starting aglycone. Most importantly, 

if 2.51 and 2.53 were decomposing by this mechanism under the deprotection conditions, it 

would readily explain why the predicted increase in stability towards spontaneous solvolysis 
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with decreasing oxidation state was not being observed. The original hypothesis had been 

that decreasing the oxidation state of the phosphorus would increase the stability of the 

resulting glycosides towards spontaneous hydrolysis in aqueous solution, which should occur 

by mechanism 1. However, if the decomposition during deprotection instead proceeds via 

mechanism 2, then this does not disprove the original hypothesis regarding stability towards 

spontaneous hydrolysis. By analogy, this proposed mechanism resembles the known 

mechanism for decomposition observed for 2,4-dinitrophenyl glycosides such as 2,4-

dinitrophenyl-(3,4,6-tri-O-acetyl-β-D-glucopyranoside), which have been shown to break 

down by a nucleophilic aromatic substitution reaction on the dinitrophenyl ring under basic 

conditions, as shown in Figure 2.22.206  
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Figure 2.22. Mechanism of decomposition for DNP-glycosides under basic conditions. 

 

 To test which mechanism of decomposition was occurring, the crude reaction mixture 

for the reaction of 2.53 with sodium methoxide/methanol was examined by ESI-MS and 

NMR spectroscopy. In the negative ion ESI-MS, a peak was observed at m/z = 107.9, which 

is consistent with the [M-H]- ion of the proposed phosphinate ester product. Significantly, no 

peak was observed at m/z = 97, which would be the expected peak if 2.53 was decomposing 

according to mechanism 1.  

 Examination of the crude 1H-NMR spectrum of the crude reaction mixture from 

methoxide-treated 2.53 reveals a large doublet at 3.73 ppm (J = 13.1 Hz), which collapses to 

a singlet when the 31P nucleus is decoupled. This chemical shift is typical of an alkyl group 

directly bonded to oxygen, and the coupling constant is consistent with a three-bond coupling 
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to phosphorus. Furthermore, if the reaction is carried out in deuterated methanol (CD3OD), 

then this signal is absent entirely since no protons are present. Finally, a 31P-NMR spectrum 

of this mixture shows the same peak as an authentic sample of dimethyl-methylphosphonate. 

On the basis of these experimental results, it was concluded that both phosphonate 2.51 and 

phosphinate 2.53 decomposed according to mechanism of decomposition 2 under basic 

conditions. While the deprotection reaction was not studied under acidic conditions, a very 

similar mechanism of decomposition at the phosphorus atom could be proposed to account 

for the inability to deprotect these compounds under acidic conditions. The reasons for this 

increased susceptibility towards nucleophilic attack for both 2.51 and 2.53 compared to 2.39 

are not clear, although it may be related to greater electron-electron repulsion between the 

incoming nucleophile and the lone pairs on the phosphate oxygen atoms. 

 

2.6.2.5 Synthesis of dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.62), 

benzyl benzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (2.67), and dibenzyl (2-

deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.70)  

 The instability of phosphonate 2.51 and phosphinate 2.53 to deprotection under acidic 

or basic conditions meant the problem of the instability of dimethyl phosphate derivative 

2.37 towards spontaneous hydrolysis in methanol and water remained. Since the inability to 

deprotect either 2.51 or 2.53 was hypothesized to arise from nucleophilic attack at the 

phosphorus center, it was decided to try to increase the stability of the phosphonate and 

phosphinate derivatives towards nucleophilic attack by increasing the steric bulk around the 

phosphorus atom. Benzyl groups were therefore chosen, since the desired aglycone 

precursors were synthetically accessible.207,208 In addition, there was the potential that a 

benzyl group in the aglycone may interact with aromatic residues in the enzyme active site.  

 The synthesis of dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.62) is 

shown in Scheme 2.13.  
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Scheme 2.13. Synthesis of dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.62). i) 

Dibenzyl phosphoric acid, Ag2CO3, MeCN, 53%; ii) NaOMe, MeOH, 65%.  

 

 Commercially available dibenzyl phosphoric acid was coupled to bromide 2.12, to 

yield 2.61 in an acceptable 53% yield. It was found that the proton adduct of the phosphoric 

acid was required as the lithium salt was completely unreactive under otherwise identical 

conditions. One possible explanation for this difference in reactivity may be that the free acid 

readily reacts with silver carbonate to create the silver salt in situ. Indeed, when the silver salt 

of dibenzyl phosphate was separately prepared and treated with 2.12 in acetonitrile, the same 

product 2.61 was observed. Deprotection under basic conditions gave 2.62 (65%). 

 The synthesis of benzyl benzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate 

(2.67) is shown in Scheme 2.14. 
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Scheme 2.14. Synthesis of benzyl benzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (2.67). 

i) BnCl, 73%; ii) LiBr, MeCN, then Amberlite IR-120 (H+), 95%; iii) 2.12, Ag2CO3, MeCN, 63%; iv) 

NaOMe, MeOH, 83%. 

 

 Compound 2.63 was prepared as previously described.208 It was found that strict 

anaerobic conditions were required during the synthesis of 2.63 to prevent the oxidation of 

the phosphite to a phosphotriester. Heating neat 2.63 with benzyl chloride led to the 
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formation of phosphonate 2.64 in 73% yield via a Michaelis-Arbuzov rearrangement.208,209 

Racemic 2.65 was obtained by selective removal of a single benzyl group using lithium 

bromide in acetonitrile (95%).205  When treated with bromide 2.12, 2.66 is formed as a 

mixture of diastereomers at the phosphorus center in an acceptable yield (63%). As was the 

case with the methyl methylphosphonate 2.51, the compound was best characterized by 

studying the 1H-, 19F-, and 31P-NMR chemical shifts in addition to the mass spectral data, 

since the signals for individual diastereomers overlapped and could not be completely 

resolved.  

 Treatment of 2.66 with sodium methoxide in methanol led to the desired compound 

2.67 in very good yield (83%), with no trace of the free hemiacetal by-product. This greater 

stability of the benzyl benzylphosphonate ester compared to the methyl methylphosphonate 

ester under basic conditions supports the hypothesis that increased steric bulk at the 

phosphorus center leads to increased stability towards nucleophilic displacement by solvent. 

 The synthesis of dibenzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.70) 

is shown in Scheme 2.15. 
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Scheme 2.15. Synthesis of dibenzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.70). i) 

TMSCl, diisopropyl ethylamine, CH2Cl2, then BnBr, 36%; ii) 2.12, Ag2CO3, MeCN, 83%; iii) 

NaOMe, MeOH. 

  

 The aglycone 2.68 was readily prepared in excellent yield (84%) according to a 

literature procedure.207 Its reaction with bromide 2.12 was slower than was the case with the 

other benzyl-containing phosphorus derivatives, giving only a 36% yield of product after 

stirring overnight, along with 49% recovered starting material. The protected phosphinate 
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2.69 was subjected to deprotection by sodium methoxide in methanol. The majority of the 

isolated material was a mixture in which the dibenzyl phosphinate ester had been cleaved and 

one or more acetate groups remained (determined by ESI-MS and crude NMR spectra). This 

suggests that the rates of attack of methoxide on the phosphinate ester and that at the acetate 

carbonyl are very similar. However, some of the desired 2.70 was isolated.  

Unfortunately, this material was contaminated with a modest amount (approximately 

30% by 1H-NMR spectra) of material in which the phosphinate aglycone was cleaved, and 

two of the three acetates had been removed (Figure 2.23). Its structure was determined on the 

basis of the 31P-NMR spectrum (only one 31P-NMR signal was observed in the mixture of 

two compounds) and on the basis of the m/z observed in the ESI-MS. Fortunately, the 

presence of this impurity was not predicted to interfere with the enzymatic testing of 2.70 as 

an inactivator, since it lacks an activated aglycone, and is unlikely to bind non-covalently to 

the enzyme active site owing to the presence of the acetate. 

O

F OH
AcO, HO, HO  

Figure 2.23. General structure for the proposed impurity in the preparation of 2.70. 

  

2.7 Enzymatic testing of fluorosugars bearing phosphorus-based aglycones  
 

2.7.1 Kinetic analysis of the inactivation of Abg by 2.37, 2.62, 2.67 and 2.70 

2.7.1.1 Dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.37) 

 Dimethyl phosphate derivative 2.37 was evaluated as a potential time-dependent 

covalent inactivator of Abg. A range of concentrations of 2.37 were incubated with Abg, and 

the reaction mixtures assayed at time intervals for residual enzyme activity. The resulting 

activity versus time plot for various concentrations of inactivator, and a re-plot of the 

individual kobs values plotted as a function of inhibitor concentration are shown in Figure 

2.24.  
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a)        b)  

Figure 2.24. Inactivation of Abg with 2.37. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants (kobs) of inactivation versus concentration of inactivator. 

 

The measurement of inactivation rates at saturating concentrations of inactivator was 

not possible owing to very rapid inactivation, thus only concentrations up to 0.66 mM could 

be measured. A second order rate constant of inactivation, ki/Ki of 1.23 min-1mM-1 was 

derived from the slope of the linear plot obtained.  

 Given the difficulties arising from the presence of a highly reactive contaminant 

previously encountered, the test for such an active impurity was carried out. Unlike the 

previous studies where inactivation was only observed at very high concentrations and after 

long incubation times, it was possible to definitively prove that 2.37 was the reactive 

compound. Abg (17 μM) was incubated with a 10-fold excess of inhibitor (165 μM) for 6 

min, after which the reaction was halted by dilution and the residual enzyme activity was 

determined to be 23% of the starting activity. This is essentially identical to the 25% residual 

enzyme activity observed in control experiments when using a vast excess of inactivator (165 

μM) relative to enzyme (0.017 μM). The fact that the inhibitor solution is still able to 

inactivate Abg at these relative concentrations means that a potential highly reactive 

contaminant, should it be present, would have to constitute at least 10% of the inactivator 

preparation, an amount that would be readily detected by both TLC and NMR analyses.  
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To demonstrate that the time-dependent inactivation of Abg by 2.37 was active site-

directed, the inactivation process was studied in the presence and absence of a competitive 

inhibitor, gluconolactone (Ki = 1.4 μM,14 Figure 2.25). The activity versus time plot 

generated is shown in Figure 2.26 for samples of Abg incubated in the presence and absence 

of 2.5 μM gluconolactone. The kobs for Abg in the presence of 0.66 mM 2.37 was 0.88 min-1, 

which was reduced to 0.48 min-1 in the presence of 2.5 μM gluconolactone. 

 

Figure 2.25. Inactivation of Abg and 2.37 in the presence (triangles) and absence (circles) of 2.5 μM 

gluconolactone. 

 

 The only structural difference between 2.37 and 2.1 lies in the identity of the 

aglycone portion of the molecule, dimethyl phosphate versus fluoride. As a result, while the 

two compounds demonstrate different kinetics of inactivation (ki/Ki = 13.8 min-1mM-1 for 

2.1, ki/Ki = 1.23 min-1mM-1 for 2.37), they should show the same rate of turnover of the 

covalent glycosyl-enzyme intermediate, since the species formed by both are identical. To 

test this, a sample of Abg treated with an excess of 2.37 was separated from excess small 

molecule, and incubated with 20 mM thiophenyl β-D-glucopyranoside. The recovery of 

enzymatic activity was monitored and the resulting activity versus time plot from this 

experiment is shown in Figure 2.26. The rate of reactivation observed under these conditions, 

kobs = 0.020 ± 0.004 min-1, is the same, within error, to the rate of reactivation observed for 

the covalent glycosyl-enzyme intermediate generated by treatment of Abg with 2.1 (kobs = 
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0.013 ± 0.003 min-1). This result demonstrates that the same covalent glycosyl-enzyme 

intermediate is generated by treatment of Abg with either species.  
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Figure 2.26. Residual activity versus time for Abg incubated with 20 mM Glc-SPh, following 

treatment of Abg with 2.37.  

 

2.7.1.2 Dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.62) 

 Compound 2.62 was tested as a covalent inactivator of Abg but was found to be only 

sparingly soluble in water at millimolar concentrations, thus stock solutions were made in 

methanol. Fortunately however, while the compound was not soluble enough to make stock 

solutions, it was sufficiently soluble in water at the concentrations needed for the inactivation 

assay with Abg. This behaviour was observed for all phosphorus-based aglycone derivatives 

described with the exception of 2.37, and all were treated in a similar manner. The resulting 

activity versus time plot for various concentrations of inactivator, and a second re-plot of the 

individual kobs values plotted as a function of inhibitor concentration are shown in Figure 

2.27.  
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a)         b)  

Figure 2.27. Inactivation of Abg with 2.62. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

 In this instance, it was possible to calculate the individual ki (0.47 min-1) and Ki 

(0.059 mM) values for 2.62, in addition to the second order rate constant ki/Ki, = 8.0 min-

1mM-1 since inactivation was slow enough to allow measurements at concentrations 

approaching saturation. This is unlike the cases of the previously tested 2.1 and 2.37 wherein 

only the second order rate constants, ki/Ki, were obtained.  

 Compound 2.62 was tested for the presence of a highly active contaminant in a 

similar manner to that used for 2.37.  Abg (17 μM) was incubated with an ~8-fold excess of 

inhibitor (142 μM) for 20 minutes, after which the reaction was halted by dilution and the 

residual enzyme activity was determined to be 5% of the starting activity. This is essentially 

identical to the 9% residual enzyme activity observed in control experiments when using a 

vast excess of inactivator (142 μM) relative to enzyme (0.017 μM). The fact that the 

inhibitor solution is still able to inactivate Abg at these relative concentrations means that a 

potential highly reactive contaminant, should it be present, would have to constitute at least 

10% of the inactivator preparation, an amount that would be readily detected by both TLC 

and NMR analyses.  

 



95 
 

2.7.1.3 Benzyl benzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (2.67) 

 A diastereomeric mixture (at phosphorus) of 2.67 was tested as a covalent inactivator 

of Abg. The resulting activity versus time plot for various concentrations of inactivator and a 

re-plot of the individual kobs values plotted as a function of inactivator concentration are 

shown in Figure 2.28.  
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a)         b)  

Figure 2.28. Inactivation of Abg with 2.67. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

 In this instance, it was not possible to calculate the individual ki and Ki values for 

2.67, as inactivation was too rapid at concentrations approaching saturation. The resulting 

data points are best fitted using a single exponential decay curve, and not a double 

exponential. This suggests either that the two diastereomers inactivate the enzyme at 

identical or near-identical rates, or else that one diastereomer inactivates the enzyme and that 

the other diastereomer is not accommodated in the enzyme active site. Given that Abg is 

thought not to have a rigid specificity for the aglycone,14 it seems unlikely that the enzyme 

would have an absolute specificity for the two very similar benzyl groups (P-Bn vs. P-OBn). 

Therefore, these two diastereomers were treated as having similar or identical properties with 

respect to their interactions with the enzyme active site, and they are therefore treated as a 

single compound for the duration of this analysis. Therefore, a second order ki/Ki value = 11 

min-1mM-1 was obtained from linear fitting of a re-plot of the individual rate constants of 
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inactivation. This was found to be true for the other benzyl benzylphosphonate derivatives 

described (Section 2.9). 

 Compound 2.67 was also tested for the presence of a highly active contaminant in a 

manner similar to that used for 2.37.  Abg (17 μM) was incubated with an ~9-fold excess of 

inhibitor (146 μM) for 5 minutes, after which the reaction was halted by dilution and the 

residual enzyme activity was determined to be 3% of the starting activity. This is essentially 

identical to the 1% residual enzyme activity observed in control experiments when using a 

vast excess of inactivator (146 μM) relative to enzyme (0.017 μM). The fact that the 

inhibitor solution is still able to inactivate Abg at these relative concentrations means that a 

potential highly reactive contaminant, should it be present, would have to constitute at least 

10% of the inactivator preparation, an amount that would be readily detected by both TLC 

and NMR analyses.  

 

2.7.1.4 Dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.70) 

Compound 2.70 was tested as a mixture, since it was not possible to separate the 

desired compound from an identifiable impurity as discussed in Section 2.6.2.5. However, 

this mixture of 2.70 and the undesired by-product was tested for the mixture’s ability to 

inactivate Abg in a time-dependent fashion. As discussed in Section 2.6.2.5, it was predicted 

that the identified impurity would not interact in any significant manner with the enzyme, 

and so would not interfere with the analysis of the desired compound 2.70.  

Therefore, the mixture containing 2.70 was tested as a covalent inactivator of Abg. 

The resulting activity vs. time plot for various concentrations of inactivator and a second plot 

of the individual kobs values plotted as a function of inactivator concentration are shown in 

Figure 2.29.  
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a)         b)  

Figure 2.29. Inactivation of Abg with the impure solution of 2.70. a) Non-linear plot of residual 

enzyme activity versus time at the indicated inactivator concentrations fitted to an exponential decay 

equation. b) Plot of the observed rate constants of inactivation versus concentration of inactivator. 

 

The resulting data points in Figure 2.29 a) can be best fitted using a single 

exponential decay curve. This observation supports the prediction that the known 

contaminant will not behave as a time dependent inactivator of Abg. No effort was made to 

correct the obtained values of ki = 0.32 min-1, Ki = 0.15 mM or ki/Ki = 2.1 min-1 mM-1 from 

the re-plot of the observed rate constants of inactivation for the presence of the inactive 

impurity. As a result, the values obtained should be assumed to be underestimates of the true 

values of ki, Ki and ki/Ki.  

Compound 2.70 was also tested for the presence of a highly active contaminant in a 

manner similar to that used for 2.37.  Abg (17 μM) was incubated with an ~9-fold excess of 

inhibitor (144 μM) for 10 minutes, after which the reaction was halted by dilution and the 

residual enzyme activity was determined to be 20% of the starting activity. This is essentially 

identical to the 24% residual enzyme activity observed in control experiments when using a 

vast excess of inactivator (144 μM) relative to enzyme (0.017 μM). The fact that the 

inhibitor solution is still able to inactivate Abg at these relative concentrations means that a 

potential highly reactive contaminant, should it be present, would have to constitute at least 

10% of the inactivator preparation, an amount that would be readily detected by both TLC 

and NMR analyses. 
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2.7.3 Tests for the stability of glucosides bearing phosphorus-based aglycones towards 

spontaneous hydrolysis 

As discussed in Section 2.6.1, part of the goal in the design of compounds 2.62, 2.67 

and 2.70 was to modulate the reactivity of the fluorosugar derivative to control its 

spontaneous solvolysis. Direct monitoring of the breakdown of these compounds by NMR 

spectroscopy was not possible, owing to the poor solubility of these compounds in water. At 

the concentrations necessary to monitor decomposition using NMR, the compounds 

precipitated out of aqueous solution. While it could be possible to study the kinetics of 

decomposition using NMR in a non-aqueous solvent, it is the stability in water that is 

important for assessing the usefulness of these compounds for potential biological 

applications. It was not possible to directly monitor the breakdown of these compounds 

spectrophotometrically either, since they lack a distinctive chromophore whose absorption 

wavelength changes significantly upon solvolysis. 

The assay that was developed to monitor breakdown of the compound in solution 

used residual Abg activity as the readout for inactivator decomposition as follows. The 

inactivator of interest was incubated in aqueous buffer (pH = 6.8), and at time intervals an 

aliquot of this solution was removed, and added to a second solution containing assay buffer 

and Abg. The initial concentration of inactivator in the first solution was chosen such that it 

was as close to the limit of solubility as possible, but would still readily inactivate Abg upon 

dilution. The second tube containing Abg and inactivator was incubated for a defined amount 

of time (5 min) to permit the remaining small molecule to partially inactivate Abg. Finally, 

an aliquot of this solution was added to the standard enzymatic assay cuvette containing 

substrate (pNP-Glc) and the residual enzyme activity was assayed. The residual amount of 

Abg activity is an indirect way of measuring the relative amount of small-molecule 

inactivator remaining in the initial solution as a function of incubation time, and hence the 

degree of hydrolysis.  

The resulting plots of incubation time vs. residual enzyme activity are shown for 

compounds 2.62, 2.67 and 2.70 in Figure 2.30 a), b) and c) respectively. 
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Figure 2.30. Monitoring stability of a) 2.62, b) 2.67 and c) 2.70 by measuring residual enzyme activity 

as a function of inactivator incubation time.  

 

It is obvious from the relative time-scales of the three plots that there is a significant 

difference in stability between the three compounds. The most labile compound, 2.62 [Figure 

2.30, a)], has a kobs of decomposition = 0.047 min-1, or a half life (t1/2) of approximately 15 

minutes. The next most stable compound, 2.67 [Figure 2.30, b)], has a kobs of decomposition 

= 0.0011 min-1, or a half life (t1/2) of approximately 630 minutes. The most stable compound, 

2.70 [Figure 2.30, c)], has a kobs of decomposition = 0.00011 min-1, or a half life (t1/2) of 

approximately 6300 minutes. These results support the hypothesis that higher degrees of 

oxygenation correlate with lesser stability towards spontaneous decomposition for 

structurally similar aglycones. 
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2.7.4 General conclusions for aglycone variants  

2.7.4.1 Considerations of aglycone properties 

In attempting to evaluate the leaving group ability of different activated aglycones in 

the context of fluorosugars, two factors must be taken into account: the electron-withdrawing 

ability of the leaving group, and the energetics of binding of the aglycone in the enzyme 

active site.  

The pKa value for the conjugate acid of an aglycone can be taken as one measure of 

the electron-withdrawing ability of a leaving group, but this is not an absolute measurement 

since pKa values also take into account the strength of the orbital overlap between the proton 

and the species in question. As an example, the pKa value for HF (3.1) is actually higher than 

the pKa value for HCl (~-7), despite the fact that fluorine is more electronegative than 

chlorine. This is a reflection of the poorer bonding between the proton and the chlorine atom 

relative to the bonding of the proton and the fluorine atom, arising from less favourable 

orbital overlap. In the present context, the aglycones being compared all lie within the same 

row on the periodic table, meaning that the pKa value of the aglycone will be a very good 

reflection of its electron-withdrawing ability. Furthermore, with the exception of the fluoride 

leaving group in 2.1, the rest of the compounds all have an oxygen atom directly attached to 

the anomeric center, and so comparison of the pKa values of these compounds directly 

reflects the electron-withdrawing ability of the groups attached to the oxygen atom.  

Evaluating the contribution of specific interactions of the aglycone with the enzyme 

active site (eg. hydrogen bond interactions, charge-charge interactions, hydrophobic 

interactions etc.) is considerably more difficult, and is reflected in the enthalpic contribution 

to binding. This type of analysis is also complicated by the entropic gain inherent in 

removing a hydrophobic compound from solution. This will be reflected in a further increase 

in the apparent binding affinity of the inactivator to the enzyme active site. To fully 

understand the contribution of specific interactions between the aglycone and the enzyme, 

and the entropic contributions to binding, requires detailed studies involving the 

thermodynamic parameters of binding (ΔH, ΔS, and ΔG). These types of experiments are 

beyond the scope of this work. For the purposes of this discussion, relative contributions 

from specific interactions between the enzyme and the aglycone, and entropic contributions 
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to binding, will be considered together and can be roughly estimated on the basis of the 

kinetic parameters of inactivation of the compound in question.  

 

2.7.4.2 Summary of kinetic parameters for inactivation of Abg using the fluorosugar variants 

with novel aglycones  

The kinetic parameters for a selected group of Abg inactivators are shown in Table 

2.2.  
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 Compound ki  

(min-1)  

Ki  
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0.32* 

 

 

0.15* 

 

 

2.1* 

 

 

This work 

* = Contaminated with ~30% of an inactive compound 

Table 2.2. Kinetic parameters for selected fluorosugars as inactivators of Abg. 
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 It was not possible to obtain individual ki and Ki values for all compounds, as 

discussed previously. However, some structure-activity relationships can still be made 

through comparison of the second order rate constants ki/Ki.  

The previously known compound 3.3 is one of the most efficient inactivators of Abg. 

A comparison purely on the basis of pKa values between 3.3 and 2.1 would suggest that 2.1 

should be a more efficient inactivator. Instead, 3.3 is a more efficient inactivator by more 

than 30-fold. The high efficiency of 3.3 has been postulated to arise from stacking 

interactions between the aromatic dinitrophenyl ring and an aromatic residue in the +1 

binding subsite in the enzyme-inactivator complex and in the glycosylation transition state.122 

The DNP ring therefore harnesses some of the interactions between the enzyme and the 

natural sugar substrate. In contrast, a small fluoride is incapable of forming any sort of 

stacking interactions, and is an extremely poor hydrogen-bond acceptor.  

The dimethyl phosphate derivative 2.37 is a modest inactivator of Abg; it is 

approximately 10-fold poorer than the fluoride derivative, and over 400-fold worse than the 

DNP derivative 3.3. This is despite the fact that the pKa value for dimethyl phosphoric acid is 

1.8, and 2.7 units lower than those of either HF or dinitrophenol respectively, so despite 

being a more chemically activated species, incorporation of the dimethyl phosphate aglycone 

leads to a less efficient inactivator. This discrepancy must again arise from a difference in 

interactions in the +1 subsite. So while 3.3 is a more efficient inactivator than 2.1 on the 

basis of favourable enzymatic interactions, 2.37 may be a less efficient inactivator than either 

3.3 or 2.1 because of unfavourable interactions between the enzyme and the aglycone.  

The two methyl groups attached to the phosphate in 2.37 are among the more 

sterically conservative substituents that could be introduced. The dibenzyl phosphate 

derivative 2.62 has two benzyl groups, which are more sterically demanding by design (see 

Section 2.6.2.5), so it is interesting to note that 2.62 is actually a slightly better inactivator of 

Abg than 2.37. It is not readily apparent whether this slight increase in efficiency arises from 

an increase in specific contacts between the aglycone and the enzyme, or simply from the 

entropic gain in desolvating a larger and more hydrophobic aglycone group when binding in 

the active site. 
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Individual ki and Ki values were obtained for compound 2.62, allowing a better 

evaluation of the origin of the efficiency of the phosphate leaving group as an activated 

aglycone. The ki value (0.47 min-1) represents the rate constant for the rate-determining step 

for the inactivation reaction, which is likely the glycosylation step of the inactivation 

reaction. Despite the phosphate aglycone being more chemically activated than either 

fluoride or dinitrophenolate, this reactivity is not observed in the relative ki values. This 

likely means that the phosphate leaving group is not as well accommodated in the enzymatic 

transition state as either the fluoride or dinitrophenolate aglycones.  

The increased affinity of the aglycone group for the enzyme active site is partly 

reflected in the lower Ki value observed for 2.62, 0.059 mM. This is closer to the Ki value for 

3.3 (0.05 mM) than the Ki value for 2.1 (0.40 mM), which supports the hypothesis that this 

compound’s increased efficiency as an inactivator arises from favourable interactions 

(enthalpic or entropic) between the aglycone and the enzyme.  

Finally, the phosphonate derivative 2.67 and the phosphinate derivative 2.70 both 

have second order rate constants of inactivation (ki/Ki = 11 min-1mM-1 and ki/Ki = at least 2.1 

min-1mM-1, respectively) that are very close to the ki/Ki value for 2.62 (8.0 min-1mM-1). The 

decreased distance between the phosphorus atom and the benzyl group(s) arising from the 

removal of one or both intervening oxygen atoms does not appear to have dramatically 

affected the ability of the compound to act as an inactivator. This is a strange result, given 

that the pKa of the corresponding free acids decreases by approximately 1 pKa unit for each 

additional oxygen directly bonded to the phosphorus center. Therefore, because 2.62 has a 

leaving group that should be nearly 100-fold more chemically activated than 2.70, it is 

surprising to find that the rates of inactivation by the two compounds differ by only 4-fold. 

The reason for this discrepancy is not readily apparent. 

 

2.7.4.3 Stability considerations 

 Selection of the ideal phosphorus-based aglycone for a fluorosugar designed as a 

glycosidase inactivator depends on two factors. First of all, increasing degrees of 

oxygenation led to increasingly chemically activated aglycones, which are therefore more 
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susceptible to spontaneous solvolysis via glycosidic fission. However, as discussed in 

Section 2.6.2.4, decreasing levels of oxygenation also correlate with an increasing 

susceptibility to nucleophilic attack at the phosphorus atom under strongly acidic or basic 

conditions, such as those encountered during acetate deprotection.  

 While it was possible to kinetically evaluate 2.62 as an Abg inactivator, its instability 

towards spontaneous decomposition means that it is largely unsuitable for most of the 

desired applications for this new class of glycosidase inactivator, as discussed in Chapter 3. 

In contrast, 2.70 proved to be extremely stable towards spontaneous decomposition but was 

difficult to access synthetically owing to its susceptibility to decomposition during acetate 

removal. Therefore, obtaining large quantities of pure material represented a significant 

challenge. Benzyl benzyl-phosphonate 2.67 represented an ideal balance between stability 

towards spontaneous solvolysis and stability towards decomposition during acetate removal. 

Therefore, the benzyl benzyl-phosphonate aglycone was chosen for further study.  

 

2.8 Expanding the scope of fluorosugars bearing phosphorus-based 
aglycones as inactivators of other enzymes 
 

2.8.1 Target compounds 

 Given that phosphate-, phosphonate- and phosphinate-based aglycones had been 

demonstrated to be useable in the design of mechanism-based inactivators for a retaining β-

glucosidase, the next step was to expand the scope of this novel leaving group to other 

classes of retaining glycosidases.  

 The compounds chosen as synthetic targets are depicted in Figure 2.31.  
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Figure 2.31. Structures of target compounds chosen as inactivators of other glycosidases. 

 

 The compounds 2.71 and 2.72 were chosen as potential inactivators of other retaining 

β-glycosidases, in this case, a retaining mannosidase and galactosidase respectively. The 

benzyl benzylphosphonate leaving group was used since it showed the optimal balance 

between stability under deprotection conditions and stability towards spontaneous hydrolysis.   

The target compounds 2.73, 2.74 and 2.75 are all potential α-glycosidase inactivators. 

It is already known that appropriately configured 2-fluoro-α-glycosyl fluorides do not act as 

covalent inactivators of retaining α-glycosidases. The rate of hydrolysis of the covalent 

glycosyl-enzyme intermediate is too high relative to the rate of formation, and so these 

compounds are better classified as slow substrates rather than true inactivators.12 The 

covalent glycosyl-enzyme intermediate produced by the target compounds 2.73, 2.74 and 

2.75 would be identical to those produced by the analogous 2-fluoro-α-glycosyl fluorides. 

Therefore, the rate of turnover of the glycosyl-enzyme intermediate would be the same as 

that observed with the 2-fluoro-α-glycosyl fluorides. Since pKa arguments would suggest 

that dibenzyl phosphate is a better leaving group than fluoride, the glycosylation step would 

be predicted to be accelerated relative to the deglycosylation step. As a result there should be 

an increase in the steady-state concentration of the covalent glycosyl-enzyme intermediate, 

leading to inactivation of the enzyme, if this is the dominant factor.  
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2.8.1 Chemical synthesis 

2.8.1.1 Synthesis of benzyl benzyl-(2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate 

(2.71) 

 The synthesis of benzyl benzyl-(2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate 

(2.71) is shown in Scheme 2.16.  
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Scheme 2.16. Synthesis of benzyl benzyl-(2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate 

(2.71). i) 33% (w/v) HBr/AcOH, 90%; ii) 2.65, Ag2CO3, MeCN, 63%; iii) NaOMe, MeOH, 77%. 

 

 Bromide 2.76, a known198 compound which was available from the synthesis of 2.1, 

was glycosylated as outlined in the synthesis of 2.67, to give 2.77 in an acceptable yield 

(63%). 2.77 was readily deprotected using sodium methoxide in methanol to give 2.71 

(77%).  

 

2.8.1.2 Synthesis of benzyl benzyl-(2-deoxy-2-fluoro-β-D-galactopyranosyl) phosphonate 

(2.72) 

 The synthesis of benzyl benzyl-(2-deoxy-2-fluoro-β-D-galactopyranosyl) 

phosphonate (2.72) is shown in Scheme 2.17.  
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Scheme 2.17. Synthesis of benzyl benzyl-(2-deoxy-2-fluoro-β-D-galactopyranosyl) phosphonate 

(2.72). i) 33% (w/v) HBr/AcOH; ii) Zn, AcOH, H2O, 48% over two steps; iii) SelectfluorTM, MeCN, 

AcOH, 21%; iv) 33% (w/v) HBr/AcOH; v) 2.65, Ag2CO3, MeCN, 80% from 2.80; vi) NaOMe, 

MeOH, 98%.  

 

 Glycal 2.79 was fluorinated using SelectfluorTM, and subsequently converted to the 

bromide 2.81 under standard conditions. The coupling of benzyl benzylphosphonic acid 

(2.65) and bromide 2.81 proceeded smoothly to give the desired compound 2.82 in good 

yield (80% over two steps). Deprotection gave 2.72 in excellent yield (98%).   

 

2.8.1.3 Synthesis of dibenzyl (2-deoxy-2-fluoro-α-D-glucopyranosyl) phosphate (2.73) 

 The acetylated precursor of 2.73 has been previously been reported by Wong and co-

workers en route to Uridine-diphospho-2-deoxy-2-fluoro-α-D-glucopyranoside.210 Despite 

repeated attempts at reproducing their results, the author was unable to produce the title 

compound using the methodology described. Instead, only the β-linked product 2.61 could 

be isolated. Owing to the difficulty in producing the desired compound in the published 

manner, a different synthetic route was used to prepare 2.73 as shown in Scheme 2.18.   
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Scheme 2.18. Synthesis of dibenzyl (2-deoxy-2-fluoro-α-D-glucopyranosyl) phosphate (2.73). i) 

Dibenzyl phosphoric acid, toluene, 22%; ii) NaOMe, MeOH, 77%.  

 

 This route utilizes the greater thermodynamic stability of α- over β-glycosides when 

the aglycones are electron-withdrawing groups, to produce 2.83 from 2.61. To accomplish 

this anomerization, 2.61 was treated with dibenzyl phosphoric acid in refluxing toluene for 2 

days. A 4:1 mixture of the desired 2.83 to 2.61 was obtained. Prolonged treatment under 

these conditions did not lead to any change in this ratio of products, suggesting that the 

reaction had reached equilibrium under these conditions within two days.  

 The inseparable mixture of 2.83 and 2.61 was deprotected under basic conditions to 

yield a 19:1 mixture of the desired product 2.73 to the beta anomer 2.62 (77% total yield). 

The fact that the α-anomer is enriched relative to the β-anomer during this deprotection is 

expected, since the β-anomer would be predicted to be the more labile anomer, and therefore 

to decompose more readily during the deprotection reaction. The anomeric mixture was 

again found to be inseparable. Since this mixture was to be tested against an α-glucosidase, 

the presence of the β-anomer should not be a problem as it should not be a substrate. This 

was confirmed by testing the enzyme with a previously prepared sample of 2.62 (data not 

shown). 
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2.8.1.4 Synthesis of dibenzyl (2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphate (2.74) and 

benzyl benzyl-(2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphonate (2.75) 

 The synthetic route used to prepare both 2.74 and 2.75 is shown in Scheme 2.19.  
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Scheme 2.19. Synthesis of dibenzyl (2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphate (2.74) and 

benzyl benzyl-(2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphonate (2.75). i) 2.65, Ag2CO3, toluene 

(for 2.84), MeCN (for 2.85), 2.84: 7%, 2.85: 37%; ii) NaOMe, MeOH, 2.74: 76%, 2.75: 83%. 

 

 Both 2.84 and 2.85 were prepared by treatment of 2.76 with the appropriate 

phosphoric (2.84, 7%) or phosphonic (2.85, 37%) acid in the appropriately optimized 

solvent. The solvents used are directly contrary to the previous report from Wong and co-

workers which described toluene as being the best solvent for formation of the α-linked 

phosphodiester,210 while in the author’s hands the β-linked phosphoester (18%) was the 

favoured product. Despite multiple attempts, the author could reproduce neither the yields 

nor the selectivity outlined in that patent for the synthesis of 2.74. Despite the difficulty in 

obtaining an efficient synthesis for either protected precursor, sufficient material for 

deprotection under basic conditions was obtained (76% for 2.74, 83 % for 2.75) for 

enzymatic testing.  
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2.9 Enzymatic testing of fluorosugars bearing phosphorus-based aglycones 
as inactivators of other enzymes 

 

2.9.1 Kinetic analysis of the inactivation of Abg by 2.71 and 2.72 

2.9.1.1 Benzyl benzyl-(2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate (2.71)  

Abg is known to hydrolyze both mannosides and galactosides.14 Therefore, a 

diastereomeric mixture (at phosphorus) of benzyl benzyl-(2-deoxy-2-fluoro-β-D-

mannopyranosyl) phosphonate (2.71) was evaluated as an inactivator of Abg. The resulting 

activity versus time curve for various concentrations of inactivator and a re-plot of the 

individual kobs values as a function of inactivator concentration is shown in Figure 2.32. 

pNP-β-D-fucoside was used as the substrate for this assay14 since accurate results cannot be 

obtained using pNP-β-Glc as the substrate, as follows. The 2-fluoro-mannosyl covalent 

intermediate formed is considerably less stable than the 2-fluoro-glucosyl covalent 

intermediate with Abg (khyd = 1 x 10-3 min-1 and khyd = 1.2 x 10-5 min-1 respectively), 

meaning that if pNP-β-Glc is used as the substrate, turnover of the covalent glycosyl-enzyme 

intermediate can be observed over the course of the assay through transglycosylation onto 

the O4 hydroxyl of pNP-β-Glc.122 Therefore, measurement of the residual enzyme activity is 

quite challenging, since the amount of active enzyme changes over the course of the assay. 

Since pNP-β-D-fucoside does not have the equatorial O4 hydroxyl needed for turnover of the 

intermediate by transglycosylation and is still a good substrate for Abg, it is a good substrate 

for assays in which turnover of the intermediate via transglycosylation is problematic. 
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a)        b)  

Figure 2.32. Inactivation of Abg with 2.71. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

 In this instance, it was not possible to calculate the individual ki and Ki values for 

2.71, since inactivation was too rapid at concentrations approaching saturation to allow 

sampling. However, a second order rate constant of inactivation (ki/Ki = 23.9 min-1mM-1) 

was obtained from linear fitting of the re-plot of the rate constants of inactivation. This 

makes 2.71 the most efficient of the novel Abg inactivators tested, and is the only compound 

described thus far in the course of these studies that is a more potent inactivator than the 

fluoride derivative 2.1, although neither of these compounds are as efficient as the DNP-

derivative 3.3. 

 

 2.9.1.2 Benzyl benzyl-(2-deoxy-2-fluoro-β-D-galactopyranosyl) phosphonate (2.72) 

 A diastereomeric mixture (at the phosphorus atom) of benzyl benzyl-(2-deoxy-2-

fluoro-β-D-galactopyranosyl) phosphonate (2.72) was also tested as an inactivator of Abg 

(Figure 2.33). As described above for the assay involving 2.71, it was necessary to use pNP-

β-D-fucoside as the substrate in these assays.  



113 
 

Time (min)
0 2 4 6 8 10 12 14

R
at

e 
( Δ

A
40

0 
m

in
-1

)

0

0.02

0.04

0.06

0.08

0.1
0.0467 mM

0.0933 mM

0.156 mM

0.233 mM

0.280 mM

Concentration of Inhibitor (mM)

0 0.1 0.2 0.3

R
at

e 
of

 In
ac

tiv
at

io
n 

(/m
in

)

0

0.2

0.4

0.6

0.8

 

a)         b)  

Figure 2.33. Inactivation of Abg with 2.72. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

 As described for 2.71, only a second-order rate constant of inactivation (ki/Ki = 2.8 

min-1mM-1) was obtained for 2.72. The kinetic parameters for inactivation of Abg by the 

three benzyl benzylphosphonate derivatives and their fluoride counterparts are summarized 

in Table 2.3. 
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2.6 
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0.81 
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2.72 

 

-- 

 

-- 

 

2.8 

 

This work 

Table 2.3. Kinetic parameters for selected fluorosugars as inactivators of Abg. 
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2.9.2 Kinetic analysis of the inactivation of Man2A by 2.71 

Benzyl benzyl-(2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate (2.71) was 

tested as an inactivator of Man2A. The resulting activity versus time plot for various 

concentrations of inactivator and a re-plot of the individual kobs values plotted as a function 

of inactivator concentration is shown for 2.71 in Figure 2.34. 
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a)         b)  

Figure 2.34. Inactivation of Man2A by 2.71. a) Non-linear plot of residual enzyme activity versus 

time at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

 Compound 2.71 behaves as a covalent inactivator of Man2A, and individual values 

for ki = 0.52 min-1, Ki = 3.7 mM, and ki/Ki = 0.14 min-1mM-1 were obtained. A comparison 

of the kinetic parameters for this compound with the previously known inactivator of 

Man2A, 2-deoxy-2-fluoro-β-D-mannopyranosyl fluoride (ki = 0.57 min-1, Ki = 0.41 mM, and 

ki/Ki = 1.4 min-1mM-1)137 reveals a 10-fold loss of inactivator specificity. This is almost 

entirely owing to an increase in Ki, which suggests that the benzyl benzylphosphonate 

aglycone is less well accommodated in the active site than the much smaller fluoride 

aglycone. However, there does not appear to be a significant effect on the energies of the two 

transition states relative to their respective ground states, as the ki values are extremely close 

in magnitude.  
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2.9.3 Kinetic analysis of the inactivation of E. coli β-Gal by 2.72 

 Benzyl benzyl-(2-deoxy-2-fluoro-β-D-galactopyranosyl) phosphonate (2.72) was 

tested as a covalent inactivator of E. coli β-Gal. The resulting activity versus time plot for 

various concentrations of inactivator and a re-plot of the individual kobs values plotted as a 

function of inactivator concentration is shown in Figure 2.35. 
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a)         b)  

Figure 2.35. Inactivation of E. coli β-Gal with 2.72. a) Non-linear plot of residual enzyme activity 

versus time at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot 

of the observed rate constants of inactivation versus concentration of inactivator. 

 

 Compound 2.72 was an efficient inactivator of E. coli β-Gal, with kinetic parameters 

of ki = 0.14 min-1, Ki = 0.058 mM, and ki/Ki = 2.5 min-1mM-1. These values are presented in 

Table 2.4 along with the kinetic parameters for two known inactivators of E. coli β-Gal, 2-

deoxy-2-fluoro-β-D-galactopyranosyl fluoride (2.77) and 2,4-dinitrophenyl β-D-

galactopyranoside (2.78). 
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Compound ki  

(min-1)  

Ki  

(mM) 

ki/Ki  

(min-1mM-1) 

Reference 
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2.77 
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0.89* 

 

0.74* 
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2.72 

 

0.14 

 

0.058 

 

2.5 

 

This work 

 * Data recorded at 25 °C 

Table 2.4. Kinetic parameters for selected fluorosugars as inactivators of E. coli β-Gal. 

 

 It is difficult to make direct comparisons between 2,4-dinitrophenyl 2-deoxy-2-

fluoro-β-D-galactopyranoside and 2.72 since the kinetic parameters for 2,4-dinitrophenyl 2-

deoxy-2-fluoro-β-D-galactopyranoside were obtained at 25 °C rather than at 37 °C. However, 

if the values are taken as lower limits for the parameters at 37 °C (since the enzyme is more 

active at 37 °C than at 25 °C), then some interesting comparisons can still be made. 

 Fluoride appears to be the aglycone that is best accommodated in the glycosylation 

transition state, as can be seen from a comparison of the relative ki values. The benzyl 

benzylphosphonate appears to be the aglycone least accommodated by the enzyme in the 

transition state of glycoside fission, as it has the lowest ki value among all three compounds. 

However, the benzyl benzylphosphonate aglycone appears to be the one that binds tightest to 
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the enzyme in the ground state, as it has the lowest Ki value. It is not known to what extent 

this binding is enthalpically or entropically driven, although this observation can be 

explained by the fact that E. coli β-Gal is known to have a relatively open active site that can 

accommodate both of the natural substrates, allo-lactose and lactose.138  

 

2.9.4 Kinetic evaluation of 2.73 as a covalent inactivator of Yag 

 Dibenzyl (2-deoxy-2-fluoro-α-D-glucopyranosyl) phosphate (2.73) was tested as a 

covalent inactivator of Yag. No accumulation of the covalent intermediate was observed at 

37 °C. To test whether accumulation could be observed kinetically, both the incubation and 

the assay temperatures were lowered to 4 °C to slow the rate of turnover of any covalent 

glycosyl-enzyme intermediate formed enough to be observed kinetically. This method has 

been used to observe the covalent glycosyl-enzyme intermediate formed between 5-fluoro-β-

L-idosyl fluoride and Yag.129,134 However, even at 4 °C, no time-dependent decrease in 

enzyme activity was observed. 

 To test whether the compound was acting as a substrate for Yag, a TLC assay was 

used to observe the formation of 2-deoxy-2-fluoro-glucose released by the enzyme, as can be 

seen in Figure 2.36. 

 

Figure 2.36. TLC analysis of hydrolysis of 2.73 by Yag, 18 minutes incubation at 37 °C. Lane 1 = 

positive control (2-deoxy-2-fluoro-glucose). Lane 2 = 2.73 + Yag. Lane 3 = negative control, 2.73 

only. 
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 The fastest running spot can be identified as intact 2.73 both by its Rf and by co-spot 

with an authentic standard (data not shown). The middle spot corresponds to the product of 

hydrolysis of 2.73, 2-deoxy-2-fluoro-glucose. The darker product spot in the middle lane 

(containing enzyme) relative to the right-hand lane (containing no-enzyme) shows that 2.73 

is hydrolyzed in an enzyme-dependent manner. This suggests that 2.73 is a substrate for Yag. 

Therefore, 2.73 was tested as a competitive substrate for Yag under steady state conditions, 

as described previously for 2.5 and Abg. The resulting inverse rate versus inhibitor 

concentration plot can be seen in Figure 2.37. 
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Figure 2.37. Testing of 2.73 as a competitive substrate for Yag by plotting 1/rate of pNP-α-Glc 

hydrolysis catalyzed by Yag vs. concentration of 2.73.  

 

 An apparent Ki’ value for 2.73 for Yag of approximately 0.7 mM can be obtained 

from the intersection of the 1/rate and 1/Vmax lines, which should correspond to the Km value 

for this compound as a substrate.  

 

2.9.5 Kinetic evaluation of 2.74 as a covalent inactivator of JBAM 

 Dibenzyl (2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphate (2.74) and benzyl 

benzyl-(2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphonate (2.75) were both evaluated as 

potential inactivators of JBAM. However, no accumulation of the covalent intermediate was 
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observed at 37 °C. To test whether accumulation could be observed kinetically, both the 

incubation and the assay temperatures were lowered to 4 °C to slow the rate of turnover of 

any covalent glycosyl-enzyme intermediate formed enough to be observed kinetically, as 

described for the evaluation of 2.73 as a potential inactivator of Yag above. However, even at 

4 °C, no time-dependent decrease in enzyme activity was observed with either 2.74 or 2.75. 

To test whether either compound is a substrate for JBAM, a TLC assay was used to test for 

the presence of the product of hydrolysis, 2-deoxy-2-fluoro-mannose. The image of the TLC 

plate for 2.74 in the presence (right lane) and absence (left lane) of JBAM is shown in Figure 

2.38. 

 

Figure 2.38. TLC plate showing 2.74 incubated in the presence (right lane) and absence (left lane) of 

JBAM. The top spot is intact inactivator, and the middle spot is 2-deoxy-2-fluoro-glucose (both 

confirmed by co-spot analysis, not shown).  

 

 This TLC assay shows that 2.74 is hydrolyzed at an increased rate in the presence of 

enzyme. Therefore, dibenzyl phosphate derivative 2.74 was evaluated as a competitive 

substrate for JBAM under steady-state conditions. The resulting graph of inverse rate versus 

concentration of 2.74 is shown in Figure 2.39.  
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Figure 2.39. Testing of 2.74 as a competitive substrate for JBAM by plotting 1/rate of DNP-α-Man 

hydrolysis catalyzed by JBAM vs. concentration of 2.74. 

 

 From this graph, a Ki’ value (corresponding to the Km value for 2.74 as a substrate) of 

~5 mM can be obtained. This, coupled with the TLC data, demonstrates that 2.74 behaves as 

a substrate for JBAM, rather than a covalent inactivator.  

 Treatment of the other compound, benzyl benzylphosphonate derivative 2.75 with 

JBAM, even for extended periods of time (30 mins), showed no increase in the amount of 

hydrolysis observed above the control reaction. Therefore, it was concluded that this 

compound does not act as a substrate for JBAM. To test whether 2.75 was still capable of 

binding to the active site of the enzyme, it was tested as a competitive inhibitor of the 

substrate, DNP-α-Man. No reduction in the rate of hydrolysis of DNP-α-Man was observed 

at the highest concentration of 2.75 tested (6 mM). This result is quite surprising, given that 

the phosphate analogue 2.74 was shown to bind to the enzyme active site and acted as a 

substrate for the enzyme. However, given that 2.74 has a relatively high Km value as a 

substrate, ~5 mM, then it is possible that the change from a P-OBn bond to P-Bn bond in 

2.75 introduces sufficient unfavourable interactions with the enzyme so that it no longer 

binds to the enzyme at the concentrations tested. 
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2.10: General conclusions regarding scope and usefulness of various 
aglycones in fluorosugars as inactivators of glycosidases 
 

Attempts to prepare fluorosugars bearing an equatorial chloride leaving group as 

potential inactivators of retaining β-glycosidases were unsuccessful. Both the 2-deoxy-2-

fluoro-β-D-glucopyranosyl chloride 2.32 and the more highly fluorinated 2-deoxy-2,5-

difluoro-α-L-idopyranosyl chloride 2.33 proved too prone to spontaneous decomposition 

during base-catalyzed removal of the acetate protecting groups from their acetylated 

precursors to be isolated. Likewise, attempts to make fluorosugars bearing sulfur-based 

aglycones were unsuccessful. The glycosides with sulfonate-based aglycones (2.34 and 2.35) 

proved to be too unstable to prepare, while the attempt to prepare a glycoside bearing a 

sulfinate-based aglycone (2.36) was unsuccessful, leading only to products arising from 

spontaneous atmospheric oxidation of the sulfinate ester to the sulfonate ester.  

Fluorosugars bearing phosphorus-based aglycones have been shown to act as 

covalent inactivators of a variety of retaining β-glycosidases. None of the compounds tested 

proved to be significantly superior to their respective fluoride- or DNP-bearing fluorosugars 

as covalent inactivators of the enzymes against which they were tested.  However, one 

advantage that this novel class of aglycones offers is in the potential ability to alter the 

lipophilicity of fluorosugars bearing these aglycones by altering the lipophilicity of the 

substituents on the phosphorus center, which could have future implications for design of this 

class of molecule as a potential drug. Furthermore, this novel aglycone also permits the 

design of fluorosugars bearing aglycones that show specificity for the +1 subsite of the 

enzyme, which may be harnessed to increase either the selectivity or efficiency of the 

inactivator. This idea is explored further in Chapter 3. 
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Chapter 3: Development of More Efficient Covalent Inactivators 

for Two Lysosomal Enzymes 
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3.1 Glucocerebrosidase (GCase) 

3.1.1 General introduction 

 Glucocerebrosidase (GCase) is a membrane-associated retaining β-glucosidase that 

belongs to the sequence-related family GH30 (http://www.cazy.org/). Its enzymatic 

nucleophile has been identified as Glu 340 using an active site-directed covalent 

inactivator211 as described in Section 3.1.2, and the acid/base as Glu 235. This glycoprotein is 

responsible for cleaving the β-linked glucosyl residue from the glycolipid substrate glucosyl 

ceramide, as described in Section 1.4.3. The presence of the activator protein Saposin C is 

required for activity in vivo,212 and though the exact mechanism by which this small activator 

protein (80 amino acid residues) functions is not clear, it appears that Saposin C promotes 

association between GCase and the lipid membrane by altering the membrane structure so as 

to promote binding of GCase to those regions.213 This proposed mechanism of activation is 

consistent with structural studies on both the Saposin-C protein,214-216 and GCase.217 The 

three-dimensional structure of GCase was first solved by X-ray crystallography in 2003,218 

and subsequent structural studies have focused on different glycosylation states of the 

enzyme219-221 and on co-crystallization in the presence of ligands bound to the enzyme either 

covalently222 or non-covalently.223,224  

 While the activator protein Saposin C is required for GCase activity in vivo, other 

additives have been explored for the in vitro activation of GCase. These are generally 

divided into two categories: bile salts and detergents, and negatively charged 

phospholipids.212 Detergents such as Triton® X-100 or sodium dodecyl sulfate (SDS) appear 

to assist in GCase activity through micelle formation to help co-solubilise the enzyme and 

substrate, while bile salts such as sodium taurocholate appear to enhance enzyme activity 

through a specific charge-mediated interaction with the enzyme. X-ray crystallographic 

studies on the three dimensional structure of GCase appear to support the idea that the 

enzyme readily adopts two conformations, one of which is catalytically active, and one 

which is not.224 Sodium taurocholate appears to form specific contacts with the GCase 

enzyme that favour the catalytically active conformation. Negatively charged phospholipids 

such as phosphatidylserine have also been shown to activate GCase,225 and it has been 

suggested that this class of molecule may also serve, alongside Saposin C, as the natural 
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activators of GCase.226 A recombinant form of GCase is available commercially as 

Cerezyme®, which is used clinically in ERT for the treatment of Gauchers disease, which is 

discussed further in Section 4.1.1.1. 

  

3.1.2 Known inactivators of GCase 

3.1.1.1 Conduritol B-epoxide 

 Conduritol B-epoxide (3.1, Figure 3.1) is an epoxide-containing polyhydroxylated 

cyclohexane derivative. It covalently inactivates GCase through activation of the oxygen 

atom of the epoxide ring by proton donation from one enzymatic carboxylic acid residue, 

followed by nucleophilic attack on one of the carbon atoms of the epoxide ring by a second 

enzymatic carboxylic acid residue to open the epoxide ring, as depicted in Scheme 3.1. 

Owing to the pseudo-C2 symmetry of 3.1, it is possible for either carboxylic acid, either the 

catalytic acid/base or catalytic nucleophile, to covalently bond to 3.1.  
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Figure 3.1. Structures of two known covalent inactivators of GCase.  
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Scheme 3.1. Mechanism of inactivation of GCase by 3.1 through covalent bond formation to the a) 

catalytic nucleophile and b) catalytic acid/base residue.  
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 Compound 3.1, and its derivatives and analogues, have been extensively studied as 

covalent inactivators of glycosidases.39 Epoxide 3.1 has been shown to be a selective 

inactivator of human GCase while not reducing the enzymatic activity of other known 

mammalian β-glucosidases.227 This is an important feature that is exploited in the enzymatic 

assays for GCase activity in liver homogenates,227 as well as in efforts to discover and 

characterize novel mammalian β-glucosidases since 3.1 can be added to crude enzyme 

mixtures to selectively inactivate GCase, allowing other β-glucosidase activities to be 

examined.228-230 3.1 has also been exploited as a probe in cell-based assays to mimic the state 

of Gauchers cells for a number of different purposes,97,231-236 and in otherwise healthy mice 

to selectivity ablate GCase activity30,237 in an attempt to create an animal model for Gauchers 

disease. One important result from these latter studies was the finding that the lower limit of 

normal GCase activity necessary for an individual to be asymptomatic is 12-16%.30 It was 

necessary to use mice treated with 3.1 as an animal model for Gauchers for many years, since 

the generation of a Gauchers mouse through genetic engineering was very challenging,94-

96,238-242 and only recently has a viable animal model been produced through the generation of 

a conditional knockout that maintains some enzyme activity in the brain.240,243 

 

3.1.1.2 2-Deoxy-2-fluoro-β-D-glucosyl fluoride 

 More recently, 2-deoxy-2-fluoro-β-D-glucosyl fluoride (2.1) has also been shown to 

be a covalent inactivator of GCase.211 This reagent has seen far less application in vivo 

compared to conduritol-B-epoxide (3.1) owing to the lack of selectivity for GCase relative to 

other retaining β-glucosidases. However, the use of 2.1 was critical in correctly identifying 

the catalytic nucleophile in GCase.211 This was achieved through the labelling of the 

nucleophilic residue in the intact protein with 2.1, followed by proteolysis of the protein and 

identification of the labelled residue by mass spectrometry. This is a general strategy40 that 

has been successfully applied in the identification of the catalytic nucleophile for a number 

of glycosidases. In the case of GCase, the catalytic nucleophile had previously been 

mistakenly identified as Asp 443, using a 3H-labelled derivative of 3.1,244 and it was only 

after re-examination of the identity of the nucleophile using 2.1 that Glu 340 was correctly 

identified as the enzymatic nucleophile.211 The ability of 2.1 to stabilize the folded 
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conformation of treated GCase has also been investigated,245 which represents an important 

first step in testing the ability of activated fluorosugars to act as pharmacological chaperones, 

as discussed in Section 4.1. 

 

3.1.3 General considerations for GCase inactivators 

 The search for a more efficient and selective GCase inactivator was one of the 

eventual goals in the development of new activated fluorosugar inactivators in Chapter 2. 

The results from Sections 2.3 and 2.4 yielded no promising lead compounds as a result of 

additional fluorination on the sugar ring, although the search for a new aglycone for activated 

fluorosugars did lead to the development of the phosphorus-based aglycones as discussed in 

Sections 2.6-2.9. Therefore, efforts to increase the selectivity and efficiency of activated 

fluorosugars as inactivators of GCase focused on altering the activated aglycone rather than 

altering the fluorination state of the sugar ring, with a particular emphasis on exploring the 

use of fluorosugars containing appropriate phosphorus-based aglycones to accomplish this 

goal.  

In terms of substrate mimicry, the 2-deoxy-2-fluoro-glucoside portion of fluorosugar 

inactivator 2.1 already closely resembles the glucopyranoside ring in the natural substrate, 

glucosyl ceramide (3.2, Figure 3.2). However, the fluorine aglycone in compound 2.1 is not a 

good mimic of the ceramide moiety as it lacks the size, hydrophobicity and specifically 

oriented-functional groups of the ceramide chain. Therefore, in searching for more efficient 

GCase inactivators, it was decided to focus on synthesizing activated fluorosugars with 

aglycones that might have more significant interactions with the enzyme active site by 

mimicry of the ceramide aglycone in the natural substrate.  
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Figure 3.2. Structures of the known GCase inactivator 2-deoxy-2-fluoro-β-D-glucosyl fluoride (2.1) 

and the natural substrate of GCase, glucosyl ceramide (3.2). 

 

3.1.4 Target compounds 

 It was anticipated that incorporation of very specific mimicry of the ceramide 

aglycone with its stereogenic hydroxyl, amide and alkene functional groups would be 

extremely challenging. Additionally, it was not necessarily obvious how to incorporate these 

specifically positioned functional groups in the context of a chemically activated aglycone. 

Therefore, the focus during the design of the target compounds shifted to the installation of 

simple hydrophobic groups within the activated aglycone of 2-deoxy-2-fluoro-β-D-

glucopyranosides, as shown in Figure 3.3. 
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Figure 3.3. Structures of the GCase-targeted aglycone variants. 

 

To date, the only activated aglycone that has been used in an activated fluorosugar 

tested as an inactivator for GCase is fluoride.211 Surprisingly, the other commonly used 

activated aglycone, DNP, has not been used as the aglycone in a covalent inactivator for 

GCase.  Therefore, compound 3.3 was chosen as a synthetic target to see if the presence of a 

hydrophobic DNP aglycone would make 3.3 a more efficient GCase inactivator. A simple 

derivative of 3.3, compound 3.4, was also chosen as a target, where a hydrophobic alkyl 
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chain had been appended to C5 of the aromatic ring. The choice of an amide as the linker 

group at the C5 position was made on the basis of the ready availability of the precursor 

starting materials. 

 Fluorosugars bearing phosphorus-based aglycones were shown to act as covalent 

inactivators of a variety of retaining β-glycosidases (Sections 2.6-2.9), therefore a series of 

phosphate, phosphonate and phosphinate esters with octyl chains attached to the phosphorus 

atoms were chosen as synthetic targets in an attempt to design novel fluorosugar inactivators 

of GCase. It was hypothesized that the presence of the two hydrophobic chains might mimic 

the hydrocarbon chains in the ceramide, thus increasing the specificity and efficiency of 

these compounds as covalent inactivators of GCase. 

 Compound 3.5 was chosen as a synthetic target for two reasons. The first reason is 

that the diisooctyl phosphinic acid precursor is commercially available, so a derivative 

containing it should be easily prepared. The second reason 3.5 was chosen as a target was as 

a test of the ability of the GCase active site to accommodate a sterically bulky group that had 

approximately the same degree of hydrophobicity as 3.8. Compounds 3.6, 3.7, and 3.8 were 

chosen as synthetic targets since the n-octyl chains could potentially act as mimics of the two 

alkyl chains in the ceramide aglycone in the natural substrate.  

 

3.1.5 Chemical synthesis 

 

3.1.4.1 Synthesis of 2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.3) and 5-

amidooctyl-2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.4) 

 Compound 3.3 was prepared using a previously known58 synthetic route, as seen in 

Scheme 3.2.  
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Scheme 3.2. Synthesis of 2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.3). i) DNFB, 

DABCO, DMF, 52%; ii) AcCl, MeOH, 74%. 

 

  The free hemiacetal 2.41, available from the attempted synthesis of 2.34, was reacted 

with 2,4-dinitrofluorobenzene (DNFB) to give 3.9 (52%). The acetate protecting groups were 

removed using HCl/MeOH to give 3.3 in reasonable yield (74%). It was necessary to use 

acidic conditions for the removal of the acetate groups, as under basic conditions the bond 

between the glycosidic oxygen and the aromatic ring is cleaved through a nucleophilic 

aromatic substitution reaction.  

 A similar synthetic route was used to construct 3.4, as seen in Scheme 3.3. 

O

F
O

HO
HO

OH O2N

NO2

HN
(CH2)6CH3

O3.4

O

F
O

AcO
AcO

OAc O2N

NO2

HN
(CH2)6CH3

O3.12

i)

NO2

F
O2N

NH2

NO2

F
O2N

N
H

(CH2)6CH3

O
ii)

iii)

3.10 3.11

 

Scheme 3.3. Synthesis of 5-amidooctyl-2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside 

(3.4). i) Octanoyl chloride, pyridine, toluene, 91%; ii) 2.41, DABCO, DMF, 43%; iii) AcCl, MeOH, 

11%.  

 

 The commercially available compound 3.10 was treated with octanoyl chloride and 1 

equivalent of pyridine in refluxing toluene for 6 days. The aniline group in 3.10 is an 

exceptionally poor nucleophile, owing to the presence of three electron-withdrawing groups 

on the aromatic ring. However, use of a stronger base such as DBU in an attempt to 
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accelerate the coupling reaction led exclusively to decomposition of 3.10, possibly arising 

from polymerization of 3.10 from an intermolecular nucleophilic aromatic substitution 

reaction. Treatment of 3.11 with the free hemiacetal 2.41 led to the formation of the desired 

compound 3.12 (43%) along with the unwanted α-anomer (15%). Removal of the acetate 

protecting groups using HCl/MeOH did not proceed smoothly, as the major product of the 

reaction was the deacetylated product in which the amide bond had also been cleaved to 

yield the free aniline. Attempts to control the rate of this amide bond cleavage side-reaction 

by varying the reaction time or reaction temperature were unsuccessful, which suggests that 

the rate of methanol attack at the amide is approximately the same as the corresponding rate 

of attack on the esters of the acetate groups. Although nucleophilic acyl substitution reactions 

normally occur much more quickly at esters than amides, this particular amide has a highly 

electron withdrawing aromatic group attached to it, which renders it considerably more 

susceptible to nucleophilic acyl substitution. As a result of this significant side reaction, only 

a small amount (11%) of the desired compound 3.4 was isolated. 

 

3.1.4.2 Synthesis of diisooctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (3.5), 

synthesis of dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (3.6), attempted 

synthesis of octyl octyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (3.7), and 

attempted synthesis of dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (3.8). 

 Compound 3.5 was successfully prepared as a mixture of four diastereomers using 

the synthetic route shown in Scheme 3.5. 
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Scheme 3.5. Synthesis of diisooctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (3.5). i) 

Diisooctyl phosphinic acid, Ag2CO3, MeCN, 67%; ii) NaOMe, MeOH, 78%. 
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 The reaction of the bromide 2.12 with commercially available diisooctyl phosphinic 

acid, which is available as a mixture of three diastereomers furnished 3.15 in 67% yield as a 

mixture of four diastereomers. The acetate groups were removed cleanly using 

NaOMe/MeOH to give 3.5 (78%), also as a mixture of four diastereomers. The aglycone 

precursor for 3.15, diisooctyl phosphinic acid, contains three stereogenic centers: at the 

phosphorus atom, and at both of the tertiary carbons on the two alkyl chains. As a result, 

there are eight possible stereoisomers for this compound, which are depicted as a series of 

mirror image compounds using Fischer diagrams in Figure 3.4.  
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Figure 3.4. Fischer diagrams depicting potential stereoisomers of a) diisooctyl phosphinic acid, 

R=CH2C(CH3)3, R’=H and b) 3.15, R=CH2C(CH3)3, R’=tetra-O-acetyl-2-deoxy-2-fluoro-β-D-

glucopyranoside.  

 

 The eight possible compounds depicted in Figure 3.4 are drawn beside their potential 

enantiomeric (mirror-image) compound. However, for structures i), ii), iii) and iv), a plane of 

symmetry exists through the phosphorus atom, making these structures meso and therefore 

achiral. As a result, structures i) and ii) depict the same stereoisomer, as also do structures iii) 

and iv). If structure i) is rotated 180°, then it can be seen that this depicts the same structure 

as ii). Similarly, a 180°  rotation shows that structures v) and viii) depict the same structures, 

as do vi) and vii). In the case of diisooctyl phosphinic acid, the acidic proton can readily 

bond to either oxygen atom on the phosphorus center and in solution presumably rapidly 

interconverts between bonding to either oxygen atom, or tautomerizes. Thus, for diisooctyl 

phosphinic acid in solution, structures i) and iii) will rapidly tauteromerize, meaning there 

are only three distinct stereoisomers present in solution. However, for compound 3.15, the 
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phosphinate ester bond does not rapidly interconvert between the two oxygen atoms, 

meaning there are four distinct stereoisomers present, which can be represented by structures 

i), iii), v) and vi).  

Because both 3.15 and 3.5 were prepared as a mixture of 4 diastereomers, they were 

characterized by examining their 1H, 19F, and 31P NMR spectra, as well as by ESI-MS and 

EA. The 13C NMR spectrum was extremely complicated arising both from splitting of the 
13C signals by both the 19F and 31P nuclei, and the number of overlapping signals from 

chemically similar carbon nuclei, making the interpretation of the spectrum obtained 

exceedingly difficult. It is interesting to note that during the base-catalyzed deprotection of 

phosphinate 3.5, no decomposition resulting from attack at the phosphorus center was 

observed. This result supports the hypothesis that increasing the degree of steric bulk around 

the phosphorus atom increases the stability of the phosphinate ester towards nucleophilic 

attack (Section 2.6.2.4).  

Compound 3.6 was prepared according to the synthetic route shown in Scheme 3.4. 
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Scheme 3.4. Synthesis of dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (3.6). i) 2 eq. 

octanol, 1 eq. H2O, CH2Cl2; ii) Ag2CO3, MeCN, 2.12, 15% from 2.12; iii) NaOMe, MeOH, 86%. 

 

 The aglycone precursor 3.13 was prepared using a known246 procedure, then the 

crude material was coupled with the bromide 2.12 to give compound 3.14 in a poor yield 

(15% from 2.12). This low yield arises from the generation of a variety of products in the 

first step, which generates a mixture of mono-, di- and tri-phosphoric acids, all of which can 

react with 2.12.   Removal of the acetyl protecting groups proceeded smoothly to give the 

desired compound 3.6 in an excellent yield (86%).  
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 All attempts to generate the precursor octyl octylphosphonate in a similar fashion to 

the preparation of the benzyl benzylphosphonic acid 2.65 were unsuccessful. Trioctyl 

phosphite could not be induced to undergo a Michaelis-Arbuzov rearrangement using octyl 

iodide or octyl bromide, despite prolonged heating or the addition of acid catalysts. 

Similarly, the synthetic method used to prepare dibenzyl phosphinic acid (2.68) was 

unsuccessful in preparing dioctyl phosphinic acid. This is presumably due to the fact that the 

alkyl bromide, such as in octyl bromide, is much less reactive towards displacement 

reactions compared to the benzylic bromide.  

 

3.1.6 Kinetic analysis of the inactivation of Abg by 3.4, 3.5 and 3.6   

 Compounds 3.4, 3.5 and 3.6 were tested as inactivators of Abg since Abg is known to 

have a relaxed tolerance towards substrates and inhibitors with lipophilic aglycones.14,116 

However, since Abg and GCase belong to different sequence-related families (families GH1 

and GH30 respectively), their active site architectures are presumably different, particularly 

with respect to the aglycone subsites. This is seen in structural studies with the homology 

model constructed for Abg125 (based on the X-ray crystal structures of other GH1 glycoside 

hydrolases) and the X-ray crystal structures of GCase,218-220,222-224 showing substantial 

differences in the residues in the active sites. This is a consequence of the differences in the 

natural substrates of the two enzymes. Thus, compounds that are considerably more potent 

inactivators of GCase than of Abg are assumed to be interact more favourably with the 

GCase aglycone binding site.  

 

3.1.5.1 5-Amidooctyl-2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.4) 

5-Amidooctyl-2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.4) was 

tested as an inactivator of Abg. Compound 3.4 was only sparingly soluble in water at 

millimolar concentrations, thus stock solutions were made in methanol. Fortunately however, 

while the compound was not soluble enough to make stock solutions, it was sufficiently 

soluble in water at the concentrations needed for the inactivation assay with Abg. The 

resulting activity versus time plot for various concentrations of inactivator, and a re-plot of 
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the individual kobs values plotted as a function of inhibitor concentration are shown in Figure 

3.5. 
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a)        b)  

Figure 3.5. Inactivation of Abg with 3.4. a) Non-linear plot of residual enzyme activity versus time at 

the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the observed 

rate constants of inactivation versus concentration of inactivator. 

 

The measurement of inactivation rates at saturating concentrations of inactivator was 

not possible owing to very rapid inactivation, thus only concentrations up to 0.094 mM could 

be studied. A second order rate constant of inactivation, ki/Ki of 40 min-1mM-1 was derived 

from the slope of the linear plot obtained, making 3.4 the third most efficient fluorosugar 

inactivator reported for Abg (after 2,4-dinitrophenyl β-D-glucopyranoside 3.3, ki/Ki = 500 

min-1mM-1 and 5-fluoro-β-D-glucopyranosyl fluoride 2.2,  ki/Ki = 660 min-1mM-1). The 

addition of the hydrophobic octyl chain bonded to the dinitrophenyl ring in 3.4 leads to a 

12.5-fold decrease in inactivator efficiency compared to the parent dinitrophenyl glucoside 

3.3. Since the presence of this alkyl chain makes 3.4 a more hydrophobic molecule than 3.3, 

it had been hoped that this would increase the affinity of 3.4 for the enzyme active site. The 

fact that the more hydrophobic 3.4 is actually a less efficient inactivator than 3.3 suggests 

that the octyl amide on C5 of the DNP ring forms unfavourable steric and/or electronic 

interactions with the enzyme active site.  

 To test for the presence of a highly reactive impurity, Abg (17 μM) was incubated 

with a 10-fold excess of inhibitor (118 μM) for 14 min, after which the reaction was halted 
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by dilution and the residual enzyme activity was determined to be 4% of the starting activity. 

This is essentially identical to the 1% residual enzyme activity observed in control 

experiments when using a vast excess of inactivator (118μM) relative to enzyme (0.017 μM). 

The fact that the inhibitor solution is still able to inactivate Abg at these relative 

concentrations means that a potential highly reactive contaminant, should it be present, 

would have to constitute at least 10% of the inactivator preparation, an amount that would be 

readily detected by both TLC and NMR analyses. Therefore it is concluded that 3.4 is the 

true inactivator. 

 

3.1.5.2 Diisooctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (3.5) 

 The mixture of four diastereomers of diisooctyl (2-deoxy-2-fluoro-β-D-

glucopyranosyl) phosphinate (3.5) was tested as an inactivator of Abg. Unfortunately, the 

only time-dependent inactivation of Abg that was observed could be traced to the presence of 

a highly reactive contaminant. When a solution of 3.5 was tested as a reversible inhibitor of 

Abg in a similar manner to the testing of 2.4, 2.6, 2.7 and 2.8 as inhibitors of Abg (Section 

2.4.1.5), no inhibition could be observed at the highest concentration tested (0.564 mM). On 

the basis of these results, it was concluded that 3.5 does not bind to the active site of Abg, 

presumably as a consequence of the sterically demanding isooctyl groups not being 

accommodated by the enzyme.  

 

3.1.5.3 Dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (3.6) 

Dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (3.6) was tested as an 

inactivator of Abg. Compound 3.6 was only sparingly soluble in water at millimolar 

concentrations, thus stock solutions were made in methanol. Fortunately however, while the 

compound was not soluble enough to make stock solutions, it was sufficiently soluble in 

water at the concentrations needed for the inactivation assay with Abg. The resulting activity 

vs. time curve for various [I] and a re-plot of the individual kobs values plotted as a function 

of inhibitor concentration are shown for 3.6 in Figure 3.6. 
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a)         b)  

Figure 3.6. Inactivation of Abg with 3.6. a) Non-linear plot of residual enzyme activity versus time at 

the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the observed 

rate constants of inactivation versus concentration of inactivator. 

 

The measurement of inactivation rates at saturating concentrations of inactivator was 

not possible owing to very rapid inactivation, thus only concentrations up to 0.078 mM could 

be measured. A second order rate constant of inactivation, ki/Ki of 17 min-1mM-1 was derived 

from the slope of the linear plot obtained. The fact that the straight-chain octyl groups in 3.6 

were well-tolerated by the enzyme, while the branched-chain octyl groups in 3.5 were not, 

supports the hypothesis that the enzyme is unable to accommodate bulky groups such as the 

isooctyl chains. 

Compound 3.6 is the most efficient of the phosphorus-based aglycone inactivators of 

Abg tested, although the difference between the most efficient (3.6, ki/Ki = 17 min-1mM-1) 

and least efficient (2.37, ki/Ki = 1.23 min-1mM-1) is small. Despite the significant chemical 

differences between methyl, benzyl and octyl groups, only a 14-fold difference in inactivator 

efficiency was observed. This suggests that the phosphorus-based inactivators do not 

specifically interact with the enzyme’s aglycone subsite.  
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3.1.6 Kinetic analysis of the inactivation of GCase by 2.2, 2.3, 2.37, 2.62, 2.67, 2.70, 2.71, 

3.3, 3.4, 3.5 and 3.6. 

Unlike Abg, GCase has only been tested with a small number of fluorosugar 

inactivators. Table 3.1 summarizes the known activated fluorosugar inactivators of GCase, 

along with their respective kinetic parameters of inactivation. It is worth noting that the 

covalent inactivator with the highest efficiency against GCase, 2.1, is still more than 600 

times less efficient as an inactivator of GCase than it is of Abg, as judged by the magnitude 

of the respective ki/Ki values. 

 

Compound ki  

(min-1)  

Ki  

(mM) 

ki/Ki  

(min-1mM-1) 

Reference 

O

F
F

HO
HO

OH

 

2.1 

 

-- 

 

-- 

 

0.0227 

 

211 

O
F

HO
HO

OH

F 

3.16 

 

-- 

 

-- 

 

0.0019 

 

247 

O

F

HO
HO

F

F
 

3.17 

 

0.17 

 

101 

 

0.0017 

 

248 

Table 3.1. Kinetic parameters for known activated fluorosugar inactivators of GCase. 

 

Since GCase cleaves mannosides in addition to glucosides, all of the gluco- and 

manno- configured inhibitors prepared in Sections 2.6 and 2.8 were also tested as 
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inactivators of GCase. All the results of these experiments are presented in Table 3.2 (page 

150). 

 

3.1.6.1 2,4-Dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.3) 

2,4-Dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.3) was tested as an 

inactivator of GCase. The resulting activity vs. time curve for various [I] and a re-plot of the 

individual kobs values plotted as a function of inhibitor concentration are shown for 3.3 in 

Figure 3.7. 
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a)         b)  

Figure 3.7. Inactivation of GCase with 3.3. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

Gcase is inactivated only two-fold less efficiently by 3.3 than by 2.1 (ki/Ki = 0.012 

min-1mM-1 and ki/Ki = 0.023 min-1mM-1, respectively). However, while concentrations 

approaching saturation could not be tested owing to the rapidity of inactivation by 2.1, 

individual values of ki = 0.030 min-1 and Ki = 2.5 mM could be obtained for 3.3 as an 

inactivator of GCase. The fact that individual kinetic parameters could be obtained for 3.3, 

but not for 2.1, allows some guesses to be made regarding the nature of the interactions that 

these two aglycones make with the enzyme active site. Because there is only a two-fold 
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difference in second-order rate constants of inactivation for both compounds, relative 

comparisons should be possible. Since saturation is observed for 3.3, this means that the Ki 

value for 2.1 must be higher than for 3.3. Therefore, the ki value for 2.1 should be higher 

than for 3.3, since inactivation becomes too rapid at higher concentrations that are still below 

saturation for 2.1. This is supported by the fact that 2,6-dideoxy-2,6-difluoro-β-D-

glucopyranosyl fluoride (3.17), which is a less efficient inactivator than 3.3, still has a higher 

ki value (0.17 min-1) than does 3.3 (0.030 min-1). This suggests that the efficiency of 3.3 

arises from a more favourable Ki value (2.5 mM) than for 2.1, and that the DNP ring is 

bound in the GCase active site tighter than fluoride. Conversely, the efficiency of 2.1 as an 

inactivator must arise from the fluoride leaving group being better accommodated in the 

enzymatic active site during the glycosylation transition state, which is reflected as a higher 

value for ki.  

 

3.1.6.2 5-Amidooctyl-2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.4) 

 5-Amidooctyl-2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.4) was 

tested as an inactivator of GCase.  Owing to the poor solubility of 3.4 in water at millimolar 

concentrations, stock solutions were made up in methanol. Unfortunately, no time-dependent 

inactivation was observed, even at the highest concentration of 3.4 tested (4.70 mM). It was 

not possible to test yet higher concentrations of inactivator owing to the poor solubility of the 

compound, and the fact that high levels of methanol from the inactivator stock solution 

strongly inhibited enzyme activity. Compound 3.4 was also tested as a reversible inhibitor of 

GCase in a similar manner to that described in Section 2.4.1.5. At the highest concentration 

tested (4.70 mM), the only inhibition was traced to the presence of methanol in the solution 

which came from the stock solution of 3.4. Therefore, it was concluded that this compound 

does not bind to the active site of GCase. 

 The finding that 3.4 is not an inactivator of GCase and was only a modest inactivator 

of Abg are disappointing and indicate that bulky substituents on the aromatic ring are not 

well tolerated. Owing to the lack of success in finding a more potent GCase inactivator using 
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the strategy of appending hydrophobic groups onto the aromatic ring of the DNP aglycone, 

further derivatives in this class of compound were not explored. 

 

3.1.6.3 5-Fluoro-β-D-glucopyranosyl fluoride (2.2) and 5-fluoro-α-L-idopyranosyl fluoride 

(2.3) 

 5-Fluoro-β-D-glucopyranosyl fluoride (2.2) and 5-fluoro-α-L-idopyranosyl fluoride 

(2.3) were both tested as inactivators of GCase. Surprisingly, neither compound showed any 

time-dependent inactivation of GCase, even at the highest concentrations tested (5.12 mM 

and 6.47 mM, respectively). Given that 5-fluoro glycosyl fluorides are more labile 

compounds towards spontaneous decomposition in aqueous solution than 2-deoxy-2-fluoro 

glycosyl fluorides, it was possible that the more acidic GCase assay buffer (pH 5.5) was 

causing these compounds to hydrolyze much more rapidly than in the Abg assay buffer (pH 

6.8). To test this possibility, separate samples of 2.2 ([2.2] = 35.4 μM) were incubated in 

either GCase assay buffer at pH 5.5 or in Abg assay buffer at pH 6.8 for 10 minutes. The 

samples so treated were then diluted into pH 6.8 buffer containing Abg, and incubated for 2 

minutes before assaying residual Abg activity. The residual Abg activity observed for 

inactivator incubated in pH 6.8 buffer was 3%, which was essentially identical to the residual 

enzyme activity for inactivator incubated in pH 5.5 buffer (2%). This demonstrates that the 

inability of these compounds to behave as covalent inactivators of GCase is not due to 

spontaneously hydrolysis in the acidic assay buffer.  

It is also possible that both compounds act as substrates for GCase rather than 

inactivators, and thus the rate of formation of the covalent glycosyl-enzyme intermediate is 

approximately equal to the rate of its hydrolysis. To test this possibility, a TLC assay of 

GCase incubated with either 2.2 or 2.3 was performed. In both cases, the rates of hydrolysis 

of 2.2 or 2.3 were the same in the presence and absence of enzyme, indicating that the 

hydrolysis is not enzyme-catalyzed. Both compounds were tested as reversible inhibitors of 

GCase in a similar manner to that described in Section 2.4.1.5, but neither compound showed 

any inhibition of GCase activity. This inability of 2.2 and 2.3 to bind to GCase is somewhat 
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surprising given that the 5-fluoro-glycosyl fluorides 2.2 and 2.3 are effective inactivators of 

Abg.  

 

3.1.6.4 Dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.37) 

 Dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.37) was tested as a 

time-dependent covalent inactivator of GCase. The resulting activity vs. time curves for 

various [I] and a re-plot of the individual kobs values as a function of inhibitor concentration 

are shown for 2.37 in Figure 3.8. 
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a)         b)  

Figure 3.8. Inactivation of GCase with 2.37. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 
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Measurement of inactivation rates at saturating concentrations of inactivator was not 

possible owing to very rapid inactivation, thus only concentrations up to 9.65 mM could be 

measured. However, a second order rate constant of inactivation, ki/Ki of 0.052 min-1mM-1 

was derived from the slope of the linear plot obtained. Compound 2.37 is therefore a 

somewhat more efficient inactivator of GCase than either 2.1 or 3.3. This result stands in 

contrast to those with Abg, for which almost all the phosphorus-based aglycones were 

comparatively less efficient inactivators of the enzyme. This may mean that the tetra-

coordinate phosphorus atom in the aglycone of 2.37 is better accommodated in the GCase 

active site than in the active site of Abg.  

 

3.1.6.5 Dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.62), benzyl benzyl-(2-

deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (2.67) and dibenzyl (2-deoxy-2-fluoro-β-

D-glucopyranosyl) phosphinate (2.70) 

Dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.62) was tested as a 

covalent inactivator of GCase. The resulting activity vs. time curve for various [I] and a re-

plot of the individual kobs values as a function of inhibitor concentration are shown for 2.62 

in Figure 3.9. 
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a)         b)  

Figure 3.9. Inactivation of GCase with 2.62. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 
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 Dibenzyl phosphate derivative 2.62 was a highly efficient time-dependent inactivator 

of GCase; indeed measurement of inactivation rates at saturating concentrations of 

inactivator was not possible owing to very rapid inactivation, thus only concentrations up to 

0.0142 mM could be studied. However, a second order rate constant of inactivation of ki/Ki = 

61 min-1mM-1 was derived from the slope of the linear plot obtained. Remarkably, 2.62 is a 

>1100-fold more efficient inactivator than the dimethyl derivative 2.37, and is >2600-fold 

more efficient than 2.1, the previously most effective inactivator of GCase. This huge gain in 

inactivator efficiency is almost certainly due to the formation of specific interactions between 

the dibenzyl phosphate aglycone and the enzyme active site and stands in contrast to the 

slight increase in efficiency between the dimethyl phosphate (ki/Ki = 1.23 min-1mM-1)  and 

dibenzyl phosphate (ki/Ki = 8.0 min-1mM-1) derivatives as inactivators of Abg. The 

effectiveness of compound 2.62 as an inactivator of GCase is an excellent demonstration of 

the ability to build specificity for a given enzyme active site into the phosphorus-based 

aglycone.    

Benzyl benzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (2.67) and 

dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.70) were also found to be 

excellent time-dependent covalent inactivators of GCase. The resulting activity vs. time 

curve for various [I] and a re-plot of the individual kobs values plotted as a function of 

inhibitor concentration are shown for 2.67 in Figure 3.10, and for 2.70 in Figure 3.11. 
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a)         b)  

Figure 3.10. Inactivation of GCase with 2.67. a) Non-linear plot of residual enzyme activity versus 

time at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 
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a)         b)  

Figure 3.11. Inactivation of GCase with 2.70. a) Non-linear plot of residual enzyme activity versus 

time at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

Compound 2.67, tested as a mixture of diastereomers at the phosphorus atom as 

previously described for Abg (Section 2.7.1.3), is also a remarkably effective inactivator of 

GCase. Again, measurement of inactivation rates at saturating concentrations of inactivator 

was not possible owing to very rapid inactivation, but a second order rate constant of 

inactivation ki/Ki = 29 min-1mM-1 was derived from the slope of the linear plot obtained at 
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concentrations up to 0.041 mM. Thus, 2.67 inactivated GCase only two-fold slower than 

2.62, despite the presumed difference in leaving group ability between the phosphate and 

phosphonate leaving groups. The phosphinate 2.70 was tested as an impure mixture as 

previously described (Section 2.7.1.4), and again measurement of inactivation rates at 

saturating concentrations of inactivator was not possible owing to very rapid inactivation, 

thus only concentrations up to 0.22 mM could be measured. A second order rate constant of 

inactivation of ki/Ki = 6.5 min-1mM-1 was derived from the slope of the linear plot obtained. 

As previously noted, this value should be taken as a lower limit of the true inactivation 

constant, since the mixture is known to contain approximately 30% of an enzymatically-

inactive compound as determined by 1H NMR.  

This series of fluorosugars bearing phosphorus-based aglycones containing two 

benzyl groups shows the expected trend in reactivity with GCase predicted by the relative 

pKa values of the corresponding free acids, with fluorosugars bearing aglycones with lower 

pKa values being more efficient inactivators. It is tempting to ascribe these differences in 

enzymatic reactivity directly to the presumed differences in chemical reactivity, as reflected 

by pKa values. However, it is the ki value that is reflective of the transition state energies 

relative to the ground state energies, and none of the three compounds tested (2.62, 2.67 and 

2.70) as inactivators of GCase yielded individual kinetic parameters for ki or Ki , only the 

second-order rate constant of inactivation, ki/Ki. Since ki/Ki is a measure of the rate of free 

enzyme and free inactivator forming the covalent complex, the affinity of the enzyme for the 

phosphate, phosphonate or phosphinate must also be taken into account in this type of 

analysis. It was seen with Abg for the two compounds in which individual ki and Ki values 

could be obtained, 2.62 and 2.70, that differences in the apparent dissociation constant Ki 

appeared more significant than differences in the transition state energy, as reflected in ki. 

Therefore, the factors contributing to the observed trend in reactivity of 2.62, 2.67 and 2.70 

acting as inactivators of GCase cannot be individually identified. 

 

3.1.6.6 Dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (3.6) 

Dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (3.6) proved to be the best 

time-dependent covalent inactivator of GCase yet; the activity vs. time curve for various [I] 
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and a re-plot of the individual kobs values as a function of inhibitor concentration are shown 

for 3.6 in Figure 3.12 and these yielded a second order rate constant of ki/Ki = 98 min-1mM-1. 

Thus, 3.6 is a 4300-fold faster inactivator of GCase than is the fluoride 2.1, but only 1.6-fold 

faster than the dibenzyl phosphate derivative 2.62. Since the benzyl (seven carbons) and 

octyl (eight carbons) substituents are of similar hydrophobicity, it would appear that 

hydrophobicity is the major determining factor in the efficiency of inactivation. However, the 

synthesis of the dibenzyl derivatives is considerably simpler.  
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a)         b)  

Figure 3.12. Inactivation of GCase with 3.6. a) Non-linear plot of residual enzyme activity versus time 

at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

3.1.6.7 Benzyl benzyl-(2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate (2.71) 

 The activity vs. time curve for various [I], and a re-plot of the individual kobs values 

plotted as a function of inhibitor concentration, are shown in Figure 3.13 for the testing of 

benzyl benzyl-(2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate (2.71) as an inactivator 

of GCase. Measurement of inactivation rates at saturating concentrations of inactivator was 

not possible owing to very rapid inactivation, and only a second order rate constant of 

inactivation ki/Ki = 40 min-1mM-1 was derived from the slope of the linear plot obtained from 

testing of concentrations up to 0.0715 mM. This slight increase in efficiency for the manno-

configured inactivator 2.71 compared to the gluco-configured inactivator 2.67 (ki/Ki = 29 

min-1mM-1 versus GCase) was also observed when these two compounds were tested as 
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inactivators of Abg. This is slightly puzzling, because this trend is not observed for the 

analogous compounds with fluoride as the leaving group (compounds 2.1 and 3.16). 

Therefore, this unexpected efficiency of 2.71 as an inactivator of GCase and Abg may reflect 

increased steric compression in the ground state between the fluorine at C2 and the bulky 

dibenzyl phosphorus aglycone at the anomeric center.  
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a)         b)  

Figure 3.13. Inactivation of GCase with 2.71. a) Non-linear plot of residual enzyme activity versus 

time at the indicated inactivator concentrations fitted to an exponential decay equation. b) Plot of the 

observed rate constants of inactivation versus concentration of inactivator. 

 

3.1.6.8 Diisooctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (3.5) 

 Diisooctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (3.5) proved not to be 

a time-dependent inactivator, even at the highest concentration tested (4.16 mM). Nor was it 

a reversible inhibitor of GCase, the only inhibition detected at a concentration of 4.16 mM 

being traced to the presence of methanol. This shows that 3.5 does not bind to the active site 

of GCase, presumably as a consequence of the sterically demanding isooctyl groups. 

When a solution of 3.5 was previously tested as an inactivator of Abg it was found 

that the preparation was contaminated with a very minute amount of a highly active impurity, 

as described in Section 3.1.5.2. The presence of the impurity could not be detected when 

tested against GCase. This would be expected if the impurity is a compound which is much 

more highly active against Abg than against GCase, such as 2.1.  
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3.1.8 Conclusions and future considerations 

The kinetic parameters of inactivation for the compounds which successfully 

inactivated GCase are summarized in Table 3.2.  
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Compound ki  

(min-1)  

Ki  

(mM) 

ki/Ki  

(min-1mM-1) 
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3.6 

 

-- 
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* = Contaminated with ~30% of an inactive compound 

Table 3.2. Kinetic parameters for selected activated fluorosugars as inactivators of GCase. 
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 Compound 3.6 is the most efficient covalent inactivator of GCase found to date. 

However, phosphate-based aglycones are only modestly stable towards spontaneous 

hydrolysis via glycosidic bond fission, shown in Section 2.7.3 where the half-life in aqueous 

solution for the dibenzyl phosphate derivative 2.62 was shown to be approximately 15 

minutes. Attempted syntheses of dioctyl phosphonate- and phosphinate-based aglycones 

were unsuccessful. Since there was only a 1.6-fold difference in inactivator efficiency (ki/Ki) 

for GCase between the dibenzyl phosphate 2.62 and the dioctyl phosphate 3.6, it was decided 

that phosphorus-based aglycones bearing benzyl groups represented an excellent 

compromise between inactivator efficiency and ease of synthetic access. Within the series of 

compounds bearing two benzyl groups on the phosphorus-based aglycone, 2.67 represented 

an excellent balance between stability towards spontaneous hydrolysis and efficiency as an 

inactivator of GCase, and was therefore chosen as the compound of interest to pursue in 

pharmacological chaperone studies with GCase (Chapter 4). 

   

3.2 α-L-Iduronidase (Idua) 
 

3.2.1 General introduction 

 Human α-L-iduronidase (Idua) is a soluble glycosidase belonging to family GH39 

(http://www.cazy.org/) that cleaves terminal iduronic acid residues with retention of 

stereochemistry at the anomeric center. This lysosomal glycoprotein has been postulated to 

exist as part of a multi-enzyme complex249,250 that is responsible for the degradation of 

heparan sulfate and dermatan sulfate, as described in Section 1.4.5. It does not appear to 

require any activators or cofactors for enzyme activity either in vivo or in vitro.101,250-253 On 

the basis of bioinformatics studies, some of the active site residues of Idua have been 

predicted,254 and experimentally confirmed by kinetic analysis of mutants.255 The enzymatic 

nucleophile was identified by these approaches as Glu 299, and experimentally confirmed by 

using an active-site directed covalent inactivator,173 as described in Section  3.2.2.  

 To date, no experimentally determined three dimensional structure of Idua has been 

reported. Preliminary studies to obtain crystals suitable for X-ray crystallography have only 
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led to aggregated Idua that has amyloid-like properties.256,257 A three dimensional computer-

generated homology model of Idua has been constructed on the basis of the experimentally 

determined X-ray crystal structure of a sequence-related xylosidase from 

Thermoanaerobacterium saccharolyticum, which also belongs to family GH39.258 This 

homology model has offered some insights into possible genotype-phenotype correlations,259 

although such correlations are complicated by many other factors in a patient’s genetic 

background.102 

 

3.2.2 History of activated fluorosugars as Idua inactivators 

 Human α-L-iduronidase (Idua) has proven to be a challenging enzyme to inactivate 

using activated fluorosugars. To date, there are only two examples of activated fluorosugars 

being tested as covalent inactivators of Idua, 2-deoxy-2-fluoro-α-L-iduronyl fluoride (3.16, 

Figure 3.14) and 5-fluoro-α-L-iduronyl fluoride (3.17).173  
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3.16 3.17  

Figure 3.14. Structures of activated fluorosugars previously tested as covalent inactivators of Idua. 

 

 Treatment of Idua with either compound (3.16 or 3.17) did not lead to the 

accumulation of a long-lived covalent intermediate, and a corresponding time-dependent loss 

of enzyme activity. Rather, in the presence of either compound, the enzyme activity 

immediately dropped to constant values, that were dependent on the concentration of 3.16 or 

3.17 in solution. This behaviour was consistent with considering both compounds acting as 

slow substrates of the enzyme rather than true inactivators, with rates of enzymatic 

glycosylation and deglycosylation being very similar. When analyzed as apparent reversible 

inhibitors of the enzyme rather than as time-dependent inactivators, Ki’ values of 4.6 μM and 

1.2 μM were obtained for 3.16 and 3.17 respectively. These low Ki’ values indicate the 

steady-state accumulation of a high concentration of the covalent glycosyl-enzyme 

intermediate. Incubation of either compound with Idua resulted in a time-dependent release 
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of fluoride ion, which is consistent with continuous turnover of the activated fluorosugar by 

the enzyme. However, by careful handling of a sample of Idua treated with either 3.16 or 

3.17, it was possible to label and identify the catalytic nucleophile of Idua as Glu 299 by 

proteolysis followed by HPLC-mass spectrometry on the peptides generated.173 

 The conclusion from testing of both 3.16 and 3.17 was that neither a 2-deoxy-2-

fluoro- or a 5-fluoro-activated fluorosugar was alone capable of leading to sufficient 

destabilization of the deglycosylation transition state to result in accumulation of a long-lived 

covalent glycosyl-enzyme intermediate. Therefore, the design and synthesis of activated 

fluorosugars that form more stable glycosyl-enzyme intermediates with Idua was desirable in 

the context of designing new biological probes for Idua in whole cell or in vivo applications, 

such as potential pharmacological chaperones of Idua. 

 

3.2.3 Chemical synthesis of difluorosugar fluorides as potential inactivators of Idua 

3.2.2.1 Target compounds 

 Two compounds that may behave as covalent inactivators of Idua were selected as 

synthetic targets, both of which are shown in Figure 3.15.  
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Figure 3.15. Structures of difluorosugar fluoride targets chosen as potential Idua inactivators. 

 

 2-Deoxy-2,5-difluoro-α-L-idopyranosyl uronic acid fluoride (3.18) was chosen as a 

synthetic target because it combines structural features of the previously known 2-deoxy-2-

fluoro-α-L-idopyranosyl uronic acid fluoride (3.16) and 5-fluoro-α-L-idopyranosyl uronic 

acid fluorides (3.17), both of which are known to form short-lived covalent glycosyl-enzyme 

intermediates.173 The goal was to see whether the electron-withdrawing effects of 

simultaneously incorporating both a 2-deoxy-2-fluoro and a 5-fluoro moiety in the context of 
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an iduronyl fluoride would be cumulative, and would therefore lead to generation of a 

covalent glycosyl-enzyme intermediate with a much longer lifetime. 

 1,5-Difluoro-L-idopyranosyl uronic acid fluoride (3.19) was chosen as a synthetic 

target for similar reasons and because it was deemed readily synthetically accessible, based 

on the chemistry used to synthesize 1,5-difluoro-L-idopyranosyl fluoride (2.8). While 

idopyranosyl fluoride 2.8 was not a time-dependent inactivator of either Abg or Yag, these 

studies were undertaken at the same time as the experiments described in Section 2.4, and so 

the conclusions from those experiments were not available until near the end of this 

investigation. Additionally, it was possible that Idua, an enzyme unrelated by sequence, and 

presumably therefore structure, to Abg or Yag might be able to accommodate the 1,1-

difluoro group both sterically and electronically, especially given the large tolerance for C5 

substitution within this family. 

 The strategy in the design of both target compounds 3.18 and 3.19 was to increase the 

degree of fluorination on the sugar ring in an attempt to further destabilize the oxocarbenium 

ion-like transition states in both the glycosylation and deglycosylation steps of the reaction of 

these compounds with Idua. The design of these compounds accepted at the outset that the 

fluoride leaving group might not be sufficiently chemically activated to overcome the 

electron-withdrawing effects of the presence of two other fluorine atoms on the sugar ring. 

However, since the challenge in the design of covalent inactivators for Idua previously 

encountered in studies employing 3.16 and 3.17 was the high rate of turnover of the covalent 

glycosyl-enzyme intermediate, synthetic efforts were initially focused on possible solutions 

to that problem, as described above. 

 

3.2.2.2 Synthesis of 2-deoxy-2,5-difluoro-α-L-idopyranosyl uronic acid fluoride (3.18) 

 Compound 3.18 is structurally similar to the previously reported 2-deoxy-2-fluoro-α-

L-idopyranosyl uronic acid fluoride,173 with the difference lying in the identity of the 

substituent at C5 (H vs. F). The key step in the previously described synthesis is a TEMPO-

mediated oxidation of 2-deoxy-2-fluoro-β-D-glucosyl fluoride followed by formation of the 

phenacyl ester.173 The author found that oxidations using TEMPO proved to be challenging 
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reactions that did not lead to reproducible results or consistent yields. As a result, a different 

synthetic route was used for the synthesis of 3.18, as shown in Scheme 3.6.  
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Scheme 3.6. Synthesis of 2-deoxy-2,5-difluoro-α-L-idopyranosyl uronic acid fluoride (3.18). i) NaOH 

(cat), MeOH, then Ac2O, Py, 39%; ii) 33% (w/v) HBr/AcOH, then Zn(s), AcOH, H2O, 74%; iii) 

SelectfluorTM, MeCN, H2O, then Ac2O, I2, 9%; iv) 33% (w/v) HBr/AcOH, then AgF, MeCN, 75%; v) 

NBS, CCl4, hν; vi) AgF, MeCN; vii) NaOMe, MeOH, then NaOH, H2O, 9% from 3.23. 

 

  The starting material, 3,6-glucuronolactone, is a useful starting material for this 

synthesis, because it is commercially available and inexpensive. Despite the poor yield 

(39%), the known260 intermediate 3.20 was synthesized on a large scale (~40 g) without 

difficulty. 3.20 was then readily converted to the α-bromide and then reduced using Zn(s) in 

acetic acid/H2O to give the glycal 3.21 in very good yield (74% over two steps). The 

fluorination step using SelectfluorTM was very inefficient, giving the desired glucurono-

configured 3.22 in only a disappointing 9% yield. While the SelectfluorTM reaction with 

acetylated glycals is not always a high-yielding reaction, the yield obtained here seems 

unusually low when compared to the SelectfluorTM reaction on tri-O-acetyl-D-glucal, which 

yields the gluco-configured product in 22% yield, as seen during the synthesis of 2.1. One 

possible explanation for this lower yield is the decreased steric bulk at C6. It is known that 

having sterically bulky groups at either C3 or C6 leads to much higher equatorial:axial 

selectivity in fluorinations using SelectfluorTM, presumably by favouring approach of the 

electrophilic fluorine on the bottom face of the glycal ring.186 In this case, the planar ester at 
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C6 would presumably offer less steric hindrance to the approaching electrophile than would 

an acetylated hydroxymethyl group, as was the case in the synthesis of 2.1. TLC analysis of 

the crude reaction mixture following addition of SelectfluorTM did show one other major 

compound that was not isolated, but could be the manno-configured analogue. 

 Despite the poor yield for the fluorination at C2, sufficient material for the 

subsequent steps was produced owing to the ability to efficiently generate large amounts of 

the precursor glycal. The anomeric fluoride could be installed with little difficulty to give 

3.23 (75%), which was then treated with NBS under radical photobromination conditions to 

give the 5-bromo compound 3.24. The 1H NMR spectrum of the crude material indicated that 

the radical bromination reaction had indeed occurred at C5 since no signal corresponding to 

H5 was present. However, since 5-bromo compounds such as 3.24 are often moderately 

unstable, compound 3.24 was used in subsequent steps following only partial purification. 

Treatment of bromide 3.24 with silver fluoride in acetonitrile yielded the ido-configured 3.25 

through an inversion of stereochemistry at C5, although this product was contaminated with 

a small amount of another impurity. Nonetheless, the 1H- and 19F-NMR spectra could both 

still be acquired, and these confirmed the presence of the newly installed fluorine atom, 

covalently bonded to C5 by the appearance of a new signal in the 19F NMR spectrum at -107 

ppm, which is a characteristic region of the spectrum for equatorial fluorine atoms bound to 

C5. They also confirmed that the newly formed compound had the ido configuration, as 

judged by the small vicinal 1H coupling constants (eg. JH2-H1 = 1.9 Hz). Deprotection of the 

two acetyl groups and hydrolysis of the methyl ester yielded pure 3.18 in 9% overall yield 

starting from 3.23.  

 

3.2.2.3 Synthesis of 1,5-difluoro-L-idopyranosyl uronic acid fluoride (3.19) 

 The synthetic route used to prepare 1,5-difluoro-L-idopyranosyl uronic acid fluoride 

(3.19) is shown in Scheme 3.7. 
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Scheme 3.7. Synthesis of 1,5-difluoro-L-idopyranosyl uronic acid fluoride (3.19). i) BF3-OEt2, 

CHCl2OCH3, 76%; ii) NBS, CCl4, hν; iii) AgF, MeCN, 29% from 3.26; iv) NBS, CCl4, hν; v) AgBF4, 

Et2O; vi) NaOMe, MeOH, H2O, 12% from 3.28.  

 

 An early intermediate from the previous synthesis, 3.20, was used as the starting 

material for the synthesis of 3.19. The best yield of the β-chloride 3.26 (76%) was obtained 

by treatment of 3.20 with BF3-OEt2 in dichloromethyl methylether. Subsequent reaction of 

3.26 under radical photobromination conditions gave almost exclusively the product arising 

from bromination at C5, and only trace amounts of the product arising from bromination at 

the anomeric center. Although the resulting bromide 3.27 was not isolated, treatment of the 

mixture of compounds with silver fluoride in acetonitrile yields 3.28 as the major product 

(29%) after purification. Radical bromination reactions usually occur at C5 in a normal 

pyranose ring, as this proceeds through a tertiary radical intermediate that is stabilized by the 

lone pair of electrons on the ring oxygen.176 In the case of the uronic acids, the presence of 

the nearby π-system of electrons in the C6 ester also serves to further stabilize a radical at 

C5, further directing the radical bromination to C5.173-175,196 On the other hand, the presence 

of an equatorial chlorine atom at the anomeric center has been found to stabilize radical 

formation at the anomeric center and, on pyranose sugars lacking the uronic acid 

functionality, alters the regioselectivity of the radical reaction to favour bromination at C1 

over C5.178 In this case, it appears that the stabilizing effect of the nearby π-system in the C6 

ester stabilizes the radical more than the equatorial chlorine, as the major product is the C5-

bromo species. 

 A radical bromination reaction on compound 3.28 led to the formation of the mixed 

anomeric-dihalo species 3.29 as seen by the disappearance of the signal for H-1 in the crude 
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1H NMR spectrum. Treatment of the crude mixture of 3.29 with silver fluoride in acetonitrile 

resulted in monofluorination at the anomeric center, presumably yielding the product with 

the newly installed fluorine atom in the equatorial orientation. Difluorination at the anomeric 

center of 3.29 required the use of silver tetrafluoroborate in ether, as was used for the 

synthesis of compounds 2.7 and 2.8 (Section 2.3.2.4). In this instance, the fluorination 

reaction using silver tetrafluoroborate was accompanied by the formation of modest amounts 

of what was presumed to be the glycal formed by elimination across C1-C2. This proved to 

be inseparable from the desired product 3.30. Removal of the protecting groups using 

methoxide in wet methanol led to pure 3.19 in 12% yield from 3.28. 

 

3.2.4 Enzymatic evaluation of 3.18 and 3.19 as inhibitors of Idua 

 2-Deoxy-2,5-difluoro-α-L-idopyranosyl uronic acid fluoride (3.18) was evaluated as 

a potential covalent inactivator of Idua. Unfortunately, even at the highest concentration 

tested (9.95 mM) no time-dependent loss of enzyme activity was observed. TLC analysis of 

reaction mixtures of 3.18 incubated in the presence of Idua revealed no hydrolysis of the 

compound, suggesting that it was not a substrate for the enzyme. Therefore, compound 3.18 

was tested as a competitive inhibitor of Idua-catalyzed hydrolysis of 4-methylumbelliferyl α-

L-iduronide (MUI, [S] = 0.056 mM). The resulting data were plotted as a Dixon plot (inverse 

of rate as a function of inhibitor concentration), as is shown in Figure 3.16. 
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Figure 3.16. Dixon plot representation of inhibition of Idua by 3.18.  

 

 The intercept in the Dixon plot gives a Ki value of ~2 mM, assuming competitive 

inhibition. Thus 3.18 binds to the active site of Idua, but is not turned over by the enzyme. 

Presumably, the fluoride leaving group at the anomeric center is not sufficiently chemically 

activated to act as a good leaving group and accelerate the glycosylation step sufficiently to 

allow accumulation of the covalent glycosyl-enzyme intermediate. 

 1,5-Difluoro-L-idopyranosyl uronic acid fluoride (3.19) was evaluated as a time-

dependent inactivator of Idua in a similar manner, but unfortunately no loss of enzyme 

activity was observed, even at the highest concentration tested (13.60 mM). A TLC assay of 

3.19 incubated in the presence of Idua showed no hydrolysis of 3.19, suggesting that this 

compound does not act as a substrate for Idua. Finally, evaluation of 3.19 as a competitive 

inhibitor of Idua showed no inhibition of enzyme activity, even at the highest concentration 

tested (6.80 mM), suggesting that 3.19 does not bind to the Idua active site, presumably as a 

consequence of the gem-difluoro moiety at the anomeric center.  
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3.2.5 Conclusions and future considerations 

 The two compounds previously tested as time-dependent inactivators of Idua, 2-

deoxy-2-fluoro- and 5-fluoro-α-L-iduronyl fluoride (3.16 and 3.17 respectively) were both 

shown to behave as slow substrates for the Idua enzyme, but with turnover of the covalent 

glycosyl-enzyme intermediate being rapid relative to the time-scale of the assay.173 In an 

attempt to generate a time-dependent inactivator of Idua with a longer-lived covalent 

glycosyl-enzyme intermediate, two compounds bearing extra fluorine substituents, 2-deoxy-

2,5-difluoro-α-L-idopyranosyl uronic acid fluoride (3.18) and 1,5-difluoro-L-idopyranosyl 

uronic acid fluoride (3.19), were synthesized by radical-bromination/nucleophilic fluoride 

displacement sequences. Unfortunately, neither compound functioned as a covalent 

inactivator of Idua. Further, neither compound was cleaved by the enzyme and only 

compound 3.18 was shown to bind to the Idua active site, albeit with only a modest affinity 

(Ki = ~2 mM). This lack of time-dependent inactivation of Idua by 3.18 presumably arises 

because the fluoride aglycone is insufficiently chemically activated to act as a leaving group 

in the enzyme-catalyzed reaction, similar to the behaviour seen for compounds 2.4, 2.6, 2.7 

and 2.8 when tested as potential inactivators of Abg (Section 2.4.1). The lack of inhibition by 

compound 3.19 is largely due to poor binding caused by the axial fluorine atom at the 

anomeric center, since the analogue with a hydrogen atom at this position (5-fluoro-α-L-

iduronyl fluoride, 3.17) is known to be a potent inhibitor of Idua activity.173 This could be 

easily caused by unfavourable steric or electronic interactions with the catalytic nucleophile. 

This means that no compound suitable for testing as a chaperone for Idua or as a potential 

active site labelling agent for PET imaging studies of ERT was found. 
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Chapter 4: Testing of Fluorinated Carbohydrates as Potential 

Therapeutic and Diagnostic Tools for Gauchers Disease 
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4.1: Investigating pharmacological chaperones for GCase 
 

4.1.1 Current therapeutic strategies in the treatment of Gauchers disease 

 

4.1.1.1 Enzyme replacement therapy (ERT) 

Enzyme replacement therapy (ERT) was first proposed as a treatment for Gauchers 

disease almost 30 years ago.261 ERT involves the intravenous infusion of a recombinant form 

of the deficient enzyme. The enzyme is then trafficked throughout the body and, following 

cellular uptake, sorted to the lysosome. In the lysosome, the recombinant enzyme 

catalytically degrades the built-up substrate, and therefore helps to alleviate disease 

symptoms.67 Current therapeutic use of ERT for Gauchers disease is restricted to Type I 

(non-neuronopathic) Gauchers disease, as the recombinant form of the enzyme does not 

effectively cross the blood-brain barrier. However, despite this restriction, there are 

promising results from animal models that suggest that the more severe forms of Gauchers 

disease (Type II and Type III) that have neural cell involvement may be treatable using 

ERT,73,243,262 once concerns surrounding safety and the means of delivery have been 

addressed. 

ERT has been used clinically to treat Gauchers disease since 1991,71,263 and has 

proven successful in the treatment of Type I Gauchers disease. During the course of the 

development of this therapy, significant challenges surrounding the production,221,264 

purification,265 and targeting266-269 of the recombinant GCase enzyme were solved, and 

improvements in these features of ERT remain of interest. One important development in 

ERT has been in targeting the recombinant enzyme to macrophage cells, which show the 

greatest storage of substrate.64 It was demonstrated that remodelling of the three complex N-

linked glycan chains to expose the core α-mannosyl residues greatly increases uptake of the 

recombinant enzyme into the desired tissues.266-269 It is partly this glycan remodelling that 

leads to the high cost of ERT, estimated at between $100,000-$300,000 USD/patient/year.270-
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272 An additional complicating factor is that there is no general consensus on the minimum 

dosing regimen needed to attain the desired therapeutic goals.72,77,273 Both of these factors 

contribute to the drive to find alternative therapies to reduce the cost of treatment of 

Gauchers disease, or better diagnostic tools to help assess the efficacy of ERT treatment.272 

 

4.1.1.2 Substrate reduction therapy (SRT) 

 An alternative therapy for the treatment of Gauchers disease is called Substrate 

reduction therapy (SRT). In SRT, the therapeutic strategy is to reduce the rate of substrate 

synthesis through the addition of a small molecule inhibitor of the biosynthetic enzyme. SRT 

takes advantage of the fact that Gauchers patients retain a low residual level of GCase 

activity, and therefore a reduction in the influx of substrate into the degradation pathway to a 

level that the residual GCase activity can still accommodate is beneficial.274 To date, the 

most successful example of SRT is in the use of N-butyldeoxynojirimycin (4.1, Figure 4.1), 

which is used clinically in the treatment of Gauchers disease under the trade name 

Zavesca®.22,65,78,79,275,276 4.1, and related derivatives, are inhibitors of the ceramide 

glucosyltransferase, and thus reduce the level of synthesis of glucosylceramide. This in turn 

leads to reduced substrate storage and alleviation of patient symptoms. Interestingly, 4.1 has 

also been shown to act as a Pharmacological Chaperone (PC, Section 4.1.1.4) for GCase, 

although it is not known whether this other activity is clinically significant.277 SRT is 

currently recommended for patients unwilling or unable to undergo ERT. The advantage of 

the use of a small molecule such as 4.1 in the context of SRT for Gauchers disease is the fact 

that the small molecule is orally available and can potentially cross the blood-brain barrier, 

making it a candidate for treatment of Types II and III Gauchers disease although there are 

no reports of 4.1 being used to successfully treat these patients. The reported side-effects of 

4.1 include diarrhoea and tremors.64  

N

OH

HO
HO

OH

4.1  

Figure 4.1. Structure of N-butyldeoxynojirimycin (4.1). 
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4.1.1.3 Other potential treatments 

 Other potential therapies that have been examined for the treatment of Gauchers 

disease include bone marrow transplantation (BMT) and gene therapy. In both approaches, 

the therapeutic strategy is to introduce cells in the body that will produce a healthy form of 

the GCase enzyme that can be trafficked to the affected organs and degrade the accumulated 

substrate. The difference between the two therapies lies in the mechanism of introduction of 

the modified cells. In BMT, the bone marrow cells of the patient are destroyed and replaced 

with marrow from a healthy, compatible donor. This therapy has shown promise in the 

treatment of patients with severe (Type III) Gauchers disease, although it is extremely 

invasive. Treatment must be initiated very early in life to show benefits and there is a high 

risk of morbidity and mortality.278,279  

Gene therapy is a potential treatment for Gauchers disease that holds a great deal of 

promise.68 In gene therapy, a vector containing a gene encoding healthy GCase is inserted 

into a retrovirus, which infects the Gauchers patient and inserts copies of the gene into the 

host genome, which will then express a functional form of the enzyme. The promise of gene 

therapy is that a single treatment course can potentially offer a lifetime of therapy, since the 

GCase will be continuously produced in the host. However, despite some promising initial 

results in animal studies,243,280,281 there are still significant safety concerns surrounding 

current gene therapy approaches in humans.282,283  

 

4.1.1.4 Enzyme enhancement therapy (EET) through the use of pharmacological chaperones 

(PC) 

 The other therapeutic option for the treatment of Gauchers disease that is attracting 

increasing attention is enzyme enhancement therapy (EET) through the use of 

pharmacological chaperones (PCs). As discussed in the general introduction (Section 1.4.3), 

PCs represent a promising new strategy in the treatment of protein misfolding diseases such 

as Gauchers disease by assisting in the proper folding of the mutant enzyme and permitting 
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its passage through the endoplasmic reticulum quality control (ERQC) to the lysosome, 

thereby avoiding endoplasmic reticulum associated degradation (ERAD).    

 The majority of compounds that have been tested as PCs for GCase have been 

azasugar analogues containing a nitrogen atom that is presumably protonated under 

physiological pH. This positive charge helps these analogues interact favourably with the 

negatively-charged GCase active site,218 and may mimic the positive charge that develops in 

the transition state of  enzyme-catalyzed glycoside cleavage. There have also been some 

reports of compounds that act as a PC for GCase that do not structurally resemble a sugar 

ring.33,284 Representative structures of some of the compounds shown to act as PCs33,277,284-289 

for GCase are shown in Figure 4.2. 
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Figure 4.2. Representative structures of some compounds shown to act as PCs for GCase.  

 

Out of the core structures represented in Figure 4.2, the individual compound that 

currently shows the most promise as a PC for GCase33,224,285,286,289-292 is isofagomine (4.4, 

R=H). Isofagomine has shown an ideal chaperone profile, where inhibition, and thus binding 

of the inhibitor to the enzyme, is stronger at neutral pH, as encountered in the ER during 

GCase synthesis, but weaker at the more acidic pH of the lysosome where the enzyme needs 

to be catalytically active.286 The exact mechanism by which this compound acts as a 

chaperone has been investigated. While the major mechanism by which this compound 

increases GCase activity in the lysosome is through increased levels of properly folded 
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enzyme reaching the lysosome, it was also demonstrated that once there isofagomine-treated 

GCase showed a lower pH optimum of activity in the Asn370Ser mutant, along with an 

altered sensitivity to SDS. 286 A subsequent structural study has confirmed that isofagomine 

helps GCase adopt the catalytic conformation and, analysis of changes in the melting 

temperature also proved that isofagomine stabilizes GCase towards denaturation.293 This 

compound has successfully undergone Phase II clinical trials for treatment of Type I 

Gauchers disease,294 and further clinical studies are underway. If testing of this compound 

proves successful in a clinical context, this will represent the first demonstration of the use of 

a PC for treatment of a LSD. 

 

4.1.2 An introduction to activated fluorosugars as potential PCs 

 The key feature of a PC is that it must be capable of binding to, and stabilizing, the 

folded conformation of the target protein. It has been previously demonstrated that a sample 

of Abg that has a covalently bound 2-deoxy-2-fluoro-glucopyranosyl moiety in the active site 

is stabilized towards urea denaturation,295 and more importantly that a sample of GCase that 

has a covalently bound 2-deoxy-2-fluoro-glucopyranosyl moiety in the active site is 

stabilized towards chemical denaturation using guanidinium hydrochloride.245 These results 

demonstrate that a covalent intermediate arising from treatment of a glycosidase with an 

activated fluorosugar is more stable than the native form of the enzyme, and hence this type 

of species may function as a PC for GCase. 

 The use of activated fluorosugars as potential PCs for GCase differs from the use of 

noncovalent inhibitors of GCase as PCs in one important aspect. When using noncovalent 

inhibitors of GCase such as isofagomine (4.4, R=H) the concentration of inhibitor is critical; 

at extremely low concentrations, no chaperone effect is observed, while at extremely high 

concentrations chaperone activity may be observed, but the concentration of inhibitor is still 

high enough to inhibit lysosomal enzyme activity. This means that following washout of the 

inhibitor, enzymatic activity returns as the inhibitor is displaced from the enzyme active site 

by the high concentration of built-up substrate in the lysosome. This recovery of activity 

depends on the rate of dissociation of the enzyme-inhibitor complex, which can be very slow 
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for a tightly bound inhibitor.296 In one cell-based experiment, it was reported that enzyme 

activity recovered by almost 50% 4 hours after isofagomine treatment, and had completely 

recovered within 24 hours.286 However, GCase activity following treatment with a covalent 

inactivator such as 2.1 recovers much more slowly in vitro, with a t1/2 = 1300 min 

corresponding to hydrolysis of the covalent glycosyl-enzyme intermediate.211 Indeed, animal 

studies on the rates of recovery of β-glucosidase activity in rats following treatment with 2.1 

showed hydrolytic breakdown of the covalent glycosyl-enzyme intermediate was the primary 

mechanism of recovery of β-glucosidase activity.297 This decreased rate of recovery of 

enzyme activity following treatment with a covalent inactivator compared to a noncovalent 

inhibitor may be a beneficial feature, as this would permit the slow release of a low steady-

state concentration of free enzyme in the lysosome rather than a more rapid increase in 

concentration of free enzyme following washout of a noncovalent inhibitor.  

 Compounds 2.1 and 2.67 (whose structures are shown again in Figure 4.3) were 

selected for testing as potential PCs of GCase. 2.1 was selected as a potential chaperone 

since previous in vivo studies on this compound administered to rats have shown that it 

inhibited the in vivo β-glucosidase activity in brain, spleen, liver and kidney, demonstrating 

the ability of this compound to traffic into all of these organs.297 The drawback of 2.1 is that 

it is not a particularly efficient inactivator of GCase, and may require relatively high 

concentrations to show PC activity. Additionally, since it contains only a fluoride aglycone it 

is unlikely to show any selectivity for GCase over other mammalian β-glucosidases.228,298-300 

Compound 2.67 was also selected as a potential chaperone because it is almost 1000-fold 

more efficient as an inactivator of GCase than compound is 2.1. Phosphonate derivative 2.67 

was chosen over the dibenzyl phosphate derivative 2.62 and dioctyl phosphate derivative 3.6 

because, while the latter two compounds are both more efficient inactivators of GCase, they 

are considerably less stable towards spontaneous decomposition in aqueous solution as 

described in Section 2.7.3. Therefore, 2.67 represented an excellent compromise between 

stability towards spontaneous decomposition, efficiency of inactivation, and synthetic 

accessibility. Finally, the greater efficiency of inactivation of GCase may mean that, at lower 

concentrations, there might be increased selectivity for GCase over other mammalian β-
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glucosidases. Unfortunately, purified sources of these other mammalian glucosidases were 

unavailable during the course of these studies, so this hypothesis could not be tested in vitro.  
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Figure 4.3. Structures of activated fluorosugars tested as PCs for GCase. 

 

4.1.3 Testing of 2.1 and 2.67 as PC for GCase in a cell-based system 

Note: These experiments were performed by Dr. Michael Tropak, Mr. Justin Buttner and Ms. 

Sayuri Yonegawa at the Hospital for Sick Children, University of Toronto. 

 

4.1.3.1 Testing the ability of 2.1 and 2.67 to raise the melting temperature of GCase in vitro 

 Prior to testing the ability of both 2.1 and 2.67 to function as PCs of GCase in cell 

lines, both compounds were tested for their ability to stabilize wild-type GCase towards 

thermal denaturation. Following incubation of GCase with 2.1, 2.67 or isofagomine (4.4 

R=H) for thirty minutes, the sample of enzyme was treated with NanoOrange® and the 

fluorescence of each sample monitored as a function of temperature. When the 

NanoOrange® binds to hydrophobic patches of the protein, the intensity of its fluorescence 

increases; hence, as the protein unfolds, the observed fluorescence should increase. Figure 

4.4 shows the fluorescence intensity versus temperature curves for GCase treated with the 

indicated concentrations of 2.1, 2.67 or isofagomine. Isofagomine was included in this 

analysis as a positive control, since it is a known286 PC for GCase, and it binds to and 

stabilizes the folded conformation of the enzyme.290  
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a) 

 

b) 

 

c) 

 

Figure 4.4. Relative fluorescence versus temperature curves for GCase incubated  for 30 minutes in 

the presence of a) 2.67, b) isofagomine, and c) 2.1. Note that these experiments were carried out in the 

absence of both Triton-X100 and sodium taurocholate, both of which function to increase enzyme 

activity. 
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 Figure 4.4 (a) shows that incubation of GCase in the presence of a variety of 

concentrations of 2.67 for thirty minutes prior to analysis of the melting temperature causes a 

remarkable 21 °C increase in melting temperature of GCase that has been completely 

inactivated by 2.67 (210 μM and 610 μM) relative to native GCase when measured at pH = 

7. It is important to note that in these experiments, the incubation was carried out in the 

absence of Triton X-100 and sodium taurocholate, both of which are normally included in in 

vitro GCase activity assays because they increase the enzyme activity considerably, which 

explains the necessity of using concentrations much higher than those observed in Section 

3.1.6.5. Experiments were carried out at pH = 7 since this mimics the pH of the ER where 

GCase is synthesized and where the mutant enzyme is targeted for ERAD. Experiments 

carried out at intermediate concentrations of 2.67 show the presence of two distinct melting 

temperatures, which correspond to the presence of both native GCase (Tm = 47 °C) and 

GCase that has been inactivated by 2.67 (Tm = 68 °C). By comparison, the known chaperone 

isofagomine increases the Tm by a maximum of 10 °C at pH = 7 [Figure 4.4, (b)]. In contrast 

to the two states observed in the melting curve of GCase incubated with 2.67, the melting 

temperature of GCase in the presence of isofagomine increases as a function of inhibitor 

concentration to intermediate values. This represents a concentration-dependent exchange 

process that leads to a global stabilization of the pool of GCase molecules during the 

unfolding process. This experiment shows that 2.67 stabilizes the wild-type GCase towards 

thermal denaturation by 10 °C more than the maximum stabilization imparted by 

isofagomine at the highest concentration tested. It is interesting to note that under the 

conditions of this experiment, 2.67 is a more potent stabilizing agent than is 2.1 [Figure 4.5, 

(c)], which is expected given the 1000-fold difference in the relative efficiencies of these two 

compounds as inactivators of GCase in vitro. At the highest concentration of 2.1 tested (1370 

μM), two protein unfolding events can be seen at 47 °C and 68 °C, which correspond to the 

unfolding of the native and inactivated states of the enzyme, respectively. Under these 

experimental conditions, only a small proportion of GCase is inactivated (and hence 

stabilized) by 2.1. This is the expected result given the absence of both Triton-X100 and 

sodium taurocholate in the incubation buffer. If the incubation times were extended further 

so that GCase is fully inactivated by 2.1 under these conditions, the same degree of 
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Interestingly, DMSO showed a chaperone effect, as seen in comparing lane c) to lane b). 

This is not an entirely unexpected result since it has been observed in other systems that 

DMSO can stabilize the folded conformation of a protein.90 Since the solutions of 2.1 were 

dissolved in DMSO, the intensity of the GCase bands in lane c) represent the baseline level 

against which the chaperone potential of 2.1 should be judged. At concentrations of 2.1 that 

were >60 μM [lanes d), e) and f)], the cells grew very poorly, showing that 2.1 is toxic to the 

cells at these concentrations. This may arise from inactivation of other cellular β-

glycosidases by 2.1, whose normal function is required for cell viability. For the purposes of 

analysis of the potential use of 2.1 as a PC, this cellular toxicity means that lanes d), e) and f) 

can be ignored. However, cells treated with low levels of 2.1 [≤60 μM, lanes (g) and (h)] 

contain higher levels of the properly folded mutant GCase enzyme than do cells in the 

DMSO treated experiment in lane c), as judged by the intensities of the bands in the upper 

box that reflect the amount of GCase. The level of increase in GCase as evaluated by 

Western blot analysis is modest at best, although the level of increase is comparable to 

similar experiments previously reported which analyzed the ability of isofagomine to act as 

PC for GCase by Western blot.286 

An enzymatic assay on the crude cell lysates for GCase activity212,227 showed no 

increase in enzyme activity in cells treated with 2.1 over the level of the control cells. 

However, as discussed in Section 4.1.2, if 2.1 is behaving as a PC for GCase, an immediate 

increase in enzyme activity following treatment with 2.1 would not be expected since the 

covalent glycosyl-enzyme intermediate species has a half life of reactivation (t1/2) = 1300 

minutes. Further experiments testing the ability of 2.1 to increase GCase activity are planned 

which incorporate a recovery phase following treatment with 2.1 (a pulse-chase experiment). 

 

4.1.3.3 Preliminary testing of 2.67 as a PC for GCase 

 Compound 2.67 was also tested as a PC for GCase in a similar manner to that 

described for the testing of 2.1. The ability of 2.67 to act as a chaperone was evaluated by 

Western blot analysis, and the results of this experiment can be seen in Figure 4.6. 
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4.1.3.4 Conclusions and future directions for the use of 2.1 and 2.67 as PC of GCase 

 In the present set of experiments, we wished to test whether the covalent glycosyl-

enzyme intermediate formed by reaction of an activated fluorosugar and GCase could 

function as a PC for GCase in a cell-based system. On the basis of the Western blot analysis 

of human fibroblasts expressing GCase bearing the Asn370Ser point mutation, which is the 

most common mutation leading to Gauchers disease, both 2.1 and 2.67 increased the levels 

of GCase in the cells in a concentration-dependent fashion. At concentrations >60 μM, 2.1 

was found to be toxic to the cells. This effect presumably arises from 2.1 inactivating other 

glycosidases that are required for proper cellular function. In contrast, compound 2.67 

showed no toxicity at the highest concentration tested (105 μM) which may indicate that 2.67 

is a more specific inactivator of GCase than is 2.1.  

 No increase in enzyme activity was seen upon treatment of mutant GCase with either 

2.1 or 2.67. Under the conditions of continuous treatment of the cells with either 2.1 or 2.67, 

it would be expected that no significant steady-state population of free enzyme accumulates 

as any free enzyme that is generated by the hydrolysis of the covalent glycosyl-enzyme 

intermediate is immediately inactivated again. It is expected that a pulse-chase experiment 

with an appropriate concentration of inactivator may show increased enzyme activity, as 

during the pulse phase, inactivated GCase can accumulate in the lysosome, and during the 

chase phase, the enzyme can reactivate through hydrolysis of the covalent intermediate. An 

experiment to test this hypothesis is planned. 

 It was shown that the Asn370Ser GCase mutant was inactivated in a cell-based 

system through treatment with either 2.1 or 2.67. As a consequence of this inactivation, the 

mutant GCase was thermodynamically stabilized, as shown by the in vitro melting 

temperature experiments, and hence was more resistant to ERAD. However, the stabilized 

enzyme did not reactivate during the course of the experiment, under the conditions used, to 

generate catalytically active enzyme. This raises the possibility of using 2.1 or 2.67 as 

potential probes of the diseased cell state to study the relative effects of cellular stress arising 

from the Unfolded Protein Response87 as a consequence of the large amount of protein 

undergoing ERAD in a GCase deficient cell, versus the biochemical consequences of 

substrate accumulation which would be unchanged in cells treated with 2.1 or 2.67. The 
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relative contributions of these two factors towards the cellular stress and hence the disease 

state could be effectively studied with a covalent inactivator of GCase such as 2.1 or 2.67.  

 The results from these experiments suggest that a better activated fluorosugar for use 

as a PC for GCase might be designed in two ways. First, a fluorosugar with a faster rate of 

hydrolysis for the covalent glycosyl-enzyme intermediate would show a quicker recovery of 

enzyme activity, which means a shorter “chase” time is necessary during the pulse-chase 

type of experiments (or cycles of therapy in a pharmaceutical context). Second, manipulation 

of the groups attached to the phosphorus may allow for a derivative with better cellular 

uptake to be designed.   

  

4.2 Development of activated fluorosugars as PET imaging agents for 
monitoring ERT in Gauchers disease 
 

4.2.1 Objectives in development of a PET imaging agent 

 Positron Emission Tomography (PET) imaging is a non-invasive imaging modality 

that can permit the imaging of many different biological processes in a whole 

organism.109,112,301 PET is capable of quantitatively imaging the localization of a given PET 

imaging agent to particular organs or regions of the organism while also allowing these 

processes to be studied as a function of time. In the context of ERT for the treatment of 

Gauchers disease, a PET imaging agent that permits monitoring of the biodistribution of 

recombinant GCase injected into a patient (Cerezyme®) could be a valuable diagnostic tool 

in tailoring the dose of GCase given to an individual patient, monitoring the course of 

therapy over time and any development of an immune response to the ERT.  

 While there have been many studies on the biodistribution of recombinant GCase in 

animals,73,266,269,302,303 there have been few studies on humans. This arises because the most 

common method for assessing distribution is through measurement of enzyme activity in 

tissue homogenates from sacrificed animals, an approach that is obviously not suitable for 

human studies. To date, there has only been one successful published attempt to label and 
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study the distribution of GCase in human subjects. In this study, GCase was labelled with 123I  

through an acylation reaction with surface lysine residues, and the distribution analyzed with 

a γ-scintigraphical camera. This study showed uptake of the recombinant enzyme into many 

organs including the liver, spleen and bone marrow.304 However, γ-scintigraphy produces 

only a two-dimensional image of low resolution, making it less desirable than other imaging 

modalities. Additionally, this study required modification of one or more surface residues, 

which may well lead to an immune response and/or to biodistribution patterns that are 

different from those of the unmodified enzyme. 

 The approach for radiolabelling GCase that was adopted in the present study was to 

employ activated fluorosugars that act as active site-directed inactivators of GCase as probes. 

If an activated fluorosugar bearing a radionuclide were reacted with GCase in vitro, then the 

covalent glycosyl-enzyme intermediate thus generated could be injected into a small animal 

such as a mouse or rat and the distribution of the enzyme monitored using PET imaging. The 

advantage that this approach would have over other approaches is that the site of 

radiolabelling would be in the interior of the protein (the active site), making this a much 

more conservative structural perturbation that is less likely to change the biodistribution of 

the labelled enzyme. Since the rate of reactivation through hydrolysis of the covalent 2-

deoxy-2-fluoro-glucosyl-enzyme intermediate is already known to be long (t1/2 = 1300 

min),211 this species should be sufficiently stable over the time course necessary to acquire a 

PET image.  

 

4.2.2 Previous attempts to radiolabel GCase 

 As mentioned above, there has already been one successful published attempt at 

radiolabelling GCase,304 although this method does suffer from significant drawbacks. There 

have also been two previous attempts to radiolabel GCase using activated fluorosugars, as 

described below.  
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4.2.2.1 2,6-Dideoxy-2-fluoro-6-[18F]-fluoro-β-D-glucosyl fluoride (4.13) 

 The first attempt to radiolabel GCase used 2,6-dideoxy-2-fluoro-6-[18F]-fluoro-β-D-

glucopyranosyl fluoride (4.13) and was carried out by Dr. Alex Wong, then a graduate 

student in the Withers group. The synthetic route used is shown in Scheme 4.1. 

O
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HO
HO
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4.14
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Scheme 4.1. Radiosynthesis of 2,6-dideoxy-2-fluoro-6-[18F]-fluoro-β-D-glucosyl fluoride (4.13). i) 
18F-, [2.2.2]-Kryptofix, MeCN; ii) NaOMe, MeOH, 9% radiochemical yield. Adapted from Wong et 

al.248 

 

 The decision to incorporate the radionuclide at C6 of the sugar ring was made 

because the precursor 4.14 was readily synthetically accessible, and because this allowed the 

use of 18F- as the source of [18F], which has a higher specific activity than [18F]F2.108,110,112
 In 

addition, having a deoxy-fluoro modification at C6 also meant that this compound was not a 

substrate for hexokinase, and therefore 4.13 would not act as an FDG mimic (Section 

1.5.4.1) which would lead to a signal from metabolic imaging that would overwhelm the 

desired image. This was a goal in the design of 4.13 since at the time Dr. Wong sought to use 

4.13 as a radiotracer in imaging GCase levels in vivo, an experiment that was later 

abandoned.305 Unfortunately, the attempted radiolabelling of GCase using 4.13 was 

unsuccessful, and at the time two possible explanations were offered. The first possible 

explanation is that hydrolysis of the triflate in 4.14 by contaminating water would lead to the 

generation of (cold) 2.1 following acetate removal, which is a much more efficient 

inactivator of GCase (ki/Ki = 0.0227 min-1mM-1 and 0.0017 min-1mM-1 for 2.1211 and 3.17248 

respectively). This greater than 10-fold higher efficiency of 2.1 compared to 3.17 (and 4.13) 

means that the enzyme will preferentially react with any contaminating 2.1, leading to poor 

reaction with the desired radiolabel 4.13. The second possible explanation for the lack of 

success in this experiment was that the inactivator has too poor an affinity for the enzyme 

active site at the relatively low concentration of inactivator relative to enzyme used in the 

radiolabelling attempt.305 
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 To validate these results, a second attempt to radiolabel GCase using this approach 

was undertaken by the author and Dr. Chris Phenix, a postdoctoral fellow in the Withers lab. 

It was again observed that 4.13 did not radiolabel GCase under any of the experimental 

conditions tested. Model studies using 4.13 and Abg supported the hypothesis that modest 

amounts of 2.1 were generated during the radiosynthetic procedure outlined in Scheme 4.1, 

since increasing the concentration of 4.13 relative to the concentration of Abg actually led to 

a decrease in radiolabelling efficiency of Abg. This result was consistent with increased 

generation of contaminating 2.1, but would not be expected if the problem encountered was 

that the concentration of inactivator was too low. Ultimately, owing to the problems 

encountered with contamination of 2.1 in preparations of 4.13, a search was started for an 

alternative small molecule suitable for radiolabelling GCase.    

 

4.2.2.2 2-Deoxy-2-[18F]fluoro-β-D-mannopyranosyl [18F]-fluoride (4.16) 

 The second attempt to radiolabel GCase was carried out by Dr. Neil Lim, a 

postdoctoral fellow in the Withers group using 2-deoxy-2-[18F]fluoro-β-D-mannopyranosyl 

[18F]fluoride (4.16). The synthetic route used has been previously reported,247 and is shown 

in Scheme 4.2. 

OHO
HO

OH
i) O

(18)F
HO

HO

OH

(18)F + O

(18)F

HO
HO

OH

(18)F
4.17 4.16 4.18  

Scheme 4.2. Radiosynthesis of 2-deoxy-2-[18F]fluoro-β-D-mannopyranosyl [18F]fluoride (4.16). i) 

[18F]F2, MeCN, 1:2 4.16 : 4.18, 12% radiochemical yield 4.16. Adapted from McCarter et al.247 Note 

that each individual molecule of 4.16 or 4.18 only incorporates one 18F nucleus at either the anomeric 

center or at C2, and thus the fluorine atoms at these positions are marked with brackets to reflect this. 

 

 Dr. Lim reported that, although the desired compound 4.16 was synthesized and 

could successfully radiolabel Abg as shown by both TLC and size-exclusion HPLC analyses, 

all attempts at formation of the covalent glycosyl-enzyme intermediate following treatment 
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of 4.16 with GCase were unsuccessful.306 It was not clear whether the difficulty in 

radiolabelling the enzyme arose from the lower specific activity of 4.16 owing to the use of 

[18F]F2 as the source of [18F] (which is known to have low specific activity),108,110,112
 or the 

known low rate of reaction of the [19F] analogue of 4.16, 2-deoxy-2-fluoro-β-D-mannosyl 

fluoride (3.16), with GCase (ki/Ki = 0.0019 min-1mM-1).247 Additionally, half of the 

radioactivity would in theory be lost upon treatment with a retaining β-glycosidase such as 

GCase, since statistically half of the radioactive fluorine atoms in 4.16 would be bonded to 

the anomeric center, and hence would be lost upon enzymatic reaction. Therefore, these 

drawbacks meant that a superior radiolabel was sought. 

 

4.2.3 Radiolabelling of GCase with 2,4-dinitrophenyl 2-deoxy-2-[18F]-fluoro-β-D-

glucopyranoside (4.19) and PET imaging results 

Note: These experiments were performed by the author in collaboration with Dr. Chris 

Phenix, a postdoctoral fellow in the Withers lab. 

 

4.2.3.1 Radiosynthesis of 2,4-dinitrophenyl 2-deoxy-2-[18F]-fluoro-β-D-glucopyranoside 

(4.19) 

 To try to address the issues that arose in the previous attempts to radiolabel GCase 

with an activated fluorosugar, a new target compound was sought. The ideal compound 

would: 

 1) have a high specific activity;  

2) be an efficient inactivator for GCase; and  

3) not get contaminated during radiosynthesis with a more efficient cold inactivator.  

Possible radiosynthetic routes towards a radiolabelled version of 2-deoxy-2-fluoro-β-

D-glucopyranosyl fluoride (2.1), starting from 1.12, were explored. Unfortunately, the 

necessary reactions appeared too sluggish, and required too many handling steps, to furnish 

the desired compound in sufficient amounts and high enough specific activities. Similarly, 
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radiolabelled derivatives containing phosphorus-based aglycones faced the same barriers, so 

their radiosyntheses were not attempted. 

 An examination of the literature revealed a report by Sharma et al. that described the 

one-step, stereoselective synthesis of 2,4-dinitrophenyl β-D-glucopyranoside starting from 

glucose and 2,4-dinitrofluorobenzene (DNFB) in a 1:1 mixture of saturated NaHCO3 : EtOH 

at 20 °C in 20% yield.307 Optimization of this reaction using 2-deoxy-2-fluoro-glucose as the 

starting material, led to the discovery that increasing the temperature to 37 °C led to an 

impressive >75% yield of the desired 2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-

glucopyranoside (3.3) in a 10 minute reaction time. The analogous reaction using 2-deoxy-2-

[18F]-fluoro-glucose (1.12) as the starting material led to the formation of 2,4-dinitrophenyl 

2-deoxy-2-[18F]-fluoro-β-D-glucopyranoside (4.19) in excellent yield, as shown in Scheme 

4.3. 

O
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1.12

i) O

18F
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HO
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Scheme 4.3. Radiosynthesis of 2,4-dinitrophenyl 2-deoxy-2-[18F]-fluoro-β-D-glucopyranoside (4.19). 

i) DNFB, saturated NaHCO3/EtOH, 37 °C, 80% radiochemical yield.  

 

 The starting material for the synthesis of 4.19 is FDG (1.12, Section 1.5.4.1), which is 

a widely available radiopharmaceutical used most often for diagnostic imaging in cancer 

treatment. The advantage of using 1.12 as the starting material in this radiosynthesis is that 

the radionuclide incorporation step is already very well understood, and 1.12 can be 

produced in large amounts and in high specific activity and radiochemical purity, which 

addressed the first criteria outlined above. Finally, 4.19 has the highest efficiency of 

inactivation for GCase of any of the three radioactive derivatives tested, as judged by the 

relative second order rate constants for inactivation: ki/Ki = 0.012, 0.0017 and 0.0019 min-

1mM-1 for 4.19, 4.13 and 4.16 respectively, which may address the second criteria. 

In the present case, we were grateful to the B.C. Cancer Agency for the generous gift 

of 1.12 (16.25 mCi) which was used as the starting material in the radiosynthesis following 
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quality assurance analysis to ensure no contaminating species, particularly 18F-, were present. 

Treatment of 1.12 with DNFB in a 1:1 mixture of saturated NaHCO3 : EtOH at 37 °C gave a 

highly regio- and stereo-selective reaction with the anomeric hydroxyl group to yield 4.19, 

along with a small amount of the starting material 1.12 (5%) and 2-deoxy-2-[18F]-fluoro-6-

(2,4-dinitrophenyl)-D-glucose (15%). A radio-TLC of the crude reaction mixture is shown in 

Figure 4.7. In this technique, a TLC plate is developed and analyzed using a radiation 

detector to produce a two-dimensional plot of counts versus Rf, with the origin of the TLC 

plate on the left side of the plot and the solvent front on the right side, as indicated by the 

dashed red lines. 

 

Figure 4.7. Radio-TLC analysis of the crude reaction mixture following treatment of 1.12 with DNFB, 

using a 4 : 1 EtOAc : MeOH eluent. The peak at the origin corresponds to unreacted 1.12, and the peak 

at Rf = 0.6 corresponds to the product 4.19, as verified by co-spot TLC analysis with an authentic 

sample of 3.3.  

 

 An advantage in this synthetic route was that the presence of a small amount of water 

does not generate a more efficient inactivator for the enzyme (as was the case in the synthesis 

of 4.13), but instead harmlessly consumes some of the excess DNFB present, thus meeting 

the third criterion outlined above.  

A C18 Sep-Pak was used for the initial purification of 4.19 from contaminating 

DNFB, and the radioactive fraction containing crude 4.19 was further purified by reverse-
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phase HPLC using a Synergy (Phenomenex) column eluted using a gradient elution mobile 

phase of 60 : 40 MeOH : H2O   100 % MeOH over 10 minutes. The desired compound 

4.19 elutes after 14 minutes with a high percentage of methanol using this HPLC method. 

This was a beneficial feature of the purification procedure, as it meant that the solvent was 

evaporated relatively quickly, reducing the overall time of the radiosynthesis. Radio-TLC 

analysis of the purified 4.19 (3.25 mCi, 32% radiochemical yield decay corrected from 1.12) 

shows the presence of only one radioactive peak, which corresponds to 4.19 (Figure 4.8). 

 

Figure 4.8. Radio-TLC analysis of 4.19 following HPLC purification using a 4:1 EtOAc : MeOH 

eluent. The peak at Rf = 0.6 corresponds to the product 4.19.  

 

4.2.3.2 Radiolabelling of Abg with 4.19  

 Since Abg has proven to be such a useful model enzyme in many other applications, 

the ability of 4.19 to radiolabel Abg was tested prior to testing with GCase. Incubation of the 

purified 4.19 with Abg in a small volume (200 μL) of the assay buffer used for the kinetic 

analysis of Abg activity (sodium phosphate buffer, pH = 6.8) led to an efficient 

radiolabelling reaction over the course of 10 minutes, as shown by radio-TLC (Figure 4.9). 

In this radio-TLC experiment, the radioactive peak at the origin corresponds to Abg labelled 

by 4.19, since the protein is very polar. This efficient labelling reaction is the expected result 

since 3.3, which is the [19F]-analogue of 4.19, is an extremely efficient inactivator of Abg 

(ki/Ki = 500 min-1mM-1).58  

F18: CII95HPL.R01 
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incubated in the presence of both GCase and the known289 competitive inhibitor 6-nonyl-

isofagomine (1 mM, IC50 = 0.6 nM), no baseline peak was observed (data not shown), 

consistent with the radiolabel being active site-directed.  

 

Figure 4.11. Radio-TLC analysis of the reaction of 4.19 with GCase using  a 4:1 EtOAc : MeOH 

eluent. The peak at the origin corresponds to the radiolabelled covalent glycosyl-enzyme intermediate. 

 

 For the labelling reaction to be successful, it was important to keep the reaction 

mixture volume as low as possible to increase the concentration of 4.19 relative to the protein 

and therefore increase the efficiency of the labelling reaction. The solubility of the GCase 

protein limited the lowest achievable volumes; at concentrations > ~5 mg/mL the protein 

aggregrated and precipitated out of solution, making the labelling reaction ineffective. Unlike 

the case with Abg, the HPLC purification step was essential to avoid protein precipitation. 

This presumably arises from the reaction of GCase with small amounts of residual 

contaminating DNFB to modify amino acid residues on the surface of the enzyme. DNFB 

could have been carried through during the Sep-Pak purification but no longer be present in 

the samples of 4.19 purified by HPLC.  

 Following the labelling reaction, the final step involved purification of the 

radiolabelled protein from the remaining 4.19. This was accomplished first by concentrating 

the protein by centrifugation using a 50 kDa molecular weight cut-off filter, followed by gel 

filtration using Pierce desalting columns. The filtrate was collected and analyzed by radio-

F18: CIVGC40.R01 

0 50 100 150 200 mm

cnts

0

50

100

150

200

250

300

350

400



186 
 

TLC analysis, showing the radiolabelled protein present in >98% radiochemical purity 

(Figure 4.12). The final activity was 0.147 mCi (7 % radiochemical yield, decay corrected 

from the HPLC-purification of 4.19). The major reason for the low radiochemical yield in 

this step was sample loss during the handling of GCase. Following the radiolabelling 

reaction, significant amounts of radioactivity could be detected in both the molecular weight 

cut-off filters and the protein desalt columns during the protein purification steps. These 

handling losses likely occur because GCase is known to be prone to aggregation and 

adhering to the plastic laboratory equipment.212  

 

Figure 4.12. Radio-TLC analysis of purified radiolabelled GCase using  a 4:1 EtOAc : MeOH eluent. 

The peak at the origin corresponds to the radiolabelled covalent glycosyl-enzyme intermediate. 

 

 The reaction between 4.19 and GCase is the first demonstration of the radiolabelling 

of that enzyme using an 18F-labelled covalent inactivator. The synthetic route used to 

generate 4.19 met the three criteria outlined at the beginning of Section 4.2.3.1, as described 

above, and furnished sufficient purified, radiolabelled GCase to facilitate preliminary 

MicroPET imaging experiments to be attempted, as described below. 
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4.2.4 Conclusions and future directions 

 The objective for this section was to develop a radiosynthetic route to an activated 

fluorosugar containing 18F that would be suitable for radiolabelling GCase through the 

formation of a covalent glycosyl-enzyme intermediate. Such a species would be usable as a 

PET imaging agent for monitoring ERT for the treatment of Gauchers disease. The 

advantage of this approach is that since the radiolabel is on the interior of the protein, it is 

unlikely to have an effect on the biodistribution of the injected enzyme. There have been two 

previous attempts in the Withers group to use [18F]-labelled activated fluorosugars to 

radiolabel GCase using 4.13 or 4.16. In the case of 4.13, the radiolabelling of GCase was 

unsuccessful, likely because of contamination by 2.1 arising from hydrolysis of the triflate in 

the starting material 4.14. Attempted radiolabelling of GCase using 4.16 also failed, probably 

because of the poor kinetic parameters of inactivation for 4.16 and because of the low 

specific activity. To address these challenges, a radiosynthetic route for 4.19 was developed 

that avoided generation of a more reactive contaminant and still maintained high specific 

activity by using 1.12 as a convenient starting material. Samples of 4.19 were shown to be 

active-site directed inactivators of both Abg, used as a model retaining β-glucosidase, and 

GCase. The GCase thus radiolabelled was purified and injected into healthy mice to study its 

biodistribution using PET imaging.  

 There remain many future avenues of research that can be explored using this new 

technology. In the short term, one goal will be to study whether the biodistribution of GCase 

is different in a genetically engineered mouse model of Gauchers disease compared to a 

healthy mouse. Additionally, while it seems unlikely, it remains to be proven that 

incorporation of the fluorosugar radiolabel does not alter the biodistribution of injected 

GCase. This could be accomplished by experiments in which GCase is non-specifically 

radiolabelled (with, for example, tritium), and reacted with an activated fluorosugar such as 

2.1 or 3.3, then injected into mice. At various time points the animals can be sacrificed and 

the radioactivity in various organs measured. Comparisons with experiments in which GCase 

has not been inactivated can then be used to determine if the fluorosugar inactivation process 

alters the biodistribution of the injected enzyme. As well, it will be desirable to study the 
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metabolic fate of the radiolabelled enzyme by studying the products of metabolism of the 

radiolabelled enzyme. In the longer term, this technology may be useful for testing different 

enzyme formulations or delivery systems to investigate more efficient delivery of the enzyme 

to affected tissues, or to investigate possible treatments for the neurological symptoms in 

Types II and III Gauchers disease using ERT. As well, PET scanning can be used to monitor 

the effects of a longer dosing regime on the possible development of an immunological 

response to the recombinant enzyme by repeatedly monitoring the same test subject without 

needing to sacrifice it. Finally, if the radiolabelling reaction can be successfully scaled up, 

then this technology may be used to monitor ERT in human patients. 

 From a radiochemical perspective, one improvement on this technology may be to 

devise a radiosynthetic route to generate a radiolabelled fluorosugar containing a 

phosphorus-based aglycone. A synthetic route analogous to the one used to generate 4.19, 

using 1.12 as the starting material treated with an activated electrophilic phosphorus species 

such as a dibenzyl phosphoryl chloride, for example, appears to be a particularly promising 

future direction as well.  
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Chapter 5: Materials and Methods 

  



192 
 

5.1 Synthetic chemistry 
 

5.1.1 General procedures for chemical synthesis 

 All buffer chemicals and other reagents were obtained from Sigma-Aldrich Chemical 

Company, unless otherwise noted. Solvents and reagents used were either reagent or spectral 

grade. Anhydrous solvents were prepared as follows under a nitrogen atmosphere: methanol 

was distilled over magnesium turnings; carbon tetrachloride, acetonitrile, pyridine, toluene 

and dichloromethane were individually distilled over calcium hydride; diethyl ether was 

distilled over sodium in the presence of benzophenone.  All solvents were used immediately 

after cooling to room temperature following distillation. 

 Synthetic reactions were monitored by TLC using Merck Kieselgel 60 F254 

aluminum-backed sheet (thickness 0.2 mm). Compounds were detected by illumination using 

ultraviolet light (λ=254 mm) followed by charring with 10% ammonium molybdate in 2 M 

H2SO4 and heating. Flash chromatography was performed under positive pressure using the 

in-house air system on Silicycle SilicaFlash F60 (230-400 mesh) silica gel using the 

specified eluants. 1H NMR spectra were recorded on a Bruker AV300 spectrometer at 300 

MHz or a Bruker AV400 spectrometer at 400 MHz, equipped with either indirect or direct 

proton detection. Proton chemical shifts are reported in δ units (ppm), and are referenced to 

CDCl3 at 7.27 ppm. 19F NMR spectra were recorded on a Bruker AV300 spectrometer at 282 

MHz. Fluorine chemical shifts are reported in δ units (ppm), and are referenced to CFCl3 at 0 

ppm. 31P NMR spectra were recorded on a Bruker AV300 spectrometer at 121 MHz. 

Phosphorus chemical shifts are reported in δ units (ppm), and are referenced to 85% H3PO4 

at 0 ppm. 13C NMR spectra were recorded on a Bruker AV300 spectrometer at 75 MHz or a 

Bruker AV400 spectrometer at 100 MHz, equipped with either indirect or direct carbon 

detection.  Carbon chemical shifts are reported in δ units (ppm), and are referenced to CDCl3 

at 77.23 ppm. Low resolution ESI mass spectrometry was performed on a Waters LC-MS 

equipped with an autosampler. High resolution ESI mass spectrometry was performed by the 

University of British Columbia Department of Chemistry Mass Spectrometry Laboratory 

using a Waters/Micromass LCT mass spectrometer. All compounds are drawn in 4C1 

conformations for clarity. 
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5.1.1.1 General procedure A for bromination 

The compound of interest was dissolved in an appropriate volume of 33% (by weight) HBr 

in acetic acid (in a ratio of 500 mg of starting material to 1 mL of HBr solution) in an open 

flask equipped with a drying tube on top, and allowed to stir until the reaction was complete 

as determined by TLC. The solution was diluted in an appropriate volume of ethyl acetate, 

then washed successively with ice-cold H2O (2x), sat. NaHCO3 (1x) and sat. NaCl. The 

organic layer was then dried over MgSO4 for 10 minutes, filtered, and concentrated under 

reduced pressure.  

 

5.1.1.2 General procedure B for deprotection of esters 

The compound of interest was dissolved in an appropriate volume of dry methanol (in a ratio 

of 50 mg starting material to 1 mL of methanol), and a small chunk of sodium was added. 

The reaction was stirred under N2(g) for 30 minutes. The solution was neutralized by addition 

of a small scoop of silica gel, and evaporated under reduced pressure to leave the crude 

product adsorbed onto silica gel.  

 

5.1.1.3 General procedure C for free radical bromination 

The compound of interest was dissolved in an appropriate volume of carbon tetrachloride (in 

a ratio of 50 mg starting material to 1 mL of carbon tetrachloride) and poured into the bottom 

of an Ace water jacket-cooled immersion-well photoreactor equipped with an N2(g) inlet. 

Solid N-bromosuccinimide (NBS, recrystallized from water) was added in one portion, and 

the reaction mixture stirred under illumination by a 600 W lamp under N2(g) until the reaction 

was deemed complete by TLC analysis. The resulting brown solution was filtered to remove 

the solid succinimide. The filtrate was collected and the solvent evaporated under reduced 

pressure to yield the crude product. 
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5.1.1.4 General procedure D for deprotection of esters 

The compound of interest was dissolved in an appropriate volume of dry methanol (in a ratio 

of 100 mg starting material to 1 mL of methanol), and cooled to 0 ͦC. Ammonia was then 

bubbled through the solution for 5 minutes, at which point the reaction was stirred at 0  ͦC 

until the reaction was deemed complete by TLC. A small portion of Celite was added, and 

the solvent was evaporated under reduced pressure to leave the crude product adsorbed onto 

Celite.  

 

5.1.2 Synthesis and compound characterization 

1,3,4,6-Tetra-O-acetyl -2-deoxy-2-fluoro-D-glucopyranose (2.11)309   

O

F OAc

AcO
AcO

OAc

 

and 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-fluoro-D-mannopyranose (2.10)309 

OF

OAc

AcO
AcO

OAc

 

3,4,6-Tri-O-acetyl D-glucal (29.4 g, 108 mmol, 1.0 eq) was dissolved in acetonitrile (400 

mL) and glacial acetic acid (150 mL). The reaction mixture was heated to 70  ͦC under N2(g). 

To this was added SelectfluorTM (49.3 g, 0.139 mmol, 1.3 eq) and the solution allowed to stir 

for 2.5 hours before being cooled to room temperature. Following solvent evaporation under 

reduced pressure, the residue was dissolved in ethyl acetate and washed with 2 x H2O, 1 x 

saturated NaHCO3, 1 x brine and dried over MgSO4. After 10 minutes, the MgSO4 was 

filtered off, and the solvent evaporated under reduced pressure. The products were purified 

by flash chromatography (3:1 hexane : ethyl acetate) to yield 2.11 (7.34 g, 21.0 mmol, 19%) 
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and 2.10 (7.47 g, 21.3 mmol, 20%) both as colourless oils. 2.11: 1H NMR: (300 MHz, 

CDCl3) δ 6.38 (1 H, d, JH1α-H2α 4.0 Hz, H1α), 5.75 (1 H, dd, JH1β-H2β 8.3 Hz, H1β-F2 3.0 Hz, 

H1β), 5.52 (1 H, dt, JH3α-F2 12.1 Hz, JH3α-H2α = JH3α-H4α 9.6 Hz, H3α), 5.35 (1 H, dt, JH3β-F2 

14.4 Hz, JH3β-H2β = JH3β-H4β 8.3 Hz, H3β), 5.09 – 5.00 (2 H, m, H4α, H4β), 4.63 (1 H, ddd, 

JH2α-F2 48.5 Hz, JH2α-H3α 9.6 Hz, JH2α-H1α 4.0 Hz, H2α), 4.44 (1 H, dt, JH2β-F2 51.0 Hz, JH2β-H3β 

= JH2β-H1β 8.3 Hz, H2β), 4.22-4.08 (2 H, m, H6α, H6β), 4.08-4.00 (3 H, m, H5β, H6’α, 

H6’β), 3.69 (1 H, ddd, J 9.5 Hz, J 4.0 Hz, J 1.2 Hz, H5β), 2.17 (3 H, s, Ac), 2.15 (3 H, s, Ac), 

2.05 (3 H, s, Ac), 2.04 (3 H, s, Ac), 2.03 (3 H, s, Ac), 2.01 (3 H, s, Ac), 2.00 (3 H, s, Ac), 

1.99 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -201.29 (1 F, ddd, JF2-H2β 51.0 Hz, JF2-H3β 

14.4 Hz, JF2-H1β 3.0 Hz, F2β), -202.63 (1 F, dd, JF2-H1α 48.5 Hz, JF2-H3α 12.1 Hz, F2α); ESI-

MS (low res): m/z calc.: 373.1; Found: 373.3 [M + Na]+. 2.10: 1H NMR: (300 MHz, 

CDCl3) δ 6.13 (1 H, dd, JH1α-F2 6.5 Hz, JH1α-H2α 2.1 Hz, H1α), 5.76 (1 H, d, JH1β-F2 19.0 Hz, 

H1β), 5.37 (1 H, t, JH4α-H5α = JH4α-H3α 10.1 Hz, H4α), 5.32 (1 H, t, JH4β-H5β = JH4β-H3β 10.3 Hz, 

H4β), 5.23 (1 H, ddd,  JH3α-F2 27.9 Hz, JH3α-H4α 10.1 Hz, JH3α-H2α 2.1 Hz, H3α), 5.05 (1 H, 

ddd, JH3β-F2 27.0 Hz, JH3β-H4β 10.1 Hz, JH3β-H2β 2.4 Hz, H3β), 4.83 (1 H, dd, JH2β-F2 51.2 Hz, 

JH2β-H3β 2.4 Hz, H2β), 4.71 (1 H, dt, JH2α-F2 46.6 Hz, JH2α-H1α = JH2α-H3α 2.1 Hz, H2α),  4.23-

4.21 (2 H, m, H6α, H6β), 4.13-3.99 (3 H, m, H6’α, H6’β H5α), 3.87 (1 H, ddd, JF2-H1β 10.1 

Hz, J 4.7 Hz, J 2.2 Hz, H5β), 2.14 (6 H, s, 2 x Ac), 2.12 (3 H, s, Ac), 2.07 (3 H, s, Ac), 2.04 

(3 H, s, Ac), 2.01 (3 H, s, Ac), 2.01 (3 H, s, Ac), 2.00 (3 H, s, Ac); 19F NMR: (282 MHz, 

CDCl3): δ -201.34 (1 F, ddd, JF2-H2α 46.6 Hz, JF2-H3α 27.9 Hz, JF2-H1α 6.5 Hz, F2α), -220.21 (1 

F, dd, JF2-H2β 51.2 Hz, JF2-H3β 27.0 Hz, F2β); ESI-MS (low res): m/z calc.: 350.1; Found: 

373.3 [M + Na]+.  
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3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-α-D-glucopyranosyl bromide (2.12)184 

O

F
Br

AcO
AcO

OAc

 

2.11 (5.07 g, 14.5 mmol) was brominated according to General Procedure A overnight. The 

crude product (4.99 g, 13.4 mmol, 92%) was used without further purification or 

characterization.  

 

3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl fluoride (2.13)184 

O

F
F

AcO
AcO

OAc

 

2.12 (2.14 g, 5.77 mmol, 1.0 eq) was dissolved in 50 mL dry acetonitrile. Silver fluoride 

(1.27 g, 6.74 mmol, 1.2 eq) was added, and the resulting slurry stirred overnight under N2(g), 

in the dark. The solution was filtered through a short plug of silica using ethyl acetate as the 

eluent to remove the silver salts. The filtrate was collected and the solvent evaporated under 

reduced pressure to yield the crude solid. The product was recrystallized from ethyl 

acetate/hexane to yield 2.13 as a white solid (1.61 g, 5.19 mmol, 90%). 1H NMR: (300 MHz, 

CDCl3) δ 5.42 (1 H, ddd, JH1-F1 52.2 Hz, JH1-H2 6.2 Hz, JH1-F2 3.8 Hz, H1), 5.32 (1 H, ddd, JH3-

F2 15.4 Hz, JH3-H2 8.0 Hz, JH3-H4 9.5 Hz, H3), 5.11 (1 H, t, JH4-H3 = JH4-H5 9.5 Hz, H4), 4.47 (1 

H, dddd, JH2-F2 50.0 Hz, JH2-F1 14.2 Hz, JH2-H3 8.0 Hz, JH2-H1 6.2 Hz, H2), 4.26 (1 H, dd, JH6-

H6’ 12.5 Hz, JH6-H5 4.8 Hz, H6), 4.18 (1 H, dd, JH6’-H6 12.5 Hz, JH6’-H5 2.8 Hz, H6’), 3.88 (1 H, 

ddd, JH5-H4 9.5 Hz, JH5-H6 4.8 Hz, JH5-H6’ 2.8 Hz, H5), 2.08 (3 H, s, Ac), 2.04 (3 H, s, Ac), 2.03 

(3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -140.01 (1 F, ddd, JF1-H1 52.2 Hz, JF1-F2 15.4 

Hz, JF1-H2 14.2 Hz, F1), -200.48 (1 F, dtd, JF2-H2 50.0 Hz, JF2-F1 = JF2-H3 15.4 Hz, JF2-H1 3.8 Hz, 

F2); ESI-MS (low res): m/z calc.: 310.25; Found: 333.3 [M + Na]+.  
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2-Deoxy-2-fluoro-β-D-glucopyranosyl fluoride (2.1)184 

O

F
F

HO
HO

OH

 

2.13 (0.594 g, 1.91 mmol) was dissolved in 15 mL of dry methanol and deacetylated 

according to General Procedure B for 30 minutes. The product was purified by flash 

chromatography (9:1 ethyl acetate : methanol) to yield a colourless oil that could be triturated 

with diethyl ether to yield 2.1 as a white powder (0.344 g, 1.87 mmol, 98%). 1H NMR: (300 

MHz, CD3OD) δ 5.33 (1 H, ddd, JH1-F1 53.5 Hz, JH1-H2 7.0 Hz, JH1-F2 3.3 Hz, H1), 4.10 (1 H, 

dddd, JH2-F2 51.8 Hz, JH2-F1 15.9 Hz, JH2-H3 8.8 Hz, JH2-H1 7.0 Hz, H2), 3.86 (1 H, d, JH6-H6’ 12.0 

Hz, H6), 3.69 (1 H, dd, JH6’-H6 12.0 Hz, JH6’-H5 4.9 Hz, H6’), 3.62 (1 H, dt, JH3-F2 16.3 Hz, JH3-

H2 8.6 Hz = JH3-H4 8.6 Hz, H3), 3.45-3.35 (2 H, m, H4, H5). 19F NMR: (282 MHz, CDCl3): δ 

-145.60 (1 F, dt, JF1-H1 53.5 Hz, JF1-F2 = JF1-H2 15.9 Hz, F1), -204.07 (1 F, ddd, JF2-H2 51.8 Hz, 

JF2-H3 16.3 Hz, JF2-F1 15.9 Hz, JF2-H1 3.3 Hz, F2); ESI-MS (high res): m/z calc.: 204.0447; 

Found: 207.0445 [M + Na]+; Anal. calc. for C6H10F2O4: C, 39.14, H, 5.47; Found: C, 

39.85, H, 5.56.  

 

2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosyl fluoride (2.15)129 

O

OAc
F

AcO
AcO

OAc

 

2,3,4,6-Tetra-O-acetyl-α-D-glucopyranosyl bromide310 (2.51 g, 6.10 mmol) was dissolved in 

50 mL dry acetonitrile. Silver fluoride (1.03 g, 8.12 mmol, 1.3 eq) was added, and the 

resulting slurry stirred overnight under N2(g), in the dark. The solution was filtered through a 

short plug of silica using ethyl acetate as the eluent to remove the silver salts. The filtrate was 
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collected and the solvent evaporated under reduced pressure to yield the crude product, 

which was purified by flash chromatography (2:1 petroleum ether : ethyl acetate) to yield 

2.15 as a white solid (1.46 g, 4.17 mmol, 68%). 1H NMR: (300 MHz, CDCl3) δ 5.32 (1 H, 

dd, JH1-F1 52.0 Hz, JH1-H2 6.0 Hz, H1), 5.18-5.15 (2 H, m, H3, H4), 5.09-5.01(1 H, m, H2), 

4.23 (1 H, dd, JH6-H6’ 12.4 Hz, JH6-H5 4.4 Hz, H6), 4.16 (1 H, dd, JH6’-H6 12.4 Hz, JH6’-H5 2.8 

Hz, H6’), 3.86 (1 H, ddd, JH5-H4 9.8 Hz, JH5-H6 4.4 Hz, JH5-H6’ 2.8 Hz, H5), 2.06 (3 H, s, Ac), 

2.05 (3 H, s, Ac), 2.00 (3 H, s, Ac), 1.99 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -

137.75 (1 F, dd, JF1-H1 52.0 Hz, JF1-H2 9.9 Hz, F1); 13C NMR: (75 MHz, CDCl3): δ 170.69, 

170.14, 169.42, 169.25 (4 x C=O), 106.31 (d, JC1-F1 220 Hz, C1), 72.11 (d, JC5-F1 4 Hz, C5), 

71.86 (d, JC3-F1 8 Hz, C3), 71.25 (d, JC2-F1 29 Hz, C2), 67.51 (C4), 61.83 (C6), 20.80 (2C), 

20.67 (2C) (4 x Ac); ESI-MS (low res): m/z calc.: 373.1; Found: 373.2 [M + Na]+.  

 

2,3,4,6-Tetra-O-acetyl-5-bromo-β-D-glucopyranosyl fluoride (2.16)129 

Br

O

OAc
F

AcO
AcO

OAc

 

2.15 (0.749 g, 2.14 mmol) was photobrominated in 50 mL dry carbon tetrachloride using 

NBS (0.569 g, 3.20 mmol, 1.5 eq) according to General Procedure C. The product was used 

without further purification or characterization.  

 

2,3,4,6-Tetra-O-acetyl-5-fluoro-β-D-glucopyranosyl fluoride (2.17)129 

F

O

OAc
F

AcO
AcO

OAc

 

Crude 2.16 was dissolved in 35 mL dry diethyl ether. Silver tetrafluoroborate (0.525 g, 2.69 

mmol) was added to this solution, and the resulting slurry was allowed to stir overnight in the 
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dark under N2(g). The slurry was filtered through a plug of silica using ethyl acetate as the 

eluent to remove the silver salts, then the product was purified by flash chromatography (3:1 

petroleum ether : ethyl acetate) to yield 2.18 (0.0256 g, 0.0695 mmol, 3% from 2.15) and 

2.17 as colourless oils (0.0231 g, 0.0627 mmol, 3% from 2.15). 2.18: Characterization 

described below. 2.17: 1H NMR: (300 MHz, CDCl3) δ 5.63 (1 H, dd, JH1-F1 52.3 Hz, JH1-

H2 5.9 Hz, H1), 5.48-5.36 (2 H, m, H3, H4), 5.23-5.15 (1 H, m, H2), 4.35 (1 H, dd, JH6-

H6’ 12.0 Hz, JH6-F5 6.7 Hz, H6), 4.08 (1 H, dd, JH6’-H6 12.0 Hz, JH6’-F5 4.5 Hz, H6 ) 2.09 (3 H, s, 

Ac), 2.07 (3 H, s, Ac), 2.01 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -128.59 (1 F, ddd, 

JF5-H4 22.0 Hz, JF5-H6 6.7 Hz, JF5-H6’ 4.5 Hz, F5), -143.42 (1 F, dt, JF1-H1 52.3 Hz, JF1-F5 = JF1-H2 

9.0 Hz, F1). 

 

5-Fluoro-β-D-glucopyranosyl fluoride (2.2)129 

F

O

OH
F

HO
HO

OH

 

2.17 (23.1 mg, 0.0627 mmol) was dissolved in 2 mL dry methanol and deacetylated 

according to General Procedure D. The crude product was purified by flash chromatography 

(19:1 ethyl acetate : methanol) to yield 2.2 as a colourless gum (9.6 mg, 0.0480 mmol, 76%). 
1H NMR: (300 MHz, CD3OD) δ 5.32 (1 H, dd, JH1-F1 54.4 Hz, JH1-H2 7.4 Hz, H1), 3.78 (1 H, 

dd, JH4-F5 21.8 Hz, JH1-H2 9.0 Hz, H4), 3.71-3.59 (3 H, m, H3, H6, H6’), 3.41 (1 H, ddd, JH2-F1 

15.5 Hz, JH2-H3 8.6 Hz, JH2-H1 7.4 Hz, H2); 19F NMR: (282 MHz, CD3OD): δ -138.85 (1 F, 

dt, JF5-H4 21.8 Hz, JF5-H6 = JF5-H6 6.0 Hz, F5), -152.80 (1 F, dd, JF1-H1 54.4 Hz, JF1-H2 21.8 Hz, 

F1). 
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2,3,4,6-Tetra-O-acetyl-5-fluoro-α-L-idopyranosyl fluoride (2.18)129 

O

OAc

F

F
AcO

AcO
AcO  

Crude 2.16 was dissolved in 35 mL dry acetonitrile. Silver fluoride (0.349 g, 2.75 mmol) was 

added to this solution, and the resulting slurry was allowed to stir overnight in the dark under 

N2(g). The slurry was filtered through a plug of silica using ethyl acetate as the eluent to 

remove the silver salts, then the product was purified by flash chromatography (3:1 

petroleum ether : ethyl acetate) to yield 2.18 as a colourless oil (0.177 g, 0.480 mmol, 23% 

from 2.15). 1H NMR: (300 MHz, CDCl3) δ 5.59 (1 H, ddd, JH1-F1 52.5 Hz, JH1-H2 3.0 Hz, JH1-

F5 1.1 Hz, H1), 5.39 (1 H, dd, JH4-F5 8.7 Hz, JH4-H3 6.3 Hz, H4), 5.30 (1 H, m, H2), 5.12 (1 H, 

t, JH3-H2 = JH3-H4 6.2 Hz, H3), 4.38-4.12 (2 H, m, H6, H6’), 2.07 (3 H, s, Ac), 2.06 (3 H, s, 

Ac), 2.05 (3 H, s, Ac), 2.04 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -107.37 (1 F, m, 

F5), -123.65 (1 F, ddd, JF1-H1 52.5 Hz, JF1-H2 12.1 Hz, JF1-F5 1.4 Hz, F1). 

 

5-Fluoro-α-L-idopyranosyl fluoride (2.3)129 

O

OH

F

F
HO

HO
HO  

2.18 (63.7 mg, 0.172 mmol) was dissolved in 5 mL dry methanol and deacetylated according 

to General Procedure D. The crude product was purified by flash chromatography (19:1 ethyl 

acetate : methanol) to yield 2.3 as a colourless gum (20.4 mg, 0.102 mmol, 59%). 1H NMR: 

(300 MHz, CD3OD) δ 5.44 (1 H, ddd, JH1-F1 56.9 Hz, JH1-H2 4.4 Hz, JH1-F5 2.1 Hz, H1), 3.90-

3.72 (4 H, m, H2, H3, H6, H6’), 3.58 (1 H, dd, JH4-F5 8.0 Hz, JH4-H3 6.6 Hz, H4); 19F NMR: 

(282 MHz, CD3OD): δ -110.18 (1 F, m, F5), -125.30 (1 F, dt, JF1-H1 56.9 Hz, JF1-H2 = JF1-F5 

14.1 Hz, F1). 
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3,4,6-Tri-O-acetyl-5-bromo-2-deoxy-2-fluoro-β-D-glucopyranosyl fluoride (2.19) 

Br

O

F
F

AcO
AcO

OAc

 

2.13 (0.230 g, 0.742 mmol, 1.0 eq) was dissolved in 25 mL dry carbon tetrachloride, and 

reacted with NBS (0.205 g, 1.15 mmol, 1.5 eq) for 24 hrs according to General Procedure C. 

The crude product was partially purified by flash chromatography (19:1 toluene : ethyl 

acetate) to give impure 2.19 (0.134 g), which was used without any further purification. 1H 

NMR: (300 MHz, CDCl3) δ 5.74 (1 H, ddd, JH1-F1 46.7 Hz, JH1-F2 7.1 Hz, JH1-H2 5.0 Hz, H1), 

5.61 (1 H, dd, JH3-F2 15.3 Hz, JH3-H2 = JH3-H4 9.8 Hz, H3), 5.16 (1 H, d, JH4-H3 9.8 Hz, H4), 

4.69-4.42 (2 H, m, H2, H6), 4.42 (1 H, d, JH6’-H6 12.4 Hz H6’), 2.07 (3 H, s, Ac), 2.06 (3 H, s, 

Ac), 2.05 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -150.66 (1 F, dt, JF1-H1 46.7 Hz, JF1-

F2 15.3 Hz, JF1-H2 7.1 Hz, F1), -202.45 (1 F, dtd, JF2-H2 48.0 Hz, JF2-F1 = JF2-H3 15.3 Hz, JF2-H1 

7.1 Hz, F2). 

 

3,4,6-Tri-O-acetyl-2-deoxy-2,5-difluoro-α-L-idopyranosyl fluoride (2.20) 

O

F

F

F
AcO

AcO
AcO  

Impure 2.19 (0.134 g) was dissolved in 10 mL dry acetonitrile. Silver fluoride (0.175 g, 1.38 

mmol) was added, and the resulting slurry stirred overnight. The solution was filtered 

through a short plug of silica using ethyl acetate as the eluent to remove the silver salts. The 

filtrate was collected and the solvent evaporated under reduced pressure to yield the crude 

product, which was further purified by flash chromatography (7:1  5:1 petroleum ether : 

ethyl acetate) to give impure 2.20. This was repurified by flash chromatography (40:10:1 

dichloromethane : chloroform : diethyl ether) to yield pure 2.20 as a colourless oil (0.0691 g, 

0.210 mmol, 28% from 2.13). 1H NMR: (300 MHz, CDCl3) δ 5.76 (1 H, dddd, JH1-F1 53.7 

Hz, JH1-F2 11.3 Hz, JH1-H2 3.1 Hz, JH1-F5 0.7 Hz, H1), 5.35 (1 H, ddd, JH4-F5 8.1 Hz, JH4-H3 5.2 
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Hz, JH4-H2 2.0 Hz, H4), 5.24 (1 H, ddd, JH3-F2 16.8 Hz, JH3-H2 6.3 Hz, JH3-H4 5.2 Hz, H3), 4.88 

(1 H, ddddd, JH2-F2 57.9 Hz, JH2-F1 9.5 Hz, JH2-H3 6.3 Hz, JH2-H1 3.2 Hz, JH2-H4 2.0 Hz, H2), 4.37 

(1 H, dd, JH6-F5 19.8 Hz, JH6-H6’ 12.1 Hz, H6), 4.26 (1 H, dd, JH6’-H6 12.1 Hz, JH6’-F5 11.1 Hz, 

H6’) 2.1 (3 H, s, Ac), 2.07 (6 H, s, 2 x Ac); 19F NMR: (282 MHz, CDCl3): δ -108.89 (1 F, 

m, F5), -126.60 (1 F, dddd, JF1-H1 53.6 Hz, JF1-F5 16.9 Hz, JF1-F2 11.3 Hz, JF1-H2 9.5 Hz, F1), -

196.22 (1 F, ddd, JF2-H2 57.9 Hz, JF2-H3 16.8 Hz, JF2-F1 11.3 Hz, F2); 13C NMR (75 MHz, 

CDCl3):  δ 170.4, 169.8, 169.2 (3 C, 3 x C=O), 109.84 (d, JC5-F5 218 Hz, C5), 106.85 (dd, JC1-

F1 202 Hz, JC1-F2 32 Hz, C1), 92.44 (dd, JC2-F2 186 Hz, JC2-F1 24 Hz, C2), 72.40 (d, JC3-F2 12 

Hz, C3), 70.21 (d, JC4-F5 18 Hz, C4), 62.45 (d, JC6-F5 28 Hz, C6), 20.49, 20.46, 20.12 (3 x 

Me); ESI-MS (high res): m/z calc.: 351.0662; Found: 351.0658 [M + Na]+.  

 

2-Deoxy-2,5-difluoro-α-L-idopyranosyl fluoride (2.4) 

O

F

F

F
HO

HO
HO  

 

2.20 (17.0 mg, 0.0518 mmol) was dissolved in 5 mL dry methanol, and deacetylated 

according to General Procedure D. The crude product was purified by flash chromatography 

(9:1 dichloromethane : methanol) to yield 2.4 as a colourless oil (10.0 mg, 0.0494 mmol, 

95%). 1H NMR: (400 MHz, CD3OD) δ 5.74 (1 H, ddd, JH1-F1 54.8 Hz, JH1-F2 12.6 Hz, JH1-

H2 2.2 Hz, H1), 4.74-4.58 (1 H, m, H2), 3.95-3.85(2 H, m, H3, H4), 3.81 (1 H, dd, JH6-H6’ = 

JH6-F5 12.4 Hz, H6), 3.73 (1 H, dd, JH6’-H6 = JH6’-F5 12.4 Hz, H6’); 19F NMR: (282 MHz, 

CDCl3): δ -110.67 (1 F, m, F5), -126.5 (1 F, m, F1), -196.81 (1 F, m, F2); 13C NMR (75 

MHz, CDCl3):  δ 109.62 (d, JC5-F5 216 Hz, C5), 105.44 (dd, JC1-F1 208 Hz, JC1-F2 30 Hz, C1), 

91.68 (dd, JC2-F2 178 Hz, JC2-F1 21 Hz, C2), 73.33 (d, C3-F2 24 Hz, C3), 72.21 (d, JC4-F5 22 Hz, 

C4), 62.22 (d, JC6-F5 24 Hz, C6); ESI-MS (high res): m/z calc.: 225.0345; Found: 225.0315; 

[M + Na]+; Anal. calc. for C6H9F3O4: C, 35.65, H, 4.49; Found: C, 35.98, H, 4.68.  
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2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosyl chloride (2.21)178 

O

OAc
Cl

AcO
AcO

OAc

 

2.14 (10.21 g, 26.16 mmol, 1.0 eq) was dissolved in 50 mL dry chloroform, and aluminum 

trichloride (4.213 g, 31.60 mmol, 1.2 eq) was added. The reaction mixture was stirred under 

N2(g) for 4 hours, after which time it was diluted in ice-cold chloroform and the organic layer 

was washed successively with 2 x ice-cold H2O, 1 x sat. NaHCO3, and 1 x sat. NaCl. The 

organic layer was then dried over MgSO4 for 10 minutes, filtered, and concentrated under 

reduced pressure.  The product was dissolved in a small volume of diethyl ether and a large 

volume of petroleum ether was added. The product precipitated from this solution after 

standing overnight at 4  ͦC to give a 2.21 as a fine white powder (7.632 g, 20.81 mmol, 80%) 

which was used without characterization. 

 

2,3,4,6-Tetra-O-acetyl-1-bromo-β-D-glucopyranosyl chloride (2.22)178 

O

AcO
Cl

AcO
AcO

OAc

Br  

2.14 (7.632 g, 20.81 mmol, 1.0 eq) was photobrominated in 50 mL dry carbon tetrachloride 

using N-bromosuccinimide (5.23 g, 29.4 mmol, 1.4 eq) according to General Procedure C. 

The product was purified by flash chromatography (3:1  2:1 petroleum ether : diethyl 

ether) to yield 2.22 (3.07 g, 6.91 mmol, 33%) as a colourless oil. 1H NMR: (300 MHz, 

CDCl3) δ 5.32 (1 H, d, JH3-H2  = JH3-H4 9.7 Hz, H3), 5.25 (1 H, d, JH4-H3  = JH3-H2 9.7 Hz, H4), 

5.15 (1 H, d, JH2-H3 9.7 Hz, H2), 4.33-4.23 (2 H, m, H5, H6), 4.16 (1 H, d, JH6’-H6 12.4 Hz, 

H6’), 2.15 (3 H, s, Ac), 2.10 (3 H, s, Ac), 2.01 (3 H, s, Ac), 1.98 (3 H, s, Ac); 13C NMR (75 

MHz, CDCl3):  δ 170.56, 169.76, 169.23, 168.93 (4 x C=O), 101.40 (C1), 76.46, 76.33 (C2, 

C5), 71.86 (C3), 66.53 (C4), 60.68 (C6), 20.78 (2 C), 20.70, 20.58 (4 x Me).  
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2,3,4,6-Tetra-O-acetyl-1-fluoro-D-glucopyranosyl fluoride (2.23)178 

O

AcO
F

AcO
AcO

OAc

F  

2.22 (3.02 g, 6.78 mmol, 1.0 eq) was dissolved in 50 mL dry acetonitrile. Silver fluoride 

(2.48 g, 19.5 mmol, 2.9 eq) was added to this solution, and the resulting slurry was allowed 

to stir overnight in the dark under N2(g). The slurry was filtered through a plug of silica using 

ethyl acetate as the eluent to remove the silver salts, then the product was partially purified 

by flash chromatography (5:1  4:1 petroleum ether : ethyl acetate) to yield 2.23 as an 

impure solid. The product was further purified by recrystallization from ethyl 

acetate/heptanes, to yield 2.23 as a white solid (2.09 g, 5.68 mmol, 84%). 1H NMR: (300 

MHz, CDCl3) δ 5.35-5.17 (3 H, m, H2, H3, H4), 4.26 (1 H, dd, JH6-H6’ 13.4 Hz, JH6-H5 4.5 Hz, 

H6), 4.14-4.11 (2 H, m, H5, H6’), 2.07 (3 H, s, Ac), 2.05 (3 H, s, Ac), 1.98 (3 H, s, Ac), 1.96 

(3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -83.14 (1 F, d, JF1eq-F1ax 148 Hz, F1(eq)), -86.15 

(1 F, dd, JF1ax-F1eq 148 Hz, JF1ax-H2 16.1 Hz, F1(ax)); 13C NMR (75 MHz, CDCl3):  δ 170.50, 

169.81, 169.25, 169.09 (4 x C=O), 122.17 (dd, JC1-F1 272 Hz, JC1-F1 256 Hz, C1), 72.60 (C5), 

70.82 (d, JC3-F1 9.8 Hz, C3), 68.82 (t, JC2-F1eq = JC2-F1ax 30.6 Hz, C2), 66.89 (C4), 60.65 (C6), 

20.68 (2 C), 20.51, 20.40 (4 x Ac); ESI-MS (high res): m/z calc.: 391.0811; Found: 

391.0817 [M + Na]+.  
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1-Fluoro-D-glucopyranosyl fluoride (2.5)178 

O

OH
F

HO
HO

OH

F  

2.23 (0.238 g, 0.646 mmol) was dissolved in 5 mL dry methanol and deacetylated according 

to General Procedure B. The product was purified by flash chromatography (9:1 ethyl acetate 

: petroleum ether  9:1 ethyl acetate : methanol) to yield 2.5 as a colourless oil (0.0983 g, 

0.491 mmol, 76%). 1H NMR: (300 MHz, CD3OD) δ 3.85 (1 H, JH6-H6’ 12.0 Hz, H6), 3.76-

3.66 (2 H, m, H2, H6), 3.55-3.45 (3 H, m, H3, H4, H5); 19F NMR: (282 MHz, CDCl3): δ -

83.14 (1 F, d, JF1eq-F1ax 150.8 Hz, F1(eq)), -91.40 (1 F, dd, JF1ax-F1eq 150.8 Hz, JF1ax-H2 19.5 Hz, 

F1(ax)); Anal. calc. for C6H10F2O5: C, 36.01, H, 5.04; Found: C, 35.72, H, 5.34. 

 

3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl chloride (2.27) 

O

F
Cl

AcO
AcO

OAc

 

2.12 (0.851 g, 2.29 mmol, 1.0 eq) was dissolved in 15 mL dry acetonitrile. Silver chloride 

(0.561 g, 3.91 mmol, 1.6 eq) was added, and the resulting slurry stirred 4 days under N2(g), in 

the dark. The solution was filtered through a short plug of silica using ethyl acetate as the 

eluent to remove the silver salts. The filtrate was collected and the solvent evaporated under 

reduced pressure to yield the crude solid. The product was recrystallized from ethyl 

acetate/hexane to yield 2.27 as a white solid (0.577 g, 1.77 mmol, 77%). 1 H NMR: (300 

MHz, CDCl3) δ 5.35-5.24 (2 H, m, H1, H3), 5.10 (1 H, t, JH4-H3 = JH4-H5 9.9 Hz, H4), 4.43 (1 

H, dt, JH2-F2 49.2 Hz, JH2-H1 = JH2-H3 8.6 Hz, H2), 4.25 (1 H, dd, JH6-H6’ 12.6 Hz, JH6-H5 4.9 Hz, 

H6), 4.14 (1 H, dd, JH6’-H6 12.6 Hz, JH6’-H5 2.3 Hz, H6’), 3.80 (1 H, ddd, JH5-H4 9.9 Hz, JH5-H6 

4.9 Hz, JH5-H6’ 2.3 Hz, H5), 2.08 (6 H, s, 2 x Ac), 2.02 (3 H, s, Ac); 19F NMR: (282 MHz, 

CDCl3): δ -193.40 (1 F, dd, JF2-H2 49.2 Hz, JF2-H 14.1 Hz, F2).  
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3,4,6-Tri-O-acetyl-1-bromo-2-deoxy-2-fluoro-β-D-glucopyranosyl chloride (2.28) 

O

F
Cl

AcO
AcO

OAc

Br  

and 

3,4,6-Tri-O-acetyl-5-bromo-2-deoxy-2-fluoro-β-D-glucopyranosyl chloride (2.29) 

Br

O

F
Cl

AcO
AcO

OAc

 

2.27 (0.695 g, 2.13 mmol, 1.0 eq) was dissolved in 20 mL dry carbon tetrachloride and 

treated with NBS (0.516 g, 2.90 mmol, 1.3 eq) according to General Procedure C to yield an 

inseparable mixture of crude 2.28 and 2.29, which were used in subsequent steps without 

further characterization or purification.  

 

3,4,6-Tri-O-acetyl -2-deoxy-2,5-difluoro-α-L-idopyranosyl chloride (2.30) 

O

F

F

Cl
AcO

AcO
AcO  
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and 

3,4,6-Tri-O-acetyl-1-bromo-2-deoxy-2-fluoro-β-D-glucopyranosyl chloride (2.28) 

O

F
Cl

AcO
AcO

OAc

Br  

The crude mixture of 2.28 and 2.29 was dissolved in 20 mL dry acetonitrile. Silver fluoride 

(0.325 g, 2.56 mmol) was added, and the resulting slurry stirred overnight under N2(g), in the 

dark. The solution was filtered through a short plug of silica using ethyl acetate as the eluent 

to remove the silver salts. The crude product was purified using flash chromatography (9:1 

petroleum ether : ethyl acetate) to yield 2.30 (0.0502 g, 0.146 mmol, 7% from 2.27) and 

impure, unreacted 2.28 (0.208 g). 2.30: 1H NMR: (300 MHz, CDCl3) δ 5.96 (1 H, dd, JH1-

F2 13.0 Hz, JH1-F2 4.2 Hz, H1), 5.44 (1 H, dd, JH4-F5 7.8 Hz, JH4-H3 4.9 Hz, H4), 5.23 (1 H, ddd, 

JH3-F2 17.3 Hz, JH3-H2 6.2 Hz, JH3-H4 4.9 Hz, H3), 4.99 (1 H, ddd, JH2-F2 47.9 Hz, JH2-H3 6.2 Hz, 

JH2-H1 4.2 Hz, H2), 4.34 (1 H, dd, JH6-F5 19.6 Hz, JH6-H6’ 12.1 Hz, H6), 4.23 (1 H, dd, JH6’-F5 

19.6 Hz, JH6’-H6 12.1 Hz, H6’), 2.12 (3 H, s, Ac), 2.08 (3 H, s, Ac), 2.07 (3 H, s, Ac); 19F 

NMR: (282 MHz, CDCl3): δ -111.27 (1 F, dt, JF5-H6 = JF5-H6’ 19.6 Hz, JF5-H4 7.8 Hz, F5), -

182.36 (1 F, ddd, JF2-H2 47.9 Hz, JF2-H3 17.3 Hz, JF5-H1 13.0 Hz, F2); 13C NMR (75 MHz, 

CDCl3):  δ 170.2, 169.6, 169.5 (3 C, 3 x C=O), 109.26 (d, JC5-F5 222 Hz, C5), 108.85 (d, JC1-

F2 32 Hz, C1), 92.44 (d, JC2-F2 194 Hz, C2), 73.90 (d, JC3-F2 12 Hz, C3), 69.98 (d, JC4-F5 25 Hz, 

C4), 62.34 (d, JC6-F5 29 Hz, C6), 20.43, 20.41, 20.18 (3 x Me); ESI-MS (high res): m/z 

calc.:367.0367; Found: 367.0348 [M + Na]+.  
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3,4,6-Tri-O-acetyl -2-deoxy-1,2-difluoro-D-glucopyranosyl fluoride (2.31) 

O

F
F

AcO
AcO

OAc

F  

The impure, unreacted 2.28 (0.208 g, 0.513 mmol) was dissolved in 10 mL dry acetonitrile. 

Silver fluoride (0.468 g, 3.69 mmol, 7.2 eq) was added, and the resulting slurry stirred 10 

days under N2(g), in the dark. The solution was filtered through a short plug of silica using 

ethyl acetate as the eluent to remove the silver salts. The filtrate was collected and the 

solvent evaporated under reduced pressure to yield the crude product, which was purified by 

flash chromatography (4:1 petroleum ether : ethyl acetate) to yield impure 2.31 as a 

colourless oil (0.152 g). 1H NMR: (300 MHz, CDCl3) δ 5.45 (1 H, dt, JH3-F2 16.3 Hz, JH3-H2 

= JH3-H4 9.5 Hz, H3), 5.14 (1 H, t, JH4-H3 = JH4-H5 9.5 Hz, H4), 4.60 (1 H, dddd, JH2-F2 49.2 Hz, 

JH2-F1(ax) 16.3 Hz, JH2-H3 9.4 Hz, JH2-F1(eq) 4.0 Hz, H2), 4.27 (1 H, dd, JH6-H6’ 12.6 Hz, JH6-H5 4.1 

Hz, H6), 4.18-4.10 (1 H, m, H5, H6’), 2.06 (3 H, s, Ac), 2.05 (3 H, s, Ac), 2.01 (3 H, s, Ac); 
19F NMR: (282 MHz, CDCl3): δ -84.27 (1 F, ddd, JF1(eq)-F1(ax) 146.8 Hz, JF1eq-F2 16.5 Hz, JF1eq-

H2 4.0 Hz, F1(eq)), -89.59 (1 F, dt, JF1(ax)-F1(eq) 146.8 Hz, JF1(ax)-F2 = JF1(ax)-H2 16.3 Hz, F1(ax)), -

206.52 (1 F, dq, JF2-H2 49.2 Hz, JF2-F1(eq) = JF2-F1(ax) = JF2-H3 16.3 Hz, F2). 

 

2-Deoxy-1,2-difluoro-D-glucopyranosyl fluoride (2.6) 

O

F
F

HO
HO

OH

F  

The impure 2.31 (0.152 g) was dissolved in 10 mL dry methanol, and deacetylated according 

to General Procedure B. The product was purified by flash chromatography (19:1  14:1 

chloroform : methanol) to yield 2.6 as a colourless oil (45.1 mg, 0.223 mmol, 10% based on 

2.27). 1H NMR: (300 MHz, CD3OD) δ 4.39 (1 H, dddd, JH2-F2 49.8 Hz, JH2-F1(ax) 16.6 Hz, JH2-
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H3 9.3 Hz, JH2-F1(eq) 4.3 Hz, H2), 3.88-3.52 (5 H, m, H3, H4, H5, H6, H6’); 19F NMR: (282 

MHz, CD3OD): δ -84.35 (1 F, ddd, JF1(eq)-F1(ax) 146.5 Hz, JF1eq-F2 16.6 Hz, JF1eq-H2 4.3 Hz, 

F1(eq)), -89.59 (1 F, ddd, JF1(ax)-F1(eq) 146.5 Hz, JF1(ax)-F2 16.6 Hz, JF1(ax)-H2 16.6 Hz, F1(ax)), -

208.69 (1 F, ddt, JF2-H2 49.8 Hz, JF2-F1(eq) 17.8 Hz, JF2-F1(ax) = JF2-H3 16.6 Hz, F2); 13C NMR 

(75 MHz, CD3OD):  δ 123.45 (dd, JC1-F1 268 Hz, JC1-F1 254 Hz, C1), 89.61 (dt, JC2-F2 196 Hz, 

JC2-F1(ax) = JC2-F1(eq) 33 Hz, C2), 78.11 (C5), 72.79 (dd, JC3-F2 17 Hz, JC3-F1 9 Hz, C3), 68.18 (d, 

JC4-F2 7 Hz, C4), 59.91 (C6); ESI-MS (high res): m/z calc.: 225.0345; Found: 225.0355 [M 

+ Na]+; Anal. calc. for C6H9F3O4: C, 35.65, H, 4.49; Found: C, 35.09, H, 4.79.  

 

 2,3,4,6-Tetra-O-acetyl-5-bromo-1-fluoro-D-glucopyranosyl fluoride (2.24) 

Br

O

AcO
F

AcO
AcO

OAc

F  

2.23 (2.09 g, 5.68 mmol, 1.0 eq) was dissolved in 50 mL dry carbon tetrachloride, and 

reacted with N-bromosuccinimide (2.08 g, 11.7 mmol, 2.1 eq) for 48 hours according to 

General Procedure C. The crude product was partially purified by flash chromatography 

(19:1 toluene : ethyl acetate) to yield impure 2.24 (0.426 g) as a yellowish oil which was 

used without further purification. 1H NMR: (300 MHz, CDCl3) δ 5.71 (1 H, t, JH3-H2 =  JH3-

H4 10.0 Hz, H3), 5.43 (1 H, ddd, JH2-F1ax 15.4 Hz, JH2-H3 10.0 Hz, JH2-F1eq 5.2 Hz, H2), 5.33 (1 

H, d, JH4-H3 10.0 Hz, H4), 4.40 (1 H, d, JH6-H6’ 12.6 Hz, H6 ) 4.35 (1 H, d, JH6’-H6 12.6 Hz, 

H6’) 2.13 (3 H, s, Ac), 2.11 (3 H, s, Ac), 2.08 (3 H, s, Ac), 2.01 (3 H, s, Ac); 19F NMR: (282 

MHz, CDCl3): δ -74.79 (1 F, dd, JF1eq-F1ax 153 Hz, JF1eq-H2 5.2 Hz, F1(eq)), -80.16 (1 F, dd, 

JF1ax-F1eq 153 Hz, JF1ax-H2 15.4 Hz, F1(ax)). 
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2,3,4,6-Tetra-O-acetyl -1,5-difluoro-D-glucopyranosyl fluoride (2.25) 

F

O

AcO
F

AcO
AcO

OAc

F  

and 

2,3,4,6-Tetra-O-acetyl-1,5-difluoro-L-idopyranosyl fluoride (2.26) 

O

AcO

F

F
AcO

AcO
AcO F  

Crude 2.24 (0.426 g), was dissolved in 25 mL of dry diethyl ether. Silver tetrafluoroborate 

(0.379 g, 1.95 mmol) was added, and the resulting solution stirred overnight in the dark 

under N2(g). The slurry was filtered through a plug of silica using ethyl acetate as the eluent to 

remove the silver salts, then the products were purified by flash chromatography (19:1 

toluene : ethyl acetate) to yield 2.25 (0.1046 g, 0.270 mmol, 5% from 2.23) and 2.26 (0.0713 

g, 0.185 mmol, 3% from 2.23) both as colourless oils. 2.25: 1H NMR: (300 MHz, CDCl3) δ 

5.57 (1 H, m, H2), 5.48-5.36 (2 H, m, H3, H4), 4.33 (1 H, dd, JH6-H6’ 12.2 Hz, JH6-F5 6.2 Hz, 

H6), 4.06 (1 H, dd, JH6’-H6 12.2 Hz, JH6’-F5 3.9 Hz, H6 ) 2.12 (3 H, s, Ac), 2.10 (3 H, s, Ac), 

2.07 (3 H, s, Ac), 2.00 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -75.79 (1 F, dt, JF1ax-F1eq 

155 Hz, JF1ax-F5 = JF1ax-H2 16.1 Hz, F1(ax)), -78.20 (1 F, dd, JF1eq-F1ax 155 Hz, JF1eq-H2 14.1 Hz, 

F1(eq)), -127.43 (1F, m, F5); 13C NMR (100 MHz, CDCl3):  δ 170.93, 170.63, 170.50, 170.31 

(4 x C=O), 121.52 (dd, JC1-F1 277 Hz, JC1-F1 256 Hz, C1), 109.56 (dd, JC5-F5 239 Hz, JC5-F1 7.0 

Hz, C5), 70.12 (dd, JC2-F1 30 Hz, JC2-F1 28 Hz, C2 ), 68.61 (d, JC4-F5 8 Hz, C4), 68.45 (d, J 6 

Hz, C3), 62.55 (d, JC6-F5 39 Hz, C6), 21.89, 21.75 (2 C), 21.68, (4 x Ac); ESI-MS (high res): 

m/z calc.:409.0717; Found: 409.0722; [M + Na]+. 2.26: 1H NMR: (300 MHz, CDCl3) δ 

5.65 (1 H, dddd, JH2-F1ax 14.8 Hz, JH2-H3 7.6 Hz, JH2-F1eq 3.0 Hz, JH2-H4 1.5 Hz, H2), 5.24 (1 H, 

m, H4), 5.14 (1 H, d, JH3-H2 7.6 Hz, H3), 4.44 (1 H, dd, JH6-F5 24.5 Hz, JH6-H6’ 12.4 Hz, H6 ) 

4.18 (1 H, t, JH6’-F5 = JH6’-H6 12.4 Hz, (H6’), 2.12 (3 H, s, Ac), 2.10 (3 H, s, Ac), 2.09 (3 H, s, 
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Ac), 2.07 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -73.00 (1 F, d, JF1eq-F1ax 155 Hz, 

F1(eq)), -76.61 (1 F, dt, JF1ax-F1eq 155 Hz, JF1ax-F5 = JF1ax-H2 14.8 Hz, F1(ax)), -108.74 (1 F, m, 

F5); 13C NMR (75 MHz, CDCl3):  δ 169.65, 169.36, 168.97, 168.45 (4 x C=O), 115.08 (dd, 

JC1-F1 238 Hz, JC1-F1 226 Hz, C1), 109.56 ((d, JC5-F5 232 Hz, C5), 70.56 (d, JC2-F1ax 5 Hz, C2 ), 

69.03 (C4), 68.44 (C3), 61.88 (d, JC6-F5 25 Hz, C6), 20.64, 20.55 (2 C), 20.46, (4 x Ac); ESI-

MS (high res): m/z calc.:409.0717; Found: 409.0722; [M + Na]+.  

 

1,5-Difluoro-D-glucopyranosyl fluoride (2.7) 

F

O

OH
F

HO
HO

OH

F  

2.25 (71.3 mg, 0.185 mmol) was dissolved in 5 mL dry methanol and deacetylated according 

to General Procedure B. The crude product was purified by flash chromatography (9:1 ethyl 

acetate : petroleum ether) to yield 2.7 as a colourless gum (36.0 mg, 0.165 mmol, 89%). 1H 

NMR: (400 MHz, CD3OD) δ 3.83-3.72 (3 H, m), 3.69-3.59 (2 H, m); 19F NMR: (282 MHz, 

CD3OD): δ -80.34 (1 F, dd, JF1eq-F1ax 155 Hz, JF1eq-H2 5.9 Hz, F1(eq)), -81.38 (1 F, dt, JF1ax-F1eq 

155 Hz, JF1ax-H2 =  JF1ax-F5 12.2 Hz, F1(ax)), -134.70 (1 F, m, F5); 13C NMR (100 MHz, 

CD3OD):  δ 119.45 (dd, JC1-F1 265 Hz, JC1-F1 254 Hz, C1), 112.44 (d, JC5-F5 224 Hz, C5), 

73.55 (t, JC2-F1(ax) = JC2-F1(eq) 29 Hz, C2) 71.12 (d, JC3-F 8 Hz, C3) 70.57 (d, JC4-F5 24 Hz, C4), 

62.38 (d, JC6-F5 36 Hz, C6); ESI-MS (high res): m/z calc.: 241.0294; Found: 241.0300; [M 

+ Na]+; Anal. calc. for C6H9F3O5: C, 33.04, H, 4.16; Found: C, 33.12, H, 4.12. 
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1,5-Difluoro-L-idopyranosyl fluoride (2.8) 

O

OH

F

F
HO

HO
HO F  

2.26 (0.105 g, 0.271 mmol) was dissolved in 5 mL dry methanol and deacetylated according 

to General Procedure B. The crude product was purified by flash chromatography (9:1 ethyl 

acetate : petroleum ether) to yield 2.8 as a colourless gum (0.0531 g, 0.244 mmol, 90%). 1H 

NMR: (300 MHz, CD3OD) δ 4.01-3.80 (3 H, m), 3.75-3.62 (2 H, m); 19F NMR: (282 MHz, 

CD3OD): δ -73.84(1 F, d, JF1eq-F1ax 158 Hz, F1(eq)), -82.10 (1 F, dt, JF1ax-F1eq 158 Hz, JF1ax-H2 =  

JF1ax-F5 13.8 Hz, F1(ax)), -114.9 (1 F, m, F5); 13C NMR (75 MHz, CD3OD):  δ 114.09 (dd, JC1-

F1 234 Hz, JC1-F1 224 Hz, C1), 103.67 (d, JC5-F5 238 Hz, C5), 73.47 (d, JC3-F 8 Hz, C3) 72.73 

(d, JC4-F5 35 Hz, C4) 70.74 (t, JC2-F1ax = JC2-F1eq 28 Hz, C2), 61.74 (d, JC6-F5 26 Hz, C6)� ESI-

MS (high res): m/z calc.: 241.0294; Found: 241.0300; [M + Na]+; Anal. calc. for 

C6H9F3O5: C, 33.04, H, 4.16; Found: C, 33.08, H, 4.24. 

 

3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-D-glucopyranose  (2.41) 

O

F OH

AcO
AcO

OAc

 

2.12 (0.695 g, 1.87 mmol) was dissolved in 20 mL 1:1 acetone : water. Silver carbonate 

(0.569 g, 2.06 mmol, 1.1 eq) was added, and the resulting slurry was stirred for 4 hours in the 

dark. The solution was filtered through a short plug of silica using ethyl acetate as the eluent 

to remove the silver salts. The filtrate was collected and the solvent evaporated under 

reduced pressure. The product was purified by flash chromatography (2:1 petroleum ether : 

ethyl acetate) to yield 2.41 (1:0.4 α : β) as a colourless oil (0.385 g, 1.25 mmol, 67%). 1H 

NMR: (300 MHz, CDCl3) δ 5.53 (1 H, dt, JH3 α -F2 α 12.0 Hz, JH3α-H2 α = JH3α -H2α 9.5 Hz, 

H3α), 5.41 (1 H, t, JH1α -F2 α = JH1α -H2α  3.5 Hz, H1α), 5.27 (1 H, dt, JH4β -F2β 14.1 Hz, JH4β-H3β 
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= JH4β -H5β 9.3 Hz, H4β), 5.00-4.84 (3 H, m, H1β, H4α, H4β), 4.55-4.34 (2 H, m, H2α, H2β), 

4.24-4.02 (5 H, m,  H6α, H6β, H6’α, H6’β, H5α), 3.72 (1 H, ddd, JH5β -H4β 10.0 Hz, JH5β -H6β 

4.7 Hz, JH5β -H6’β 2.7 Hz, H5β), 2.03 (3 H, s, Ac), 2.02 (6 H, s, 2 x Ac), 2.01 (3 H, s, Ac), 1.99 

(6 H, s, 2 x Ac), 1.98 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -199.75 (1 F, ddd, JF2β-

H2β 50.4 Hz, JF2β -H3β 14.1 Hz, JF2β -H1β 3.2 Hz, F2β), -200.41 (1 F, ddd, JF2α-H2α 51.4 Hz, JF2α -

H3α 12.0 Hz, JF2α -H1α 3.5 Hz, F2α). 

 

Phosphoric acid trimethyl ester (2.47) 

P
O

MeO
OMe

OMe
 

Phosphorus oxychloride (2.0 mL, 22 mmol, 1.0 eq) was dissolved in 20 mL dichloromethane 

and added dropwise to a stirred solution of methanol (20 mL) and triethylamine (4 mL) at 0  
ͦC under N2(g). The reaction mixture was allowed to warm to RT over two hours, after which 

the solvent was evaporated under reduced pressure. The crude 2.47 was used without further 

purification or characterization.  

 

Phosphoric acid dimethyl ester (2.48) 

P
O

MeO
OMe

OH
 

The crude 2.47 was dissolved in 70 mL dry acetonitrile. Lithium bromide (2.10 g, 25.7 

mmol,1.2 eq) was added, and the solution refluxed under N2(g) overnight. The solution was 

filtered to yield the lithium salt as a white powder. The powder was dissolved in methanol 

and stirred with Amberlite IR-120 (H+) resin for 10 minutes. The resin was filtered off, and 

the solvent evaporated under reduced pressure to yield pure 2.48 (2.11 g, 16.7 mmol, 77%) 

as a colourless oil. 2.48: 1H NMR: (300 MHz, CD3OD) δ 3.71 (6 H, d, JH-P 12.2 Hz, CH3); 
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31P NMR: (121 MHz, CD3OD) δ 2.10 (1 p, s, JP-H 12.2 Hz); ESI-MS (low res): m/z 

calc.:125.01; Found: 125.03 [M - H]-.  

 

Dimethyl (3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate  (2.49) 

O

F
O

AcO
AcO

OAc

P
O

OMe
OMe

 

2.12 (63.4 mg, 0.171 mmol) was dissolved in 5 mL dry acetonitrile. 2.48 (0.113 g, 0.896 

mmol, 5.2 eq) was dissolved in 5 mL dry acetonitrile and added, along with silver carbonate 

(0.237 g, 0.866 mmol, 5.1 eq), to the acetonitrile solution. The resulting slurry was stirred 

overnight under N2(g), in the dark. The solution was filtered through a short plug of silica 

using ethyl acetate as the eluent to remove the silver salts. The filtrate was collected and the 

solvent evaporated under reduced pressure. The product was purified by flash 

chromatography (2:1  1:1  1:2 petroleum ether : ethyl acetate) to yield 2.49 as a 

colourless oil (62.2 mg, 0.149 mmol, 87%). 1H NMR: (300 MHz, CDCl3) δ 5.37-5.26 (2 H, 

m, H1, H3), 5.03 (1 H, t, JH4-H3 = JH4-H5 9.8 Hz, H4), 4.38 (1 H, ddd, JH2-F2 50.6 Hz, JH2-H3 8.8 

Hz, JH2-H1 8.0 Hz, H2), 4.24 (1 H, dd, JH6-H6’ 12.8 Hz, JH6-H5 4.9 Hz, H6), 4.13 (1 H, dd, JH6’-

H6 12.8 Hz, JH6’-H5 2.3 Hz, H6’), 3.82 (1 H, ddd, JH5-H4 9.8 Hz, JH5-H6 4.9 Hz, JH5-H6’ 2.3 Hz, 

H5), 3.79 (3H, br s, OCH3), 3.75 (3H, br s, OCH3), 2.05 (3 H, s, Ac), 2.04 (3 H, s, Ac), 2.01 

(3 H, s, Ac),; 19F NMR: (282 MHz, CDCl3): δ -200.59 (1 F, ddd, JF2-H2 50.6 Hz, JF2-H3 13.4 

Hz, JF2-H1 3.0 Hz, F2); 31P (1H decoupled) NMR: (121 MHz, CDCl3): δ 0.11; 13C NMR: (75 

MHz, CDCl3) δ 170.54, 169.91, 169.60 (3 x C=O), 95.87 (dd, JC1-F2 24 Hz, JC1-P 5 Hz, C1), 

89.37 (dd, JC2-F2 193 Hz, JC2-P 9 Hz, C2), 72.81 (C5), 72.40 (d, JC3-F2 20 Hz, C3), 67.74 (d, JC4-

F2 7 Hz, C4), 61.49 (C6), 54.75 (2C, 2 x OCH3), 20.75, 20.70, 20.64 (3 x Me); ESI-MS (high 

res): m/z calc.: 439.0776; Found: 439.0688 [M + Na]+.  
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Dimethyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.37) 

O

F
O

HO
HO

OH

P
O

OMe
OMe

 

2.49 (42.0 mg, 0.101 mmol) was dissolved in 5 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(9:1 ethyl acetate : methanol) to yield pure 2.37 as a colourless oil (20.7 mg, 0.0713 mmol, 

71%). 1H NMR: (300 MHz, CD3OD) δ 5.23 (1 H, td, JH1-H2 = JH1-P 7.5 Hz, JH1-F2 2.9 Hz, H1), 

4.12 (1 H, ddd, JH2-F2 51.4 Hz, JH2-H3 8.9 Hz, JH2-H1 7.5 Hz, H2), 3.88-3.80 (7 H, m, H3, 2 x 

OCH3), 3.73-3.60 (2 H, m, H4, H5), 3.45-3.37 (2 H, m, H6, H6’); 19F NMR: (282 MHz, 

CD3OD): δ -201.87 (1 F, ddd, JF2-H2 51.4 Hz, JF2-H3 14.3 Hz, JF2-H1 2.9 Hz, F2); 31P (1H 

decoupled) NMR: (121 MHz, CD3OD): δ -0.12; 13C NMR: (100 MHz, CD3OD) δ 96.43 

(dd, JC1-F2 24 Hz, JC1-P 7 Hz, C1), 88.98 (dd, JC2-F2 197 Hz, JC2-P 8 Hz, C2), 77.23 (d, JC3-F2 18 

Hz, C3), 74.34 (d, JC4-F2 7 Hz, C4), 72.43 (C5), 60.70 (C6), 54.27, 54.22 (2 x OCH3); ESI-

MS (high res): m/z calc.: 313.0459; Found: 313.0414 [M + Na]+; Anal. calc. for 

C8H16FO8P: C, 33.11, H, 5.56; Found: C, 32.99, H, 5.76. 

 

Methyl methylphosphonic acid (2.50) 

P
O

MeO
OH

Me
 

Dimethyl methylphosphonate (1 mL, 9.36 mmol, 1 eq) and lithium bromide (1.10 g, 12.7 

mmol, 1.4 eq) were dissolved in 40 mL dry acetonitrile and refluxed overnight under N2(g). 

The resulting white powder was filtered and washed with a small amount of acetonitrile. The 

powder was dissolved in 30 mL methanol, and acidified by stirring with Amberlite IR-120 

(H+) resin for 10 minutes. The resin was filtered off and the filtrate collected. The solvent 
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was evaporated under reduced pressure to yield 2.50 as a colourless liquid (0.762 g, 6.93 

mmol, 74%). The compound was used without further characterization or purification.  

 

Methyl methyl-(3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate  

(2.51) 

O

F
O

AcO
AcO

OAc

P
O

OMe
Me

 

2.12 (72.7 mg, 0.196 mmol, 1 eq) was dissolved in 10 mL dry acetonitrile. The crude 2.50 

(0.436 g, 3.96 mmol, 20 eq) was added, along with silver carbonate (0.439 g, 1.59 mmol, 8.1 

eq), to the solution. The resulting slurry was stirred overnight under N2(g), in the dark. The 

solution was filtered through a short plug of silica using ethyl acetate as the eluent to remove 

the silver salts. The filtrate was collected and the solvent evaporated under reduced pressure. 

The product was purified by flash chromatography (1:9 petroleum ether : ethyl acetate) to 

yield 2.51 as a colourless oil (64.1 mg, 0.160 mmol, 82% from 2.12). 1H NMR: (300 MHz, 

CDCl3) δ 5.44-5.26 (4 H, m, H1a, H1b, H3a, H3b), 5.05-4.99 (2 H, m, H4a, H4b), 4.48-4.08 (6 

H, m, H2a, H2b, H6a, H6b, H6’a, H6’b), 3.87-3.78 (2 H, m, H5a, H5b)), 3.74-3.70 (6 H, m, 

OCH3a, OCH3b) 2.06 (6 H, s, 2 x Ac), 2.05 (3 H, s, Ac), 2.03 (3 H, s, Ac), 2.02 (6 H, s, 2 x 

Ac), 1.57 (3 H, d, JH-P 18.3 Hz, PCH3a), 1.56 (3 H, d, JH-P 18.2 Hz, PCH3b) ; 19F NMR: (282 

MHz, CDCl3): δ -200.42-200.83 (2 F, m, F2a, F2b); 31P (1H decoupled) NMR: (121 MHz, 

CDCl3): δ 33.57; ESI-MS (high res): m/z calc.: 423.0827; Found: 423.0832 [M + Na]+.  
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Dimethyl-(3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate  (2.53) 

O

F
O

AcO
AcO

OAc

P
O

Me
Me

 

2.12 (58.8 mg, 0.158 mmol) was dissolved in 5 mL dry acetonitrile. Dimethyl phosphinic 

acid (58.3 mg, 0.620 mmol, 3.9 eq) and silver carbonate (0.326 g, 1.18 mmol, 7.5 eq) were 

added, and the resulting slurry was stirred overnight under N2(g), in the dark. The solution 

was filtered through a short plug of silica using ethyl acetate as the eluent to remove the 

silver salts. The filtrate was collected and the solvent evaporated under reduced pressure. The 

product was purified by flash chromatography (9:1 ethyl acetate : methanol) to yield 2.53 as 

a colourless oil (50.3 mg, 0.131 mmol, 83%). 1H NMR: (300 MHz, CDCl3) δ 5.43 (1 H, ddd, 

JH1-P 10.4 Hz, JH1-H2 8.5 Hz, JH1-F2 2.6 Hz, H1), 5.30 (1 H, ddd, JH3-F2 14.1 Hz, JH3-H4 9.8 Hz, 

JH3-H2 9.3 Hz, H3), 5.00 (1 H, t, JH4-H3 = JH4-H5 9.8 Hz, H4), 4.33 (1 H, ddd, JH2-F2 50.7 Hz, JH2-

H3 9.3 Hz, JH2-H1 8.5 Hz, H2) 4.22 (1 H, dd,  JH6-H6’ 12.4 Hz, JH6-H5 5.0 Hz, H6), 4.11 (1 H, dd, 

JH6’-H6 12.4 Hz, JH6’-H5 2.9 Hz, H6’), 3.82 (1 H, ddd, JH5-H4 9.8 Hz, JH5-H6 5.0 Hz, JH5-H6’ 2.9 

Hz, H5), 2.04 (3 H, s, Ac), 2.03 (3 H, s, Ac), 2.00 (3 H, s, Ac), 1.61 (3H, d, JH-P 13.5 Hz, 

PCH3), 1.56 (3H, d, JH-P 13.4 Hz, PCH3); 19F NMR: (282 MHz, CDCl3): δ -200.42 (1 F, ddd, 

JF2-H2 50.7 Hz, JF2-H3 14.1 Hz, JF2-H1 2.6 Hz, F2); 31P (1H decoupled) NMR: (121 MHz, 

CDCl3): δ 59.06; 13C NMR: (75 MHz, CDCl3) δ 170.59, 169.91, 169.69 (3 x C=O), 93.44 

(dd, JC1-F2 24 Hz, JC1-P 6 Hz, C1), 89.38 (dd, JC2-F2 201 Hz, JC2-P 8 Hz, C2), 72.60 (C5), 72.59 

(d, JC3-F2 19 Hz, C3), 67.90 (d, JC4-F2 7 Hz, C4), 61.58 (C6), 20.87, 20.80, 20.73 (3 x Me), 

17.68 (d, JC-P 93 Hz, PCH3), 16.75 (d, JC-P 96 Hz, PCH3); ESI-MS (high res): m/z calc.: 

407.0878; Found: 407.0883 [M + Na]+.  
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Dibenzyl (3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate  (2.61) 

O

F
O

AcO
AcO

OAc

P
O

OBn
OBn

 

2.12 (0.249 g, 0.671 mmol) was dissolved in 15 mL dry acetonitrile. Dibenzyl phosphoric 

acid (0.456 g, 1.64 mmol, 2.4 eq) and silver carbonate (0.688 g, 2.50 mmol, 3.7 eq) were 

added to the acetonitrile solution. The resulting slurry was stirred overnight under N2(g), in 

the dark. The solution was filtered through a short plug of silica using ethyl acetate as the 

eluent to remove the silver salts. The filtrate was collected and the solvent evaporated under 

reduced pressure. The product was purified by flash chromatography (2:1  3:2 hexane : 

ethyl acetate) to yield 2.61 as a colourless oil (0.198 g, 0.358 mmol, 53%). 1H NMR: (300 

MHz, CDCl3) δ 7.35-7.30 (10 H, m, Ar-H), 5.42 (1 H, td, JH1-H2 = JH1-P 7.8 Hz, JH1-F 3.0 Hz, 

H1), 5.35 (1 H, ddd, JH3-F2 14.1 Hz, JH3-H4 9.6 Hz, JH3-H2 8.9 Hz, H3), 5.14-5.02 (5 H, m, H4, 

2 x OCH2Ph), 4.41 (1 H, ddd, JH2-F2 50.6 Hz, JH2-H3 8.9 Hz, JH2-H1 7.8 Hz, H2), 4.23 (1 H, dd, 

JH6-H6’ 12.5 Hz, JH6-H5 4.9 Hz, H6), 4.09 (1 H, dd, JH6’-H6 12.5 Hz, JH6’-H5 2.1 Hz, H6’), 3.82 (1 

H, ddd, JH5-H4 10.1 Hz, JH5-H6 4.9 Hz, JH5-H6’ 2.1 Hz, H5), 2.07 (3 H, s, Ac), 2.02 (3 H, s, Ac), 

1.98 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -200.27 (1 F, ddd, JF2-H2 50.6 Hz, JF2-H3 

14.1 Hz, JF2-H1 3.0 Hz, F2); 31P (1H decoupled) NMR: (121 MHz, CDCl3): δ -2.33; 13C 

NMR: (75 MHz, CDCl3) δ 170.54, 169.92, 169.61 (3 x C=O), 135.47 (d, JC-P 8 Hz), 135.36 

(d, JC-P 9 Hz), 128.81, 128.78, 128.73 (2C), 128.69 (2C), 128.08 (4C) (12 x Ar), 95.98 (dd, 

JC1-F2 24 Hz, JC1-P 5 Hz, C1), 89.38 (dd, JC2-F2 193 Hz, JC2-P 9 Hz, C2), 72.78 (C5), 72.42 (d, 

JC3-F2 19 Hz, C3), 69.89 (d, JC-P 6 Hz, OCH2Ph), 69.80 (d, JC-P 6 Hz, OCH2Ph), 67.72 (d, JC4-

F2 7 Hz, C4), 61.50 (C6), 20.71 (2C), 20.64 (3 x Ac); ESI-MS (high res): m/z calc.: 

591.4712; Found: 591.4708 [M + Na]+.  
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Dibenzyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (2.62) 

O

F
O

HO
HO

OH

P
O

OBn
OBn

 

2.61 (40.3 mg, 0.0709 mmol) was dissolved in 5 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(24:1 ethyl acetate : methanol) to yield pure 2.62 as a colourless oil (21.1 mg, 0.0477 mmol, 

65%). 1H NMR: (300 MHz, CD3OD) δ 7.35-7.33 (10 H, m, Ar-H), 5.28 (1 H, td, JH1-H2 = 

JH1-P 7.4 Hz, JH1-F2 2.9 Hz, H1), 5.11 (2 H, d, JH-P 8.0 Hz, OCH2Ph), 5.10 (2 H, d, JH-P 8.2 Hz, 

OCH2Ph), 4.13 (1 H, ddd, JH2-F2 51.4 Hz, JH2-H3 8.2 Hz, JH2-H1 7.4 Hz, H2), 3.84 (1 H, ddd, 

JH3-F2 13.8 Hz, JH3-H4 9.6 Hz, JH3-H2 8.2 Hz, H3), 3.72-3.60 (2 H, m, H4, H5), 3.45-3.40 (2 H, 

m, H6, H6’); 19F NMR: (282 MHz, CD3OD): δ -201.53 (1 F, ddd, JF2-H2 51.4 Hz, JF2-H3 13.8 

Hz, JF2-H1 2.9 Hz, F2); 31P (1H decoupled) NMR: (121 MHz, CD3OD): δ -2.68; 13C NMR: 

(100 MHz, CD3OD) δ 134.68 (2 C, d, JC-P 8 Hz), 128.83, 128.78, 128.71 (2 C), 128.67 (2 C), 

128.11 (4 C) (12 x Ar), 96.41 (dd, JC1-F2 23 Hz, JC1-P 7 Hz, C1), 88.96 (dd, JC2-F2 197 Hz, JC2-

P 8 Hz, C2), 77.12 (d, JC3-F2 18 Hz, C3), 74.65 (d, JC4-F2 7 Hz, C4), 72.48 (C5), 70.29 (d, JC-P 

10 Hz, OCH2Ph), 70.26 (d, JC-P 8 Hz, OCH2Ph), 60.73 (C6); ESI-MS (high res): m/z calc.: 

465.1085; Found: 465.1080 [M + Na]+; Anal. calc. for C20H24FO8P: C, 54.30, H, 5.47; 

Found: C, 54.01, H, 5.79. 

  

Tribenzyl phosphite (2.63)208 

PBnO
OBn

OBn
 

Phosphorus trichloride (0.85 mL, 9.7 mmol, 1.0 eq) was dissolved in 200 mL 

dichloromethane and stirred at 0  ͦC under N2(g). Dry pyridine (2.6 mL, 32 mmol, 3.3 eq) was 

dissolved in 10 mL dry dichloromethane, and added dropwise. Dry benzyl alcohol (3.4 mL, 

33 mmol, 3.3 eq) was then dissolved in 10 mL dry dichloromethane, and added dropwise to 
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the solution. The reaction was allowed to warm to RT over two hours, after which the white 

precipitate was removed by filtration and the filtrate collected. The solvent was removed 

under reduced pressure, and the crude product was purified by flash chromatography (19:1 

petroleum ether : ethyl acetate, 1% triethylamine) to yield 2.63 as a colourless liquid (2.60 g, 

7.38 mmol, 76%). 1H NMR: (300 MHz, CDCl3) δ 7.35-7.30 (15 H, m, Ar-H) 5.00 (6 H, d, 

JH-P 35.1 Hz, OCH2Ph); 31P (1H decoupled) NMR: (121 MHz, CDCl3) δ -0.15. 

 

Benzyl dibenzylphosphonate (2.64)208 

PBnO
OBn

Bn

O

 

2.63 (1.91 g, 5.42 mmol, 1 eq) and benzyl chloride (0.5 mL) were stirred, neat, overnight 

under N2(g) at 140 ͦC. The crude liquid was purified by flash chromatography (2:1 petroleum 

ether : ethyl acetate) to yield 2.64 as a colourless liquid (1.39 g, 3.94 mmol, 73%) along with 

recovered 2.63 (0.256 g, 0.727 mmol, 13%). ESI-MS (low res): m/z calc.: 375.1; Found: 

375.3 [M + Na]+.  

 

Benzyl benzylphosphonic acid (2.65) 

P
O

BnO
OH

Bn
 

2.64 (0.765 g, 2.17 mmol, 1 eq) and lithium bromide (0.377 g, 4.34 mmol, 2 eq) were 

dissolved in 40 mL dry acetonitrile, and refluxed overnight under N2(g). The resulting white 

powder was filtered and washed with a small amount of acetonitrile. The powder was 

dissolved in 15 mL methanol, and acidified by stirring with Amberlite IR-120 (H+) resin for 

10 minutes. The resin was filtered off and the filtrate collected. The solvent was evaporated 

under reduced pressure to yield 2.65 as a colourless oil (0.541 g, 2.06 mmol, 95%). The 

compound was used without further characterization or purification.  
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Benzyl benzyl-(3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate  

(2.66) 

O

F
O

AcO
AcO

OAc

P
O

OBn
Bn

 

2.12 (0.310 g, 0.835 mmol 1.2 eq) was dissolved in 10 mL dry acetonitrile. The crude 2.65 

(0.180 g, 0.686 mmol, 1 eq) was dissolved in 5 mL dry acetonitrile and added, along with 

silver carbonate (0.563 g, 2.04 mmol, 2.4 eq) to the solution of 2.12. The resulting slurry was 

stirred overnight under N2(g), in the dark. The solution was filtered through a short plug of 

silica using ethyl acetate as the eluent to remove the silver salts. The filtrate was collected 

and the solvent evaporated under reduced pressure. The product was purified by flash 

chromatography (1:1 petroleum ether : ethyl acetate) to yield 2.66, as a mixture of 

diastereomers, as a colourless oil (0.292 g, 0.523 mmol, 63% from 2.65). 1H NMR: (300 

MHz, CDCl3) δ 7.32-7.25 (20 H, m, Ar-H) 5.46-5.25 (4 H, m, H1a, H1b, H3a, H3b), 5.09-4.94 

(6 H, m, H4a, H4b, OCH2Pha, OCH2Phb), 4.48-4.06 (6 H, m, H2a, H2b, H6a, H6b, H6’a, H6’b), 

3.86-3.74 (2 H, m, H5a, H5b), 3.35-3.22 (4 H, m, PCH2Pha, PCH2Phb), 2.08 (9 H, s, 3 x Ac), 

2.07 (6 H, s, 2 x Ac), 1.97 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -(199.97- 200.29) 

(2 F, m, F2a, F2b); 31P (1H decoupled) NMR: (121 MHz, CDCl3): δ 28.08, 27.96; ESI-MS 

(high res): m/z calc.: 575.1453; Found: 575.1453 [M + Na]+.  

 



222 
 

Benzyl benzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphonate (2.67) 

O

F
O

HO
HO

OH

P
O

OBn
Bn

 

2.66 (56.5 mg, 0.133 mmol) was dissolved in 5 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(9:1 ethyl acetate : methanol) to yield pure 2.67, as a mixture of diastereomers, as a 

colourless oil (36.2 mg, 0.851 mmol, 83%). 1H NMR: (300 MHz, CD3OD) δ 7.30-7.25 (20 

H, m, Ar-H), 5.31-5.21 (2 H, m, H1a, H1b), 5.07 (2 H, d, JH-P 7.7 Hz, OCH2Pha), 5.03 (2 H, d, 

JH-P 8.0 Hz, OCH2Phb) 4.23-3.99 (2 H, m, H2a, H2b), 3.88-3.84 (2 H, m, H3a, H3b)), 3.72-

3.58 (4 H, m, H4a, H4b, H5a, H5b) 3.43- 3.32 (8 H, m, H6a, H6b, H6’a, H6’b, PCH2Pha, 

PCH2Phb); 19F NMR: (282 MHz, CD3OD): δ - (201.10-201.34) (2 F, m, F2a, F2b); 31P (1H 

decoupled) NMR: (121 MHz, CD3OD): δ 28.59, 28.51; ESI-MS (high res): m/z calc.: 

449.1136; Found: 449.1126 [M + Na]+; Anal. calc. for C20H24FO7P: C, 56.34, H, 5.67; 

Found: C, 56.22, H, 5.89. 

 

Dibenzyl phosphinic acid (2.68)207 

O
PBn
OH

Bn
 

Ammonium phosphinate (0.519 g, 6.25 mmol) was suspended in 15 mL dry dichloromethane 

at 0  ͦC under N2(g). Diisopropyl ethyl amine (4.4 mL, 25.3 mmol, 4 eq) and trimethylsilyl 

chloride (3.2 mL, 25.3 mmol, 4 eq) were added, and the solution allowed to warm to room 

temperature over 2 hours. Following this, benzyl bromide (1.9 mL, 16.0 mmol, 2.5 eq) was 

added and stirred overnight. The solid was removed by filtration, the filtrate washed with 1 

M HCl, and the organic layer was then dried over MgSO4 for 10 minutes, filtered, and 

concentrated under reduced pressure. 2.68 was isolated as a white powder (1.08 g, 5.26 
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mmol, 84%). 1H NMR: (300 MHz, CDCl3) δ 7.33-7.22 (10 H, m, Ar-H) 3.10 (4 H, d, JH-

P 16.4 Hz, PCH2Ph); 31P (1H decoupled) NMR: (121 MHz, CDCl3) δ 47.57; ESI-MS (low 

res): m/z calc.: 245.3; Found: 245.4 [M - H]-. 

 

Dibenzyl-(3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate  (2.69) 

O

F
O

AcO
AcO

OAc

P
O

Bn
Bn

 

2.12 (0.130 g, 0.349 mmol) was dissolved in 10 mL dry acetonitrile. 2.68 (0.210 g, 0.853 

mmol, 2 eq) and silver carbonate (0.365 g, 1.32 mmol, 3.5 eq) were added, and the resulting 

slurry was stirred overnight under N2(g), in the dark. The solution was filtered through a short 

plug of silica using ethyl acetate as the eluent to remove the silver salts. The filtrate was 

collected and the solvent evaporated under reduced pressure. The product was purified by 

flash chromatography (1:1  1:3 petroleum ether : ethyl acetate) to yield 2.69 as a colourless 

oil (74.8 mg, 0.140 mmol, 36%) along with recovered 2.12 (84.2 mg, 0.227 mmol, 49%). 1H 

NMR: (300 MHz, CDCl3) δ 7.30-7.17 (10 H, m, Ar-H), 5.38 (1 H, ddd, JH1-P 10.4 Hz, JH1-H2 

7.8 Hz, JH1-F2 2.6 Hz, H1), 5.28 (1 H, ddd, JH3-F2 14.1 Hz, JH3-H4 9.8 Hz, JH3-H2 9.3 Hz, H3), 

5.06 (1 H, t, JH4-H3 = JH4-H5 9.8 Hz, H4), 4.33 (1 H, ddd, JH2-F2 50.7 Hz, JH2-H3 9.3 Hz, JH2-

H1 7.8 Hz, H2) 4.22 (1H, dd,  JH6-H6’ 12.5 Hz, JH6-H5 4.6 Hz, H6), 4.07 (1 H, dd, JH6’-H6 12.5 

Hz, JH6’-H5 2.2 Hz, H6’), 3.82 (1 H, ddd, JH5-H4 9.8 Hz, JH5-H6 4.6 Hz, JH5-H6’ 2.2 Hz, H5), 3.18 

(2 H, d, JH-P 39.8 Hz, PCH2Ph), 3.12 (2 H, d, JH-P 38.4 Hz, PCH2Ph),  2.06 (3 H, s, Ac), 2.03 

(3 H, s, Ac), 2.02 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -199.96 (1 F, ddd, JF2-H2 50.7 

Hz, JF2-H3 14.1 Hz, JF2-H1 2.6 Hz, F2); 31P (1H decoupled) NMR: (121 MHz, CDCl3): δ 

53.08; 13C NMR: (75 MHz, CDCl3) δ 170.55, 169.87, 169.70 (3 x C=O), 130.97 (2C, d, JC-

P 99 Hz, PCH2Ph) 130.23 (2C), 130.15 (2C), 128.80 (2C), 127.30 (2C), 93.44 (dd, JC1-F2 26 

Hz, JC1-P 6 Hz, C1), 89.38 (dd, JC2-F2 199 Hz, JC2-P 8 Hz, C2), 72.58 (C5), 72.56 (d, JC3-F2 19 
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Hz, C3), 67.77 (d, JC4-F2 7 Hz, C4), 61.43 (C6), 20.80, 20.74, 20.67 (3 x Me); ESI-MS (high 

res): m/z calc.: 559.1504; Found: 559.1520 [M + Na]+.  

 

Dibenzyl-(2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (2.70) 

O

F
O

HO
HO

OH

P
O

Bn
Bn

 

2.69 (25.8 mg, 0.0481 mmol) was dissolved in 3 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(19:1  9:1 ethyl acetate : methanol) to yield impure 2.70 as a colourless oil (5.32 mg). 1H 

NMR: (300 MHz, CD3OD) δ 7.32-7.24 (10 H, m, Ar-H) 5.18 (1 H, ddd, JH1-P 10.2 Hz, JH1-H2  

7.5 Hz, JH1-F2 2.6 Hz, H1), 4.10 (1 H, ddd, JH2-F2 51.2 Hz, JH2-H3 8.9 Hz, JH2-H1 7.5 Hz, H2), 

3.92-3.54 (5 H, m, H3,H4, H5, H6, H6’), 3.40-3.24 (4 H, m, PCH2Ph); 19F NMR: (282 MHz, 

CD3OD): δ -200.97 (1 F, ddd, JF2-H2 51.2 Hz, JF2-H3 14.3 Hz, JF2-H1 2.6 Hz, F2); 31P (1H 

decoupled) NMR: (121 MHz, CD3OD): δ 54.16; ESI-MS (high res): m/z calc.: 433.1192; 

Found: 433.1194 [M + Na]+; Anal. calc. for C20H24FO6P: C, 58.54, H, 5.89; Found: C, 

58.45, H, 5.95.  

 

3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-α-D-mannopyranosyl bromide (2.76) 

OFAcO
AcO

OAc

Br 

2.10 (0.518 g, 1.48 mmol) was brominated according to General Procedure A overnight. The 

crude product (0.494 g, 1.33 mmol, 90%) was used without further purification or 

characterization.  
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Benzyl benzyl-(3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate  

(2.77) 

OF
O

AcO
AcO

OAc

P
O

OBn
Bn

 

2.76 (0.125 g, 0.337 mmol) was dissolved in 5 mL dry acetonitrile. The crude 2.65 (0.139 g, 

0.518 mmol, 1.5 eq) was dissolved in 1 mL dry acetonitrile and added, along with silver 

carbonate (0.325 g, 1.18 mmol, 3.5 eq) to the solution of 2.76. The resulting slurry was 

stirred for three days under N2(g), in the dark. The solution was filtered through a short plug 

of silica using ethyl acetate as the eluent to remove the silver salts. The filtrate was collected 

and the solvent evaporated under reduced pressure. The product was purified by flash 

chromatography (1:1 petroleum ether : ethyl acetate) to yield 2.77 as a colourless oil (0.118 

g, 0.214 mmol, 63%). 1H NMR: (300 MHz, CDCl3) δ 7.33-7.22 (20 H, m, Ar-H) 5.45-5.25 

(4 H, m, H1a, H1b, H3a, H3b), 5.10-4.94 (6 H, m, H4a, H4b, OCH2Pha, OCH2Phb), 4.50-4.05 

(6 H, m, H2a, H2b, H6a, H6b, H6’a, H6’b), 3.86-3.74 (2 H, m, H5a, H5b), 3.35-3.21 (4 H, m, 

PCH2Pha, PCH2Phb), 2.08 (3 H, s, Ac), 2.07 (6 H, s, 2 x Ac), 2.03 (3 H, s, Ac), 2.02 (3 H, s, 

Ac), 1.97 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -199.97-200.30 (2 F, m, F2a, F2b); 
31P (1H decoupled) NMR: (121 MHz, CDCl3): δ 28.10, 27.98; ESI-MS (high res): m/z 

calc.: 575.1453; Found: 575.1456 [M + Na]+. 
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Benzyl benzyl-(2-deoxy-2-fluoro-β-D-mannopyranosyl) phosphonate (2.71) 

OF
O

HO
HO

OH

P
O

OBn
Bn

 

2.77 (35.1 mg, 0.0635 mmol) was dissolved in 5 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(19:1 ethyl acetate : methanol) to yield pure 2.71 as a colourless oil (20.9 mg, 0.0490 mmol, 

77%). 1H NMR: (300 MHz, CD3OD) δ 7.30-7.27 (20 H, m, Ar-H), 5.31-5.21 (2 H, m, H1a, 

H1b), 5.07 (2 H, d, JH-P 7.7 Hz, OCH2Pha), 5.03 (2 H, d, JH-P 8.0 Hz, OCH2Phb) 4.23-3.99 (2 

H, m, H2a, H2b), 3.88-3.84 (2 H, m, H3a, H3b)), 3.72-3.58 (4 H, m, H4a, H4b, H5a, H5b) 3.43- 

3.30 (8 H, m, H6a, H6b, H6’a, H6’b, PCH2Pha, PCH2Phb); 19F NMR: (282 MHz, CD3OD): δ -

(201.00-201.34) (2F, m, F2a, F2b); 31P (1H decoupled) NMR: (121 MHz, CD3OD): δ 28.93, 

28.52; ESI-MS (high res): m/z calc.: 449.1136; Found: 449.1134 [M + Na]+; Anal. calc. 

for C20H24FO7P: C, 56.34, H, 5.67; Found: C, 56.12, H, 5.78.   

 

2,3,4,6-Tetra-O-acetyl-α-D-galactopyranosyl bromide (2.78)  

O

AcO

AcO

AcO

OAc

Br 

1,2,3,4,6-Penta-O-acetyl-D-galactopyranoside (7.68 g, 19.7 mmol) was treated according to 

General Procedure A (15 mL, 2 hours) to yield, after work-up, crude 2.78 as a colourless 

gum. The product was used without further characterization or purification.  
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3,4,6-Tri-O-acetyl-D-galactal (2.79) 

O
AcO

AcO

OAc

 

 2.78 was dissolved in 300 mL of 1:1 acetic acid : water. Zinc (14.5 g, 0.222 mmol, 11 eq) 

was added, and the resulting slurry mechanically stirred at 0  ͦC overnight. The solution was 

filtered through Celite to remove the solid zinc and its salts, and the solvent removed under 

reduced pressure. The product was purified by flash chromatography (4:1 petroleum ether : 

ethyl acetate) to yield 2.79 as a white solid (2.54 g, 9.33 mmol, 48% from marjoram). 1H 

NMR: (400 MHz, CDCl3) δ 6.39 (1 H, d, JH1-H2 6.6 Hz, H1), 5.48 (1 H, m, H3), 5.35 (1 H, 

m, H4), 4.66 (1 H, ddd, JH5-H4 6.3 Hz, JH5-H6 2.6 Hz, JH5-H6’ 1.5 Hz, H5), 4.26 (1 H, t, JH2-H1 = 

JH2-H3 6.6 Hz, H2), 4.22-4.12 (2 H, m, H6, H6’), 2.05 (3 H, s, Ac), 2.01 (3 H, s, Ac), 1.95 (3 

H, s, Ac). 

 

3,4,6-Tri-O-acetyl -2-deoxy-2-fluoro-D-galactopyranose (2.80)  

O

F

AcO

AcO

OAc

OAc 

2.79 (0.845 g, 3.10 mmol) was dissolved in 60 mL of 2:1 acetonitrile : acetic acid and stirred 

at 70  ͦC under N2(g). To this solution was added Selectfluor (1.39 g, 3.93 mmol, 1.25 eq) and 

the mixture allowed to stir for 2.5 hours before being cooled to room temperature. Following 

solvent evaporation under reduced pressure, the residue was dissolved in ethyl acetate and 

washed with 2 x H2O, 1 x saturated NaHCO3, 1 x brine and dried over MgSO4. After 10 

minutes, the MgSO4 was filtered off, and the solvent evaporated under reduced pressure. The 

product was purified by column chromatography (4:1 hexane : ethyl acetate) to yield 2.80 

(3:2 β:α) as a colourless oil (0.224 g, 0.639 mmol, 21%). 1H NMR: (300 MHz, CDCl3) δ 

6.39 (1 H, d, JH1α -F2α 3.9 Hz, H1α), 5.74 (1 H, dd, JH1β -F2β 8.0 Hz, JH1β -H2β 4.1 Hz, H2β), 
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5.45-5.09 (4 H, m, H3α, H3β, H4α, H4β), 4.85 (1 H, ddd, JH2α-F2α 49.1 Hz, JH2α-H3α 10.2 Hz, 

JH2α-H1α 4.0 Hz, H2α), 4.57 (1 H, ddd, JH2β-F2β 51.6 Hz, JH2β-H3β 9.6 Hz, JH2β-H1β 8.1 Hz, H2β), 

4.27-4.00 (6 H, m, H5α, H5β, H6α, H6β, H6’α, H6’β), 2.12 (3 H, s, Ac), 2.11 (3 H, s, Ac), 

2.08 (3 H, s, Ac), 1.99 (3 H, s, Ac), 1.97 (3 H, s, Ac), 1.96 (3 H, s, Ac) 19F NMR: (282 MHz, 

CDCl3): δ -208.5 (1 F, ddd, JF2β-H2β 51.6 Hz, JF2β-H3β 14.4 Hz, JF2β-H1β 8.0 Hz, F2β), -202.63 

(1 F, ddd, JF2α-H1α 48.5 Hz, JF2α-H3α 49.1 Hz, JF2α-H3α 12.4 Hz, JF2α-H1α 3.9 Hz, F2α). 

 

3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-α-D-galactopyranosyl bromide (2.81)  

O

F

AcO

AcO

OAc

Br 

2.80 (0.104 g, 0.297 mmol) was treated according to General Procedure A (3 mL,4 hours) to 

yield, after work-up, crude 2.81 a colourless gum. The product was used without further 

characterization or purification.  

 

Benzyl benzyl-(3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-galactopyranosyl) phosphonate  

(2.82) 

O

F
O

AcO

AcO

OAc

P
O

OBn
Bn

 

2.81 was dissolved in 5 mL dry acetonitrile. The crude 2.65 (0.180 g, 0.686 mmol, 2.3 eq) 

was dissolved in 2 mL dry acetonitrile and added, along with silver carbonate (0.351 g, 1.27 

mmol, 4.3 eq) to the solution of 2.81. The resulting slurry was stirred overnight under N2(g), 

in the dark. The solution was filtered through a short plug of silica using ethyl acetate as the 

eluent to remove the silver salts. The filtrate was collected and the solvent evaporated under 
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reduced pressure. The product was purified by flash chromatography (1:1  1:2 petroleum 

ether : ethyl acetate) to yield 2.66, as a mixture of diastereomers, as a colourless oil (0.130 g, 

0.235 mmol, 80% from 2.80). 1H NMR: (300 MHz, CDCl3) δ 5.45-5.25 (4 H, m, H1a, H1b, 

H3a, H3b), 5.09-4.94 (6 H, m, H4a, H4b, OCH2Pha, OCH2Phb), 4.48-4.05 (6 H, m, H2a, H2b, 

H6a, H6b, H6’a, H6’b), 3.84-3.75 (2 H, m, H5a, H5b)), 3.32-3.22 (4 H, m, PCH2Pha, PCH2Phb) 

2.08 (9 H, s, 3 x Ac), 2.07 (6 H, s, 2 x Ac), 2.03 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): 

δ -199.98-200.30 (2 F, m, F2a, F2b); 31P (1H decoupled) NMR: (121 MHz, CDCl3): δ 28.08, 

27.96; ESI-MS (high res): m/z calc.: 575.1458; Found: 575.1453 [M + Na]+.  

 

Benzyl benzyl-(2-deoxy-2-fluoro-β-D-galactopyranosyl) phosphonate (2.72) 

O

F
O

HO

HO

OH

P
O

OBn
Bn

 

2.82 (21.9 mg, 0.0396 mmol) was dissolved in 5 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(9:1 ethyl acetate : methanol) to yield pure 2.72, as a mixture of diastereomers, as a 

colourless oil (16.6 mg, 0.0389 mmol, 98%). 1H NMR: (300 MHz, CD3OD) δ 7.30-7.25 (20 

H, m, Ar-H), 5.30-5.21 (2 H, m, H1a, H1b), 5.08 (2 H, d, JH-P 7.7 Hz, OCH2Pha), 5.04 (2 H, d, 

JH-P 8.0 Hz, OCH2Phb) 4.23-3.99 (2 H, m, H2a, H2b), 3.88-3.84 (2 H, m, H3a, H3b)), 3.70-

3.54 (4 H, m, H4a, H4b, H5a, H5b) 3.43- 3.32 (8 H, m, H6a, H6b, H6’a, H6’b, PCH2Pha, 

PCH2Phb), 2.08 (9 H, s, 3 x Ac), 2.07 (6 H, s, 2 x Ac), 1.97 (3 H, s, Ac);),; 19F NMR: (282 

MHz, CD3OD): δ -(209.60-209.95) (2 F, m, F2a, F2b); 31P (1H decoupled) NMR: (121 MHz, 

CD3OD): δ 28.87, 28.45; ESI-MS (high res): m/z calc.: 449.1136; Found: 465.1133 [M + 

Na]+; Anal. calc. for C20H24FO7P: C, 56.34, H, 5.67; Found: C, 56.26, H, 5.72.    
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Dibenzyl (3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-α-D-glucopyranosyl) phosphate  (2.83) 

O

F O

AcO
AcO

OAc

P
O

OBn
OBn

 

2.61 (0.463 g, 0.814 mmol) was dissolved in 10 mL dry toluene. Dibenzyl phosphoric acid 

(0.450 g, 1.62 mmol, 2.0 eq) was added and the solution stirred under N2(g) at 110  ͦC for 2 

days. The solvent was then evaporated under reduced pressure, and the product was partially 

purified by flash chromatography (3:1  2:1  1:1 hexane : ethyl acetate) to yield an 

inseparable mixture of 1:4 2.61 to 2.83 as a colourless oil (0.149 g, 0.262 mmol, 22%). 2.61: 

Characterization previously described. 2.83: 1H NMR: (300 MHz, CDCl3) δ 7.34-7.32 (10 

H, m, Ar-H), 5.95 (1 H, dd, JH1-P 6.7 Hz, JH1-H2 3.6 Hz, H1), 5.51 (1 H, dt, JH3-F2 11.9 Hz, JH3-

H2 = JH3-H4 9.6 Hz, H3), 5.09-4.99 (5 H, m, H4, 2 x OCH2Ph), 4.56 (1 H, ddt, JH2-F2 48.6 Hz, 

JH2-H3 9.6 Hz, JH2-H1 = JH2-P 3.6 Hz, H2), 4.14 (1 H, dd, JH6-H6’ 12.6 Hz, JH6-H5 4.0 Hz, H6), 

4.01 (1 H, ddd, JH5-H4 9.4 Hz, JH5-H6 4.0 Hz, JH5-H6’ 2.0 Hz, H5), 3.85 (1 H, dd, JH6’-H6 12.6 

Hz, JH6’-H5 2.0 Hz, H6’), 2.06 (3 H, s, Ac), 2.01 (3 H, s, Ac), 1.97 (3 H, s, Ac); 19F NMR: 

(282 MHz, CDCl3): δ -200.81 (1 F, dd, JF2-H2 48.6 Hz, JF2-H3 11.9 Hz, F2); 31P (1H 

decoupled) NMR: (121 MHz, CDCl3): δ -2.10; 13C NMR: (75 MHz, CDCl3) δ 170.54, 

169.92, 169.60 (3 x C=O), 135.53-135.30 (2 C, m), 128.78 (2 C), 128.73 (2 C), 128.70 (2 C), 

128.69 (2 C), 128.07 (2 C) (12 x Ar), 95.99 (dd, JC1-F2 24 Hz, JC1-P 5 Hz, C1), 89.37 (dd, JC2-

F2 192 Hz, JC2-P 9 Hz, C2), 72.78 (C5), 72.42 (d, JC3-F2 19 Hz, C3), 69.87 (d, JC-P 8 Hz, 

OCH2Ph), 69.80 (d, JC-P 8 Hz, OCH2Ph), 67.71 (d, JC4-F2 7 Hz, C4), 61.50 (C6), 20.72, 20.65, 

20.31 (3 x Ac); ESI-MS (high res): m/z calc.: 591.4712; Found: 591.4718 [M + Na]+.  
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Dibenzyl (2-deoxy-2-fluoro-α-D-glucopyranosyl) phosphate (2.73) 

O

F O

HO
HO

OH

P
O

OBn
OBn

 

The impure 2.83 (51.9 mg, 0.0913 mmol) was dissolved in 10 mL dry methanol, and 

deacetylated according to General Procedure B. The crude product was purified by flash 

chromatography (50:1 ethyl acetate : methanol) to yield a 1:19 mixture of 2.62 to 2.73 as a 

colourless oil (31.0 mg, 0.0701 mmol, 77%). 2.62: Characterization previously described. 1H 

NMR: (300 MHz, CD3OD) δ 7.36-7.33 (10 H, m, Ar-H), 5.92 (1 H, dd, JH1-P 6.1 Hz, JH1-H2 

3.7 Hz, H1), 5.11-5.08 (2 H, m, 2 x OCH2Ph), 4.38 (1 H, ddd, JH2-F2 48.5 Hz, JH2-H3 9.5 Hz, 

JH2-H1 3.7 Hz, H2), 3.85 (1 H, dt, JH3-F2 12.9 Hz, JH3-H2 = JH3-H4 9.5 Hz, H3), 3.73-3.63 (2 H, 

m, H4, H5), 3.53-3.41 (2 H, m, H6, H6’); 19F NMR: (282 MHz, CD3OD): δ -202.20 (1 F, 

dd, JF2-H2 48.5 Hz, JF2-H3 12.9 Hz, F2); 31P (1H decoupled) NMR: (121 MHz, CD3OD): δ -

2.35; 13C NMR: (100 MHz, CD3OD) δ 134.64 (2 C, d, JC-P 7 Hz), 128.82, 128.75, 128.71 (2 

C), 128.61 (2 C), 128.11 (4 C) (12 x Ar), 96.41 (dd, JC1-F2 24 Hz, JC1-P 7 Hz, C1), 88.92 (dd, 

JC2-F2 194 Hz, JC2-P 8 Hz, C2), 77.54 (d, JC3-F2 18 Hz, C3), 74.62 (d, JC4-F2 7 Hz, C4), 72.58 

(C5), 70.29 (d, JC-P 10 Hz, OCH2Ph), 70.26 (d, JC-P 8 Hz, OCH2Ph), 60.73 (C6); ESI-MS 

(high res): m/z calc.: 465.1085; Found: 465.1078 [M + Na]+; Anal. calc. for C20H24FO8P: 

C, 54.30, H, 5.47; Found: C, 54.22, H, 5.56. 
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Dibenzyl (3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphate  (2.84) 

OF

O

AcO
AcO

OAc

P
O

OBn
OBn

 

2.76 (0.494 g, 1.33 mmol) was dissolved in 10 mL dry toluene. Dibenzyl phosphoric acid 

(0.617 g, 2.22 mmol, 1.7 eq) and silver carbonate (0.769 g, 2.79 mmol, 1.9 eq) were added to 

the toluene solution. The resulting slurry was stirred overnight under N2(g), in the dark. The 

solution was filtered through a short plug of silica using ethyl acetate as the eluent to remove 

the silver salts. The filtrate was collected and the solvent evaporated under reduced pressure. 

The product was purified by flash chromatography (9:1 toluene : acetone) to yield 2.84 as a 

colourless oil (0.0547 g, 0.0962 mmol, 7%). 1H NMR: (300 MHz, CDCl3) δ 7.36-7.35 (10 

H, m, Ar-H), 5.73 (1 H, br td, JH1-P 6.4 Hz, JH1-F2 5.5 Hz, JH1-H2 1.9 Hz, H1), 5.32 (1 H, t, JH4-

H3 = JH4-H5 10.0 Hz, H4), 5.17 (1 H, ddd, JH3-F2 27.6 Hz, JH3-H4 10.0 Hz, JH3-H2 2.5 Hz, H3),  

5.11-5.07 (4 H, m, 2 x OCH2Ph), 4.54 (1 H, br dt, JH2-F2 48.9 Hz, JH2-H3 2.5 Hz, JH2-H1 1.9 Hz, 

H2), 4.16 (1 H, dd, JH6-H6’ 12.3 Hz, JH6-H5 4.1 Hz, H6), 3.99 (1 H, ddd, JH5-H4 10.0 Hz, JH5-H6 

4.1 Hz, JH5-H6’ 2.1 Hz, H5), 3.93 (1 H, dd, JH6’-H6 12.3 Hz, JH6’-H5 2.1 Hz, H6’), 2.09 (3 H, s, 

Ac), 2.03 (3 H, s, Ac), 2.00 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -203.69 (1 F, ddd, 

JF2-H2 48.9 Hz, JF2-H3 27.6 Hz, JF2-H1 5.5 Hz, F2); 31P (1H decoupled) NMR: (121 MHz, 

CDCl3): δ -2.38; 13C NMR: (75 MHz, CDCl3) δ 170.71, 170.02, 169.43 (3 x C=O), 135.38, 

135.31, 128.04 (3 C), 128.90 (3 C), 128.37 (2 C), 128.23 (2 C), (12 x Ar), 94.46 (dd, JC1-F2 32 

Hz, JC1-P 5 Hz, C1), 88.78 (dd, JC2-F2 196 Hz, JC2-P 8 Hz, C2), 70.40 (C5), 70.19 (d, JC-P 10 Hz, 

OCH2Ph), 70.09 (d, JC-P 6 Hz, OCH2Ph), 69.00 (d, JC3-F2 17 Hz, C3), 65.08 (C4), 61.55 (C6), 

20.71, 20.70 (2 C), (3 x Me); ESI-MS (high res): m/z calc.: 591.4712; Found: 591.4710 [M 

+ Na]+.  
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Dibenzyl (2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphate (2.74) 

OF

O

HO
HO

OH

P
O

OBn
OBn

 

2.84 (14.9 mg, 0.0262 mmol) was dissolved in 2 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(50:1 ethyl acetate : methanol) to yield pure 2.74 as a colourless oil (8.8 mg, 0.020 mmol, 

76%). 1H NMR: (300 MHz, CD3OD) δ 7.37 (10 H, m, Ar-H), 5.71 (1 H, td, JH1-F2 = JH1-P 6.2 

Hz, JH1-H2 1.9 Hz, H1), 5.11 (2 H, d, JH-P 8.6 Hz, OCH2Ph), 5.10 (d, JH-P 9.6 Hz, OCH2Ph), 

4.46 (1 H, dt, JH2-F2 48.9 Hz, JH2-H3 = JH2-H1 1.9 Hz, H2), 3.71-3.60 (5 H, m, H3, H4, H5, H6, 

H6’); 19F NMR: (282 MHz, CD3OD): δ -205.90 (1 F, ddd, JF2-H2 48.9 Hz, JF2-H3 22.6 Hz, JF2-

H1 6.2 Hz, F2); 31P (1H decoupled) NMR: (121 MHz, CD3OD): δ -2.54; 13C NMR: (75 

MHz, CD3OD) δ 134.34 (2 C), 128.43 (2 C), 128.41 (2 C), 128.39 (2 C), 128.24 (2 C), 

128.11 (2 C) (12 x Ar), 94.21 (dd, JC1-F2 30 Hz, JC1-P 6 Hz, C1), 88.94 (dd, JC2-F2 198 Hz, JC2-

P 8 Hz, C2), 77.65 (d, JC3-F2 19 Hz, C3), 75.15 (d, JC4-F2 5 Hz, C4), 72.48 (C5), 70.43 (d, JC-P 9 

Hz, OCH2Ph), 70.39 (d, JC-P 7 Hz, OCH2Ph), 60.73 (C6); ESI-MS (high res): m/z calc.: 

465.1085; Found: 465.1082 [M + Na]+; Anal. calc. for C20H24FO8P: C, 54.30, H, 5.47; 

Found: C, 54.14, H, 5.59. 
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Benzyl benzyl-(3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphonate  

(2.85) 

OF

O

AcO
AcO

OAc

P
O

OBn
Bn

 

2.76 (0.479 g, 1.29 mmol) was dissolved in 10 mL dry acetonitrile. The crude 2.65 (0.307 g, 

1.83 mmol, 1.4 eq) was dissolved in 2 mL dry acetonitrile and added, along with silver 

carbonate (0.452 g, 1.64 mmol, 1.3 eq) to the solution of 2.76. The resulting slurry was 

stirred overnight under N2(g), in the dark. The solution was filtered through a short plug of 

silica using ethyl acetate as the eluent to remove the silver salts. The filtrate was collected 

and the solvent evaporated under reduced pressure. The product was purified by flash 

chromatography (1:1 petroleum ether : ethyl acetate) to yield 2.85, as a mixture of 

diastereomers, as a colourless oil (0.267 g, 0.483 mmol, 37%).  1H NMR: (300 MHz, 

CDCl3) δ 7.31-7.26 (20 H, m, Ar-H) 5.79-5.63 (2 H, m, H1a, H1b), 5.31-4.97 (8 H, m, H3a, 

H3b, H4a, H4b, OCH2Pha, OCH2Phb), 4.52-3.83 (8 H, m, H2a, H2b, H5a, H5b, H6a, H6b, H6’a, 

H6’b), 3.31-3.13 (4 H, m, PCH2Pha, PCH2Phb), 2.08 (3 H, s, Ac), 2.07 (6 H, s, 2 x Ac), 2.01 

(3 H, s, Ac), 1.97 (6 H, s, 2 x Ac); 19F NMR: (282 MHz, CDCl3): δ -(203.25-203.92) (2 F, 

m, F2a, F2b); 31P (1H decoupled) NMR: (121 MHz, CDCl3): δ 27.71, 27.25; ESI-MS (high 

res): m/z calc.: 575.1453; Found: 575.1448 [M + Na]+.  
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Benzyl benzyl-(2-deoxy-2-fluoro-α-D-mannopyranosyl) phosphonate (2.75) 

OF

O

HO
HO

OH

P
O

OBn
Bn

 

2.85 (56.5 mg, 0.133 mmol) was dissolved in 5 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(9:1 ethyl acetate : methanol) to yield pure 2.75, as a mixture of diastereomers, as a 

colourless oil (36.2 mg, 0.851 mmol, 83%). 1H NMR: (300 MHz, CDCl3) δ 7.33-7.29 (20 H, 

m, Ar-H) 5.70-5.67 (2 H, m, H1a, H1b), 5.10-5.04 (2 H, m, H4a, H4b), 4.86-4.81 (4 H, m, 

OCH2Pha, OCH2Phb) 4.48-4.25 (2 H, m, H2a, H2b), 3.81-3.30 (18 H, m, H3a, H3b, H4a, H4b, 

H5a, H5b, H6a, H6b, H6’a, H6’b, PCH2Pha, PCH2Phb); 19F NMR: (282 MHz, CDCl3): δ -

(205.30-205.90) (2 F, m, F2a, F2b); 31P (1H decoupled) NMR: (121 MHz, CDCl3): δ 28.55, 

28.37; ESI-MS (high res): m/z calc.: 449.1136; Found: 449.1126 [M + Na]+; Anal. calc. 

for C20H24FO7P: C, 56.34, H, 5.67; Found: C, 56.23, H, 5.78.   

 

2,4-Dinitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranoside  (3.9) 

O

F
ODNP

AcO
AcO

OAc

 

2.41 (0.385 g, 1.25 mmol) was dissolved in 1 mL N-N’-dimethylformamide. 1,4-

diazabicyclo[2.2.2]octane (0.523 g, 4.67 mmol, 3.8 eq) and dinitrofluorobenzene (0.348 g, 

1.87 mmol, 1.5 eq) were added, and the mixture stirred for 2 hours under N2(g). The solvent 

was then evaporated under reduced pressure, and the resulting syrup purified by flash 

chromatography (3:1 hexane : ethyl acetate) to yield 3.9 as a yellow solid (0.306 g, 0.645 

mmol, 52%). 1H NMR: (300 MHz, CDCl3) δ 8.73 (1 H, d, JH3Ar –H5Ar  2.7 Hz, H3Ar), 8.41 (1 
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H, dd, JH5Ar –H6Ar  9.2 Hz, JH5Ar –H3Ar  2.7 Hz, H5Ar), 7.39 (1 H, d, JH6Ar –H5Ar  9.2 Hz, H6Ar) 

5.47-5.36 (2 H, m, H1, H3), 5.11 (1 H, t, JH4 –H3 = JH4 –H5  9.5 Hz, H4), 4.69 (1 H, ddd, JH2 -F2 

49.8 Hz, JH2-H3 8.4 Hz, JH2 –H1 7.2 Hz, H2) 4.24 (1 H, dd, JH6 –H6’  12.5 Hz, JH6 –H5  5.1 Hz, H6), 

4.17 (1 H, dd, JH6’ –H6  12.5 Hz, JH6’ –H5  2.7 Hz, H6’), 3.97 (1 H, ddd, JH5 -H4 9.5 Hz, JH5 -H6 5.1 

Hz, JH5 -H6’ 2.7 Hz, H5), 2.10 (3 H, s, Ac), 2.04 (3 H, s, Ac), 2.03 (3 H, s, Ac); 19F NMR: 

(282 MHz, CDCl3): δ -199.01 (1 F, ddd, JF2-H2 49.8 Hz, JF2 -H3 14.1 Hz, JF2 -H1 3.5 Hz, F2). 

 

2,4-Dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside  (3.3) 

O

F
ODNP

HO
HO

OH

 

3.9 (0.110 g, 0.232 mmol) was dissolved in 15 mL of dry methanol and stirred at 0  ͦC under 

N2(g). 0.1 mL acetyl chloride was then added, and the reaction mixture stirred overnight. The 

solvent was evaporated under reduced pressure, and the crude oil purified by flash 

chromatography (9:1 ethyl acetate : methanol) to yield 3.3 as a white solid (0.0594 g, 

0.171mmol, 74%). 1H NMR: (300 MHz, CD3OD) δ 8.67 (1 H, d, JH3Ar –H5Ar  2.5 Hz, H3Ar), 

8.47 (1 H, dd, JH5Ar –H6Ar  9.2 Hz, JH5Ar –H3Ar  2.5 Hz, H5Ar), 7.64 (1 H, d, JH6Ar –H5Ar  9.2 Hz, 

H6Ar) 5.57 (1 H, dd, JH1-H2 7.6 Hz, JH1-F2 3.5 Hz, H1), 4.31 (1 H, ddd, JH2-F2 51.5 Hz, JH2-H3 8.7 

Hz, JH2-H1 7.6 Hz, H2), 3.91 (1 H, dd, JH6-H6’ 12.4 Hz, JH6-H5 1.8 Hz, H6) 3.78-3.42 (4 H, m, 

H3, H4, H5, H6’); 19F NMR: (282 MHz, CDCl3): δ -203.35 (1 F, ddd, JF2-H2 51.5 Hz, JF2 -H3 

14.1 Hz, JF2 -H1 3.5 Hz, F2); Anal. calc. for C12H13FN2O9·H2O : C, 39.35, H, 4.13, N, 7.65; 

Found: C, 39.21, H, 4.32, N, 7.59.    
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N-Octanoyl 5-fluoro-2,4-dinitroaniline (3.11) 

HN
NO2

NO2

F

O

(CH2)6CH3

 

5-Fluoro-2,4-dinitroaniline (0.257 g, 1.28 mmol) was stirred in 5 mL dry toluene under N2(g). 

Octanoyl chloride (0.22 mL, 1.29 mmol, 1.01 eq) and dry pyridine (0.1 mL, 1.24 mmol, 0.97 

eq) were added, and the solution refluxed for 6 days. The solution was allowed to cool, 

diluted with ethyl acetate and washed with 2 x H2O, 1 x 1M HCl, 1 x saturated NaHCO3 and 

1 x brine. The organic layer was then dried over MgSO4 for 10 minutes, filtered, and 

evaporated under reduced pressure. The product was purified by flash chromatography (40:1 

toluene : ethyl acetate) to yield 3.11 as a yellow oil (0.381 g, 1.16 mmol, 91%). 1H NMR: 

(300 MHz, CDCl3) δ 10.72 (1 H, br s, N-H) 9.08 (1 H, d, JH3-F 7.6 Hz, H3) 8.97 (1 H, d, JH6-

F 13.7 Hz, H5) 2.53 (2 H, t, J = 7.5 Hz, COCH2CH2), 1.74 (2 H, p, J = 7.5 Hz, COCH2CH2), 

1.41-1.26 (8 H, m, (CH2)n), 0.876-0.842 (3 H, m, CH3); 13C NMR: (100 MHz, CDCl3) δ 

173.59 (C=O), 160.32 (d, JC5-F 273 Hz, C5), 141.97 (d, JC4-F 14 Hz, C4), 138.94 (C2), 131.73 

(C1), 126.53 (C3), 111.49 (C6), 39.75, 32.56, 29.95, 29.87, 25.93, 23.54, (6 x (CH2)n), 15.00 

(CH3). 
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5-Octanamido-2,4-dinitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranoside 

(3.12) 

O

F
O

AcO
AcO

OAc
O2N

NO2

HN

O

(CH2)6CH3

 

2.41 (49.5 mg, 0.161 mmol) was dissolved in 0.5 mL dry N-N’-dimethylformamide. 3.11 

(76.2 mg, 0.233 mmol, 1.45 eq) was dissolved in 1 mL dry dichloromethane and added along 

with 1,4-diazabicyclo[2.2.2]octane (39 mg, 0.348 mmol, 2.2 eq), and the resulting solution 

was stirred for 2 hours under N2(g). The solvent was then evaporated under reduced pressure, 

and the resulting syrup purified by flash chromatography (7:1  5:1 toluene : ethyl acetate) 

to yield 3.12 as a yellow oil (42.3 mg, 0.0687 mmol, 43%) along with the corresponding α-

anomer (14.5 mg, 0.0236 mmol, 15%). 1H NMR: (300 MHz, CDCl3) δ 10.79 (1 H, s, N-H), 

9.08 (1 H, s, H3Ar), 8.97 (1 H, s, H5Ar), 5.49-5.40 (2 H, m, H1, H3), 5.17 (1 H, dd, JH4-H5 9.9 

Hz, JH4-H3 9.5 Hz, H4), 4.73 (1 H, ddd, JH2-F2 50.4 Hz, JH2-H3 8.8 Hz, JH2-H1 7.5 Hz, H2) 4.35 (1 

H, dd,  JH6-H6’ 12.7 Hz, JH6-H5 4.1 Hz, H6), 4.25 (1 H, dd, JH6’-H6 12.7 Hz, JH6’-H5 2.2 Hz, H6’), 

4.06 (1 H, ddd, JH5-H4 9.9 Hz, JH5-H6 4.1 Hz, JH5-H6’ 2.2 Hz, H5), 2.51 (2 H, t, J = 7.6 Hz, 

COCH2CH2), 2.10 (3 H, s, Ac), 2.04 (3 H, s, Ac), 2.03 (3 H, s, Ac), 1.72 (2 H, p, J = 7.6 Hz, 

COCH2CH2), 1.34-1.23 (8 H, m, (CH2)n), 0.89-0.80 (3 H, m, CH3); 13C NMR: (75 MHz, 

CDCl3) δ 173.09, 170.62, 169.98, 169.52 (4 x C=O), 155.07 (C1Ar), 140.42 (C4Ar), 133.17 

(C2Ar), 128.17 (C5Ar), 125.40 (C3Ar), 107.41 (C6Ar), 98.26 (d, JC1-F2 25 Hz, C1), 88.43 (d, JC2-

F2 194 Hz, C2), 73.08 (C5), 72.39 (d, JC3-F2 20 Hz, C3), 67.25 (C4), 61.06 (C6), 39.14, 31.71, 

29.02, 25.20, 22.70, 20.74, (6 x (CH2)n), 14.17 (CH3); ESI-MS (high res): m/z calc.: 

638.1968; Found: 638.1962 [M + Na]+.  
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5-Octanamido-2,4-dinitrophenyl 2-deoxy-2-fluoro-β-D-glucopyranoside (3.4) 

O

F
O

HO
HO

OH
O2N

NO2

HN

O

(CH2)6CH3

 

3.12 (10.7 mg, 0.0174 mmol) was dissolved in 5 mL of dry methanol and stirred at 0  ͦC 

under N2(g). Acetyl chloride (0.3 mL) was then added, and the reaction mixture allowed to 

stir overnight. The solvent was evaporated under reduced pressure, and the crude oil purified 

by flash chromatography (19:1 ethyl acetate : methanol) to yield 3.4 as a colourless oil (0.92 

mg, 0.00188 mmol, 11%). 1H NMR: (300 MHz, CD3OD) δ 8.84 (1 H, s, H3Ar), 8.75 (1 H, s, 

H5Ar), 5.49 (1 H, dd, JH1-H2 7.6 Hz, JH1-F2 3.5 Hz, H1), 4.34 (1 H, ddd, JH2-F2 51.5 Hz, JH2-

H3 8.7 Hz, JH2-H1 7.6 Hz, H2), 3.96 (1 H, dd, JH6-H6’ 12.4 Hz, JH6-H5 1.8 Hz, H6) 3.83-3.72 (2 H, 

m, H6’, H3), 3.64-3.52 (2 H, m, H4, H5), 2.55 (2 H, t, J = 7.6 Hz, COCH2CH2), 1.73 (2 H, 

m, COCH2CH2), 1.39-1.28 (8 H, m, (CH2)n), 0.93-0.88 (3 H, m, CH3); 19F NMR: (282 MHz, 

CD3OD): δ -201.74 (1 F, ddd, JF2-H2 51.5 Hz, JF2-H3 14.1 Hz, JF2-H1 3.5 Hz, F2); 13C NMR: 

(151 MHz, CD3OD) δ 174.93, (C=O), 155.90 (C1Ar), 140.4 (C4Ar), 133.24 (C2Ar), 125.58 

(C5Ar), 125.40 (C3Ar), 110.61 (C6Ar), 100.03 (d, JC1-F2 24 Hz, C1), 92.90 (d, JC2-F2 187 Hz, 

C2), 78.98 (C5), 76.25 (d, JC3-F2 18 Hz, C3), 70.36 (C4), 61.79 (C6), 39.04, 33.01, 30.29 (2 

C), 26.35, 23.83, (6 x (CH2)n), 14.57 (CH3); ESI-MS (high res): m/z calc.: 512.1651; 

Found: 512.1644 [M + Na]+. 
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Di-iso-octyl (3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate  (3.15) 

O

F
O

AcO
AcO

OAc

P
O

 

2.12 (0.245 g, 0.657 mmol) was dissolved in 20 mL dry acetonitrile. A diastereomeric 

mixture of diisooctyl phosphinic acid (0.45 mL, 1.42 mmol, 2.2 eq, obtained from the Sigma-

Aldrich Chemical Company) was added, along with silver carbonate (0.525 g, 1.90 mmol, 

2.9 eq), to the acetonitrile solution. The resulting slurry was stirred overnight under N2(g), in 

the dark. The solution was filtered through a short plug of silica using 9:1 ethyl acetate : 

methanol as the eluent to remove the silver salts. The filtrate was collected and washed with 

1 x saturated NaHCO3, 1 x brine and dried over MgSO4. After 10 minutes, the MgSO4 was 

filtered off, and the solvent evaporated under reduced pressure. The product was purified by 

flash chromatography (3:1  2:1 petroleum ether : ethyl acetate) to yield 3.15, as a mixture 

of four diastereomers, as a colourless oil (0.256 g, 0.441 mmol, 67%). 1H NMR: (300 MHz, 

CDCl3) δ 5.42-5.34 (4 H, m, H1a, H1b, H1c, H1d), 5.31-5.21 (4 H, m, H3a, H3b, H3c, H3d), 

5.03-4.95 (4 H, m, H4a, H4b, H4c, H4d), 4.42-4.16 (8 H, m, H2a, H2b, H2c, H2d, H6a, H6b, 

H6c, H6d), 4.08-4.04 (4 H, m, H6’a, H6’b, H6’c, H6’d), 3.80-3.77 (4 H, H5a, H5b, H5c, H5d), 

2.03 (6 H, s, 2 x Ac), 2.02 (6 H, s, 2 x Ac), 2.01 (6 H, s, 2 x Ac), 1.98 (12 H, s, 6 x Ac), 1.07-

1.02 (40 H, m, CH), 0.86-0.84 (96 H, m, CH3); 19F NMR: (282 MHz, CDCl3): δ -199.50-

199.84 (4 F, m, F2a, F2b, F2c, F2d); 31P (1H decoupled) NMR: (121 MHz, CDCl3): δ 62.40, 

62.19, 61.86, 61.79; ESI-MS (high res): m/z calc.: 603.3074; Found: 603.3064 [M + Na]+.  
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Di-iso-octyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphinate (3.5) 

O

F
O

HO
HO

OH

P
O

 

3.15 (0.164 g, 0.282 mmol) was dissolved in 10 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(50:1  19:1 ethyl acetate : methanol) to yield 3.5, as a mixture of four diastereomers, as a 

colourless gum (0.0997 g, 0.219 mmol, 78%). 1H NMR: (300 MHz, CD3OD) δ 5.28-5.21 (4 

H, m, H1a, H1b, H1c, H1d), 4.19-3.95 (4 H, m, H2a, H2b, H2c, H2d), 3.87-3.83 (4 H, m, H3a, 

H3b, H3c, H3d), 3.71-3.59 (8 H, m, H4a, H4b, H4c, H4d, H5a, H5b, H5c, H5d), 3.44-3.34 (8 H, 

m, H6a, H6b, H6c, H6d, H6’a, H6’b, H6’c, H6’d) 2.07-1.70 (24 H, m, 8 x PCH2), 1.48-0.93 

(120 H, m, -CH, CH3); 19F NMR: (282 MHz, CD3OD): δ -200.33-200.76 (4 F, m, F2a, F2b, 

F2c, F2d); 31P (1H decoupled) NMR: (121 MHz, CD3OD): δ 63.48, 63.30, 63.05 (2 P); ESI-

MS (high res): m/z calc.: 477.2757; Found: 477.2741 [M + Na]+; Anal. calc. for 

C22H44FO6P: C, 58.13, H, 9.76; Found: C, 58.03, H, 9.86.     

 

Phosphoric acid dioctyl ester (3.13)246 

P
O

HO
O(CH2)7CH3

O(CH2)7CH3
 

Phosphorus oxychloride (1.0 mL, 11 mmol, 1.0 eq) was dissolved in 15 mL dichloromethane 

and cooled to 0  ͦC under N2(g) with stirring. Octanol (3.5 mL, 22 mmol, 2 eq) and water (0.2 

mL, 11 mmol, 1 eq) were both added slowly, and the reaction mixture allowed to warm to 

RT over 1 hour. The crude reaction mix was diluted with 35 mL dichloromethane and poured 

into a separatory funnel. The resulting two layers were washed with saturated sodium 

bicarbonate, and the top layer collected. The top layer was dissolved in 50 mL diethyl ether 

and washed with 1 x 1M HCl and saturated sodium chloride. The organic layer was then 
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dried over MgSO4 for 10 minutes, filtered, and concentrated under reduced pressure to yield 

3.13 as a crude oil that was used without further purification or characterization.  

 

Dioctyl (3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate  (3.14) 

O

F
O

AcO
AcO

OAc

P
O

O(CH2)7CH3
O(CH2)7CH3

 

2.12 (88.1 mg, 0.237 mmol) was dissolved in 5 mL dry acetonitrile. The crude 3.13 was 

dissolved in 4 mL dry dichloromethane and added, along with silver carbonate (0.456 g, 1.65 

mmol, 7.0 eq), to the acetonitrile solution. The resulting slurry was stirred overnight under 

N2(g), in the dark. The solution was filtered through a short plug of silica using ethyl acetate 

as the eluent to remove the silver salts. The filtrate was collected and the solvent evaporated 

under reduced pressure. The product was purified by flash chromatography (3:1  2:1  

3:2 petroleum ether : ethyl acetate) to yield 3.14 as a colourless oil (22.1 mg, 0.0361mmol, 

15% from 2.12). 1H NMR: (300 MHz, CDCl3) δ 5.36-5.26 (2 H, m, H1, H3), 5.03 (1 H, t, 

JH4-H3 = JH4-H5 9.8 Hz, H4), 4.37 (1 H, ddd, JH2-F2 50.5 Hz, JH2-H3 9.0 Hz, JH2-H1 7.9 Hz, H2), 

4.25 (1 H, dd, JH6-H6’ 12.5 Hz, JH6-H5 4.8 Hz, H6), 4.11 (1 H, dd, JH6’-H6 12.5 Hz, JH6’-H5 2.3 

Hz, H6’), 4.08-3.99 (4 H, m, 2 x OCH2R) 3.81 (1 H, ddd, JH5-H4 9.8 Hz, JH5-H6 4.8 Hz, JH5-H6’ 

2.3 Hz, H5), 2.06 (3 H, s, Ac), 2.04 (3 H, s, Ac), 2.01 (3 H, s, Ac), 1.67-1.62 (4 H, m, 2 x 

OCH2CH2R), 1.35-1.24 (20H, m, 10 x (CH2)n), 0.873-0.829 (6H, m, 2 x CH3); 19F NMR: 

(282 MHz, CDCl3): δ -200.44 (1 F, ddd, JF2-H2 50.5 Hz, JF2-H3 13.4 Hz, JF2-H1 3.0 Hz, F2); 31P 

(1H decoupled) NMR: (121 MHz, CDCl3): δ -2.07; 13C NMR: (100 MHz, CDCl3) δ 170.54, 

169.94, 169.65 (3 x C=O), 96.12 (dd, JC1-F2 25 Hz, JC1-P 7 Hz, C1), 89.42 (dd, JC2-F2 193 Hz, 

JC2-P 6 Hz, C2), 72.73 (d, JC3-F2 20 Hz, C3), 72.71 (C5), 68.67-68.52 (3 C, m, C4, 2 x OCH2), 

61.56 (C6), 31.88, 29.26, 29.21, 29.16, 25.45, 22.75 (6 x (CH2)n), 20.86 (2 C), 20.48, 14.20 

(4 x Me); ESI-MS (high res): m/z calc.: 635.2967; Found: 635.3005 [M + Na]+.  
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Dioctyl (2-deoxy-2-fluoro-β-D-glucopyranosyl) phosphate (3.6) 

O

F
O

HO
HO

OH

P
O

O(CH2)7CH3
O(CH2)7CH3

 

3.14 (12.0 mg, 0.0197 mmol) was dissolved in 2 mL dry methanol, and deacetylated 

according to General Procedure B. The crude product was purified by flash chromatography 

(9:1 ethyl acetate : petroleum ether  9:1 ethyl acetate : methanol) to yield pure 3.6 as a 

colourless gum (8.2 mg, 0.0169 mmol, 86%). 1H NMR: (300 MHz, CD3OD) δ 5.22 (1 H, td, 

JH1-H2 = JH1-P 7.5 Hz, JH1-F2 3.8 Hz, H1), 4.13 (2 H, dd, JH-H’ 6.4 Hz, JH-P 2.4 Hz, 2 x OCH2R), 

4.09 (2 H, dd, JH’-H 6.4 Hz, JH’-P 2.4 Hz, 2 x OCH2), 4.09 (1 H, ddd, JH2-F2 51.6 Hz, JH2-H3 8.5 

Hz, JH2-H1 7.5 Hz, H2), 3.85 (1 H, ddd, JH3-F2 14.3 Hz, JH3-H4 9.5 Hz, JH3-H2 8.5 Hz, H3) 3.73-

3.60 (2H, m, H4, H5), 3.45-3.37 (2H, m, H6, H6’) 1.71-1.67 (4 H, m, 2 x OCH2CH2R), 1.39-

1.31 (20H, m, 10 x (CH2)n), 0.92-0.88 (6H, m, 2 x CH3); 19F NMR: (282 MHz, CD3OD): δ -

201.68 (1 F, ddd, JF2-H2 51.6 Hz, JF2-H3 14.3 Hz, JF2-H1 3.8 Hz, F2); 31P (1H decoupled) NMR: 

(121 MHz, CD3OD): δ -2.37; 13C NMR: (100 MHz, CD3OD) δ 96.02 (dd, JC1-F2 24 Hz, JC1-

P 6 Hz, C1), 89.55 (dd, JC2-F2 195 Hz, JC2-P 4 Hz, C2), 77.16 (d, JC3-F2 19 Hz, C3), 74.35 (d, 

JC4-F2 7 Hz, C4), 72.68 (C5), 68.14, 67.75 (2 x OCH2), 61.56 (C6), 31.82, 29.22, 29.01, 

28.44, 24.88, 23.64 (6 x (CH2)n), 14.14 (Me); ESI-MS (high res): m/z calc.: 509.2650; 

Found: 509.2612 [M + Na]+; Anal. calc. for C22H44FO8P: C, 54.31, H, 9.12; Found: C, 

54.07, H, 9.55.  

  

Methyl (1,2,3,4-tetra-O-acetyl-β-D-glucopyranosyl) uronate (3.20)260 

O

OAc

MeO2C

OAc
AcO

AcO
 

3,6-Glucuronolactone (49.1 g, 279 mmol) was dissolved in 350 mL dry methanol. Sodium 

hydroxide (0.125 g, 3.13 mmol, 0.01 eq) was added, and the resulting yellow solution stirred 
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for one hour. Acetic acid (3 mL) was added to neutralize the solution, and the solvent 

carefully evaporated under reduced pressure. The resulting gum was dissolved in 115 mL 

pyridine, and 170 mL acetic anhydride added dropwise at 0  ͦC and allowed to stand in the 

refrigerator overnight. The resulting brown solution was filtered, and the solid washed with a 

small volume of methanol to remove residual colour. 3.20 was isolated as a white solid (40.4 

g, 107 mmol, 39%). 1H NMR: (300 MHz, CDCl3) δ 5.75 (1 H, d, JH1-H2 7.8 Hz, H1), 5.29 (1 

H, dd, JH3-H4 9.3 Hz, H3-H2 7.8 Hz, H3), 5.22 (1 H, t, JH4-H3 = JH4-H5 9.3 Hz, H4) 5.13 (1 H, t, 

JH2-H1 =  JH2-H3 7.8 Hz, H2), 4.16 (1 H, d, JH5-H4 9.3 Hz), 3.73 (3 H, s, CO2CH3), 2.10 (3 H, s, 

Ac), 2.02 (6 H, s, 2 x Ac), 2.01 (3 H, s, Ac); ESI-MS (low res): m/z calc.: 399.1; Found: 

399.0 [M + Na]+.  

 

Methyl (3,4-di-O-acetyl-D-glucal) uronate (3.21) 

OMeO2C
AcO

AcO  

3.20 (18.7 g, 49.7 mmol) was brominated according to General Procedure A for two hours. 

The crude product was used without further purification or characterization. The crude 

bromide was dissolved in 400 mL of 1:1 acetic acid : water. Zinc (80.3 g, 1.23 mol) was 

added, and the resulting slurry mechanically stirred at 0  ͦC overnight. The solution was 

filtered through Celite to remove the solid zinc and its salts, and the solvent evaporated under 

reduced pressure. The crude product was dissolved in ethyl acetate, and washed with 3 x 

saturated NaHCO3, 1 x brine and dried over MgSO4. After 10 minutes, the MgSO4 was 

filtered off, and the solvent evaporated under reduced pressure. The crude solid was then 

recrystallized in isopropyl alcohol to yield 3.21 as a white solid (9.54 g, 36.9 mmol, 74% 

from 3.20). 1H NMR: (300 MHz, CDCl3) δ 6.67 (1 H, d, JH1-H2 5.7 Hz, H1), 5.41 (1 H, JH4-H3 

4.3 Hz, JH4-H5 2.6 Hz, H4), 5.03-4.97 (2 H, m, H2, H3), 4.82 (1 H, dd, JH5-H4 2.6 Hz, JH5-H4 

1.2 Hz, H5), 3.78 (3 H, s, CO2CH3), 2.11 (3 H, s, Ac), 1.98 (3 H, s, Ac); ESI-MS (low res): 

m/z calc.: 281.1; Found: 281.1 [M + Na]+.  
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Methyl (1,3,4-tri-O-acetyl-2-deoxy-2-fluoro-D-glucopyranosyl) uronate (3.22) 

O

F

MeO2C

OAc

AcO
AcO

 

3.21 (4.22 g, 16.3 mmol) was dissolved in 100 mL of acetonitrile and 50 mL water. The 

reaction mixture was heated to 70  ͦC under N2(g). To this solution was added Selectfluor 

(8.77 g, 24.8 mmol, 1.5 eq) and the mixture allowed to stir overnight before being cooled to 

room temperature. Following solvent removal under reduced pressure, the residue was 

dissolved in ethyl acetate and washed with 2 x H2O, 1 x brine and dried over MgSO4. After 

10 minutes, the MgSO4 was filtered off, and the solvent removed under reduced pressure. 

The products were purified by flash chromatography (2:1 petroleum ether : ethyl acetate) to 

give the partially pure mixture of hemi-acetals. This mixture was dissolved in 25 mL acetic 

anhydride, iodine (0.416 g, 1.64 mmol) was added, and then stirred under N2(g) overnight. 

The brown solution was cooled to 0  ͦC, and the acetic anhydride quenched by the dropwise 

addition of methanol. The solvents were evaporated under reduced pressure, and the brown 

residue dissolved in ethyl acetate. The organic layer was washed with 1 x 1 M Na2SO4, 1 x 

saturated NaHCO3, 1 x brine and dried over MgSO4. After 10 minutes, the MgSO4 was 

filtered off, and the solvent evaporated under reduced pressure. The colourless gum was then 

purified by flash chromatography (3:1 petroleum ether : ethyl acetate) to yield 3.22 (4:1 β:α) 

as a colourless gum (0.474 g, 1.41 mmol, 9%). 1H NMR: (300 MHz, CDCl3) δ 6.45 (1 H, d, 

JH1α-H2α 3.9 Hz, H1α), 5.80 (1 H, dd, JH1β-H2β 7.9 Hz, H1β-F2 3.5 Hz, H1β), 5.57 (1 H, dt, JH3α-

F2 12.0 Hz, JH3α-H2α = JH3α-H4α 9.8 Hz, H3α), 5.39 (1 H, dt, JH3β-F2 14.4 Hz, JH3β-H2β = JH3β-H4β 

9.0 Hz, H3β), 5.18 – 5.11 (2 H, m, H4α, H4β), 4.65 (1 H, ddd, JH2α-F2 48.4 Hz, JH2α-H3α 9.8 

Hz, JH2α-H1α 3.9 Hz, H2α), 4.45 (1 H, ddd, JH2β-F2 51.6 Hz, JH2β-H3β 8.9 Hz, JH2β-H1β 7.9 Hz, 

H2β),  4.34 (1 H, d, JH5α-H4α 10.2 Hz, H5α), 4.16 (1 H, d, JH5β-H4β 9.8 Hz, H5), 3.71 (6 H, br 

s, 2 x CO2CH3), 2.18 (3 H, s, Ac), 2.07 (6 H, s, 2 x Ac), 2.02 (3 H, s, Ac); 19F NMR: (282 

MHz, CDCl3): δ -201.05 (1 F, ddd, JF2-H2β 51.6 Hz, JF2-H3β 14.4 Hz, JF2-H1β 3.5 Hz, F2β), -

202.98 (1 F, dd, JF2-H1α 48.4 Hz, JF2-H3α 12.0 Hz, F2α); ESI-MS (low res): m/z calc.: 359.1; 

Found: 359.1 [M + Na]+. 
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Methyl (3,4-di-O-acetyl-2-deoxy-2-fluoro-β-D-glucopyranosyl fluoride) uronate (3.23) 

O

F

MeO2C

F
AcO

AcO
 

3.22 (0.488 g, 1.45 mmol) was brominated according to General Procedure A overnight. The 

crude product was used without further purification or characterization. The crude bromide 

was dissolved in 20 mL dry acetonitrile. Silver fluoride (0.232 g, 1.83 mmol) was added, and 

the resulting slurry stirred overnight under N2(g), in the dark. The solution was filtered 

through a short plug of silica using ethyl acetate as the eluent to remove the silver salts. The 

filtrate was collected and the solvent evaporated under reduced pressure to yield the crude 

solid. The product was purified by flash chromatography (4:1 petroleum ether : ethyl acetate) 

to yield 3.23 as a white solid (0.324 g, 1.09 mmol, 75%). 1H NMR: (300 MHz, CDCl3) δ 

5.50 (1 H, dt, JH1-F1 51.2 Hz, JH1-H2 = JH1-F2 5.2 Hz, H1), 5.37-5.28 (2 H, m, H3, H4), 4.53 (1 

H, dddd, JH2-F2 49.1 Hz, JH2-F1 11.2 Hz, JH2-H3 10.4 Hz, JH2-H1 5.2 Hz, H2), 4.25 (1 H, d, JH5-H4 

8.4 Hz, H5), 3.76 (3 H, s, CO2CH3), 2.08 (3 H, s, Ac), 2.03 (3 H, s, Ac); 19F NMR: (282 

MHz, CDCl3): δ -138.45 (1 F, ddd, JF1-H1 51.2 Hz, JF1-F2 15.4 Hz, JF1-H2 11.2 Hz, F1), -

199.83-200.13 (1 F, m, F2); ESI-MS (high res): m/z calc.: 319.0060; Found: 319.0054 [M 

+ Na]+.  

 

Methyl (3,4-di-O-acetyl-5-bromo-2-deoxy-2-fluoro-β-D-glucopyranosyl fluoride) uronate 

(3.24) 

Br

O

F

MeO2C

F
AcO

AcO
 

3.23 (0.190 g, 0.641 mmol) was dissolved in 15 mL dry carbon tetrachloride, and reacted 

with N-bromosuccinimide (2.08 g, 11.7 mmol, 2.1 eq) for 1 hour according to General 

Procedure C. The crude product was partially purified by flash chromatography (4:1 
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petroleum ether : ethyl acetate) to yield impure 3.24 as a yellowish oil which was used 

without further purification. 1H NMR: (300 MHz, CDCl3) δ 5.78 (1 H, ddd, JH1-F1 51.4 Hz, 

JH1-H2 7.2 Hz, JH1-F2 4.6 Hz, H1), 5.61 (1 H, dt, JH3-F2 13.3 Hz, JH3-H2 = JH3-H4 9.4 Hz, H3), 

5.30 (1 H, d, JH4-H3 9.4 Hz, H4), 4.57 (1 H, dddd, JH2-F2  50.6 Hz, JH2-F1 13.7 Hz, JH2-H3 9.4 Hz, 

JH2-H1 7.2 Hz, H2), 3.78 (3 H, s, CO2CH3), 2.09 (6 H, s, 2 x Ac); 19F NMR: (282 MHz, 

CDCl3): δ -151.45 (1 F, dt, JF1-H1 51.4 Hz, JF1-F2 = JF1-H2 13.7 Hz, F1), -202.27 (1 F, ddd, JF2-

H2 50.6 Hz, JF2-F1 13.7 Hz, JF2-H3 13.3 Hz, JF2-F1 4.6 Hz, F2). 

 

Methyl (3,4-di-O-acetyl -2-deoxy-2,5-difluoro-α-L-idopyranosyl fluoride) uronate (3.25) 

MeO2C

O

F

F

F
AcO

AcO

 

Crude 3.24 was dissolved in 15 mL dry acetonitrile. Silver fluoride (0.131 g, 1.03 mmol) was 

added, and the resulting slurry stirred overnight under N2(g), in the dark. The solution was 

filtered through a short plug of silica using ethyl acetate as the eluent to remove the silver 

salts. The filtrate was collected and the solvent evaporated under reduced pressure to yield 

the crude solid. The product was purified by flash chromatography (9:1 toluene : ethyl 

acetate) to yield impure 3.25 as a colourless oil (18.6 mg). 1H NMR: (300 MHz, CDCl3) δ 

5.88 (1 H, ddd, JH1-F1 50.1 Hz, JH1-F2 10.8 Hz, JH1-H2 1.9 Hz, H1), 5.51 (1 H, ddd, JH4-F5 9.5 

Hz, JH4-H3 7.0 Hz, JH4-H2 1.2 Hz, H4), 5.42 (1 H, ddd, JH3-F2 11.4 Hz, JH3-H4 7.0 Hz, JH3-H2 5.4 

Hz, H3), 4.83 (1 H, ddddd, JH2-F2 48.2 Hz, JH2-F1 8.0 Hz, JH2-H3 5.4 Hz, JH2-H1 1.9 Hz, JH2-H4 

1.2 Hz, H2), 3.87 (3 H, s, CO2CH3), 2.11 (3 H, s, Ac), 2.05 (3 H, s, Ac); 19F NMR: (282 

MHz, CDCl3): δ -107.47 (1 F, dd, JF5-F1 11.3 Hz, JF5-H4 9.5 Hz, F5), -127.81 (1 F, dddd, JF1-H1 

50.1 Hz, JF1-F2 19.8 Hz, JF1-F5 11.3 Hz, JF1-H2 8.0 Hz, F1), -194.23 (1 F, dddd, JF2-H2 48.2 Hz, 

JF2-F1 19.8 Hz, JF2-H3 11.4 Hz, JF2-H1 10.8 Hz, F2). 
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2-Deoxy-2,5-difluoro-α-L-idopyranosyl uronic acid fluoride (3.18) 

HO2C

O

F

F

F
HO

HO

 

The impure 3.25 (18.6 mg) was dissolved in 5 mL of dry methanol and deacetylated 

according to General Procedure B for 30 minutes. The product was purified by flash 

chromatography (1:1 petroleum ether : ethyl acetate) to yield a colourless oil (12.7 mg, 

0.0552 mmol) which was used immediately without further purification or characterization. 

The crude oil was dissolved in 5 mL methanol. Sodium hydroxide (10.0 mg, 0.25 mmol, 4.5 

eq) was added, and the reaction mixture stirred for 15 minutes. The solution was neutralized 

with a few drops of acetic acid, and the solvent evaporated under reduced pressure. The 

product was purified by flash chromatography (7:2:1 ethyl acetate : methanol : water + 0.1% 

acetic acid) to yield 3.18 as a colourless gum (11.1 mg, 0.0513 mmol, 93%). 1H NMR: (300 

MHz, CD3OD) δ 5.81 (1 H, ddd, JH1-F1 55.5 Hz, JH1-F2 11.0 Hz, JH1-H2 3.6 Hz, H1), 4.54 (1 H, 

dddd, JH2-F2 50.2 Hz, JH2-F1 12.2 Hz, JH2-H3 7.4 Hz, JH2-H1 3.6 Hz, H2), 4.14 (1 H, ddd, JH3-F2 

20.9 Hz, JH3-H4 8.2 Hz, JH3-H2 7.4 Hz, H3), 3.82 (1 H, dd, JH4-F5 13.2 Hz, JH4-H3 8.2 Hz, H4); 
19F NMR: (282 MHz, CD3OD): δ -107.13-107.92 (1 F, m, F5), -130.98-131.21 (1 F, m, F1), 

-199.04-198.78 (1 F, m, F2); 13C NMR: (100 MHz, CD3OD): δ 162.12 (d, JC-F5 10 Hz, 

C=O), 109.98 (d, JC5-F5 238 Hz, C5), 108.12 (dd, JC1-F1 230 Hz, JC1-F2 37 Hz, C1), 93.01 (dd, 

JC2-F2 188 Hz, JC2-F1 38 Hz, C2), 72.22 (ddd, JC3-F2 30 Hz, JC3-F1 9 Hz, JC3-F5 3 Hz, C3), 71.42 

(dd, JC4-F5 26 Hz, JC4-F2 7 Hz, C4); ESI-MS (high res): m/z calc.: 215.0173; Found: 

215.0169 [M - H]-; Anal. calc. for C6H7F3O5 · 2 H2O: C, 28.58, H, 4.40; Found: C, 28.64, 

H, 4.35.    
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Methyl (2,3,4-tri-O-acetyl-β-D-glucopyranosyl chloride) uronate (3.26) 

O

OAc

MeO2C

Cl
AcO

AcO
 

3.20 (6.12 g, 16.3 mmol) was dissolved in 8 mL dichloromethyl-methylether and boron 

trifluoride-diethyl etherate (0.1 mL, 0.796 mmol, 0.05 eq) was added. The reaction mixture 

was stirred under N2(g) overnight, after which time the reaction mixture was diluted in ice-

cold chloroform and the organic layer was washed successively with 1 x ice-cold H2O, 1 x 

sat. NaHCO3, and 1 x sat. NaCl. The organic layer was then dried over MgSO4 for 10 

minutes, filtered, and concentrated under reduced pressure.  The product was then dissolved 

in a small volume of chloroform and a large volume of diethyl ether was added. The product 

precipitated from this solution after standing for 1 hour at room temperature, and was filtered 

to give 3.26 as a fine white powder (4.34 g, 12.3 mmol, 76%). 1H NMR: (300 MHz, CDCl3) 

δ 5.34-5.16 (4 H, m, H1, H2, H3, H4), 4.11 (1 H, d, JH5-H4 9.6 Hz, H5), 3.76 (3 H, s, 

CO2CH3), 2.06 (3 H, s, Ac), 2.01 (3 H, s, Ac), 2.00 (3 H, s, Ac); ); ESI-MS (low res): m/z 

calc.: 375.0; Found: 375.1 [M + Na]+.  

 

Methyl (2,3,4-tri-O-acetyl-5-bromo-β-D-glucopyranosyl chloride) uronate (3.27) 

Br

O

OAc

MeO2C

Cl
AcO

AcO
 

3.26 (3.27 g, 9.27 mmol) was photobrominated in 50 mL dry carbon tetrachloride using N-

bromosuccinimide (2.20 g, 12.4 mmol, 1.3 eq) according to General Procedure C. The 

product was used without further purification. 1H NMR: (300 MHz, CDCl3) δ 5.73 (1 H, d, 

JH1-H2 9.1 Hz, H1), 5.47-5.22 (3 H, m, H2, H3, H4), 3.84 (3 H, s, CO2CH3), 2.07 (3 H, s, Ac), 

2.06 (3 H, s, Ac), 1.99 (3 H, s, Ac). 
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Methyl (2,3,4-tri-O-acetyl-5-fluoro-α-L-idopyranosyl chloride) uronate (3.28) 

MeO2C

O

OAc

F

Cl
AcO

AcO

 

The crude 3.27 was dissolved in 40 mL dry acetonitrile. Silver fluoride (2.36 g, 18.6 mmol) 

was added to this solution, and the resulting slurry was allowed to stir overnight in the dark 

under N2(g). The slurry was filtered through a plug of silica using ethyl acetate as the eluent to 

remove the silver salts, then the product purified by flash chromatography (200:1  100:1 

dichloromethane : diethyl ether) to yield 3.28 as a colourless oil (0.969 g, 2.62 mmol, 29% 

from 3.26). 1H NMR: (300 MHz, CDCl3) δ 5.91 (1 H, dd, JH1-H2 4.3 Hz, JH1-F5 1.6 Hz, H1), 

5.69 (1 H, dd, JH4-F5 10.9 Hz, JH4-H3 7.0 Hz, H4), 5.38 (1 H, dd, JH2-H1 4.3 Hz, JH2-H3 1.3 Hz, 

H2), 5.34 (1 H, dd, JH3-H4 7.0 Hz, JH3-H2 1.3 Hz, H3), 3.86 (3 H, s, CO2CH3), 2.09 (3 H, s, 

Ac), 2.04 (3 H, s, Ac), 2.03 (3 H, s, Ac); 19F NMR: (282 MHz, CDCl3): δ -110.73 (1 F, dd, 

JF5-H4 10.9 Hz, JF5-H1 1.6 Hz, F5); 13C NMR (75 MHz, CDCl3):  δ 169.66, 169.28, 168.41, 

163.68 (4 x C=O), 112.04 (d, JC5-F5 231 Hz, C5), 86.25 (C1), 73.93 (C3), 71.96 (C2), 69.53 

(d, JC4-F5 36 Hz, C4), 53.83 (CO2CH3), 20.71 (2 C), 20.48 (3 x Ac); ESI-MS (high res): m/z 

calc.: 393.0365; Found: 393.0362 [M + Na]+.  

 

Methyl (2,3,4-tri-O-acetyl-1-bromo-5-fluoro-α-L-idopyranosyl chloride) uronate (3.29) 

MeO2C

O

AcO

F

Cl
AcO

AcO

Br
 

3.28 (0.346 g, 0.935 mmol) was photobrominated in 40 mL dry carbon tetrachloride using N-

bromosuccinimide (0.300 g, 1.69 mmol, 1.8 eq) according to General Procedure C. The 

product was used without further purification. 1H NMR: (300 MHz, CDCl3) δ 5.75 (1 H, d, 

JH2-H3 7.8 Hz, H2), 5.51 (1 H, dd, JH4-F5 2.6 Hz, JH4-H3 1.0 Hz, H4), 5.29 (1 H, dd, JH3-H2 7.8 
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Hz, JH3-H4 1.0 Hz, H3), 3.88 (3 H, s, CO2CH3), 2.19 (3 H, s, Ac), 2.13 (3 H, s, Ac), 2.10 (3 H, 

s, Ac); 19F NMR: (282 MHz, CDCl3): δ -112.06 (1 F, d, JF5-H4 2.6 Hz, F5). 

 

Methyl (2,3,4-tri-O-acetyl-1,5-difluoro-L-idopyranosyl fluoride) uronate (3.30) 

MeO2C

O

AcO

F

F
AcO

AcO

F
 

The crude 3.29 was dissolved in 80 mL dry diethyl ether. Silver tetrafluoroborate (0.931 g, 

4.78 mmol) was added, and the resulting slurry was allowed to stir for three days in the dark 

under N2(g). The slurry was filtered through a plug of silica using ethyl acetate as the eluent to 

remove the silver salts, then the product was partially purified by flash chromatography (4:1 

 3:1 hexane : ethyl acetate) to yield impure 3.30 as a colourless oil (43.6 mg). 19F NMR: 

(282 MHz, CDCl3): δ -71.35 (1 F, d, JF1eq-F1ax 156.7 Hz, F1(eq)), -77.57 (1 F, ddd, JF1ax-F1eq 

156.7 Hz, JF1ax-H2 10.7 Hz, JF1ax-F5 5.6 Hz, F1(ax)), -106.39 (1 F, t, JF5-H4 = JF5-F1(ax) 5.6 Hz, 

F5).  

 

1,5-Difluoro-L-idopyranosyl uronic acid fluoride (3.19) 

HO2C

O

OH

F

F
HO

HO

F  

The impure 3.30 (46.3 mg) was dissolved in 15 mL wet methanol. A small chunk of sodium 

was added, and the reaction mixture stirred for 25 minutes. The solution was then neutralized 

by the addition of a few drops of acetic acid, and the solvent evaporated under reduced 

pressure. The product was purified by flash chromatography (7:2:1 ethyl acetate : methanol : 

water + 0.1% acetic acid) to yield 3.19 as a colourless gum (25.6 mg, 0.110 mmol, 12% from 

3.28). 1H NMR: (300 MHz, CD3OD) δ 3.95-3.83 (3 H, m, H2, H3, H4); 19F NMR: (282 
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MHz, CD3OD): δ -72.08 (1 F, d, JF1eq-F1ax 157.0 Hz, F1(eq)), -82.63 (1 F, ddd, JF1ax-F1eq 157.0 

Hz, JF1ax-H2 7.9 Hz, JF1ax-F5 5.6 Hz, F1(ax)), -107.94 (1 F, t, JF5-H4 = JF5-F1(ax) 5.6 Hz, F5); 13C 

NMR (75 MHz, CD3OD):  δ 162.04 (d, JC6-F5 10 Hz, C6), 112.01 (dd, JC1-F1 238 Hz, JC1-

F1 221 Hz, C1), 104.21 (d, JC5-F5 237 Hz, C5), 73.44 (d, JC3-F 8 Hz, C3) 72.67 (d, JC4-F5 32 Hz, 

C4) 70.72 (t, JC2-F1ax = JC2-F1eq 27 Hz, C2); ESI-MS (high res): m/z calc.: 231.0116; Found: 

231.0123 [M - H]-; Anal. calc. for C6H7F3O6 · H2O: C, 28.81, H, 3.63; Found: C, 28.68, H, 

3.76.     

 

5.2 Enzymology 
 

5.2.1 Generous gifts 

 2,4-Dinitrophenyl β-D-glucopyranoside and 2,4-dinitrophenyl α-D-mannopyranoside 

were kindly provided by Dr. Hongming Chen. β-Glucosidase from Agrobacterium sp (Abg) 

was cloned and expressed by Ms. Karen Rupitz. α-L-iduronidase (Idua) and 4-

methylumbelliferyl α-L-idopyranosyl uronate (IdoA) were generous gifts from BioMarin. 

Glucocerebrosidase (GCase) was kindly provided by Dr. Lorne Clarke by collecting the 

leftovers from used patient vials. 2-deoxy-2-[18F]-fluoro-glucose (fluorodeoxyglucose, FDG) 

was kindly provided by Ms. Yulia Rozen and Mr. Milan Vuckovic of the BC Cancer Agency 

using the facilities at TRIUMF. β-Mannosidase from Cellulomonas fimi (Man2A) was 

expressed and purified by Dr. Dominik Stoll.  

 

5.2.2 General enzymatic materials and methods 

 E. coli β-galactosidase (E. coli β-Gal), Jack Bean α-mannosidase (JBAM) and Yeast 

α-glucosidase (Yag) were all purchased from Sigma.  

All enzymatic data analyses were performed using GraFit.311 For all data analyses, 

the error bars have been omitted for clarity, although all calculated errors were ≤10% of the 

calculated value. All enzyme reactions were performed at 37 ͦC unless otherwise specified. 
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All enzymatic buffers were made up using water from a Millipore Direct-QTM 5 Ultrapure 

Water System. The final concentration of each enzyme used in the assay cuvette was as 

follows: Abg (0.3 μg/mL), GCase (0.5 μg/mL), E. coli β-Gal (1.28 μg/mL), Man2A (0.4 

μg/mL), JBAM (1.74 μg/mL), Yag (1.96 μg/mL), Idua (0.3 μg/mL). The following table 

shows the buffer conditions and substrates used in the course of this work: 
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Enzyme Buffer Substrate Km (mM) 

Agrobacterium sp. β-

Glucosidase  

Abg 

50 mM NaH2PO4/Na2HPO4 

pH = 6.8 

 

pNP-β-D-Glc 

 

0.087 

Human 

Glucocerebrosidase 

GCase 

50 mM NaOAc, 0.2 % 

Triton X-100, 0.3% sodium 

taurocholate 

pH = 5.5 

 

2,4-DNP-β-D-

Glc 

 

1.6 

E. coli β-galactosidase 

E. coli β-Gal 

50 mM 

NaH2PO4/Na2HPO4,1 mM 

MgCl2 

pH = 7.0 

 

pNP-β-D-Gal 

 

0.03 

Cellulomonas fimi β-

Mannosidase 

Man2A 

50 mM NaH2PO4/Na2HPO4 

pH = 6.8 

 

pNP-β-D-Man 

 

0.3 

Jack Bean α-mannosidase 

JBAM 

50 mM sodium citrate,  

pH = 4.5 

 

2,4-DNP-α-D-

Man 

 

1.3 

Yeast α-glucosidase 

Yag 

50 mM NaH2PO4/Na2HPO4 

pH = 6.8 

 

pNP-α-D-Glc 

 

0.27 

Human α-L-iduronidase 

Idua 

100 mM sodium dimethyl 

glutarate,  

pH = 4.5 

 

IdoA 

 

0.051 
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5.2.3 Continuous enzymatic assays 

 The kinetic assays were performed using a Varian Cary 300-Bio UV-Visible 

Spectrophotometer equipped with an externally controlled continuously circulating water 

bath. Michaelis-Menten parameters were determined using GraFit version 5.0.13 by 

nonlinear fitting of the data to the Michaelis-Menten equation. The following enzymes were 

assayed by continuously monitoring (λ = 400 nm) the release of para-nitrophenol from the 

substrate: Abg, E. coli β-Gal, Man2A and Yag. The following enzymes were assayed by 

continuously monitoring (λ = 400 nm) the product release of 2,4-dinitrophenol from the 

substrate: GCase and JBAM. The slope of the resulting absorbance vs. time graph was used 

to determine the initial rate of enzyme catalyzed hydrolysis. The enzyme reaction was 

initiated by the addition of a small volume of enzyme solution to a pre-equilibrated assay 

cuvette containing an appropriate volume of buffer containing the chromogenic substrate. 

 

5.2.4 Stopped enzymatic assays 

 The kinetic assay for Idua was performed using a Varian Cary Eclipse Fluorescence 

Spectrophotometer. Michaelis-Menten parameters were determined using GraFit version 

5.0.13 by nonlinear fitting of the data to the Michaelis-Menten equation. Idua activity was 

determined in the following manner. Substrate/enzyme mixtures were incubated at 37 ͦC in an 

eppendorf tube. At 3 minute intervals, 20 μL aliquots were withdrawn and added to a large 

volume (1 mL) of quench buffer (100 mM glycine-carbonate, pH = 10.0) in a cuvette and 

vortexed thoroughly. The resulting fluorescence from the released methylumbelliferone was 

measured using the Spectrophotometer at three time points. The slope of the resulting 

fluorescence vs. time graph was used to determine the initial rate of enzyme catalyzed 

hydrolysis. 

 

5.2.5 Enzyme inactivation assays 

 Compounds of interest were tested for time-dependent inactivation of their respective 

enzymes using the following general procedure. The enzyme was incubated in a small 
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eppendorf tube with an appropriate volume of buffer along with varying concentrations of 

the compound of interest, for a total volume of 180 μL. The inactivation was initiated by the 

addition of 20 μL of the enzyme solution. At appropriate time points, 20 μL aliquots were 

withdrawn and added to a solution containing 2-10 x Km of the appropriate substrate, along 

with a large volume (between 600-100 μL) of buffer. This halts the inactivation reaction both 

by dilution of the enzyme inactivator and by competition with a large excess of substrate. 

The residual enzyme activity was then assayed using either a continuous or stopped 

enzymatic assay, as appropriate. The rate of release of the chromophore is directly 

proportional to the concentration of catalytically active enzyme remaining in the solution. 

Pseudo-first order rate constants for the loss of enzymatic activity for each concentration of 

inactivator were determined by nonlinear fitting of the decay curve to a single exponential 

decay equation using GraFit. The individual kobs values were then replotted as a function of 

inactivator concentration. Individual values for ki and Ki were obtained by fitting to the 

equation: 

k  
k   I
K I  

For cases when inactivation was too rapid or the Ki value was too high, and saturation was 

not observed, then the ki/Ki value was obtained by fitting the data to the equation: 

k  
k I
K  

 where [I]<<Ki and ki/Ki is obtained from the initial slope of a plot of kobs as a function of 

inactivator concentration. 

  

5.2.6 Enzyme reactivation assays 

 A sample of the inactivated enzyme in a small volume of buffer was loaded onto the 

top of a protein desalting column and centrifuged at 2000 rpm for 2 minutes. The flow-

through solution was collected and diluted in a large volume of the appropriate buffer, along 

with a suitable concentration of a small molecule transglycosylating ligand where 
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appropriate. Aliquots (20 μL) were removed at various time points and the enzyme solution 

assayed for activity using the appropriate assay. The rate constant for reactivation of enzyme 

activity was determined by fitting the rate vs. incubation time data to a first order equation 

using GraFit. 

 

5.2.7 Test for a highly active contaminant 

 The following method was employed to test a putative inactivator for the presence of 

a highly active but minor contaminant. The enzyme was incubated in a small volume of 

buffer along with the putative inactivator (10 μL total volume). The relative concentrations 

of enzyme and inactivator were chosen such that [Enzyme] ~ 0.1*[Inactivator]. Aliquots of 

this solution were removed at various time points and diluted into an assay cuvette 

containing a large volume of the appropriate buffer along with substrate to determine the 

amount of enzyme activity remaining. The data were analyzed in a manner similar to that 

described for the Enzyme Inactivation Assays in Section 5.2.5. 

 

5.2.8 Determination of apparent Ki’ values 

 The following method was used to determine Ki’ values for compounds which were 

slow substrates for the enzyme of interest. An appropriate volume of buffer containing the 

known chromogenic substrate at a concentration ~Km and the compound of interest was pre-

incubated at 37 ͦC. A small volume of enzyme solution was added to this solution, and the 

release of the chromophore monitored using either a continuous or stopped assay, as 

appropriate.  

 

5.2.9 Determination of Ki values 

The testing of compounds as reversible competitive inhibitors was performed as 

follows. The enzyme of interest was incubated in the presence of buffer and an appropriate 

amount of inhibitor. The reaction was initiated by addition of the substrate, and the enzyme 
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activity assayed using the appropriate continuous or stopped assay. The residual enzyme 

activity was plotted as a Dixon plot (inverse of enzyme catalyzed rate of reaction vs. inverse 

of inhibitor concentration for a substrate concentration ~Km) and an approximate Ki value 

obtained by multiplying by -1 the extrapolated intercept between the plotted line obtained by 

linear regression and a line corresponding to 1/Vmax. 

 

5.3 Radiochemistry 
Note: These experiments were performed jointly in collaboration with Dr. Chris Phenix, a 

postdoctoral fellow in the Withers lab. 

 

5.3.1 Radiosynthesis of 2,4-dinitrophenyl 2-deoxy-2-[18F]-fluoro-β-D-glucopyranoside 

(4.19) 

 Pharmaceutical grade 2-deoxy-2-[18F]-fluoro-D-glucose (1.12, 16.25 mCi) in an 

isotonic saline solution was a generous gift of the B.C. Cancer Agency, following quality 

assurance to verify the absence of any radiochemical contaminants. The solution of 1.12 was 

placed in a 2 mL screw-cap vial with a rubber septum and containing a small stir bar. The 

water was evaporated at 100 °C under a stream of dry helium while simultaneously passing 

helium gas through the V-vial vented into a sodium lime trap. The vial was cooled to 37 °C, 

after which 150 μL of saturated sodium bicarbonate and 150 μL of ethanol containing 2.2 mg 

of dinitrofluorobenzene (DNFB) were added, and the resulting solution stirred for 10 minutes 

during which the solution turned yellow. 25 μL glacial acetic acid was added to neutralize 

the reaction, following which the water was evaporated at 60 °C as described above. The 

yellow residue was dissolved in 300 μL distilled water, and loaded onto a C18 Sep-Pak (pre-

equilibrated with 1 mL water). 1 mL of distilled water was used to elute the radioactivity into 

four fractions of approximately 0.33 mL. The second fraction (4.1 mCi, 53 minutes from 

beginning of radiosynthesis) was loaded onto a Synergy semi-prep reverse phase HPLC 

column and eluted using a gradient of 60% methanol 40% water to 100% methanol over 10 

minutes, with the gradient maintained at 100% methanol for a further 10 minutes. The 

purified 4.19 (3.25 mCi, 72 minutes from beginning of radiosynthesis, 32% radiochemical 
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yield decay corrected from 1.12) was collected at approximately 14 minutes in a high 

percentage of methanol, and evaporated at 60 °C as described above. 

 

5.3.2 Radiochemical labelling of Abg with purified 4.19 

 To the V-vial containing the freshly purified 4.19, 200 μL of 60 mM phosphate, pH 

6.5 buffer was added, containing Abg at a concentration of 6 mg/mL. The enzymatic reaction 

incubated for 10 minutes at 37 °C, following which it was studied by radio-TLC analysis.  

 To study the specificity of the enzymatic radiolabelling reaction, the above procedure 

was also carried out using the Glu359Ala mutant of Abg, following which the reaction 

mixture was studied by radio-TLC analysis.  

 Additionally, the radiolabelled enzyme produced by reaction of 4.19 and wild-type 

Abg was concentrated by centrifugation using a Microcon 50 kDa molecular weight cut-off 

filter at 14,000 rpm for 8 minutes to separate the radiolabelled Abg from the residual 4.19. 

The enzyme was re-suspended in 200 μL of buffer containing 20 mM thiophenyl β-D-

glucopyranoside and incubated at 37 °C. The reaction mixture was monitored by radio-TLC 

for up to 2 hours. 

  

5.3.3 Radiochemical labelling of GCase with purified 4.19 

 To the V-vial containing the freshly purified 4.19 (2.18 mCi), a concentrated solution 

of GCase (300 μL, ~5 mg/mL) in assay buffer was added and the mixture stirred for 45 

minutes. Following radio-TLC analysis, the solution was diluted with 500 μL of MES buffer 

(50 mM MES, 100 mM NaCl, pH = 6.5) and  loaded onto the top of a Microcon 50 kDa 

molecular weight cut-off filter and centrifuged at 14,000 rpm for 8 minutes. The enzyme 

solution was diluted with a second 500 μL portion of MES buffer and the enzyme 

centrifuged a second time. The final radiolabelled enzyme solution (generally approximately 

100 μL volume) was loaded onto a Pierce Desalting Spin column pre-equilibrated with 

Cerezyme buffer (60 mM sodium citrate, 20 mM sodium phosphate, 0.1% Tween 80, pH 
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6.6) and subjected to two rounds of gel filtration. The final enzyme solution (0.147 mCi, 7% 

radiochemical yield) was loaded into a small screw-cap vial and shipped to the MicroPET 

facility at the UBC hospital for mouse experiments. 
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Michaelis-Menten kinetics 
A simple model to explain the observed kinetic behaviour of an enzyme was first 

proposed  by Michaelis and Menten in 1913.312 This model offered a rationale for the 

observed relationship between the rate of enzymatic reaction and the concentration of the 

enzyme’s substrate. This model was expanded upon by Briggs and Haldane in 1925 to 

include the steady-state approximation.313 A scheme representing a simple reaction catalyzed 

by an enzyme is shown below. Free enzyme, E, combines with free substrate, S, to form an 

enzyme-substrate complex, ES, that is turned over to produce the product, P.  

E + S ES
k1

k-1

k2
E + P

 

 Under steady-state conditions: 

ES
k   E S  k ES  k ES 0                              1   

The total concentration of enzyme, [E]o, is equal to the sum of the concentrations of 

free enzyme, [E], and enzyme bound to substrate in the ES complex, [ES].  

E E   ES                                 2  

 By combining equations (1) and (2) to solve for the [ES], we obtain: 

ES  
E S

S                                           3  

If we make the assumption that the rate of product formation is rate-limiting, or that 

k2 < k1 or k-1, then the initial velocity of the reaction, v, will be equal to the rate of formation 

of product: 

v  
P

  k ES                                              4  

By substituting the expression for [ES] obtained in equation (3), we obtain an 

expression for the initial rate of reaction: 

v  
k E S
S                                               5  
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The ratio of the rate constants in the denominator, (k-1+k2)/k1, is defined as Km, the 

Michaelis constant. Similarly, the rate constant k2 is defined as kcat, which represents the 

catalytic constant or turnover number of the enzyme, since k2 is assumed to be the rate-

limiting step of the catalytic reaction. Therefore, equation (5) can be expressed in the 

commonly used form of the Michaelis-Menten equation: 

v  
k E S
S  K                                           6  

When the initial reaction rate, v, is equal to half the maximum rate, (v = Vmax/2), then 

the substrate concentration is equal to Km. The Km value is an apparent binding constant 

which represents the binding affinity of the enzyme for a given substrate. However, the Km 

value differs from a Kd value, which is equal to k1/k-1. The inclusion of k2 in the expression 

for Km means that for very proficient enzymes (large k2 values) the Km value will be much 

higher than the Kd value for the same substrate. Alternatively, as the rate of enzyme turnover 

approaches zero (in the extreme example of k2 = 0, the “enzyme” has become a receptor) 

then the value of Km approaches Kd.  

When the concentration of substrate becomes very large relative to the Km value, [S] 

>> Km, then v approaches its maximum value, Vmax, and the rate becomes largely 

independent of [S]. In this situation, the Michaelis-Menten equation can be rewritten as: 

V k E                                           7  

When the concentration of substrate of low with respect to Km ([S]<<Km), then the 

initial rate of the enzyme-catalyzed reaction is proportional to [S]: 

v  
k E S

K                                   8  

A graphical representation of these equations is shown below. 

 

 

The Michaelis-Menten equation can also be adapted to represent more complex 

enzymatic reactions as well, such as the double-displacement mechanism of a retaining 

glycosidase. The reaction is represented schematically below. The enzyme (E) and substrate 

(S) combine to form the enzyme-substrate complex (ES) with the associated rate constants of 
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formation (k1) and dissociation (k-1). The first step, the glycosylation step, is represented by 

the formation of the enzyme-product complex (EP) with a rate constant k2 that represents that 

rate of glycosylation, and loss of the aglycone (HOR). The deglycosylation step involves 

attack of water on the EP complex and leads to breakdown of the EP complex to give free 

enzyme and product, with an associated rate constant (k3).  

E + S ES
k1

k-1

k2
EP

k3
E + P

HOR H2O  
By making the steady-state assumption, then: 

  k ES   k EP                                      9  

and therefore: 

ES
 k E S  k ES  k ES  0      10  

The total concentration of enzyme, [E]o is equal to all forms of the enzyme, and so: 

E E   ES   EP                               11  

By substituting for [EP] in equation (11) using equation (9), we obtain: 

E E   ES  
k ES
k                                12  

By solving for [E] in equation (12) and substituting this expression into equation (10), 

we obtain, after rearrangement to isolate [ES]: 

ES  
k E S

k k
                              13  

Once a steady state is achieved, then the rate of product formation is: 

v  
P

  k EP   k ES                                14  

 
Finally, substitution of equation (13) into equation (14) yields an expression in the 

form of the Michaelis-Menten equation: 

v  
E S
    S

                                  15  
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Therefore in this kinetic scheme, the Michaelis-Menten parameters can be assigned 

the following values: 

k  
k k
k k                                                       16  

K
k

k k
k k

k                               17  

Therefore, the values obtained experimentally for both kcat and Km are composed of 

individual rate constants that are representative of the proposed chemical steps.  

 

Enzyme kinetics with a mechanism-based inactivator 
 The behaviour of an enzyme in the presence of a mechanism-based inactivator that is 

subsequently hydrolyzed is shown in the following scheme: 

E + I E  I
k1

k-1

k2
E-I

k3
E + P

HX H2O  

 This kinetic scheme represents the behaviour of a retaining glycosidase in the 

presence of an activated fluorosugar. In the case of a retaining β-glycosidase in the presence 

of an activated 2-deoxy-2-fluoro-β-glycoside, the rate of hydrolysis of the E-I intermediate is 

extremely low (k3 approaches zero) with respect to the other rate constants. Therefore, the 

kinetic scheme can be simplified to the following: 

E + I E  I
k1

k-1

k2
E-I

HX  

 This model predicts a time-dependent inactivation of the enzyme in the presence of 

the mechanism-based inactivator. Assuming that [I] >> [E], then the [I] can be assumed to 

remain constant throughout the course of the reaction, and therefore pseudo first-order 
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kinetics with respect to [E] will be observed. The equation for this process is very similar to 

the Michaelis-Menten equation for substrate hydrolysis: 

v  
k E I
K I                                                 18  

 where ki is the rate constant for inactivation (ki = k2) and Ki is an apparent 

dissociation constant for all forms of enzyme-bound (Ki = k-1/k1), assuming that k-1>>k2. 

Equation (18) can be rewritten as: 

v   k E                                          19  

  where 

k  
k I

K I                                       20  

 If Ki >> [I], then equation (20) can be simplified to give: 

k  
k I
K                                                      21  

 where kobs is the observed rate constant for the time-dependent loss of enzyme 

activity, which is obtained by fitting the value for the residual enzyme activity to an 

exponential decay equation. 

  



280 
 

 

Appendix II: List of Publications 

 

 

Rempel, B.P.; Withers, S.G.. Glycobiology, 2008, 18, 570-586. 

Rempel, B.P.; Withers, S.G. Aus. J. Chem., 2009, In Press.  


