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ABSTRACT 

Protein phosphorylation is a crucial component in physiological signal 

transduction pathways. It is estimated that one-third of all cellular proteins are 

modified through phosphorylation, and these pathways are regulated by kinase 

and phosphatase enzymes. Glucose-6-phosphatase (G6Pase) is an essential 

enzyme that catalyzes the last step in both glycogenolysis and gluconeogenesis by 

converting glucose-6-phosphate (G6P) into glucose. As a result, aberrant G6Pase 

signaling has been implicated in diabetes. The active site of G6Pase contains a 

nucleophilic histidine residue, and two arginine residues that stabilize binding 

through hydrogen bonding to the phosphate moiety. In this thesis we present novel 

synthetic methodology to install -bromophosphonate moieties on G6P analogues 

to test as irreversible inhibitors of G6Pase, which could serve as a valuable tool in 

the study of glucose metabolism. We describe our efforts towards the synthesis of 

a panel of phosphonate-based G6P analogues which were tested for in vitro 

activity against the enzyme. 
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Chapter 1: Glucose-6-phosphatase and synthetic analogues of the phosphate 

group 
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1.1 Introduction to phosphorylation and glucose-6-phosphatase 

Protein phosphorylation is a pivotal modulator of cellular behaviour. It is 

estimated that one-third of all cellular proteins are modified through 

phosphorylation making it the second most prevalent post-translational 

modification behind glycosylation.1 Kinases phosphorylate target molecules and 

act in contrast to phosphatases, which dephosphorylate these same targets.2 

Protein phosphorylation is implicated in many important physiological processes 

including cellular differentiation,2 metabolism2 and apoptosis.3 Aberrant 

phosphorylation pathways can have devastating physiological consequences and 

play a role in pathologies including cancer,3 diabetes4 and Alzheimer’s disease.5 

The majority of human phosphatases hydrolyze phospho-serine, threonine, 

tyrosine, or histidine residues in proteins and are termed protein phosphatases.2, 6 

However, phosphatases that dephosphorylate lipid- and carbohydrate-based 

substrates also play fundamental biochemical roles.7 Glucose-6-phosphatase 

(G6Pase) is one example of a phosphatase with a carbohydrate substrate, which 

plays a central role in the regulation of glucose metabolism. 

G6Pase is primarily localized to the liver, where it catalyzes the last step in both 

glycogenolysis and gluconeogenesis by converting glucose-6-phosphate (G6P) to 

glucose; thus allowing for its release into the bloodstream (Scheme 1.1).1 

Glycogenolysis is the breakdown of glycogen into glucose monomers and 
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gluconeogenesis is the generation of glucose from non-carbohydrate sources such 

as glycerol and lactic acid.1 In Type II diabetic patients these processes are 

augmented due to the upregulated activity of G6Pase resulting in glucose release 

from hepatic cells when blood-glucose levels are already elevated.4, 8 Inhibition of 

G6Pase is therefore a potential therapeutic target. Reduction of G6Pase activity 

could slow the release of glucose back into the bloodstream, facilitating glycogen 

storage.4

 

Scheme 1.1: The last step in both glycogenolysis and gluconeogenesis 

catalyzed by G6Pase.1   

G6Pase exists as two isoforms in humans: G6Pase- and G6Pase-.9 G6Pase- 

consists of 357 amino acids with nine transmembrane domains, which are 

anchored within the membrane of the endoplasmic reticulum (ER).9 It is uncertain 

how G6Pase- is localized to the ER or what its orientation within the membrane 

is.9 G6Pase- is expressed primarily in the kidney, liver, and intestines. G6Pase-β 

contains 346 amino acids and shares only 36% homology to G6Pase-α. In contrast 
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to G6Pase-, G6Pase- is expressed ubiquitiously; however, both isoforms are 

coupled to the G6P transporter.9 At present it is believed that only G6Pase- is 

implicated in Type II diabetes.9 The remainder of this chapter will discuss human 

G6Pase-, which we will refer to hereafter as G6Pase.  

Due to its tight association with the ER membrane, the structure of G6Pase 

remains to be fully elucidated;10 however, insight into the structure of the active 

site of G6Pase has been obtained using biochemical methods.11 Seminal work 

done by Chou and co-workers11 has demonstrated that the G6Pase active site, 

which is oriented towards the lumen of the ER,12 includes five key amino acid 

residues, Lys76, Arg83, Arg170, His119 and His176. The proposed mechanism of 

enzymatic cleavage of G6P is shown in Figure 1.1. The Arg83 and Arg170 

residues are proposed to stabilize the anionic oxygens of the G6P phosphate 

moiety preparing His176 for nucleophilic attack on the phosphorus to provide a 

pentahedral intermediate. Subsequently, collapse of the pentahedral intermediate 

after protonation by His119 liberates glucose as the product.11 Although not 

discussed by Chou and co-workers directly in their elucidation of this mechanism, 

we postulate the active site is likely regenerated by nucleophilic attack on 

phospho-His176 by water to liberate Pi as shown in the final step of Figure 1.1. 

This is consistent with evidence from other phosphorylated active site 

intermediates.13 G6Pase has broad tissue distribution and it is assumed that this 
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process occurs in any cell containing G6Pase. However, the physiological 

significance of this finding is unclear outside of hepatocytes.14 As a result, side 

effects of non-selective G6Pase inhibition are of therapeutic concern.14 

Nonetheless, it is thought that selective inhibitors could be important treatments 

for Type II diabetes.4 Furthermore, we propose that because the crystal structure 

of G6Pase has not been elucidated, inhibitors of the enzyme could be beneficial in 

obtaining the structure of the active site generating a crystal structure, or in the 

development of cell labelling and activity-based probe (ABP) strategies. 
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Figure 1.1: The proposed catalytic mechanism of G6Pase (modified from 

Ghosh, et al., 2002).11 



  

7 

 

It is also important to note that because the active site of G6Pase is located on the 

luminal side of the ER, a transporter, termed the T1 translocase, is required to 

transport G6P from the cytoplasm into the luminal compartment where it can 

access the active site of G6Pase.12 

1.2 Inhibitors of G6Pase 

Since selective inhibitors of G6Pase have been considered for the therapy of Type 

II diabetes, it is not surprising that direct G6Pase inhibitors or modulators of 

G6Pase expression are known. To date all known compounds have drawbacks that 

limit their potential as therapeutics. We provide a brief survey of the known 

inhibitors of G6Pase starting with non-selective, metal-based inhibitors followed 

by carbohydrate-based and irreversible inhibitors of the enzyme. This discussion 

focuses only on inhibitors that target G6Pase directly. Alternative strategies have 

been explored, which target the T1 translocase protein as a means for affecting 

glucose metabolism; however, these inhibitors are not discussed here since it is 

only G6Pase that is upregulated in Type II diabetes.4, 12 In vitro assay of G6Pase 

activity is done directly by disrupting the microsomal membrane with a 

surfactant, allowing free access of G6P to the G6Pase active site thus avoiding the 

necessity of the translocase.12 
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1.2.1 Metal-based inhibitors 

Metal-based G6Pase inhibitors containing tungsten,15-16 vanadium17-19 and 

molybdenum12 have been shown to inhibit G6Pase contained in rat microsomes 

with Ki values in the 10-20 µM range. It has also been shown that increasing the 

oxidation state of the vanadium species can have a ten-fold increase in inhibitory 

potency (Figure 1.2).12 Unfortunately, it is unknown what effect the counter ion 

has on inhibitory potency of G6Pase or why analogue 1.1 is more than twice as 

active as 1.2. Also, the analogous tungstate and molybdate high oxidation 

complexes were tested but were found not to be of lower potency.12 

 

Figure 1.2: High oxidation state-vanadium complexes.  

Basic tungstates and vanadate 1.1 and have been shown to lower blood glucose in 

mice.12 However, it has not yet been confirmed if the blood glucose levels are 

lowered due to direct inhibition of G6Pase or as a result of an indirect effect due 

to non-specific binding to random protein tyrosine phosphatases (PTPs) within 



  

9 

 

hepatic cells.19 Aluminum tetrafluoride ion (AlF4
-) has also demonstrated 

inhibition of G6Pase.20 Although these inhibitors do show some promise, a lack of 

specificity for their targets resulting in toxicity concerns have always limited the 

utility of these metal-based inhibitors. 

1.2.2 Organic competitive inhibitors 

Shown in Figure 1.3 are the known organic competitive inhibitors of G6Pase. The 

species of G6Pase is mentioned in the discussion of each inhibitor. 
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Figure 1.3: Organic competitive inhibitors of G6Pase or G6Pase expression 

modulators. 

Daily coffee use has been linked to the prevention of type II diabetes.21 Extensive 

research into the reasons for this phenomenon has revealed that chlorogenic acids 
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found in coffee may be responsible.22 It has been postulated that these chlorogenic 

acids, including 1.3, could treat type II diabetes by inhibition of G6Pase.23  Svetol 

is a decaffeinated green coffee extract that contains high levels of these 

chlorogenic acids. Henry-Vitrac et al.23 isolated a number of chlorogenic acids 

from Svetol and were able to show that these chlorogenic acids did, in fact, inhibit 

human G6Pase and were responsible for 96% of Svetol’s inhibitory potency 

against the enzyme.23 Derivative 1.3 was shown to be the most active of the 

chlorogenic acids. 

The estrone sulfate compound 1.4 reduced G6Pase expression in diabetic mice 

and successfully lowered blood glucose levels to match those of healthy mice,24 

however, the estrogenic effects caused by 1.4 made it an ineffective therapeutic 

strategy for diabetes.14  

Compounds 1.5,25-26 1.6,27 1.7,28 and 1.829 were identified by high throughput 

screening. In all four instances several analogues were synthesized. Shown in 

Figure 1.3 are the best inhibitors found in the individual screens. Compound 1.5 

is a member of a class of 4,5,6,7-tetrahydrothienopyridines and displayed an IC50 

of 360 nM in rat microsomes, placing it among the best G6Pase inhibitors. 

Furthermore, it was determined experimentally that the S configuration of 

compound 1.5 was crucial to activity.12 Based on promising in vitro results, 

compound 1.5 was tested for activity in cultured rat heptocytes and was 
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demonstrated to lower basal glucose levels in these cells with concomitant 

increase in G6P levels indicating a blockage of G6Pase activity.26 The 

thienopyridine class may show promise in vivo. It is uncertain whether they could 

be a viable diabetic agent due to poor water solubility.  

Compounds 1.6 and 1.7 both inhibited rat G6Pase activity by 75% at a 

concentration of 100 µM, however, no further biological screening was 

reported.27-28 The final compound derived from screening was compound 1.8, a 

member of a novel N,N-dibenzyl-N-benzylidenehydrazine class of compounds. It 

is a competitive inhibitor with an IC50 of 170 nM. To date, this is the most potent 

inhibitor of rat G6Pase known, and it also demonstrated selectivity for G6Pase 

over alkaline phosphatase and fructose-1,6-bisphosphatase. No cellular tests have 

been reported.  

The final three compounds in Figure 1.3 are fatty acid derivatives 1.9, 1.10 and 

1.11. Ilicicolinic acid derivative 1.9, has been shown to inhibit rat G6Pase with 

IC50 values ranging from 40 to 50 µM.12 Arachadonic acid (1.10) inhibited rat 

G6Pase in the lower µM range (IC50 = 25.0 – 28.0 µM).30 Myristoyl CoA was the 

best of the fatty acids tested, providing an IC50 of 1.2 µM. This activity is 

comparable to many of the synthetic derivatives in this discussion.31 

Unfortunately, no hepatic cell studies were conducted using any of these fatty acid 

derivatives. 
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1.2.3 Carbohydrate-based inhibitors 

Since the substrate of G6Pase is a glucose-based residue, several carbohydrate-

based inhibitors have been investigated. Figure 1.4 summarizes the structures of 

known carbohydrate-based inhibitors of G6Pase. 

 

Figure 1.4: Known carbohydrate-based inhibitors of G6Pase. 

D-Homoaltrose (compound 1.12) is a weak competitive inhibitor with an IC50 

exceeding 6 mM.32 The Maurya group studied phenolic glycoside 1.13, which was 

isolated from Dodecadenia grandiflora, a flowering plant found in India, Nepal, 

Myanmar, and Bhutan. Interestingly, D. grandiflora is used in traditional 

medicine to regulate blood glucose levels.33 A number of phenolic glycosides 

were isolated, but catecholic derivative 1.13 was found to be the most active 

against G6Pase (IC50 = 50 µM). The authors determined that the catecholic 
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aglycone was required for inhibition.33 It can be postulated that these catecholic 

glycosides are some of the active compounds in D. grandiflora responsible for the 

blood glucose lowering effect of the plant; to our knowledge this proposal has not 

been tested directly. 

Fructose-1-phosphate (1.14) was discovered as an inhibitor G6Pase by Robbins et 

al.34 as part of a screen of metabolites present in liver. The only active compound 

identified from the screen was fructose-1-phosphate with a Ki of 3.8 mM via a 

competitive mode of action. Dihydroxyacetone phosphate (DHAP; 1.15) and 

glycerol-3-phosphate (G3P; 1.16) were examined as inhibitors of G6Pase in rat 

microsomes. DHAP was found to be a weak inhibitor of G6Pase with an IC50 

value of 9 mM. G3P had no effect on G6Pase activity in microsomes. Intriguingly, 

in vivo assays using both well- and malnourished rats found that a G3P 

concentration of 2 g/kg significantly reduced blood glucose levels when followed 

by a 1 g/kg alanine injection. DHAP was not assayed in vivo. 

1.2.4 Irreversible inhibitors 

To our knowledge only one irreversible inhibitor of G6Pase has been reported, 

diethylpyrocarbonate (DECP; 1.17, Figure 1.5a). 
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Figure 1.5: a) The structure of DECP. b) The proposed mechanism of 

acylation by active site His176 to form a mixed carbamate resulting in 

covalent inhibition.35 

Using a histochemical study of human hepatocytes, Benkoël and co-workers 

determined that DECP irreversibly knocked out all G6Pase activity at a 

concentration of 12.6 mM after a ten minute incubation time.35 We assume that 

DECP could inhibit a variety of enzymes that exploit histidine residues as an 

active site nucleophile, including phosphatases such as G6Pase. However, it 

seems unlikely that such a potent acylating agent would provide enough 

specificity for use as a therapeutic.  
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1.2.5 Summary 

We have presented a number of G6Pase inhibitors in the sections above. To our 

knowledge none of these compounds are in clinical use, however, in vivo 

examination of the 4,5,6,7-tetrahydrothienopyridines (1.5) did show promise by 

lowering blood glucose levels in rats.25-26 An obvious shortcoming of this class of 

molecules is their limited solubility in water. A barrier to the use of chlorogenic 

acid analogues (1.3) is the heterogenous composition of Svetol. Svetol is a 

collection of more than 10 chlorogenic analogues, each displaying low individual 

activity.23 Interestingly, as discussed in Section 1.2.3, very few carbohydrate 

derivatives have been explored as inhibitors of G6Pase. Of these, few are reported 

with potent activity. This observation may be due to the weak resemblance of 

compounds to the enzyme substrate, G6P. To our knowledge, no in vivo analysis 

of the catecholic glycosides (1.13) has been conducted. Finally, only one 

irreversible inhibitor of G6Pase protein (1.17) has been identified and it is 

unlikely to be selective. 

It is clear from the discussion thus far that an appreciable number of compounds 

have been explored as inhibitors of G6Pase. Furthermore, no crystal structure of 

G6Pase has been elucidated yet, nor were any of these compounds examined for 

potential in cell labelling strategies. For these reasons, there is a need for 

improved inhibitors. We hypothesize that through the rational design of new 
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G6Pase inhibitors, a selective irreversible inhibitor can be developed which 

targets G6Pase. An irreversible inhibitor that closely resembles the G6P substrate 

could be of potential use for crystalization studies of G6Pase, or could be used to 

deliver a specific label to the enzyme in live hepatocytes. Finally, potent inhibitors 

would expand the limited examples of analogues that target this essential 

metabolic enzyme. We postulate that by designing a G6P mimetic with an 

electrophilic site installed in close proximity to the phosphate moiety, we could 

trap the phosphohistidine intermediate covalently, in an analogous fashion to the 

known DECP inhibitor. This strategy would presumably be more selective if the 

inhibitor design includes specific recognition elements of the substrate. We now 

address general strategies that could be used in the rational design of specific 

inhibitors for G6Pase. 

1.3 Non-hydrolyzable phosphonate analogues of G6P 

One general strategy for producing competitive inhibitors of phosphatases is to 

create substrate mimics that replace the hydrolyzable C-O-P bond of the 

phosphate moiety with a non-hydrolyzable C-C-P bond to yield a phosphonate 

moiety (Figure 1.6a).36  
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Figure 1.6: a) Conceptual depiction of a phosphonate moiety. b) Previously 

synthesized G6P-based phosphonate analogues.  

This strategy has been employed extensively over the last 60 years in phosphatase 

inhibitor design; however, while phosphonates are hydrolytically stable they are 

unlikely to act as irreversible inhibitors without further modification. Two 

phosphonate-based G6P mimetics have been synthesized previously, 1.1837-42 and 

1.19,37-38, 42-49 however, neither has been tested for inhibition of  G6Pase (Figure 

1.6b). 

1.3.1 -Fluorophosphonates 

A more recent strategy builds on the use of non-hydrolyzable phosphonates by 

installing fluorine atoms on the phosphonate carbon  to the phosphorus.  

Fluorine is proposed to modify the phosphonate make this group a better isosteric 
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replacement of the phosphate oxygen in these analogues (Figure 1.7a).50-51 

  

Figure 1.7: a) Conceptual depiction of -fluorophosphonate moieties. b) 

Previously synthesized G6P-based -fluorophosphonate analogues.  

This strategy was first utilized by Blackburn in 198151 and has expanded in 

popularity in the last 30 years.52 Two G6P analogues incorporating this 

functionality have been synthesized, compounds 1.2045, 53 and 1.21 (Figure 

1.7b).46, 54-56 Interestingly, as in the case of the saturated phosphonates, neither 

analogue has been assayed for G6Pase inhibition. Because fluoride is a poor 

leaving group these compounds are most likely to act as competitive inhibitors of 

G6Pase.  
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1.4 Project hypothesis 

With the knowledge that both the fully saturated phosphonate and the -

fluorophosphonate G6P analogues have been synthesized previously, we 

considered whether a phosphonate analogue could be designed to include an 

electrophilic functionality at the -position such that the compound would act as 

an irreversible inhibitor of G6Pase. Such a strategy would require methodology 

for the synthesis of phosphonate analogues compatible with the carbohydrate 

scaffold, and with any required protecting group manipulations. If successful, this 

approach would generate the first rationally-designed irreversible inhibitor known 

for G6Pase, and could provide a valuable research tool for the development of 

human therapeutics. 

Previously, our group devised a strategy to irreversibly inhibit the immune protein 

tyrosine phosphatase CD45 by synthetically installing a bromine atom at the  

position of phosphonotyrosine.57 In 13 steps and 18% overall yield we arrived at 

L-bromophosphonomethylphenylalanine (BrPmp).57 Installation of bromine at the 

-position of benzylic phosphonates is a known function group termed 

bromobenzylphosphonate (BBPs). This functional group was first identified by 

Widlanski and coworkers in 1996.58 

CD45 contains a nucleophilic cysteine in the active site. Previous work by the 
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Zhang group has demonstrated that an -bromophosphonotyrosine59 probe could 

irreversibly inhibit PTPs non-specifically. Zhang postulated that one of two 

mechanisms could be responsible for the irreversible inhibition of PTPs by BBP  

(Figure 1.8).59 In the first mechanism the thiol from the cysteine in the active site 

does a direct SN2 displacement of the -bromide to create a covalent C-P bond 

that inactivates the enzyme. In the second proposed mechanism, the nucleophilic 

cysteine attacks the phosphorus to provide a pentahedral intermediate as in 

G6Pase. This intermediate then collapses and concomitantly displaces the -

bromide to produce an epoxide-based pentahedral structure. Another pentahedral 

collapse affords the covalent phosphorus-cysteine bond, and the inactivated 

enzyme. 
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Figure 1.8: Two proposed mechanisms for covalent inhibition of a PTP by 

BBP. 

We hypothesized that an -BBP, or analogous electrophilic phosphonate moiety, 

could be used to construct G6P derivatives similar to 1.22 and 1.23. Compounds 

of this form could then act as irreversible inhibitors of G6Pase via a similar 

mechanism. Shown in Figure 1.9 are the general forms of our proposed 
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analogues. Compounds of the form of 1.22 replace the C6 oxygen atom of G6P 

with the phosphonate moiety, thus placing an electrophilic site at C6, while 

analogues of the form of 1.23 replace O6 of G6P with the electrophilic site. Any 

differences observed between these analogues would likely be due to 

advantageous placement of the electrophilic site in proximity to the active site 

nucleophile. Based on the precedented -F phosphonate chemistry, and the 

identification of irreversible -Br inhibitors of PTP enzymes, we considered that 

-halo analogues of G6P would be a good starting point for the identification of 

specific irreversible inhibitors of G6Pase. In the following sections of this chapter, 

we provide a summary of known -bromo phosphonates, and synthetic strategies 

for their generation. In Chapter 2 we will summarize enzymatic studies of -

bromophosphonate inhibition of CD45 using peptide analogues. Finally, in 

Chapter 3 we will present work towards -functionalized analogues of G6P and 

their activity as inhibitors of G6Pase.  

 

Figure 1.9: Postulated irreversible inhibitors of G6Pase. 
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1.5 -Bromophosphonates 

The -bromophosphonate moiety has been known in the literature for over 60 

years.60 The earliest examples of -bromophosphonates were reported as 

intermediates in the synthesis of -functionalized phosphonates. However, as 

phosphonates were explored in medicinal chemistry, reports of the syntheses of -

bromophosphonates as a target emerged. Examples of ,-disubstituted 

phosphonates where one substituent is a bromine atom are also known. Benzylic 

and aliphatic -bromophosphonates are well precedented. Herein we review the 

chemistry of   - and ,-halo substituted phosphonates. 

1.5.1 -Bromophosphonates as synthetic intermediates 

To the best of our knowledge, the first example of an isolated α-

bromophosphonate occurred in 1952 in the form of -bromo--ketophosphonates 

as an intermediate in the synthesis of thiazolephosphonates (Scheme 1.2).60  

 

Scheme 1.2: -Bromophosphonate as an intermediate in the synthesis of 

thiazolephosphonates.59  
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The second unique example of the -bromophosphonate occurred in 1966. In this 

instance bromination across an ,-unsaturated phosphonate furnished dibromo 

adduct 1.28 as shown in Scheme 1.3.61 Alkene 1.27 was treated with Br2 and 

carefully isolated via recrystallization in moderate yield. The dibromo adduct, 

1.28, was then stirred in the presence of H2O, resulting in rapid elimination of 

phosphoric acid to generate olefin 1.29 in good yield.61 

 

Scheme 1.3: -Bromophosphorylation via olefinic bromination.61  

The first report of an -bromo--hydroxyphosphonate was in 1969, where the 

functional group was used as an early strategy for synthesis of the antibiotic 

fosfomycin (Scheme 1.4).62 Similar to the bromination strategy used to generate 

alkene 1.26, compound 1.27 was hydrobrominated, followed by displacement of 

bromine under basic conditions to furnish fosfomycin. The yields for these 

reactions were not reported. 
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Scheme 1.4: The second example of an α-bromophosphonate used in the 

synthesis of fosfomycin.62 

-Bromophosphonates have been used as intermediates to generate 

chemiluminscence through an oxidative mechanism.63 Shown in Scheme 1.5 is 

the synthesis of the highly reactive phospha-1,2-dioxetane, 1.33. Phosphonate 

1.31 was brominated using 1,3-dibromo-5,5-dimethylhydantoin in refluxing CCl4 

to furnish -bromophosphonate intermediate 1.32. Compound 1.32 was then 

subjected to alkaline H2O2 resulting in the reactive phosphatane intermediate 1.33. 

Compound 1.33 decomposes to form the chemiluminescent product N-

methylacridone and diethyl phosphate, likely through collapse of the 

phosphatane.63 The authors did not present any data regarding the yield of these 

transformations. 
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Scheme 1.5: Utilization of an -bromophosphonate to obtain the reactive 

phospha-1,2-dioxetane intermediate 1.33.63 

-Bromophosphonates have been used in carbohydrate synthesis as intermediates. 

Barnes et al. utilized an -bromophosphonate intermediate as a method to install 

an -methoxy substituent in 1996.64 As shown in Scheme 1.6, compound 1.34 

was photobrominated65 to exclusively yield the -stereochemistry at C1 of the -

bromophosphonate 1.35, albeit in poor yield. An SN2 displacement of bromine 

using MeOH under mildly basic conditions resulted in inversion of the anomeric 

stereochemistry, to provide -methoxy compound 1.36.64 
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 Scheme 1.6: Carbohydrate-based -bromination as an intermediate in the 

synthesis of an -methoxy analogue.64 

The most recent examples of -bromophosphonates as intermediates in organic 

synthesis have exploited these functional groups as precursors for a Horner-

Wadsworth-Emmons (HWE; 2011)66 reaction and radical cyclization (2002).67 

However, the methods by which these compounds are accessed provide useful 

illustrations of the preparation of -halo phosphonates so we present them later in 

the chapter. 

1.5.2 ,-Disubstituted phosphonates containing bromine 

,-Disubstituted phosphonates containing bromine have appeared in synthetic 

routes dating over 30 years. In 1978, Feuer et al. demonstrated the synthesis of -

bromination of a phosphoenolate. Shown in Scheme 1.7 is an example of one 

such compound, 1.39. The nitration is performed first: presumably via the 

quenching of a lithium phosphoenolate with propyl nitrate. Subsequent 

bromination is carried out in water to furnish compound 1.39.68 Although this 

mechanism is not discussed directly by the authors, we postulate that with the 
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nitro group installed at the -position, the remaining proton is acidic enough to be 

deprotonated by water prior to quenching of the phosphoenolate with bromine. 

 

Scheme 1.7: The synthesis of -bromo--nitrophosphonate 1.30.68 

Examples of ,-disubstituted phosphonates in the literature are rare until 2007, 

after the biological potential of -bromophosphonates had been established. 

Marma et al. explored the synthesis and biological activity of -

bromobisphosphonate and -bromophosphonocarboxylate derivatives.69 Synthetic 

strategies for α-bromobisphonate derivative 1.43 are shown in Scheme 1.8. 

Deprotonated tetraisopropyl methylenediphosphonate (1.40) was quenched with 

picolyl chloride to furnish compound 1.41 in moderate yield.69 In a step analogous 

to the conversion of 1.38 to 1.39, phosphonate 1.41 was deprotonated using NaH 

and the phosphoenolate was quenched using N-bromosuccinimide (NBS) to 

furnish 1.42 in high yield. Final cleavage of the phosphonate esters in refluxing 

HCl afforded -bromophosphonic acid derivative 1.43.69   
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Scheme 1.8: The synthesis of -bromobisphosphonate derivative 1.43 by 

Marma et al.69  

Importantly, biological testing indicated that analogue 1.43 was a sub-micromolar 

inhibitor of the mevalonate pathway (IC50 = 340 nM), which is implicated in 

osteoporosis.69 

Guan and coworkers70 have reported access to -bromo--fluorophosphonates. 

Several compounds were synthesized in this study; however we highlight a 

representative aliphatic example in Scheme 1.9. -Hydroxyphosphonate 1.44 was 

prepared using triphenylphosphine (PPh3), 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ), and tetrabutylammonium bromide under standard 

conditions in good yield.71 Mechanistic details of the method were studied by 

Firouzabadi et al. and they concluded that the bromination process did not involve 
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a radical intermediate. They propose instead a two electron, neutral process.71 

With -bromophosphonate derivative, 1.45, in hand the Guan group used sodium 

hexamethyldisialazide (NaHMDS) to generate a sodium phosphoenolate. The 

phosphoenolate was quenched using N-fluorobenzenesulfonimide (NFSI) in 

moderate to high yield to furnish -bromo--fluorophosphonate 1.46. Electron 

withdrawing groups para to the phosphonate were found to increase the yield of 

the fluorination dramatically (~80%). This is presumably due to stabilization of 

the intermediate phosphoenolate generated by NaHMDS. Aliphatic or electron 

donating groups at the -position resulted in substantially lower yields (~50%). 

The bromination step, however, was not affected by the presence of an electron 

withdrawing group. We propose this is because the bromination step is alleged to 

be neutral,71 however the Guan group does not comment on this aspect.70 The 

authors do not discuss the stereochemistry at the -carbon in the final products 

 

Scheme 1.9: The synthesis of -bromo--fluorophosphonate 1.46. 
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The most recent example of an ,-disubstituted phosphonate used rhodium-

catalyzed conditions to install an α-bromocyclopropylphosphonate.72 It has been 

shown previously that cyclopropylphosphonates have biological activity.73 This 

finding inspired Schnaars and Hansen to undertake the synthesis of -

bromocyclopropylphosphonates for future use in biological assays. Scheme 1.10 

depicts the optimized conditions reported for this transformation. 

Diazophosphonate 1.47 was dissolved in toluene/CH2Cl2 with sodium hydride 

(NaH), NBS, styrene and Rh2(esp)2 to yield -bromo analogue 1.49 in a 12:1 dr. 

It is important to note that based on previous work, the authors were able to 

confirm this reaction proceeded through an -bromodiazophosphonate 

intermediate (1.48) prior to the cyclopropanation of styrene.72 

 

Scheme 1.10: One pot synthesis of -bromocyclopropylphosphonate 1.46. 

1.5.3 Benzylic α-bromophosphonates 

Synthetic strategies to access benzylic -bromophosphonates have been known 

for over 25 years. Collins et al. were the first to report a benzylic -
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bromophosphonate, which was arrived at serendipitously.74 The authors observed 

that treatment of phosphonate 1.50 with benzoyl peroxide and NBS under reflux 

yielded -bromo analogue 1.51 in moderate yield (Scheme 1.11).74 

 

Scheme 1.11: An early synthetic example of a benzylic -bromophosphonate. 

The example in Scheme 1.11 was unique, as the -phosphonate position of 1.50 

was fully saturated, suggestive of a radical bromination mechanism. Most 

subsequent literature examples of phosphonate -bromination have been executed 

via an -hydroxyphosphonate intermediate. Shown in Scheme 1.12 is a general 

approach to the synthesis of the parent -hydroxy adduct via a Pudovik reaction.75 

In this transformation, a benzyaldehyde derivate (1.52) is subjected to treatment 

with a deprotonated dialkyl- or diarylphosphite to furnish a diastereomeric 

mixture of the -hydroxy analogue 1.53.  
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Scheme 1.12: A generic Pudovik reaction to form an -hydroxyphosphonate. 

After obtaining the -hydroxy precursor (1.53), the subsequent bromination 

reaction can be performed using a variety of conditions. Several conditions used 

to achieve this transformation are summarized in Table 1.1. 
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Entry R R' Conditions Yield Reference 

a H Et CBr4, PPh3 42% Gajda, 199076 

b H Et PPh3Br2
*

, C5H5N 42% Gajda, 199076 

c 2-OBn Et SOBr2, C5H5N 88% Gross et al., 199377 

d 4-OEt Et CDI#, allyl bromide 100% Green et al., 199678 

e H Et NBS, C5H5N N/A Taylor et al., 199658 

f 4-Cl Et n-BuNBr, PPh3, DDQ 98% Firouzabadi et al., 200479 

g 4-CH2NBoc Et PPh3Br2, C5H5N 51% Kumar et al., 200459 

h 4-OMe Et 1.55, Br2 100% Firouzabadi et al., 200680

i 4-Tyr Me SOBr2, C5H5N 88% Tulsi et al., 201057 

j 4-C15H31 Me PBr3 N/A Gupte et al., 201181 

k 4-I Bn n-BuNBr, PPh3, DDQ 84% Stephenson, 201166 

l 4-N(O)C13H27 Et CBr4, PPh3 81% Jiang et al., 201182 

*: dibromotriphenylphosphorane; #: N,N-carbonyldiimidazole; 1.55:  

Table 1.1: Precedented benzylic α-bromination strategies. 
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As discussed previously, -bromophosphonates are of increasing biological 

interest as isosteres of phosphate groups. Several of the examples included in 

Table 1.1 were generated for the purpose of biological assay, including entries e, 

g, i, and l. In all instances, no more than three chemical steps were required to 

obtain the molecule for assay and the chemistry was straightforward. Shown in 

Scheme 1.13 are the final analogues tested for activity from the references 

included in Table 1.1. 
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Scheme 1.13: Biologically active benzylic -bromophosphonates.. 
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To the best of our knowledge, analogue 1.56e was the first -bromophosphonate 

assayed for biological activity, in this case against the bacterial phosphatase 

enzyme Yop51. Widlanski and co-workers screened 1.56e against a truncated 

recombinant form of the Yop51 PTP from Yersinia enterocolitica.58 The authors 

discovered that 1.56e inhibited Yop51 in a time dependent manner in the low mM 

range. Furthermore, they tested for specificity for PTPs by screening 1.56e against 

a non-specific phosphatase, alkaline phosphatase. They did not find any inhibition 

of alkaline phosphatase, indicating 1.56e was specific for PTPs.58 

Eight years later Zhang and coworkers expanded on this finding by constructing 

compound 1.56g, which was proposed as an activity-based probe (ABP) to 

covalently tag phosphatase enzymes. Zhang’s study modified Widlanski’s original 

design  by biotinylating the para-position of the aromatic ring.59 This 

modification enabled streptavidin to be used for sensitive detection of any 

bioconjugates formed in the reaction of 1.56g with its targets by Western blot. 

When Zhang and coworkers introduced probe 1.56g to a mixture PTPs (YopH, 

PTP1b, HePTP, SHP2, FAP-1, PTPα, DEP-1, VHR, Cdc14 and PRL-3) at a 1 mM 

concentration, they observed that the compound reacted with all of these enzymes 

to form covalent adducts.59 To test the specificity of this reagent toward PTPs over 

other phosphatase enzymes, 1.56g was tested for labelling of alkaline, potato, 

prostatic acid, DSP and λ phosphatases. Compound 1.56g  displayed no reactivity 

toward any non-PTP enzymes, or against other proteins found in the cell lysate of 
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E. coli.59 Thus, these results confirmed that -bromobenzylphosphonate 

derivatives could be used for irreversible inhibition of PTPs – but also raised the 

concern that the -BBP functional group alone confers no specificity. 

Tulsi et al. developed an improved strategy for the elaboration of -BBP into 

peptide analogues, offering the possibility of greatly improved specificity for 

individual PTP enzymes.  Tulsi et al. were the first to develop a synthetic route to 

a protected phosphotyrosine analogue including the -BBP functional group. The 

L-bromophophonomethylphenylalanine derivative, which they termed BrPmp 

(1.56i), was tested as an individual amino acid and as a tripeptide analogue for 

inhibition of a human PTP enzyme, CD45. Tulsi et al. confirmed that BrPmp was 

indeed a covalent inhibitor of CD45 with a Ki in the low-µM range.57 Importantly, 

these authors found that when BrPmp was tested in the context of a tripeptide 

derivative, its specificity for the enzyme was increased by 4-fold. These results 

strongly suggest that if the appropriate BrPmp-peptide sequence were used it 

could target an individual PTP enzyme with high potency. Details of this project 

are provided in Chapter 2. 

More recently, the Prestwich group has elucidated an -

bromobenzylphosphocholine derivative as an inhibitor of autotaxin, an enzyme 

that hydrolyzes lysophosphatidylcholine to form the bioactive lipid 

lysophosphatidic acid (LPA).83 This pathway is implicated in angiogenesis, 
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making autotaxin a potential anti-cancer target.84 Improving upon previous 

work,85 Prestwich and coworkers synthesized -bromophosphocholine adduct 

1.56l, which was found to inhibit autotaxin with a Ki of 9 nM.82 

As discussed above, there are an appreciable number of examples of the synthesis 

of -BBP containing analogues. However, there are far fewer examples of 

aliphatic -bromophosphonate analogues and we summarize these in detail 

below. 

1.5.4 Aliphatic -bromophosphonates 

Synthesis of aliphatic -bromophosphonates and -halophosphonates are 

generally more difficult than that of -BBP. The synthesis of -BBP analogues is 

substantially simplified by the benzylic character of the -phosphono position. 

Interestingly, apart from the -bromo--fluorophosphonate, compound 1.51, 

only two reports have utilized an -hydroxy precursor, which is the most 

commonly used parent compound for synthesis of benzylic -

bromophosphonates. 

An early example of an aliphatic -bromophosphonate synthesis was reported by 

Teulade and Savignac in 1988.86 They synthesized a series of five aliphatic -

bromophosphonates. The synthesis of propyl phosphonate derivative 1.60 is 
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shown in Scheme 1.14. Teulade and Savignac began their synthesis from 

compound 1.57, which was silyated and subsequently alkylated in one pot using 2 

equivalents of n-butyl lithium (n-BuLi), trimethylsilyl chloride (TMSCl), and 

ethyl iodide in good yield.86 Subsequent treatment of analogue 1.58 with n-BuLi 

in the presence of a source of bromine resulted in halogen-lithium exchange with 

the chlorine atom. The -bromo--silylphosphonate was converted to the final -

bromo product by cleavage of the TMS group with sodium ethoxide to furnish 

1.60 in 78% yield over the final two steps.86   

 

Scheme 1.14: The synthesis of an aliphatic -bromophosphonate derivative. 

In 2000, Savignac and coworkers reported an improvement to their aliphatic 

bromination strategy that obviates the need for starting α-chlorophosphonate 

1.57.87 Instead, they utilize the Michaelis-Arbuzov reaction by treatment of 

triethylphosphite with an alkyl halide under reflux88 to obtain the starting alkyl 

phosphonate. Savignac and coworkers synthesized a number alkylphosphonates 

using this method; however, Scheme 1.15 only depicts the synthesis of a single 
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representative ethyl adduct (1.61). Treatment of compound 1.61 with 2 

equivalents of lithium diisopropyl amide (LDA) followed by dropwise addition of 

TMSCl87 produced intermediate 1.62 which was confirmed by 31P NMR studies. 

Lithium-bromine exchange was performed using hexachloroethane without issue. 

Finally, compound 1.63 was desilylated using lithium ethoxide in ethanol to 

furnish -bromo product 1.64 in nearly quantitative yield.87  

 

Scheme 1.15: An improved synthetic strategy to obtain alkyl -

bromophosphonates. 

The Savignac group developed this methodology as proof of concept without 

consideration to its application in biological systems. To date, there are no reports 

of biological testing of these analogues. 

To the best of our knowledge, the only other application of this methodology for 

the synthesis of -bromophosphonate analogues has been reported by Wnuk and 

coworkers.67 In 2002, the Wnuk group applied Savignac’s strategy to synthesize 



  

43 

 

analogue 1.66 as a precursor to radical cyclization (Scheme 1.16). Compound 

1.66 was cyclized in the presence of tributyltin hydride and azobisisobutyronitrile 

(AIBN) in very moderate yield to produce cyclopentyl analogue 1.67.67 

 

Scheme 1.16: An α-bromophosphonate as a precursor for radical cyclization. 

Interestingly, the two most recent syntheses of alkyl -bromophosphonates make 

use of an -hydroxy intermediate as discussed in Section 1.5.3. In 2007, 

Prestwich and coworkers synthesized a number of aliphatic derivatives of 

lysophatidic acid (LPA). LPA is an initiator for a number of signal transduction 

pathways implicated in cancer.89 They designed their synthesis to create analogues 

of LPA to target the G-protein coupled receptors (GPCRs) of LPA, which regulate 

cancer cell proliferation, invasion, angiogenesis, as well as biochemical resistance 

to chemotherapy- and radiotherapy-induced apoptosis.89 Scheme 1.17 depicts the 

synthesis of -bromophosphonates 1.70a and 1.70b. The parent -hydroxy 

analogue, 1.68, was treated with CBr4 and PPh3 to furnish alkyl -bromo 

analogue 1.69 in moderate yield. Biologically active phosphonates 1.70a and 

1.70b were then obtained through deprotection and acylation.89 
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Scheme 1.17: The abbreviated synthesis of biologically active -bromo 

analogues 1.70a and 1.70b via the key brominated intermediate 1.69.  

Compounds 1.70a and 1.70b were found to inhibit the four GPCRs screened, 

LPA1, LPA2, LPA3 and LPA4 with Ki values ranging from 0.17 µM to 2.5 µM.89 

Importantly, the Prestwich group was the first to separate the two -hydroxy 

diastereomers and assign their stereochemistry. Scheme 1.18 depicts their method 

for separation. By treating analogue 1.68 with tert-butyldimethylsilyl chloride 

(TBDMSCl) under basic conditions the authors obtained enough steric bulk on the 

hydroxyl group to achieve separation using only flash column chromatography. 

The TBDMS group was then cleaved under mildly acidic conditions to furnish the 

isolated -hydroxy diastereomers.89 A discussion of the stereochemical 

assignments is provided in the text.89 Although Prestwich and coworkers 

demonstrated the isolation of each diastereomer of the -hydroxyphosphonates, 

the biological activity of the individual -bromophosphonate diastereomers was 

not reported.89 
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Scheme 1.18: The separation of -hydroxy derivative 1.68 into its two 

stereoisomers. 

In 2009 the Prestwich group opted to selectively brominate each of their 

phosphocholine-based diastereomers to complete the most thorough biological 

analysis of any -bromophosphonate to date.90 The chemistry used to obtain these 

analogues was nearly identical to the strategy shown in Scheme 1.18 and 

discussed above. The two analogues tested are shown in Figure 1.10. They 

termed analogues 1.71a and 1.71b collectively as Br-LPA. Importantly, neither 

diastereomeric analogue was found to have improved activity after testing,90 

indicating that the biological activity of the bromophosphonate may not depend 

on the stereochemistry of the -bromo group. 
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 Figure 1.10: The structures of the two -bromo diastereomers tested by the 

Prestwich group. 

Br-LPA was found to inhibit all four LPA GPCRs, as well as the autotaxin 

receptor discussed in Section 1.5.3. As a result of these findings Br-LPA was 

tested as an inhibitor of LPA-dependent cell activation. The compound impeded 

migration of MDA-MB-231 breast cancer cells by over 50% at a concentration of 

40 µM using a scratch wound assay. Br-LPA caused a reduction in orthotopic 

breast tumor size and vascularity at an administration concentration of 3 mg/kg.90 

These data are extremely encouraging and indicate that -bromophosphonates 

may be useful not only as enzyme inhibitors and ABPs, but also as potential 

cancer therapeutics. 

1.6 Conclusion 

We have provided a chronological discussion of the precedented syntheses of -

bromo phosphonates. These reports provide a starting point for synthetic 

strategies towards these important isosteres of the phosphate moiety. Additionally, 
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many of these compounds have shown promising biological activity in a variety 

of systems. The biological data summarized above also provides strong support 

for our hypothesis that α-bromophosphonate analogues 1.22 and 1.23 could act as 

covalent inhibitors of the G6Pase catalytic site. Further inspiration can be drawn 

from the work of the Prestwich laboratory in their design of phosphocholine 

derivatives 1.56l and Br-LPA, which show excellent selectivity for the LPA 

GPCRs targets. 

This thesis will discuss our initial endeavors to measure the biological activity of 

BrPmp analogues synthesized by Tulsi et al. These studies explore the activity of 

BrPmp analogues to act as irreversible inhibitors of the PTP CD45 (Chapter 2). 

We will then present our efforts towards the synthesis of a library of G6P-based 

phosphonates containing -halo and ,-dihalo phosphonate derivatives. We also 

report the results of biological testing of these novel carbohydrate analogues as 

inhibitors of G6Pase (Chapter 3). The studies reported in Chapter 3 identify the 

first rationally designed halo phosphonate inhibitors of the G6Pase active site.
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Chapter 2: Assaying synthetic substrate analogues of CD45 as irreversible 

inhibitorsa,b 

 

 

 

 

__________________________________________________________________
a Portions of the work described in this chapter have been published in N.S. Tulsi, 
A.M. Downey, and C.W. Cairo, Bioorg. Med. Chem., 2010, 18, 8679. 

bCompounds described in this chapter were synthesized by Naresh Tulsi 
(University of Alberta). 
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2.1 Introduction 

CD45 is a protein tyrosine phosphatase (PTP) that is expressed solely on the 

cellular membrane of hematopoietic cells and may occupy in excess of 10% of the 

T-cell membrane. CD45 is important to immunoregulation through its 

dephosphorylation of tyrosine residues found on Lck, CD3ζ and Src proteins.1  

Misregulation of CD45 results in severe combined immunodeficiency (SCID), 

and the receptor is implicated in autoimmune diseases such as lupus and arthritis. 

Currently, the primary strategies to examine CD45 specificity rely on the use of 

phosphotyrosine-specific antibodies, or the synthesis of phosphopeptide 

substrates.2 Methods that allow for detection, labelling, or inhibition of active PTP 

enzymes could complement or improve these strategies to expand our 

understanding of PTP signaling.1  

The design of specific PTP inhibitors remains a challenge, and new strategies that 

provide enhanced activity or reduce development time are of continued interest.3 

A classic strategy for designing PTP inhibitors has exploited non-hydrolyzable 

phosphotyrosine (pTyr) mimics, such as phosphonomethylphenylalanine (Pmp) 

which act as competitive inhibitors of the enzyme.4 Modification of Pmp to a 

phosphonodifluoromethylphenylalanine (F2Pmp) improves the potency of these 

derivatives (Figure 2.1).5 A key advantage of these compounds is their 

adaptability for solid phase peptide synthesis (SPPS) when prepared with the 
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appropriate -amino and phosphonate protection. Reported derivatives of Pmp 

include fluoro, difluoro, chloro, and dichloro derivatives.5-9 These strategies have 

been successfully applied to develop competitive inhibitors of a variety of PTPs.10 

 

Figure 2.1: Synthetic phosphotyrosine mimics 

There has been sustained interest in identifying covalent inhibitors of PTPs. In 

addition to improved potency, covalent inhibitors (sometimes referred to as 

suicide substrates) can be of interest for developing enzyme labelling strategies. 

For example, covalent inhibitors when attached to fluorophores or affinity tags 

have been employed as activity-based protein probes (ABPP).11,12 Some of the 
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known covalent inhibitors for PTPs include quinone methides,13-16 aryl vinyl 

sulfonates,17 nitrostyrene,18 and -bromobenzylphosphonate (-BBP) 

derivatives.19 Other notable strategies have included fluorogenic substrates of PTP 

enzymes, which allow improved assay, detection, and imaging applications.20 

Taylor et al. were the first to test the activity of -BBP analogues as inhibitors of 

PTPs,21 and this was later used as a labelling strategy with biotin-tagged 

derivative 2.2.19 In contrast to the fluoro, difluoro, and chloro-Pmp  derivatives, 

the BBP analogues were found to form covalent adducts with PTPs, forming the 

basis of proteomic strategies for PTP identification.20 Compound 2.2 was shown 

to covalently label a variety of PTPs, limiting its application as an inhibitor of 

specific enzymes.20 We considered that PTPs often recognize specific amino acid 

sequences,23 and that additional functional groups could potentially impart 

specificity to the -bromophosphonate group. Additionally, we desired an 

efficient route to an -bromophoshonate that could be used for both labelling and 

inhibitor studies. 

As result, we synthesized three analogues for screening as inhibitors against 

CD45 (Figure 2.2). The fluorenylmethoxycarbonyl (Fmoc)-protected form of L-

bromophosphonomethylphenylalanine (BrPmp; 2.1) was synthesized in 11 steps 

in 30% overall yield. We then opted to incorporate the Fmoc-protected form of 2.1 

into a short peptide sequence, Asp-BrPmp-Leu (2.3) using solid phase peptide 
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synthesis (SPPS). This sequence was selected as an example of  a short sequence 

that contained an acidic residue N-terminal to the phosphotyrosine site, and a 

hydrophobic residue at the C-terminal side – both of which are features 

commonly found in phosphopeptide substrates of CD45.23 The peptide was 

generated using standard solid phase methods, based on the Fmoc protecting 

group strategy. Analogue 2.4 was originally synthesized by the Widlanski group,21 

and was used in our studies as a model compound. 

 

Figure 2.2: Synthetic analogues screened for inhibition against CD45. 

2.2 Inhibition of CD45 

 Following the synthesis of analogues 2.1, 2.3, and 2.4, we endeavored to test 

their activity inhibitors of CD45. To do so, we modified a standard kinetic assay25 

for measuring phosphatase activity by quantifying the rate of conversion for the 

fluorogenic substrate, 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP; 
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2.5) into 4-methylumbelliferone (DiF4-MU; 2.6; Scheme 2.1). In order to reduce 

the amount of requisite material for the assay we utilized a 96-well plate and 

generated the raw data using a plate reader that measured the rate of conversion of 

2.5 into 2.6 for 30 minutes (details in Section 2.4). The rate was measured as 

relative fluorescent units-1 (RFU-1) at various concentrations of inhibitors 2.1, 2.3 

and 2.4 and a control. Figure 2.3 displays these data graphically. 

 

Scheme 2.1: Phosphatase conversion of DiFMUP into DiF4-MU. 
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Figure 2.3: CD45 enzyme activity in the presence of inhibitors 2.1, 2.3 and 

2.4. 

CD45 Control CD45 + cmpd 2.3, 25 µM 

CD45 + cmpd 2.1, 150 µM CD45 + cmpd 2.4, 1500 
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Cmpd inhib. [µM] Km, obs ±  [M]a  Ki ± [M]b k3 ± [min-1] 

- 0 90 ± 20 na - 
2.4 1500 99 ± 14 na - 
2.1 150 141 ± 18 40 ± 8 0.041 ± 0.001 
2.3 35 141 ± 34 16 ± 4 0.048 ± 0.003 

a. Values were determined by non-linear regression of the observed rate of reaction in the 

presence of inhibitor using the Michaelis-Menten equation.26 Error is reported as the relative error 

from the fit. b. For compounds 1 and 17, Ki was determined by Kitz-Wilson analysis. The rate of 

enzyme inactivation, k3, was also determined.27 

Table 2.1: A summary of the kinetic data for CD45 activity in the presence of 

compounds 2.1, 2.3, and 2.4. 

To determine the inhibitory potency of the -BBP analogues, the Km for DiFMUP 

with CD45 was first determined, and the experiment was then repeated in the 

presence of compounds 2.1, 2.3, and 2.4 to provide an apparent Km (Km, obs). We 

found significant inhibition of CD45 for compounds 2.1 and 2.3 at micromolar 

concentrations; however, compound 2.4 did not have a significant effect on 

enzyme kinetics even at millimolar concentration. Previous reports of PTP 

inhibition using -BBP analogues had observed irreversible enzyme inhibition.19 

Our Michaelis-Menten plots are shown in Figure 2.4. Evaluation of our kinetic 

data using linear transforms (Michaelis-Menten double-reciprocal plots) was not 

consistent with pure competitive inhibition of CD45 by 2.1 or 2.3. While this 
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finding is consistent with irreversible inhibition this analysis is not conclusive on 

its own. As a result, further experimentation and analysis was required. 
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Figure 2.4: Michaelis-Menten plots of CD45 activity with compounds 2.1, 2.3 

and 2.4. 
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To provide additional insight into the inhibition of these compounds, we obtained 

Ki values using a Kitz-Wilson analysis.24,25 Compound 2.4 did not give a line with 

positive slope in this analysis, and therefore could not be analyzed by this method, 

consistent with its failure to alter the rate of reaction (vide supra). Compound 2.4 

has been previously tested as an inhibitor of the PTP Yop51, and exact kinetic 

constants were difficult to obtain, and we found similar difficulties for this 

determination with CD45.21 This result may be due to the more hydrophobic 

nature of the compound. Using the Kitz-Wilson analysis, both compound 2.1 and 

2.3 were found to have Ki values of 40  8 M and 16  4 M, respectively 

(Figure 2.5). These results indicate that the tripeptide was approximately 4-fold 

more potent than BrPmp alone, suggesting that the adjacent amino acid side 

chains contribute additional specificity to the inhibitor. The Kitz-Wilson analysis 

estimated the rate of irreversible inhibition (k3) of CD45 at 0.05 min-1 for both 

compounds.  
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Figure 2.5: Kitz-Wilson analysis of compounds 2.1 and 2.3. Compounds (a.) 

2.1 and (b.) 2.3 were examined using a Kitz-Wilson analysis.25 The apparent rate 

constant (kobs) was determined for a series of concentrations of the inhibitor.26 The 
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data are plotted as the linear transform based on eq. 1 (Section 2.4). Values from 

the non-linear regression were used for Table 2.1. 

To provide additional support for the expected mechanism of inhibition, we 

measured CD45 activity for an enzyme sample which was pre-incubated with 

inhibitor 2.1 and compared it to an enzyme sample that was only incubated with 

inhibitor 2.1 for a short period. We found that pre-incubation of the enzyme 

reduced activity, and at long incubation times completely inactivated the enzyme 

(Figure 2.6), confirming that the inhibitors act irreversibly at long incubation 

times. 
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Figure 2.6: Long term inhibition experiment of CD45 using inhibitor 2.1. 

2.3 Conclusions and future directions 

We synthesized three inhibitors of CD45, compounds 2.1, 2.3, and 2.4. BrPmp 

2.1 and tripeptide 2.3 were shown to be irreversible inhibitors of the enzyme. 

Interestingly, 2.3 was shown to be a four-fold better inhibitor of CD45 than 2.3 

indicating that incorporating BrPmp into peptides aides in engineering the 

specificity of the compound. It is also important to note that Widlanski’s analogue 

2.4 was a poor inhibitor of CD45 showing that the amino acid moiety of the 

CD45 control (no inhibition) 
CD45 + 2.1 (250 µM, late addition) 
CD45 + 2.1 (250 µM, 13 h incubation) 
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synthetic analogue is crucial for potency against the enzyme. 

In the future we plan to incorporate 2.1 into longer peptide sequences that are 

known to be specific for CD45 in order to improve specificity for the enzyme 

with the hopes of creating a nanomolar inhibitor. As well, confirming selectivity 

for PTPs necessitates screening the three analogues as inhibitors against non-

specific phosphatases such as alkaline phosphatase. Since we have created such a 

good inhibitor of CD45, we plan to continue screening compound 2.1 as an 

inhibitor of other crucial endogenous human PTPs such as SHP2, PTP1b and Src. 

Incorporation into peptide sequences specific for these three enzymes will provide 

critical evidence that BrPmp can be used to selectively target a desired PTP 

enzyme. As well, adding a fluorescent or biotin handle to 2.1 would enable its use 

an ABPP as well as functionalize it for cell labelling strategies. One final synthetic 

challenge may also remain, as we were unable to separate diastereomers of 

compound 2.1 for separate biological testing. 

2.4 Experimental Procedures 

2.4.1 Phosphatase inhibition assays 

Enzyme assays were conducted using human CD45-cytoplasmic domain (Enzo 

Life Science; diluted to 4 mU/µL in 50 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer, pH 7.2, 1 mM 
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Ethylenediaminetetraacetic acid (EDTA), and 0.1% nonidet P-40). Enzyme 

activity was detected with the fluorogenic substrate, DiFMUP (Invitrogen). 

Assays were performed in black 96-well plates and read in a Spectra Max M2 

plate reader (Molecular Devices).  Stock solutions of inhibitors were prepared and 

stored at -20 °C. Final solutions in microplate wells contained a total volume of 

100 µL consisting of 2 µL of diluted enzyme, inhibitor, and DiFMUP substrate.  

All wells were incubated for 10 min at 37 °C in the plate reader prior to the 

addition of DiFMUP. After addition of the substrate, the plate was read at an 

excitation maximum of 358 nm and an emission maximum of 450 nm. 

Competitive inhibition was determined by observing the initial velocity of CD45 

over a range of substrate concentrations to determine Km, or, in the presence of the 

inhibitor, Km, obs. To determine the activity of irreversible inhibitors, the enzyme 

activity was monitored over 60 min in the presence of inhibitor, and the curve was 

fit to obtain kobs as described elsewhere.26 Values of kobs were then fit to  

)/(1
3

IK

k
k

I
obs 

  (eq. 1) 

by non-linear regression; where Ki was the inhibition constant, I was the 

concentration of inhibitor, and k3 was the rate of inactivation of the enzyme.25 

Inhibitors which did not show a positive slope by Kitz-Wilson analysis were 

treated as competitive inhibitors for the determination of Ki. 
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2.4.2 Time dependent inhibition study 

To test the mechanism of CD45 inhibition, three solutions of CD45 in assay buffer 

were prepared, with one containing inhibitor (2.1). The solutions were incubated 

for 13 h at 4 °C. At the end of the incubation period, inhibitor was added to the 

second enzyme sample, and the third had only buffer added. After 10 min, all 

three samples were observed for turnover of DiFMUP substrate (1 mM) as above. 

Fit values were determined for the region of the curve between 10 – 30 min. 
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Chapter 3: Design, synthesis and assay of phosphonate analogues of G6P 
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3.1 Introduction 

Glucose-6-phosphatase (G6Pase) is a pivotal regulator of glucose metabolism, 

catalyzing the last step of gluconeogenesis and glycogenolysis by converting 

glucose-6-phosphate (G6P) into glucose.1 It has also been shown that G6Pase 

activity is upregulated in the livers of Type II diabetic patients.2-3 Furthermore, 

due to its tight association with the endoplasmic reticulum (ER), the exact 

structure of G6Pase remains to be fully elucidated.4 As a result, inhibitors of 

G6Pase could serve as therapeutics, research tools for understanding glucose 

metabolism, and in structural studies of the enzyme. As discussed in Chapters 1 

and 2, a general strategy for producing competitive inhibitors of protein 

phosphatase enzymes has been to create substrate mimics that replace the 

hydrolyzable C-O-P bond of a phosphate with a non-hydrolyzable C-C-P bond to 

yield a phosphonate moiety.5 Improvements on this strategy have installed 

fluorine atoms on the phosphonate -carbon to exploit fluorine as an isosteric 

replacement for the phosphate oxygen.6-7 As a result, many specific G6P 

analogues that incorporate these functional groups (CH2-P,8-13 3.1; CH2-CH2-P,8-9, 

13-20 3.2; CH2-CHF-P,16, 21 3.3; and CH2-CF2-P,17, 22-24 3.4) have been explored and 

are summarized in Figure 3.1. 
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Figure 3.1: G6P and known phosphonate-based analogues. References to these 

compounds appear in the text. 

Although none of the G6P analogues in Figure 3.1 have been tested against 

G6Pase, several have been tested for biological activity with other enzymes. 

Analogue 3.1 was first screened as an inhibitor of choline acetylase, histidine  

decarboxylase,  xanthine  oxidase, and  hyaluronidase but did not demonstrate any 

activity toward these enzymes at a concentration of 1 mg/mL.11 Unfortunately, the 

authors provided no rationale for the selection of these enzymes. 

G6P is a substrate for the enzyme 2-deoxy-scyllo-inosose synthase (DOIS), which 

converts G6P into 2-deoxy-scyllo-inosose through a series of hydride transfers 

from the nicotinamide adenine dinucleotide phosphate co-enzyme (NADPH). In 

2005, Eguchi and co-workers9 tested analogues 3.1 and 3.2 as inhibitors of DOIS. 
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They discovered that phosphonate 3.1 (Ki = 1.3 mM) inhibited DOIS twice as well 

as phosphonate 3.2 (Ki = 2.8 mM); however, neither of these compounds 

exceeded the Km of G6P (0.21 mM). The authors proposed that the increase in 

affinity for G6P analogue 3.1 was due to its smaller size as compared to 3.2.9 

Interestingly, analogues 3.2, 3.3, and 3.4 have been tested as substrates in the 

pentose phosphate pathway. The rate limiting step in the pentose phosphate 

pathway is conversion of G6P into 6-phosphonoglucono-δ-lactone by glucose 6-

phosphate dehydrogenase (G6PDH).25 G6P phosphonate analogue 3.2 was tested 

as a substrate for G6PDH in yeast, and was found to be a substrate for the 

enzyme; however, the substrate had an 8-fold increase in Km and a 50% reduction 

in reaction rate over the native G6P substrate.14 More recently Berkowitz and co-

workers16 tested compounds 3.2, 3.3, and 3.4 on G6PDH in L. mesenteroides. 

They found that all three analogues were substrates for the enzyme with similar 

kcat values; however, the stereochemistry at C7 of 3.3 was shown to be an 

important determinant of affinity. The Km value for the S isomer was ten times 

lower than that of the R isomer (0.23 mM vs. 2.26 mM), while the Km values of 

the isosteres 3.2 and 3.4 were 0.49 mM and 1.35 mM, respectively.16 
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Figure 3.2: Known mannose 6-phosphate (M6P) derivatives.26-27 

Glycosyl phosphonate derivatives incorporating the C1 -OMe functionality were 

first synthesized by the Montero group in their studies of M6P (Figure 3.2).26 

Interestingly, analogue 3.9 was shown to have the same affinity for M6P-insulin-

like growth factor II as native M6P, which is implicated in lysosomal signaling 

and apoptosis.27 The C6-phosphono analogue 3.8 was not active against the 

growth factor. These two studies confirm the potential of -OMe 

mannophosphonates to interrupt lysosomal signalling, and provided support for 

the use of phosphonate analogues to target glycosyl phosphatase enzymes. 

Evidently, in the systems the G6P analogues have been tested in the C6 and C7 

phosphonates were both active. However, only the C7 M6P analogue (3.9) were 

found to be active in the lysosomal signalling system. 

It is clear from these examples that phosphonate analogues of G6P have potential 

as substrates and inhibitors for a range of enzymatic pathways. Based on these 

reports, we hypothesized that phosphonate analogues of G6P could be used as 
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inhibitors of G6Pase.  Although no crystal structure of G6Pase is available, the 

active site is known to contain a nucleophilic histidine residue.28 This observation 

led us to consider that an electrophilic phosphonate moiety could be used to 

generate an irreversible inhibitor of G6Pase. Based on previous successes with 

benzylic bromophosphonates, we first considered the installation of a bromine 

atom at the aliphatic phosphonate -carbon,29 as shown in Figure 3.3.  

 

Figure 3.3: Initial G6P-based targets devised. 

In the design of these targets, we considered that the target enzyme, G6Pase, 

catalyzes the last step in glycogenolysis where the glycogen substrate contains -

(1-4)- and -(1-6)-linkages.30 Thus, we planned to synthesize these analogues as 

-methyl glucosides, which has the benefit of preventing mutarotation at the 

anomeric position. To provide control compounds for any biological testing, we 

planned to first synthesize phosphonate analogues 3.4 and 3.5. 

 Our discussion to this point has focused on previously synthesized G6P and M6P 
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analogues. It is important to realize there are no reports of -bromophosphonate 

analogues in carbohydrate-based molecules. The -bromo analogue functional 

group in 3.6 and 3.7 has not previously been installed in an exocyclic position of a 

carbohydrate. We describe in the forthcoming sections, our efforts into 

synthesizing these novel -bromo analogues. 

3.2 Synthesis of G6P analogues 3.4 and 3.5 

Analogue 3.4 has been synthesized as an anomeric mixture previously.11 As a 

result, chemistry to synthesize this analogue was already available to us. We 

followed the route reported by Montero and co-workers in the synthesis of M6P 

derivative 3.8 (Scheme 3.1).26  
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Scheme 3.1: Synthesis of G6P analogue 3.4. 

We began our synthesis with commercially available -methyl glucoside, which 

was converted in three steps to the 2,3,4 tri-benzyl -methyl glycoside, 3.9 in 

78% overall yield.28, 31-32 Although Montero and coworkers used the C6-bromide 

intermediate, we chose to employ the C6-iodo derivative 3.10 instead, which was 

obtained in good yield using standard conditions.26, 33 With compound 3.10 in 

hand, we employed a Michaelis-Arbuzov reaction, which converted the C6 iodide 

to phosphonate 3.11 in quantitative yield.34 Removal of the benzyl groups from 

3.11 was achieved with standard hydrogenation conditions to afford 3.12 in high 

yield. Deprotection of the phosphonate diester required modification from 
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standard conditions, which typically involve trimethylsilyl bromide (TMSBr) in 

MeCN or CH2Cl2 at room temperature for 12 h.35 We found TMSBr to be acidic 

enough to cleave the glycosidic linkage, resulting in a  mixture of anomers.36 

Montero had encountered the same problem, which they solved by buffering 

TMSBr with anhydrous pyridine.26 This protocol results in a NaBr salt, which we 

found difficult to separate from the desired product. Instead, we used anhydrous 

triethylamine (NEt3)
37 followed by ion exchange with cationic resin to the Li+ salt. 

Excess LiBr was removed by soaking the final compound in ether, followed by 

addition of ethanol dropwise to dissolve the salt, followed by filtration of the 

compound to afford pure 3.4 in 92% yield.38 The overall yield of compound 3.4 

over 7 steps from -methyl glucoside was 61%, a reasonable improvement  

previous reports for compounds 3.1 (26%)11 and 3.8 (31%).26   

We then turned our attention to the synthesis of the heptose phosphonate analogue 

of G6P, compound 3.5. The key step in the synthesis of this analogue was the 

homologation of C6 to form the saturated deoxy-heptose. Two general strategies 

have been reported to solve this problem. The groups of Montero,26 Padyukova,10 

and Roach14-15  used oxidation of O6, followed by a Horner-Wadsworth-Emmons 

(HWE) condensation to arrive at a homologated and unsaturated intermediate that 

could be reduced concomitantly with hydrogenolysis of the benzyl groups 

(Scheme 3.2a). Berkowitz and co-workers17, 20-21 addressed the C6 homologation 

via installation of a triflate at O6 and a subsequent SN2 displacement with a 
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lithium phosphoenolate generated in situ, providing the target deoxy-heptose 

(Scheme 3.2b). 

 

Scheme 3.2: a) The key step of the Montero,26 Padyukova10 and Roach14-15 

synthesis, an HWE reaction. b) The key step in the Berkowitz syntheses, an 

SN2 displacement with a lithium phosphorus-stablilized anion.16-17 

Although we tested both strategies, we found that the HWE strategy gave higher 

yield. Our route to compound 3.5 is illustrated in Scheme 3.3. Starting from 

glucose analogue 3.9, Swern oxidation of O6 to the aldehyde was followed by 

addition of tetraethylmethylene diphosphonate (TEMDP) as the phosphorus-

stablilized anion. This furnished the trans alkene in good yield over two steps. 

Although we attempted to oxidize O6 using both 2-iodoxybenzoic acid (IBX)39 
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and Dess-Martin Periodinane (DMP),40 the yields in both cases were much lower 

than under Swern conditions. The olefin of 3.14 was reduced concomitantly with 

benzyl deprotection using standard hydrogenation conditions in moderate yield. 

The phosphonate was then deprotected using TMSBr/NEt3 conditions as 

described for 3.4, to afford 3.5 after seven steps and 34% overall yield. Our yields 

were comparable to those reported by the Montero (36%)26 and the Berkowitz 

groups (38%).16  

 

Scheme 3.3: The synthesis of G6P analogue 3.5 via HWE reaction. 

3.3 Initial design and retrosynthesis of -bromo analogue 3.6 

With G6P analogues 3.4 and 3.5 in hand, we focused our attention on designing a 

route to the novel -bromo analogue, 3.6. In our intial retrosynthesis, we drew 

inspiration from the Berkowitz lab16 as well as previous work in our lab in the 
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synthesis of BrPmP.29 In both the Berkowitz lab and our group the pivotal 

halogenation step was carried out via an -hydroxy phosponate intermediate as 

depicted in Scheme 3.4a. This was the first route we chose to test, which would 

require access to the precursor -hydroxy derivatives, compounds 3.17 and 3.19. 

We were able to generate the hexose -hydroxy derivative, 3.17, in one new step 

using the Pudovik reaction.41 The reaction proceeds by nucleophilic addition of 

the dimethyl phosphite anion into C6 aldehyde 3.13 (Scheme 3.4b). 
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Scheme 3.4: a) Precedented halogenations from an α-hydroxy precursor. The 

benzylic bromination is previous work from the Cairo group.29 The 

fluorination of the G6P moiety is work from Berkowitz et al.16 b) Access to 

the pyranoside α-hydroxy moiety from the C6 aldehyde. 

In an analogous strategy, we generated compound 3.20 by a three step synthesis 

summarized in Scheme 3.4b. Aldehyde 3.13 was cannulated into a stirring 

solution of deprotonated dimethylphosphite affording bromination precursor 3.20 

in only modest yield. We attempted to improve the yield using diethylphosphite as 
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the phosphonate donor (36%), as well as CsF29, 42 (inseparable side products) or 

NEt3 (28%)43 as the base for the deprotonation; however neither of these 

conditions improved the yield. We were pleased to observe that the 

transformation of compound 3.13 to 3.20 was stereoselective, and furnished the S 

isomer in >90% de. Satisfyingly, the observed stereochemistry was consistent 

with the Cram model.44 Deprotection of compound 3.20 could be executed by 

hydrogenolysis (96%) and phosphonate ester cleavage (78%) in good yield, 

providing the L-glycero G6P analogue 3.21 in seven steps and 26% overall yield. 

 

Scheme 3.5: Synthesis of bromination precursor 3.20 and G6P analogue 3.21. 

With compound 3.20 in hand we set out to identify suitable -bromination 

conditions. We first tested the thionyl bromide (SOBr2)-pyridine conditions our 

group has previously employed in the synthesis of BrPmp.29, 45 Unfortunately, no 
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reaction was observed, despite a number of attempts. Further examination of the 

literature provided a number of alternative bromination conditions, which were 

attempted with compound 3.20, summarized in Table 3.1 below. It is worth 

mentioning that entry 2 in Table 3.1 offers the only example in the literature of an 

-halogenation via an -hydroxy intermediate of an aliphatic phosphonate.46 

Unfortunately, all of these conditions resulted in either no reaction or degradation 

of the starting hydroxy-phosphonate. Attempts to buffer the reaction with pyridine 

(entry 2, Table 3.1), to manage any formation of HBr in these conditions did not 

prevent degradation of the starting material. We postulate that this may be a result 

of CBr4 acting as a radical initiator, which would result in benzyl group 

deprotection. It should be noted that only the second example of a successful 

aliphatic -bromination employing PPh3Br2/pyridine (~50% yield) was reported 

in 201147 while our studies were underway. However, all previous electrophilic 

bromination attempts had failed in our hands, we do not expect these conditions to 

be compatible with our substrate (entry 9, Table 3.1). 

After trying all of these conditions without success we thought it was time to turn 

our attention from the C6-homologated target 3.6, and focus on the heptose -

hydroxy derivative in the event that steric congestion caused by the close 

proximity of the hydroxyl group to the carbohydrate ring was interfering with the 

reactivity of compound 3.20. We also confirmed that the deprotection of 
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compound 3.20 was achieved via hydrogenolysis (96%) and the phosphonate ester 

cleavage (78%) as shown in Scheme 3.5. We obtained the L-glycero G6P 

analogue 3.21 seven steps and 26% overall yield. 

 

Entry Reaction conditions Outcome Reference 

1 SOBr2, pyridine No reaction Tulsi et al., 201029  
Gross et al., 199345 

2 CBr4, PPh3 Degradation Jiang et al., 200746 

3 CBr4, PPh3, pyridine Degradation Gajda, 199048  

4 DDQ, tBuNH4Br, PPh3 Degradation Firouzabadi et al., 200449 

5 NEt3,MesCl; LiBr No reaction Bernotas et al., 198731  

6 SOBr2 No reaction  Kumaraswamy et al., 199750  

7 DMS, NBS No reaction  Raghavan et al., 200651 

8 PBr3 Degradation Kumara et al., 200752  

9 PPh3Br2, pyr No reaction Kumar et al., 200453 

Table 3.1: Attempts at α-halogenation of precursor 3.20. 

Analogous to the synthesis of the fully saturated G6P analogue 3.5, the key step in 
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accessing the α-hydroxy precursor to compound 3.7 was the homologation at C6. 

We still envisioned utilizing the Pudovik reaction; however, in this case the 

dimethyl phosphite anion would react with a C7 aldehyde, such as compound 

3.25, to furnish the desired -hydroxy precursor. Scheme 3.6 summarizes the 

route we used to obtain compound 3.27. The free alcohol of 3.10 was converted to 

the C6-iodo derivative, subsequent nucleophilic displacement by cyanate anion 

was performed followed by reduction to the corresponding aldehyde 3.25 using 

diisobutylaluminum hydride (DIBAL-H).54 Pudovik reaction of the crude material 

furnished -hydroxy analogue 3.26 in moderate yield as a 5:2 S:R mixture of 

diastereomers. We can explain the partial selectivity for the S isomer using the 

Cram model.44 Unfortunately, we were unsuccessful in our attempts to separate 

the diastereomers of 3.27, or in crystallization of compound 3.26. 
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Scheme 3.6: Synthesis of the homologated bromination precursor 3.26 

As mentioned, the Berkowitz group set up their -phosphonofluorination reaction 

by utilizing an α-phosphonohydroxy precursor as part of their synthesis of 3.3 

(Scheme 3.4a).16 Berkowitz and coworkers arrived at the analogous -benzyl 

derivative 3.28 in 7 steps and 52% overall yield from -benzyl glucose (Scheme 

3.7).  
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Scheme 3.7: Synthesis of the b-benzyl G6P analogues by the Berkowitz 

group.16 

Berkowitz was able to separate the R and S isomers of 3.28 using column 

chromatography, which may be attributed to the differing stereochemistry and the 

bulkier aglycone (Scheme 3.7). We used sodium hydride (NaH) as the base for 

the Pudovik reaction and can explain our selectivity using the Cram model. In 

contrast, the Berkowitz group used lithium hexamethyldisialazide (LiHMDS), and 

obtained partial selectivity for the R isomer which may be caused by the increased 

bulkiness of the anomeric protecting group as a result of the phosphite anion 

adding into the opposite side of the aldehyde. It is important to mention that our 

stereochemical assignments for both 3.20 and 3.26 were based on the reports from 

Berkowitz et al.16  

Armed with precursor 3.26, we  again attempted bromination of the -

hydroxyphosphono substrate with SOBr2
29, 45 on its own, and SOBr2

50 buffered 

with pyridine; both to no avail. Therefore, we concluded that the lack of reactivity 

in 3.20 was not due strictly to steric factors. Deprotection of compound 3.26 to 



  

101 

 

generate 3.27 gave an overall yield of 37% over 9 steps. At this point, we 

considered alternative strategies to obtain -electrophilic phosphonate 

functionality. 

3.4 Design and efforts into -epoxy- and -keto-phosphonates 

A review of the literature identified two known electrophilic phosphonate 

functional groups that might be reasonably obtained from starting materials we 

already had available. Both ,-epoxy- and -keto-phosphonates are known. 

Fosfomycin is a unique clinically utilized antibiotic that inhibits cell wall 

biosynthesis in E. coli, and features an ,-epoxyphosphonate moiety.55 The 

compound is biosynthesized in five steps from phosphoenolpyruvate (PEP) by 

Streptomyces fradiae with epoxidation occurring in the terminal step by an 

epoxidase enzyme (Scheme 3.8).55-56 

 

Scheme 3.8: Biosynthetic pathway from PEP in 5 steps to fosfomycin.56 

Previous approaches to epoxidation were carried out via an -bromo--

hydroxyphosphonate, followed by displacement of the bromide and closure of the 
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expoxide ring in the presence of strong base,57-58 or via direct epoxidation of an 

,-unsaturated phosphonate using an oxidizing agent (references in Table 3.2). 

Both of these strategies were attempted using olefin 3.14. 

We attempted the first oxidation strategy by stirring unsaturated analogue 3.14 in 

H2O and N-bromosuccinimide (NBS) to install the -bromo--

hydroxyphosphonate moiety.59-60 Unfortunately, after three days no reaction with 

the olefin had occurred so we evaluated alternative approaches. Since alkene 3.14 

was unresponsive to treatment with H2O/NBS, we envisioned a direct olefinic 

epoxidation strategy could be more feasible. We explored a number of conditions 

which are summarized in Table 3.2. It should be noted that we tested both the 

ester-protected and the free acid phosphonate substrates as we expected the 

phosphonate deprotection conditions would also open the epoxide. 
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Attempt Starting material Outcome Reference 

1 Na2WO4 
. 2H2O, NEt3, H2O2 No Reaction  Ono et al., 200661 

 McGrath et al., 200962 

2 DMDO, acetone No Reaction  Adam et al., 199163 

3 NaOCl, pyr., 65˚C No Reaction  Marmor, 196364 

4 H2O2, 6M NaOH, MeOH No Reaction  Katsumara et al., 198965 

5 Oxone©, NaHSO4, butanone, 
MeOH 

Trace  Cristau et al., 199866 

6  m-CPBA No reaction  Coutrot et al., 199867 

Table 3.2: Attempts at the epoxidation of unsaturated analogue 3.14 

None of the six conditions shown in Table 3.2 were successful in oxidation of the 

olefinic phosphonate. Entries 1, 5 and 6 have previously been used to successfully 

epoxidize ,-unsaturated phosphonates, albeit in simple alkyl phosphonates with 

less functionality than compound 3.14. Thus, we decided to cease our pursuit of 

,-epoxyphosphonates at this point. 

Another well studied68 electrophilic phosphonate functional group we postulated 
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could be viable was an -ketophosphonate. There are many examples in the 

literature with two basic approaches to their synthesis, which are outlined in 

Scheme 3.8. The first approach utilizes a Michaelis-Arbuzov reaction on an acid 

chloride (Scheme 3.9a),69-71 the second approach requires oxidation of an -

hydroxy phosphonate to the -keto moiety (Scheme 3.9b).68 

 

Scheme 3.9: Two general approaches to access α-keto phosphonates.  

Both routes made use of substrates to which we already had access. The route  

shown in Scheme 3.9a could be accessed by converting 6-hydroxyl compound 3.9 

into -methyl glucuronic acid using a 2,2,6,6-tetramethylpiperidin-1-yl)oxyl 

(TEMPO) oxidation72 followed by conversion into the acid chloride setting up the 

crucial Michaelis-Arbuzov reaction. The oxidation shown in Scheme 3.9b could 

be attempted from either -hydroxy precursor 3.20 or 3.26. We chose first to 

pursue route 3.9a as this approach has been better studied and more literature is 
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available.68 Scheme 3.10 summarizes our results. 

 

Scheme 3.10: Attempts at α-ketophosphonate 3.31 via a) Michaelis-Arbuzov 

reaction and b) Pudovik reaction. 

The -methyl glucuronic acid was easily accessed from precursor 3.9 using the 

standard TEMPO oxidation;73-74 however, the two subsequent steps did not yield 

our desired target. Acid chloride 3.30 was too unstable to work up, so the 

Arubuzov reaction was carried out immediately after the acid conversion. 

Unfortunately, through pathway 3.10a we were never able to isolate the α-

ketophosphonate 3.31. Furthermore, we needed the methyl glycoside to remain 

intact, we had to explore a number of acid chloride conditions that would not also 
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destroy the glycosidic linkage. We tried oxalyl chloride,69-71 phosphoryl chloride75 

and phosphorus trichloride;76 however, no product was observed. 

At this point we turned our attention to pathway 3.10b, which was to convert 

glucuronic acid derivative 3.29 into an activated ester followed by Pudovic 

reaction. We attempted to activate 3.29 using N,N'-dicyclohexylcarbodiimide 

(DCC), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N,N-

carbonyldiimidazole (CDI)77 followed by the Pudovic reaction; however, we did 

not observe any formation of 3.31. We then turned our attention to the -hydroxy 

oxidation of analogues 3.20 or 3.26 (Scheme 3.9b). We tried a number of 

literature procedures for this type of oxidation exist them; however, once again we 

met resistance with this route. Attempted strategies included: the Swern oxidation 

(degradation),78 potassium permanganate (KMnO4) (no reaction)79 and chromium 

trioxide/aluminum dioxide (CrO3/Al2O3) (no reaction).80 We concluded that the 

reactivity at -phosphono position of carbohydrate analogues is greatly reduced, 

complicating the use of these methods. 

3.5 Indirect -bromination strategies using HWE reaction  

We have shown that installation of electrophiles at the -phosphonate position of 

carbohydrates cannot be approached by conventional means. At this point, we 

considered that installation of an electrophilic site would require a more indirect 
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approach. We considered bromination of the -phosphono position through 

generation of the corresponding phosphorus-stablilized anion. This approach 

would be analogous to the use of TEMDP in the synthesis of G6P analogue 3.5 

(Scheme 3.3), and HWE reaction using aldehyde 3.13. By employing a 

brominated form of the reagent we would have access to an unsaturated -

bromophosphonate. Subsequent reduction of the double bond via hydrogenation 

would provide access to the target -bromophosphonate. Scheme 3.11 depicts this 

strategy retrosynthetically. 

 

Scheme 3.11: Retrosynthesis of 3.32 heptose α-bromo moiety via an HWE 

reaction.  

Reagent 3.34 had been previously reported as a substrate for a HWE reaction.81 

Treatement of TEMDP with base and quenching with an electrophilic bromine 

source should furnish 3.34.82-83 In our hands, deprotonation of TEMDP using NaH 
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followed by addition of NBS yielded ~70% conversion to analogue 3.34, ~15% of 

the analogous dibromo compound and ~15% unreacted TEMDP. A second 

treatment of 3.34 with NaH followed by addition of aldehyde 3.13 furnished 

compound 3.33 as a 1:1.5 E-Z ratio (based on the assignment reported by 

Kobayashi and William, 2002)84 that was easily separable using column 

chromatography in good overall yield in three steps (14% E isomer, 27% Z 

isomer)  (Scheme 3.12).  
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Scheme 3.12: Synthesis of α-bromo unsaturated analogue 3.33 

With 3.33 in hand we were faced with the problem of debenzylation and reduction 

in the presence of bromine. Standard hydrogenation conditions using palladium 
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on charcoal in ethanol resulted in complete cleavage of the bromide to generate 

3.53.  

We employed an alternative protecting group strategy for the 2,3,4-hydroxyl 

groups through the use of  para-methoxybenyl (PMB) groups instead of benzyl 

protection. We synthesized the free O6 compound, 3.36, according to the 

synthetic procedure of Tennent-Elyes et al. with 42% overall yield in three 

steps.85 Following the same HWE sequence as in the synthesis of 3.33, we arrived 

at 3.38 in 47% yield in a 1:1.5 E-Z ratio (Scheme 3.13).  

 

Scheme 3.13: Attempts at accessing analogue 3.32 using PMB 

protection/deprotection strategy 



  

110 

 

We then utilized the standard ceric ammonium nitrate deprotection strategy86 to 

arrive at 3.39 in 85% yield for both the E and Z isomers. Attempts at 

hydrogenation conditions that would spare the bromine atom were unsuccessful. 

Conditions attempted included Crabtree87 and Wilkinson’s catalysts;88 however, 

we were unable to observe any reduction of the double bond using either catalyst. 

This transformation is clearly challenging and to our knowledge would be an 

unprecedented manipulation. However, due to the failure of any conditions we 

attempted, we did not fully characterize these compounds, but instead decided to 

revaluate our strategy.

3.6 Revisiting direct bromination strategies 

We decided to re-visit -halogenation strategies before devising another route to 

our desired -brominated product. We had already tested Berkowitz’s approach to 

mono-fluorination16 and found it to be incompatible with our -bromination 

strategy. However, what we had not tested was whether we could utilize their 

difluorination pathways to access our brominated targets. Previous work by the 

Berkowitz group is summarized in Scheme 3.14.17, 22-23 
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Scheme 3.14: Previous synthetetic routes by the Berkowitz group to access 

the -difluorophosphonate 3.4117, 22-23 and the fully saturated 3.42.16-17 

The strategy shown in Scheme 3.14a seemed feasible, as long as we could first 

brominate a phosphonate precursor setting up an SN2 displacement to provide the 

-bromo target. We thought the most logical and economical way to the -bromo 

dimethyl phosphonate 3.43 would be to treat dimethylmethyl phosphonate 

(DMMP) with n-butyl lithium (n-BuLi) at low temperature, followed by 

quenching with bromine. We were delighted to find this reaction yielded the mono 

brominated product, 3.43, in quantitative yield (Scheme 3.15). To the best of our 

knowledge, this transformation is unprecedented. Although the triflate compound, 

3.9, was generated in quantitative yield (following a similar protocol to that 
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reported by the Berkowitz group);16 treatment of 3.43 with both lithium 

diisopropyl amide (LDA) and n-BuLi did not result in a reaction with triflate 3.44. 

 

Scheme 3.15: Attempts to prepare -bromo adduct 3.32 by nucleophilic 

triflate displacement. 

Although disappointing, these results may not be terribly surprising. -Bromo 

derivitives such as 3.43 have a tendency to form reactive carbenes competitively 

with carbanions in the presence of strong base even at temperatures as low as -78 

oC.89  

Although this pathway was unsuccessful overall, we were able to recognize two 

key points from schemes 3.13 and 3.14 that allowed us to formulate a new 

synthetic approach to compound 3.32. The first was that unsaturated analogue 
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3.42 (Scheme 3.14) can be readily synthesized and secondly that DMMP can be 

quantitatively brominated. This led us to postulate that if we first synthesized the 

unsaturated phosphonate analogue, 3.45, we could then perform an -bromination 

by quenching of intermediate, 3.45a, with an electrophilic bromine source to 

furnish compound 3.32 directly (Scheme 3.16). Structural studies on species such 

as 3.45a have been published.90 Cantat et al. confirmed that anionic C-P bonds are 

shorter than in saturated P-C bonds through crystallography. Computational 

analysis by the authors suggest there is stabilization by hyperconjugation resulting 

from p(C)→(PO) donation.90 We will refer to species of the form 3.45a as a 

phosphorus-stabilized anion. Importantly, Cantat et al. also suggest that the Li 

cation is shared between the O=PC atoms.90 

 

Scheme 3.16: Proposed route to α-bromination by forming a phosphorus-

stablilized anion intermediate. 

With this hypothesis in mind we set about to synthesize precursor 3.45. In the 

synthesis of G6P analogue 3.5 (Schemes 3.2 and 3.3) we had two routes available 
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to us that could result in compound 3.45, via either a HWE reaction10, 14, 26 or an 

SN2 reaction.16-17 Although Berkowitz reported good yields in his key SN2 

displacement step on the -benzyl glycoside, we found the yields on our -methyl 

glycoside to be less reliable due to difficulties in the purification. Being cognizant 

of this, we opted to approach 3.45 via the HWE reaction as we had done 

previously. Furthermore, we were aware of conditions that could selectively 

reduce a conjugated olefin substituent while leaving the benzyl protecting groups 

in tact using sodium borohydride (NaBH4) and NiCl2
.6H2O.91-92 Scheme 3.17 

summarizes our approach in this route. 
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Scheme 3.17: Synthesis of α-bromo G6P analogue 3.6 

With compound 3.14 in hand we were ready to attempt the olefin reduction to the 

fully unsaturated derivative, 3.45, leaving the benzyl groups intact. We were 

satisfied to observe that stirring compound 3.14 with NaBH4 and NiCl2
.6H2O in 

MeOH at -78 oC91 provides precursor 3.45 in near quantitative yield without 

purification. This reaction is thought to proceed through a nickel boride 

intermediate that catalyzes the hydrogenation.92 We duplicated the conditions used 

to brominate DMMP (Scheme 3.15) by adding n-BuLi dropwise to a cooled 
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solution of 3.45 and the reaction was left to stir for 30 minutes. After 30 minutes 

the phosphorus-stablilized anion was quenched by addition of Br2 followed by 

warming to room temperature. We observed formation of the protected -bromo 

analogue, 3.32, as a 1:1 mixture of diastereomers after purification on silica in 

moderate yield (35%). Although this strategy is not wholly unprecedented on 

simple organic substrates93-94 as discussed in Chapter 1, we believe this to be the 

first report of this chemistry on a carbohydrate analogue. Although we had 

obtained the desired intermediate compound 3.32, there remained three major 

issues to address. The first was optimization and reproducibility of the reaction. 

After our initial attempts to generate compound 3.46, we were unable to 

reproduce our initial yield. Furthermore, we sometimes obtained no product at all, 

and instead obtained numerous uncharacterized side products. We attempted the 

same procedure using alternative bases, including LDA, LiHMDS, s-BuLi and t-

BuLi. LDA and LiHMDS offered very poor yields, and s-BuLi and t-BuLi 

increased the presence of side products. We also tried to utilize NBS and 

dibromoethane in lieu of bromine, however, the yields again were very poor. We 

considered that the propensity of alkyl bromides to form carbenes in the presence 

of very strong base could be responsible for these issues. To explore this 

possibility, we attempted the reaction using more controlled conditions at lower 

temperature. Using a frozen methanol bath (-98 oC) and adding substrate 3.45 at a 

rate of 100 µL/min, we found the bromination reaction proceeded with a reliable 
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35% yield over multiple attempts. 

With molecule 3.45 in hand we were left with the challenge of having to cleave 

the benzyl groups without using standard hydrogenation conditions. Several harsh 

alternative debenzylation conditions have been used in carbohydrate synthesis, 

including the Birch reduction95 and tin(IV) chloride;96 however, we were certain 

neither condition would be compatible with our substrate. Thus, we turned our 

attention toward milder Lewis acids that had been successful in cleaving benzyl 

ethers on carbohydrate substrates. We first tried boron trifluoride etherate 

(BF3
.Et2O) in ethanethiol;97 however, no reaction took place. We then tried 

indirect debenzylation by conversion of the benzyl groups to acetyl groups 

followed by basic cleavage.97 To achieve this we stirred 3.47 and trimethylsilyl 

trifluoromethansulfonate (TMSOTf) in acetic anhydride, once again no product 

was observed. Attempts to oxidize the benzyl ethers to the benzoyl ester using 

chromium trioxide98 did not provide quantitative conversion to the product, 

making purification very difficult. The best condition we identified was the use of 

anhydrous iron(III) chloride in CH2Cl2
98-99 (Scheme 3.17). These conditions did 

not cleave the bromide or the glycosidic linkage, but did offer a difficult work up 

to remove the iron salts. We found that filtration of the crude black reaction 

mixture through Celite using methanol with 1% to 5% NEt3 improved the overall 

yield of 3.48 from 40% to >80%. With 3.48 in hand our standard phosphonate 

ester deprotection steps furnished G6P analogue 3.7 without issue (9 steps, 9.5% 
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overall yield). 

During the optimization process of compound 3.47, we noticed something 

surprising in the 31P nuclear magnetic resonance (NMR) of the crude product, a 

small peak at ~11 ppm was observed in several samples. Furthermore, mass 

spectral data indicated that a molecule with two bromine atoms was present in the 

sample. Unfortunately, the dibromo side product was only present in ~8% based 

on the crude NMR, and we were unable to isolate it on silica gel since the reaction 

conditions were not yet amenable to large scale syntheses. We hypothesized that 

the NMR and mass spectrometry (MS) data were consistent with dibromine 

analogue 3.49, a functional group that has been reported in other simple 

molecules in the literature twice as an unwanted by product.58, 100 We decided to 

pursue this novel carbohydrate analogue as a potentially interesting electrophilic 

phosphonate. Our initial tactic was to repeat Berkowitz’s difluorination strategy 

from scheme 3.13 using the analogous dibrominated starting material (Scheme 

3.18).101 Furthermore, similar chemistry has been used to alkylate dibromo 

substrates previously,101 so we postulated this route would be feasible. We were 

able to dibrominate diethyl chloromethylphosphonate in approximately 50% yield 

following precedent102 which set us up for the low temperature triflate 

displacement. However, no displacement occurred, so we abandoned this route. 

We hypothesize that at such low temperature, there is not enough energy for such 

a sterically crowded carbanion to perform the displacement. 
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Scheme 3.18: Initial dibromination attempt to analogue 3.49. 

We decided to take advantage of our observation of the dibromo side product in 

the bromination of the phosphoenolate of 3.45. We re-subjected the crude product 

of the reaction with LDA at -98 oC, and once again quenched the reaction with Br2 

(Scheme 3.19). As we expected, we were able to isolate an improved yield of the 

dibromo compound, 3.49, although in only modest yield (14%), along with the 

monobromo compound 3.47 in 30% yield. To complete the synthesis, we were 

able to obtain compound 3.50 without issue using FeCl3 conditions for 

deprotection of the benzyl groups in moderate yield. We obtained 3.50 in ten steps 

and 5.2% overall yield. 
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Scheme 3.19: Synthesis of dibromo adduct 3.50. 

Finally, as a demonstration of the optimized deprotection chemistry, we were able 

to deprotect the ,-unsaturated compound, 3.14, without disruption of the double 

bond. We considered that the resulting ,-unsaturated phosphonate could act as 

an inhibitor of G6Pase by acting as a Michael acceptor for the nucleophilic 

His176 residue. This chemistry proceeded without any issue in 82% yield 

(Scheme 3.20). 
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Scheme 3.20: The deprotection of unsaturated analogue 3.14. 

With a number of glycosyl phosphate analogues in hand, we turned our attention 

to biological testing of our compounds for inhibition of G6Pase. 

3.7 Assaying deprotected phosphonate analogues of G6P against G6Pase 

With five fully deprotected G6P analogues in hand (Figure 3.4), we turned our 

attention to biological assay of the compounds as inhibitors of G6Pase. G6Pase is 

difficult to purify due its instability when separated from the membrane of the 

ER;103 however the enzyme is typically tested using microsomes isolated from 

hepatocytes. 
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Figure 3.4: The five fully deprotected phosphonic acid G6P derivatives used 

in our initial microsome assays. 

We opted to use male wister han rat microsomes for our studies, which are 

available commercially. We designed our assays using a variation of two 

procedures available in the literature (Sigma-Aldrich®103 and Nordlie and Arion, 

1966105) Assays were conducted in 3-(N-morpholino)propanesulfonic acid 

(MOPS) buffer at pH 6.5, the pH optimum of  G6Pase.106 We also considered that 

the charge of our derivatives could present an issue for microsomal permeability. 

Therefore, we included Triton X-100 surfactant to disrupt the microsomal 

membrane according to previous reports.107 Since G6Pase converts G6P to 

glucose and inorganic phosphate (Pi) in the ultimate step of gluconeogenesis and 

glycogenolysis, we envisioned the easiest way to assay this conversion would be 

to utilize a method that can monitor Pi or glucose production. Both such 
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techniques are known,108-110 but the literature suggests that the best technique for 

the study of G6Pase activity in microsomes is to follow the formation of Pi. Three 

common methods for quantifying Pi production are through the use of 

radiolabelled 32P,111 the Fiske-Subbarow method,108 and the Taussky-Shorr 

method.109 We chose the Taussky-Shorr procedure, which determines Pi by 

utilizing a ferrous sulfate-molybdate reagent (the Taussky-Shorr reagent; TSR) in 

an acidic medium to reduce Pi and produce a clear blue colour that can be 

quantified using colorimetry.109 We adapted this procedure to be compatible with 

a 96 well plate end-point assay.  

With this assay in hand we were ready to analyze our compounds for inhibition of 

G6P hydrolysis activity. We screened all five phosphonic acids we had 

synthesized (Figure 3.4) at a concentration of 2.5 mM after an incubation period 

of 15 minutes at 37 oC and discovered that none of the synthetic analogues 

inhibited Pi production significantly (Table 3.3). We considered that this result 

could be due to the charged phosphonate compounds being unable cross the 

microsomal membrane to reach the enzyme active site.103 We decided to incubate 

our analogues for an extended period of time with the microsome preparation at 

the same concentration, 2.5 mM. We first confirmed that the microsomes 

remained active at 4 oC after as long as 60 hours.   
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Compound  G6P hydrolysis 
(µmol/mg protein) 

% activity  

3.4 Control 0.98 ± 0.09 >95 % 

Inhibitor 1.0  ±  0.01 

3.21 Control 1.1 ± 0.02 >95% 

Inhibitor 1.1 ± 0.08 

3.5 Control 1.0 ± 0.07 92 ± 9. 

Inhibitor 0.94 ± 0.09 

3.6 Control 0.84 ± 0.1 88 ± 9 

Inhibitor 0.73 ± 0.07 

3.27 Control 0.92 ± 0.06 >95% 

Inhibitor 0.87 ± 0.07 

Table 3.3: Hydrolysis and % activity ± S.E. by the five deprotected 

phosphonic acids after short term incubation. Data were obtained after 

incubating disrupted microsome in MOPS buffer at pH 7.4 in the presence of 

inhibitor at 2.5 mM for 15 minutes at 37 oC. After the incubation the Taussky-

Shorr method was employed as explained in Section 3.9.3.1. Pertinent 

calculations are explained in Section 3.9.3.3 (n = 4). 

The results of the long-term incubations are summarized in Table 3.4. We were 

pleased to find that the -bromo analogue, 3.6, was active as an inhibitor of G6P 
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hydrolysis. Compound 3.6 reduced the enzyme activity by approximately 70% 

under these conditions, and was the most potent compound tested in the 

experiment. Furthermore, the two other heptose derivatives, 3.5 and 3.27, showed 

weak inhibition of G6Pase, indicating that homologation of the glycoside affects 

recognition by the active site (Table 3.4). The data provided in Table 3.4 suggest 

that inhibition by -bromophosphonate, 3.6, may be time-dependent. This 

observation could be due to several factors, including permeability of the 

microsomal membrane, irreversible inhibition, or slow binding of the compound. 
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Compound G6P hydrolysis 
(µmol/mg protein) 

% G6Pase 
activity 

control 1.065 ±  0.042 100 

3.4 1.085 ±  0.057 >95 

3.21 1.055 ±  0.062 >95 

3.5 0.905 ±  0.053 85 ± 5 

3.6 0.278 ±  0.059 26 ± 5 

3.27 0.860 ±  0.038 81 ± 4 

Table 3.4 Hydrolysis and % activity ± S.E. by the five deprotected 

phosphonic acids after long term incubation. Data were obtained after 

incubating disrupted microsome in MOPS buffer at pH 7.4 in the presence of 

inhibitor at 2.5 mM for 60 hours at 4oC. After the incubation the Taussky-Shorr 

method was employed as explained in Section 3.9.3.1. Pertinent calculations are 

explained in Section 3.9.3.3 (n = 4). 

We first considered that an explanation for the slow time-dependent deactivation 

of G6Pase by -bromo analogue 3.6 could result from its reduced permeability 

through the microsomal membrane. Although our assays had included a surfactant 

to avoid this type of artifact, we considered that it would be worthwhile to screen 

more hydrophobic analogues of the phosphonate analogues. We decided to test the 

available phosphonate ester analogues from our synthetic study for inhibition of 
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G6Pase. Depicted in Figure 3.5 are the seven G6P analogues that were tested. 
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Figure 3.5: The seven G6P analogues screened for inhibition of G6Pase from 

rat microsomes. 

The initial assay we used for these compounds was very similar to the conditions 

we used to test the phosphonic acid derivatives, except that we omitted the Triton 

X-100 surfactant from the assay medium. Thus, active compounds would need to 

have increased membrane permeability or be selective for the T1 translocase as 

described in Chapter 1. Initial experiments with a 15 minute incubation time at 

2.5 mM concentration of the compounds gave inconclusive results. Extending the 

incubation time from 15 to 60 minutes showed that several of the compounds 
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tested were active. All compounds except 3.53 displayed detectable inhibition as 

summarized in Table 3.5. It is also worth noting, that since no disrupting 

surfactant was used, these data offer strong evidence that these molecules can 

diffuse freely across the endosomal membrane to access G6Pase or were selective 

for the T1 transport protein. 

Compound Rate of G6P hydrolysis 
(µmol/mg protein) 

% activity 

control 0.826 ±  0.019 100 

3.12 0.318 ±  0.024 38 ± 3 

3.52 0.335 ±  0.0573 41 ± 7 

3.53 0.824 ±  0.022 >95 

3.54 0.410 ±  0.017 50 ± 2 

3.46 0.422 ±  0.025 51 ± 3 

3.50 0.171 ±  0.016 21 ± 2 

3.51 0.603 ±  0.058 73 ± 7 

Table 3.5: Hydrolysis and % activity ± S.E. by the seven G6P phosphonate 

esters after 1 h incubation. Data were obtained for each entry in triplicate after 

incubating undisrupted microsome in MOPS buffer at pH 7.4 in the presence of 

inhibitor at 2.5 mM for 60 minutes at 4 oC. After the 60 minutes the Taussky-

Shorr method was employed as explained in Section 3.9.3.1. Pertinent 
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calculations are explained in Section 3.9.3.3.  

The most active compound tested was dibromo analogue 3.50, which inhibited 

G6Pase at close to 80%. The two hexose derivatives, 3.12 and 3.52, inhibit 

G6Pase by over 60%.  This was a surprising result because it is in direct contrast 

to our results for the analogous deprotected phosphonic acid derivatives 3.4 and 

3.21, which did not inhibit G6Pase in any capacity (Table 3.3 and 3.4). 

Phosphonate ester 3.46, which contains the monobromo phosphonate ester 

showed appreciable inhibition (51 ± 3%) although the corresponding phosphonic 

acid 3.6 was more potent at longer incubation time (26 ± 5%). The homologated 

-hydroxy derivative 3.54 was also a weaker inhibitor (81 ± 4%) than its 6-carbon 

analogue, which showed significant inhibition (compound 3.27, 50 ± 2%). Finally, 

the ,-unsaturated moiety 3.51 showed moderate inhibition (73 ± 7). The 

saturated analogue, 3.53, did not show detectable inhibition (>95%). 

We postulate that in the case of the heptose ring, functionality  to the 

phosphonate is important in providing specificity for the active site of G6Pase.  

Unfunctionalized heptose derivatives (3.12 and 3.53) did not show significant 

activity. It also appears that di-substitution offers improvement over mono-

substitution at the -position. However, what was most puzzling was the drastic 

improvement in the inhibitory capacity of the two protected hexose derivatives 

3.12 and 3.52 over the deprotected hexose derivatives 3.4 and 3.21. These 
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compounds may be able to diffuse more quickly across the endosomal membrane, 

or may be more easily accommodated by the G6Pase active site once the 

phosphonate carries more steric bulk. 

Since both the mono-bromo 3.46 and di-bromo analogue 3.50 offered measurable 

inhibition of G6Pase we decided to assay whether or not they function as 

competitive or irreversible inhibitors of the G6Pase active site. We also assayed 

both hexose derivatives (3.12 and 3.52) since they inhibited the enzyme by more 

than 50% (Table 3.6). We assayed for irreversible inhibition by repeating the 

same experiment discussed above; however, the assay buffer volume was 

decreased by three-fold, and at the end of the assay the quantity of enzyme and 

inhibitor was scaled down by three-fold as well to leave their concentrations the 

same as in the previous assays. After incubating for 60 min, the buffer volume 

was restored to its original dilution which offers the inhibitor the opportunity to 

diffuse out of the active site proportionally if it is not covalently bound. The 

inhibitory capacity is then compared to a control value where the inhibitor is 

added to the enzyme after the dilution has occurred. If the inhibitory capacity of 

the analogue that was incubated with the endosome for 60 minutes exceeds the 

inhibitory capacity of the analogue that was not incubated with the enzyme, this 

provides evidence of irreversible inhibition. Analogues 3.46, 3.50, 3.12 and 3.20 

were tested using the dilution assay; however, no appreciable differences between 

the incubated and unincubated samples were observed, which is inconsistent with 
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irreversible inhibition. Although the data are not conclusive, they do suggest that 

the unincubated analogues may provide better inhibition than the incubated ones 

although this correlation is weak. In light of these data, we hypothesize that 

bromo analogues 3.46 and 3.50 act as competitive or slow-binding inhibitors. 

Importantly, using 31P NMR we did determine that 30% phosphonate ester 

cleavage into the free acid form does occur when incubating monobromo 

analogue 3.46 in the presence of microsome and buffer in an NMR tube for 27 h. 

Future work will explore the role of the phosphonate ester in the increased activity 

of derivatives 3.52 and 3.54.  
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Compound  G6P hydrolysis 
(µmol/mg protein) 

% activity 

3.12 Control 0.94 ± 0.03  

Unincubated 0.78 ± 0.04 83 ± 4 

Incubated 0.95 ± 0.09 > 95 % 

3.52 Control 0.61 ± 0.01  

Unincubated 0.44 ± 0.03 71 ± 4 

Incubated 0.70 ± 0.07 >95 

3.52 Control 0.44 ± 0.04  

Unincubated 0.31 ± 0.04 71 ± 10 

Incubated 0.39 ± 0.04 89 ± 8 

3.50 Control 0.62 ± 0.05  

Unincubated 0.54 ± 0.09 87 ± 15 

Incubated 0.67 ± 0.03 >95 

Table 3.6: Hydrolysis and % inhibition ± S.E. by the seven G6P phosphonate 

esters. Data were obtained for each entry in triplicate according to the experiment 

described in the text and in Section 3.9.3.2. After the 60 minutes the Taussky-

Shorr method was employed as explained in Section 3.9.3.1. Pertinent 

calculations are explained in Section 3.9.3.3. 
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3.8 Conclusions and future directions 

This thesis has offered a discussion on the synthesis of a library of nine G6P 

derivatives that were assayed as inhibitors of the G6Pase protein. Completing 

these derivatives required utilizing a novel bromination strategy that lead us to 

synthesize an ,-dibromophosphonate G6P analogue. To our knowledge, such a 

functional group has only been isolated on one other occasion and no such 

compound has ever been tested for biological activity. We were pleased to find 

that dibromo compound 3.50 was the most active analogue tested against G6Pase. 

Perhaps most surprising was the fact that the protected phosphonate esters of the 

G6P analogues were far more active than their phosphonic acid counterparts, 

which we attribute to their increased lipophilicity. 

Future studies will optimize the synthesis of the dibromo analogue in order to 

explore its activity and mechanism of action. A dilution experiment performed at a 

longer time course should test this theory. A dilution experiment on phosphonic 

acid -bromo analogue 3.6 would also clarify if this compound acts by a non-

competitive mechanism. As well, we expect that the free acid form of dibromo 

analogue 3.50 will inhibit G6Pase in a time dependent manner like its monobromo 

counterpart 3.6 over a similar time period. To test this hypothesis the final 

phosphonate ester cleavage would need to be completed. We would also like to 
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complete the synthesis of E/Z analogue 3.39 as a newly functionalized 

carbohydrate and explore its activity as an inhibitor in the G6Pase system. 

We also would like to confirm that the phosphonate esters are targeting the active 

site of G6Pase directly. To do this, the inhibition studies we have completed must 

be repeated on disrupted microsomes and compared to the data obtained from 

intact microsomes. An analysis of the G6P-based –fluorophosphonates and ,-

difluorophosphonates popularized by Berkowitz as competitive inhibitors of 

G6Pase would provide an important point of comparison. 

In conclusion, we have devised a general synthetic strategy to monobromo and 

dibromophosphonates that we postulate is amenable to many types of glycosyl 

phosphates. We aim to confirm this by applying these methods for study of 

G6Pase inhibition as well as other lectins. Future directions will include exploring 

other -electrophiles, expanding these syntheses to include oligosaccharides, and  

incorporating these moieties at positions other than C6. 

3.9 Experimental Methods 

3.9.1 General 

All reagents were purchased from commercial sources and used without 

purification unless otherwise stated. Anhydrous solvents used in the reaction were 
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purified by successive passage through columns of alumina and copper under 

argon. If reactions were run under an inert environment using anhydrous solvents, 

it is stated. The reactions were monitored by analytical thin layer chromatography 

(TLC) using silica gel (60-F254, 0.25 mm, Silicycle, Quebec, Canada) as a medium 

and the spots were visualized under ultraviolet light (254 nm) or stained by 

charring with a ceric ammonium molybdate (CAM) solution. The products 

purified by column chromatography are indicated using silica gel (230-400 mesh, 

Silicycle, Quebec, Canada). All NMR spectra were obtained using Varian 

instruments. 1H NMR spectra were performed at 400, 500 or 700 MHz as 

indicated. 13C NMR spectra were performed at 125 MHz. 31P NMR spectra were 

recorded at 160 or 202 MHz as indicated. 1H NMR data are reported as first order, 

and the peak assignments were made on the basis of 2D-NMR (1H–1H COSY and 

HSQC) experiments. Electrospray mass spectra were recorded on Agilent 

Technologies 6220 TOF using CH2Cl2, MeOH or H2O as solvent with added 

NaCl. Optical rotations were measured at 22 ± 2 °C at the sodium D line (589 nm) 

and are in units of deg·mL(dm·g)-1. 
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3.9.2 Synthetic Methods 

Methyl 2,3,4-Tri-O-benzyl-α-D-glucopyranoside (3.9) 

 

This procedure was developed as a variation of the methods published by 

Bernotas et al., 198731and Julina and Vasella, 1985.32 To a solution of α-methyl 

glucose (10.0 g, 51.5 mmol, 1.0 equiv.) in 1:1 anhydrous pyridine-CH2Cl2 (240 

mL) was added trityl chloride (15.8 g, 56.7 mmol, 1.1 equiv) and catalytic DMAP 

(318 mg). After stirring under an inert atmosphere for 12 h at rt, the reaction was 

diluted with CH2Cl2 (400 mL) and the organic layer was washed with saturated 

ammonium chloride (400 mL) and brine (400 mL), dried over Na2SO4 and 

concentrated in vacuo to yield a light yellow foam (crude wt. 26.6 g). This foam 

was then dissolved in anhydrous DMF (200 mL) and the flask was cooled to 0 oC 

under an inert atmosphere. With vigorous stirring, NaH (60% in mineral oil, 12.35 

g, 0.309 mol, 6.0 equiv.) was added. Stirring was continued at 0 oC for 1 h before 

benzyl bromide (45.9 mL, 0.386 mol, 7.5 equiv.) was added dropwise over 1 hr 

using an addition funnel, followed by tetrabutylammonium iodide (1.32 g). The 

reaction was slowly warmed to rt and stirring was continued for 24 h before 

excess NaH was quenched with anhydrous MeOH (10 mL). DMF was partially 
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removed prior to work-up by use of a high vacuum rotary evaporator in a water 

bath warmed to 60 oC. The residue was then dissolved in CH2Cl2 (750 mL) and 

washed with 1 M HCl (400 mL). The HCl solution was rinsed with CH2Cl2  (2x 

200 mL). The combined organic layers were then washed with H2O (400 mL) and 

brine (400 mL), dried over Na2SO4 and concentrated in vacuo to yield a dark red 

oil. This oil was subsequently dissolved in MeOH (300 mL) and concentrated 

H2SO4 (14 mL) was added slowly. Stirring was continued for 30 min at rt. After 

30 min, the flask was cooled to 0 oC and saturated NaHCO3 solution (200 mL) 

was added carefully to neutralize the excess H2SO4. The organic layer was then 

extracted using EtOAc (3 x 300 mL) and rinsed with 1 M HCl (400 mL) and brine 

(300 mL), dried over Na2SO4 and concentrated in vacuo to furnish a dark red oil. 

The residue was purified using flash chromatography (1:4 EtOAc-hexane to 1:1 

EtOAc-hexane) to provide 3.9 (18.17 g, 39.11 mmol, 76%) as an orange-yellow 

oil. Rf = 0.64 (1:1 EtOAc-hexane); [α]D +46.95 (c 4.57, CH2Cl2); 
1H NMR (500 

MHz, CDCl3): δ 7.39-7.30 (m, 15H, PhCH2) 5.00 (d, 1H, J = 11.0 Hz, CH2Ph) 

4.90 (d, 1H, J = 11.1 Hz, CH2Ph) 4.86 (d, 1H, J = 10.9 Hz, CH2Ph) 4.81 (d, 1H, J 

= 12.1 Hz, CH2Ph) 4.68 (d, 1H, J = 9.5 Hz, CH2Ph) 4.66 (d, 1H, J = 8.5 Hz, 

CH2Ph) 4.59 (d, 1H, J = 3.5 Hz, H-1) 4.02 (app t, 1H, J = 9.5 Hz, H-3) 3.65 (dd, 

1H, J = 11.8, 2.6 Hz, H-6a) 3.71 (dd, 1H, J = 11.8, 4.0 Hz, H-6b) 3.67 (app dt 1H, 

J = 9.5, 3.3 Hz, H-5) 3.54 (app t, 1H, J = 9.5 Hz, H-4) 3.52 (dd, 1H, J = 9.5, 3.6 

Hz, H-2) 3.38 (s, 3H, OCH3); 
13C NMR (125 MHz, CDCl3): δ 138.8, 138.1(7), 
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138.1(4), 128.4(9), 128.4(1), 128.1(3), 128.0(3), 127.9(7), 127.9(5), 127.8(7), 

127.6, 98.2 (C-1), 82.0 (C-3), 80.0 (C-2) 77.4(4) (C-4), 75.7 (CH2Ph), 75.0 

(CH2Ph), 73.4 (CH2Ph), 70.7 (C-5), 61.9 (C-6), 55.2 (OCH3). HR ESIMS: m/z 

[M+Na+] calcd for C28H32O6Na: 487.20911. Found: 487.20893. 

Methyl 2,3,4-Tri-O-benzyl-6-deoxy-6-iodo-α-D-glucopyranoside (3.10) 

 

This procedure is similar to that of Ko et al., 2004.112 To a solution of 3.10 (187 

mg, 0.403 mmol, 1.0 equiv) in toluene (4 mL) was added triphenylphosphine (158 

mg, 0.604 mmol, 1.5 equiv), imidazole (69 mg, 1.01 mmol, 2.5 equiv) and iodine 

(153 mg, 0.604 mmol, 1.5 equiv) with stirring and the reaction was heated to 80 

oC for 15 min. After 15 min an oily brown precipitate persisted that indicated the 

reaction had gone to completion. The toluene was then removed in vacuo and the 

residue was dissolved in EtOAc (20 mL). The organic layer was washed with 

concentrated Na2S2O3 solution (10 mL), a concentrated NaHCO3 solution (10 mL) 

and brine (10 mL), dried over Na2SO4 and concentrated in vacuo to furnish a 

crude yellow oil. The residue was purified using flash chromatography (1:9 

EtOAc-hexane) to provide 3.10 (205 mg, 0.357 mmol, 89%) as a colourless oil. Rf 

= 0.32 (1:9 EtOAc-hexane); [α]D +32.58 (c 0.34, CH2Cl2);  
1H NMR (500 MHz, 
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CDCl3): δ 7.40-7.29 (m, 15H, PhCH2) 5.02 (d, 1H, J = 10.8 Hz, CH2Ph) 4.97 (d, 

1H, J = 10.9 Hz, CH2Ph), 4.83(1) (d, 1H, J = 10.8 Hz, CH2Ph), 4.82(6) (d, 1H, J = 

12.1 Hz, CH2Ph), 4.70 (app t, 2H, J = 11.5 Hz, CH2Ph), 4.64 (d, 1H, J = 3.6 Hz, 

H-1), 4.04 (app t, 1H, J = 9.4 Hz, H-3), 3.57 (dd, 1H, J = 9.4, 3.6 Hz, H-2), 3.50 

(dd, 1H, J  = 10.4, 2.3 Hz, H-6a), 3.48 (app dt, 1H, J = 9.4, 3.2 Hz, H-5), 3.45 (s, 

3H, OCH3), 3.37 (app t, J = 9.4, 1H, H-4), 3.32 (dd, J = 10.4, 6.4 Hz, H-6b); 13C 

NMR (125 MHz, CDCl3): δ 138.6, 138.0(5), 138.0(2), 128.5(4), 128.5(3), 

128.4(7), 128.1(1), 128.0(2), 128.0(0), 127.9(6), 127.7(3), 98.1 (C-1), 81.6 (C-3), 

81.5 (C-4), 80.1, (C-2), 75.8 (CH2Ph), 75.4 (CH2Ph), 73.5 (CH2Ph), 69.3 (C-5), 

55.5 (OCH3), 7.7  (C-6). HR ESIMS: m/z [M+Na+] calcd for C28H31O5INa: 

597.11084. Found: 597.11016. 

Methyl 2,3,4-Tri-O-benzyl-6-deoxy-6-diethoxyphosphoryl-α-D-

glucopyranoside (3.11) 

 

To compound 3.10 (190 mg, 0.331 mmol, 1.0 equiv) was added triethyl phosphite 

neat (2.0 mL, 11.5 mmol, ~35 equiv) and the solution was heated at 130 oC for 6 

h. After 6 h, the reflux condenser was removed and the flask was placed under 
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vacuum to remove excess triethyl phosphite. After 8 h a faint yellow oil 3.11 (196 

mg, 0.331 mmol, 100%) remained that required no purification. Rf = 0.34 (4:1 

EtOAc-hexane); [α]D +19.6 (c 1.53, CH2Cl2); 
1H NMR (500 MHz, CDCl3) δ 7.40-

7.29 (m, 15H, PhCH2), 5.01 (d, 1H, J = 10.8 Hz, CH2Ph), 4.95 (d, 1H, J = 11.3, 

CH2Ph), 4.83 (d, 1H, J = 10.8 Hz, CH2Ph), 4.81 (d, 1H, J = 12.1 Hz, CH2Ph), 

4.69 (d, 1H, J = 12.1, CH2Ph), 4.63 (d, 1H, J = 11.3 Hz, CH2Ph), 4.60 (d, 1H, J = 

3.6 Hz, H-1), 4.13-3.99 (m, 6H, H-3, H-5, 2 x CH3CH2OP), 3.55 (dd, 1H, J = 9.5, 

3.6 Hz, H-2), 3.50 (s, 3H, OCH3), 3.21 (app t, 1H, J = 9.5 Hz, H-4), 2.29 (ddd, 

1H, J = 17.5, 15.5, 2.0 Hz, H-6a), 1.78 (ddd, 1H, J = 15.5, 10.6, 10.3 Hz, H-6b), 

1.31(9) (t, 3H, J = 7.0 Hz, CH3CH2OP), 1.31(5) (t, 3H, J = 7.0 Hz, CH3CH2OP); 

13C NMR (125 MHz, CDCl3): δ 136.1, 135.6(1), 135.5(9), 126.0, 125.9(4), 

125.9(3), 125.6, 125.5, 125.4(3), 125.3(8), 125.3, 125.2, 95.5 (C-1), 79.6 (C-4), 

79.5 (C-3), 79.4 (C-2) 73.3 (CH2Ph), 72.6 (CH2Ph), 70.8 (CH2Ph), 63.3 (d, JC-P = 

6.7 Hz, C-5), 59.2 (d, JC-P = 6.2 Hz, CH3CH3OP),  58.9 (d, JC-P = 6.2 Hz, 

CH3CH3OP), 53.0 (OCH3), 25.9 (d, JC-P = 143.3 Hz, C-6), 13.9 (m, 2 x 

CH3CH2OP); 31P NMR (160 MHz, CDCl3) δ 24.78. HR ESIMS: m/z [M+Na+] 

calcd for C32H41O8PNa: 607.2431. Found: 607.2422. 
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Methyl 6-Deoxy-6-diethoxyphosphoryl-α-D-glucopyranoside (3.12) 

 

General hydrogenation procedure: To a solution of 3.11 (89 mg, 0.152 mmol) 

in 100 % EtOH (3 mL) was added 10% Pd/C (9.0 mg) at rt. A balloon filled with 

H2 was subsequently fitted on top of the flask and the reaction was stirred for 18 

hours. After 18 hours, the balloon was removed and the reaction mixture was 

filtered through celite and concentrated in vacuo to yield a colourless oil 3.12 (45 

mg, 0.144 mmol, 95%) that required no further purification. Rf = 0.19 (9:1 

CH2Cl2-MeOH); [α]D +63.8 (c 0.40, H2O); 1H NMR (500 MHz, CD3OD) δ 4.64 

(d, 1H, J = 3.8 Hz, H-1), 4.16-4.06 (m, 4H, 2 x CH3CH2OP), 3.85 (ddd, 1H, J = 

19.4, 10.6, 2.0 Hz, H-5), 3.58 (app t, 1H, J = 9.4 Hz, H-3), 3.47 (s, 3H, OCH3), 

3.40 (dd, 1H, J  = 9.4, 3.8 Hz, H-2) 3.05 (app t, 1H, J = 9.4 Hz, H-4) 2.42 (ddd, 

1H, J = 19.9, 15.7, 2.0 Hz, H-6a), 1.95 (app ddd, 1H, J = 15.7, 10.6, 10.4 Hz, H-

6b), 1.33 (t, 6H, J = 7.1 Hz, CH3CH2OP); 13C NMR (125 MHz, CD3OD): δ 101.4 

(C-1), 76.2 (d, J = 15.7 Hz, C-4), 74.8 (d, J = 2.8 Hz, C-3), 73.6 (C-2), 68.3 (d, J 

= 6.7 Hz, C-5), 63.4 (d, JC-P = 6.2 Hz, CH3CH3OP), 63.0 (d, JC-P = 6.2 Hz, 

CH3CH3OP), 56.1 (OCH3), 29.0 (d, J = 143.3 Hz, C-6), 16.7(2) (CH3CH2OP), 

16.6(7) (CH3CH2OP); 31P NMR (160 MHz, CD3OD) δ 30.38. HR ESIMS: m/z 
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[M+Na+] calcd for C11H23O8PNa: 337.1023. Found: 337.1020. 

Methyl 6-Deoxy-6-phosphoryl-α-D-glucopyranoside, Bis-Lithium Salt (3.4) 

 

General procedure for phosphonate ester cleavage: To a solution of 3.12 (20.8 

mg, 0.0668 mmol, 1.0 equiv) in anhydrous CH3CN under an N2 environment was 

added trimethylsilyl bromide (87 µL, 0.661 mmol, 10.0 equiv) dropwise at 0 oC 

with rigorous stirring. 5 minutes later, anhydrous NEt3 (98 µl, 0.701 mmol, 10.5 

equiv.) was added dropwise and the reaction was allowed to slowly warm to rt. 

After stirring for 12 h the reaction was concentrated in vacuo to leave a dark red 

oil. The residue was then washed with 3 x H2O-MeOH (1:9) which was re-

concentrated in vacuo after each dissolution. The residue was then dissolved in 

H2O and the pH was increased to 7.0 using triethylamine. To this solution 

Amberlite 120 resin (Li+ form) was added and stirring continued for 5 h. After 5 h 

the resin was filtered off and the H2O was removed via lyophilisation to yield a 

pale yellow, amorphous solid. Et2O was added to the crude solid to create a 

suspension which was stirred vigorously as a minimum volume of 100% EtOH 

was carefully added dropwise to dissolve the excess LiBr salt. The suspension 
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was filtered and the remaining solid was dissolved in H2O. Removal of the H2O 

via lyophilisation afforded pure 3.4 (96.9:3.1 bis-lithium salt- lithium/HNEt3
+ salt 

mixture, 17.7 mg, 0.0648 mmol, 98%) as a colourless foam. [α]D +64.0 (c 0.66, 

H2O); 1H NMR (400 MHz, D2O): δ 4.73 (d, 1H, J = 3.5 Hz, H-1), 3.85 (ddd, 1H, 

J = 16.2, 9.7, 3.3 Hz, H-5), 3.63 (dd, 1H, J = 9.8, 8.9 Hz, H-3), 3.55 (dd, 1H, J = 

9.8, 3.7 Hz, H-2), 3.45 (s, 3H, OCH3), 3.20 (app t, 1H, J = 9.2 Hz, H-4), 2.13 

(ddd, 1H, J = 18.8, 15.5, 3.3 Hz, H-6a) 1.79 (app td, 1H, J = 15.5, 10.9, 9.5 Hz, 

H-6b); 13C NMR (125 MHz, D2O): δ 99.9 (C-1), 75.4 (d, JC-P = 12.4 Hz, C-4), 

73.7 (d, JC-P = 2.0 Hz) (C-3), 72.2 (C-2), 68.7(d, JC-P = 4.6 Hz, C-5), 56.5 (OCH3),  

31.5 (d, JC-P = 134.7 Hz, C-6); 31P NMR (160 MHz, D2O): δ 21.02. HR ESIMS: 

m/z [M-H-] calcd for C7H14O8P: 257.0432. Found: 257.0431. 

Methyl 2,3,4-Tri-O-benzyl-6-Deoxy-6-(diethylphosphonomethylene)-α-D-

glucopyranoside (3.14): 

 

A solution of oxalyl chloride (1.4 mL, 15.9 mmol, 4.0 equiv) in anhydrous 

CH2Cl2 under an N2 atmosphere was cooled to -78 oC and to it anhydrous DMSO 

(2.3 mL, 31.8 mmol, 8.0 equiv) was added dropwise with rigorous stirring. After 
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stirring at -78 oC for 20 min, a pre-dissolved solution of 3.9 (1.85 g, 3.98 mmol, 

1.0 equiv) in anhydrous CH2Cl2 (30 mL) was added dropwise via syringe. Stirring 

was continued for 1 h before the reaction was quenched with NEt3 (8.9 mL, 63.7 

mmol, 16.0 equiv). Stirring was continued at -78 oC for 15 min before the reaction 

was warmed to room temperature. The reaction was diluted with 60 mL of CH2Cl2 

and the organic layer was washed with concentrated NH4Cl (100 mL). The 

aqueous layer was rinsed with CH2Cl2 (50 mL) and the combined organic layers 

were washed with brine (2 x 100 mL), dried over Na2SO4 and concentrated. The 

crude aldehyde product 3.13 was isolated as a dark orange oil that was used 

immediately without purification. To a solution of TEMDP (2.5 mL, 9.95 mmol, 

2.5 equiv) in anhydrous THF (30 mL) under an N2 atmosphere was added NaH 

(60% in mineral oil, 318 mg, 7.96 mmol, 2.0 equiv) with vigorous stirring at 0 oC. 

After 30 min, a pre-dissolved solution of the crude aldehyde in anhydrous THF 

(20 mL) was added dropwise via syringe over 30 min. After the addition was 

complete, the reaction was warmed to rt and stirring continued for 10 min. The 

THF was then removed in vacuo and the crude residue was dissolved in EtOAc 

(100 mL) and washed with 1 M HCl (60 mL) and brine (60 mL), dried over 

Na2SO4 and concentrated. The residue was purified using flash chromatography 

(3:2 EtOAc-hexane) to provide 3.14 (1.68 g, 2.83 mmol, 71%) as a pale yellow 

oil. Rf = 0.34 (3:2 EtOAc-hexane); [α]D +57.51 (c 3.00, CH2Cl2); 
1H NMR (500 

MHz, CDCl3): δ 7.35-7.26 (m, 15H, PhCH2), 6.88 (ddd, 1H, J  = 22.5, 17.3, 4.3 
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Hz, H-6), 6.04 (ddd, 1H, J = 20.9, 17.3, 1.7 Hz, H-7), 4.96 (d, 1H, J = 10.9 Hz, 

CH2Ph), 4.83 (d, 1H, 10.6 Hz, CH2Ph), 4.82 (d, 1H, J = 11.9 Hz, CH2Ph), 4.80 (d, 

1H, J = 12.2 Hz, CH2Ph), 4.66 (d, 1H, J = 12.2 Hz, CH2Ph), 4.61 (d, 1H, J = 3.6 

Hz, H-1), 4.57 (d, 1H, J = 10.6 Hz, CH2Ph), 4.25-4.21 (m, 1H, H-5), 4.09-4.02 

(m, 4H, CH3CH2OP), 4.01 (app t, 1H, J = 9.6 Hz, H-3), 3.51 (dd, 1H, J = 9.6, 3.6 

Hz, H-2), 3.36 (s, 3H, CH3O), 3.23 (dd, 1H, J = 9.6, 8.9 Hz, H-4), 1.31-1.27 (m, 

6H, CH3CH2OP); 13C NMR (125 MHz, CDCl3): δ 145.3 (d, JC-P = 5.9 Hz, C-6), 

136.1, 135.6, 135.2, 126.0, 125.9(7), 125.9(3), 125.6, 125.5, 124.4(9), 125.4(5), 

125.3(8), 125.2, 115.6 (d, JC-P = 188.4 Hz, C-7), 95.7 (C-1), 79.3 (C-3), 79.2 (C-

4), 77.3 (C-2), 73.3 (CH2Ph), 72.9 (CH2Ph), 71.0 (CH2Ph), 67.4 (d, JC-P = 21.1 

Hz, C-5), 59.3-59.2, (m, 2 x CH3CH2OP), 52.9 (CH3O), 13.9 (CH3CH2OP), 13.8 

(CH3CH2OP); 31P NMR (202 MHz, CDCl3) δ 17.91. HR ESIMS: m/z [M+Na+] 

calcd for C33H41O8PNa: 619.2431. Found: 619.2426. 

Methyl-6,7-dideoxy-7-diethoxyphosphoryl-α-D-gluco-heptopyranoside (3.53) 

 

A solution of 3.14 (247 mg, 0.424 mmol) in 100% EtOH (15 mL) using 10% Pd/C 

(25 mg) was hydrogenated according to the procedure for compound 3.11, except 
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that the resulting residue required further purification using flash chromatography 

(9:1 DCM:MeOH), which provided 3.53 (107 mg, 0.326 mmol, 73%) as a 

colourless oil. [α]D +26.54 (c 0.37, MeOH);  1H NMR (500 MHz, CD3OD): δ 4.64 

(d, 1H, J = 3.8 Hz, H-1) 4.16-4.05 (m, 4H, 2 x CH3CH2OP), 3.56 (app t, 1H, J = 

9.5 Hz, H-3), 3.48 (dt, 9.5, 2.6 Hz, H-5), 3.39 (s, 3H, CH3O), 3.38 (dd, 1H, J = 

9.5, 3.8 Hz, H-2), 3.05 (dd, 1H, J = 9.5, 9.2 Hz, H-4), 2.18-2.10 (m, 1H, H-6a), 

2.09-1.99 (m, 1H, H-7a), 1.82 (dddd, 1H, J = 22.8, 15.8, 10.6, 3.3 Hz, H-7b), 

1.71-1.61 (m, 1H, H-6b), 1.33(4), (t, 3H, J = 7.0 Hz, CH3CH2OP), 1.33(3) (t, 3H, 

J = 7.0 Hz, CH3CH2OP); 13C NMR (125 MHz, CD3OD): δ 99.9 (C-1), 73.9 (C-4), 

73.6 (C-3), 72.2 (C-2), 70.5 (d, JC-P = 17.0, C-5), 61.8(2) (d, JC-P = 7.0 Hz, 

CH3CH2OP), 61.8(0) (d, JC-P = 7.0 Hz, CH3CH2OP), 54.2 (CH3O), 24.3 (d, JC-P = 

4.4 Hz, C-6), 20.5 (d, JC-P = 142.5 Hz, C-7), 15.3(1) (CH3CH2OP), 15.2(7) 

CH3CH2OP); 31P NMR (160 MHz, CD3OD): δ 33.49. HR ESIMS: m/z [M+Na+] 

calcd for C12H25O8PNa: 351.1179. Found: 351.1173. 
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Methyl-6,7-dideoxy-7-phosphoryl-α-D-gluco-pyranoside, Bis-Lithium Salt 

(3.5) 

 

According to the typical phosphono-ester cleavage procedure for compound 3.12: 

3.53 (28.7 mg, 0.0849 mmol, 1.0 equiv), trimethylsilyl bromide (112 µl, 0.849 

mmol, 10.0 equiv) and anhydrous triethylamine (124 µl, 0.891 mmol, 10.5 equiv.) 

in anhydrous CH3CN under an N2 environment was stirred for 12 h at 0 0C to rt to 

furnish 3.5 as a pale yellow foam (83.3:16.7 bis-lithium salt-lithium/HEt3
+ salt, 

17.2 mg, 0.0573 mmol, 68%). [α]D +104.0 (c 1.03, H2O); 1H NMR (500 MHz, 

D2O): δ 4.77 (H-1),* 3.61 (app t, 1H, J = 9.3 Hz, H-3), 3.58-3.55 (m, 2H, H-2, H-

5), 3.41 (s, 3H, CH3O), 3.26 (app t, 1H, J = 9.3 Hz, H-4), 2.08-2.02 (m, 1H, H-

6a), 1.76-1.70 (m, 1H, H-7a), 1.70-1.63 (m, 1H, H-6b), 1.50-1.43 (m, 1H, H-7b); 

13C NMR (125 MHz, D2O): δ 99.1 (C-1), 73.0(3) (C-4), 72.9(6), (C-3), 71.8 (d, 

JC-P = 16.6 Hz, C-5), 71.5 (C-2), 55.0 (CH3O), 25.5 (d, JC-P = 2.8 Hz, C-6), 24.3 

(d, JC-P = 132.4 Hz, C-7); 31P NMR (160 MHz, D2O) δ 25.92. HR ESIMS: m/z 

[M-H-] calcd for C8H16O8P: 271.0588. Found: 271.0590. *Note coupling for H-1 

is not available as it is distorted by the solvent peak. 
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Methyl 2,3,4-Tri-O-benzyl-6-dimethoxyphosphoryl-L-glycero-α-D-gluco-

pyranoside (3.20): 

 

Dimethyl phosphite (73 µl, 0.796 mmol, 2.0 equiv) in anhydrous THF (2 mL) 

under an N2 atmosphere was added NaH (60% in mineral oil, 24 mg, 0.597 mmol, 

1.5 equiv) with vigorous stirring for 30 min. After 30 min a pre-dissolved solution 

of crude aldehyde 3.13 (184 mg, 0.398 mmol, 1.0 equiv) as prepared for 

compound 3.14 was cannulated into the reaction. Stirring was continued for 12 h 

after which time the THF was removed in vacuo. The crude residue was diluted 

with EtOAc (25 mL) and the organic layer was rinsed with 1 M HCl (20 mL) and 

brine (20 mL), dried over Na2SO4 and concentrated in vacuo to afford a pale 

brown oil. The residue was purified using flash chromatography (4:1 EtOAc-

hexane to EtOAc) to furnish 3.20 (102 mg, 0.178 mmol, 90% de, 45%) as a 

colourless oil. Spectroscopic data provided are for the 6(S) isomer: Rf  = 0.18 (4:1 

EtOAc-hexane); [α]D +10.60 (c 1.20, CHCl3); 
1H NMR (500 MHz, CDCl3): δ 

7.40-7.29 (m, 15H, PhCH2), 5.02 (d, 1H, J = 11.8 Hz, CH2Ph), 4.95 (d, 1H, J = 

11.2 Hz, CH2Ph), 4.86 (d, 1H, J = 10.9 Hz, CH2Ph), 4.83 (d, 1H, J = 12.3 Hz, 

CH2Ph), 4.68 (d, 1H, J = 12.0 Hz, CH2Ph), 4.65 (d, 1H, J = 3.5 Hz, H-1),  4.20 
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(dd, 1H, J = 17.3, 1.1 Hz, H-6), 4.06 (app t, 1H, J = 9.6 Hz, H-3), 4.02 (ddd, 1H, J 

= 9.6, 3.3, 1.1 Hz, H-5), 3.82 (d, 3H, JH-P = 10.5 Hz, CH3OP), 3.77 (d, 3H, JH-P = 

10.6 Hz, CH3OP), 3.71 (app dt, 1H, J = 9.6, 1.1, H-4), 3.51 (dd, 1H, J = 9.6, 3.5 

Hz, H-2), 3.49 (s, 3H, CH3O); 13C NMR (125 MHz, CDCl3): δ 134.7, 134.3, 

134.1, 124.5(6), 124.5(2), 124.4(7), 124.1, 124.0(3), 124.0(2), 123.9, 123.7, 94.6 

(C-1), 77.9 (C-3), 75.7 (C-2), 72.3 (d, J = 10.3C4-P Hz, C-4), 71.8 (CH2Ph), 71.1 

(CH2Ph), 69.5 (CH2Ph), 65.7 (C-5), 62.0 (d, JC-P = 162.4 Hz, C-6), 51.8 (CH3O), 

49.6 (d, JC-P = 6.4, Hz, CH3OP), 48.6 (d, JC-P = 7.2 Hz, CH3OP); 31P NMR (160 

MHz, CDCl3): δ 24.78. HR ESIMS: m/z [M+Na+] calcd for C30H37O9PNa: 

595.2067. Found: 595.2060. 

Methyl 6-dimethoxyphosphoryl-L-glycero-α-D-gluco-pyranoside (3.52): 

 

Compound 3.20 (90 mg, 0.157 mmol) in 100% EtOH (3 mL) using 10% Pd/C 

(9.0 mg) was hydrogenated according to the typical procedure of compound 3.11, 

which furnished 3.52 (44 mg, 0.145 mmol, 92%) as a colourless oil. 

Spectroscopic data are for the 6(R) isomer: Rf = 0.08 (9:1 CH2Cl2-MeOH). [α]D 

+88.63 (c 1.20, MeOH); 1H NMR (500 MHz, CD3OD): δ 4.72 (d, 1H, J = 3.6 Hz, 
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H-1), 4.37 (app d, 1H, JH-P = 12.0 Hz, H-6), 3.83 (m, 4H, CH3OP, H-5), 3.78 (d, 

3H, JH-P = 10. 6 Hz, CH3OP), 3.64 (app t, 1H, J = 9.5 Hz, H-3), 3.53 (app t, 1H, J 

= 9.5 Hz, H-4), 3.48 (s, 3H, CH3O), 3.40 (dd, 1H, J = 9.5, 3.6 Hz, H-2); 13C NMR 

(125 MHz, CD3OD): δ 100.4 (C-1), 73.6 (C-3), 71.9 (C-2), 70.9 (C-5), 68.6 (d, JC-

P = 10.6 Hz, C-4), 65.3 (d, JC-P = 165.5 Hz, C-6), 54.8 (CH3O), 53.0 (d, JC-P = 6.7, 

CH3OP), 51.8 (d, JC-P = 7.2, CH3OP); 31P NMR (202 MHz, CD3OD) δ 28.02. HR 

ESIMS: m/z [M+Na+] calcd for C9H19O9PNa: 325.0659. Found: 325.0654. 

Methyl 6-phosphoryl-L-glycero-α-D-gluco-pyranoside, Bis-Lithium Salt (3.21): 

O

P

HO
HO

HOOMe

O
OLi

OLiHO

 

According to our phosphinyl cleavage procedure: 3.52 (40.0 mg, 0.132 mmol, 1.0 

equiv), trimethylsilyl bromide (175 µl, 1.32 mmol, 10.0 equiv) and anhydrous 

pyridine (112 µl, 1.39 mmol, 10.5 equiv.) in anhydrous CH3CN (3 mL) under an 

N2 environment was stirred for 12 h at 0 0C to rt to furnish 3.21 as a colourless 

foam (~100% bis-lithium salt, 29.3 mg, 0.102, 78%). Data are for the 6(S) isomer: 

[α]D +47.7 (c 1.16, H2O);  1H NMR (400 MHz, D2O): δ 4.79 (d, 1H, J = 3.8 Hz, 

H-1), 4.08 (dd, 1H, J  = 13.3, 1.5 Hz, H-6), 3.89 (ddd, 1H, J = 9.6, 3.0, 1.5 Hz, H-

5), 3.69 (app t, 1H, 9.6 Hz, H-3), 3.55 (td, 1H, J = 9.6, 1.0 Hz, H-4), 3.53 (dd, 1H, 
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J = 9.6, 3.8 Hz, H-2), 3.44 (s, 2.8H, OCH3); 
13C NMR (125 MHz, D2O): δ 99.3 

(C-1) 73.2 (C-3) 71.2 (C-5), 70.8 (C-4), 68.9 (C-2), 66.0 (d, JC-P = 158.5 Hz, C-6) 

55.4 (OCH3); 
31P NMR (160 MHz, D2O): δ 17.87. HR ESIMS: m/z [M-H-] calcd 

for C7H14O9P: 273.0381. Found: 273.0388. 

Methyl 2,3,4-Tri-O-benzyl-6-cyano-6-deoxy-α-D-glucopyranoside (3.24) 

 

To a solution of 3.10 (583 mg, 1.01 mmol, 1.0 equiv) in DMF (7.5 mL) was added 

NaCN (100 mg, 2.03 mmol, 2.0 equiv) with stirring and the reaction was heated at 

70 oC for 12 h. After 12 h the DMF was removed in vacuo using a high vacuum 

rotary evaporator in a water bath at 60 oC. The residue was dissolved in 30 mL of 

CH2Cl2 and the organic layer was washed with H2O (2 x 15 mL) and brine (15 

mL), dried over Na2SO4 and concentrated to yield a colorless oil 3.24 (469 mg, 

0.990 mmol, 98%) that required no further purification. Rf = 0.31 (1:4 EtOAc-

hexane); [α]D +58.23 (c 2.52, CH2Cl2); 
1H NMR (500 MHz, CDCl3): δ 7.37-7.30 

(m, 15H, PhCH2), 5.01 (d, 1H, J = 11.0, CH2Ph), 4.94 (d, 1H, J = 11.2 Hz, 

CH2Ph), 4.81 (d, 1H, 11.0 Hz, CH2Ph), 4.79 (d, 1H, J = 12.1 Hz, CH2Ph), 4.65 (d, 

1H, 12.1 Hz, CH2Ph), 4.61 (d, 1H, J = 11.2 Hz, CH2Ph), 4.58 (d, 1H, 3.6 Hz, H-

1), 3.98 (app t, 1H, J = 9.2 Hz, H-3) 3.80 (ddd, 1H, J = 9.9, 7.1, 3.4 Hz, H-5) 3.56 
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(dd, 1H, J = 9.2, 3.6 Hz, H-2), 3.40 (s, 3H, OCH3),  3.33 (dd, 1H, J = 9.9, 9.2 Hz, 

H-4) 2.63 (dd, 1H, J = 17.0, 3.4 Hz, H-6a) 2.43 (dd, 1H, J = 17.0, 7.1 Hz, H-6b); 

13C NMR (125 MHz, CDCl3): δ 138.4, 137.9, 137.6(3), 128.6(1), 128.5(4), 

128.4(5), 128.1(2), 128.1(0), 128.0(7), 127.9, 127.7, 116.7 (C≡N),  98.1 (C-1), 

81.6 (C-3), 79.9(5) (C-4), 79.9(2) (C-2), 75.7 (CH2Ph), 75.2(CH2Ph), 

73.5(CH2Ph), 66.3 (C-5) 55.5 (OCH3), 20.8 (C-6). HR ESIMS: m/z [M+Na+] 

calcd for C29H31NO5Na: 496.2094. Found: 496.2098. 

Methyl 2,3,4-Tri-O-benzyl-6-Deoxy-7-dimethoxyphosphoryl-D/L-glycero-α-D-

gluco-heptopyranoside  (3.26) 

 

A solution of 3.24 (390 mg, 0.824 mmol, 1.0 equiv) in anhydrous CH2Cl2 (15 mL) 

under N2 was cooled to -78 oC and to it diisobutylaluminum hydride (1.0 M in 

hexanes, 2.47 mL, 2.47 mmol, 3.0 equiv) was added dropwise over 15 min. 

Stirring was continued at -78 oC for 1 h at which point the reaction was quenched 

using 1 M HCl (7.5 mL, 9.0 equiv) and the reaction was allowed to warm to rt. 

After stirring at rt for 15 min the reaction was diluted further with CH2Cl2 (15 

mL) and the organic layer was washed with 1 M HCl (2 x 15 mL). The HCl 
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solution was rinsed with CH2Cl2 (2 x 10 mL) and the combined organic layers 

were washed with brine (15 mL), dried over Na2SO4 and concentrated in vacuo to 

yield the aldehyde 3.25 as a colourless oil that was used immediately without 

further purification. Dimethyl phosphite (151 µl, 1.65 mmol, 2.0 equiv) was 

dissolved in anhydrous THF (5 mL) under an N2 atmosphere and the flask was 

cooled to 0 oC before NaH (60% in mineral oil, 49 mg, 1.24 mmol, 1.5 equiv) was 

added in one portion with vigorous stirring. After 30 min a pre-dissolved solution 

of the crude aldehyde (0.824 mmol, 1.0 equiv) in anhydrous THF (5 mL) was 

added dropwise via syringe over 15 min. The reaction was warmed to rt and 

stirring was continued for 1 h. After 1 h the THF was removed in vacuo and the 

residue was re-dissolved in CH2Cl2 (30 mL) and the organic layer was washed 

with 1 M HCl (15 mL) and brine (15 mL), dried over Na2SO4 and concentrated. 

The residue was purified using flash chromatography (1:1 EtOAc-hexane then 

50:50:2 EtOAc-hexane-AcOH) to afford a faint brown oil 3.26 (285 mg, 0.486 

mmol, 59%) as an inseparable 5:2 S-R mixture of diastereomers that co-eluted. Rf 

= 0.17 (4:1 EtOAc-hexane); [α]D +43.96 (c 1.00, CH2Cl2). HR ESIMS: m/z 

[M+Na+] calcd for C31H43O9PNa: 609.2224. Found: 609.2216. Spectroscopic data 

for the major S isomer: 1H NMR (500 MHz, CDCl3): δ 7.37-7.25 (m, 15H, 

PhCH2), 4.98 (d, 1H, J = 10.8 Hz, CH2Ph), 4.90 (d, 1H, J = 11.0 Hz, CH2Ph), 

4.80 (d, 1H, J = 10.8 Hz, CH2Ph), 4.79 (d, 1H, J = 12.2 Hz, CH2Ph), 4.66 (d, 1H, 

J = 12.1 Hz, CH2Ph), 4.60 (d, 1H, J = 11.0 Hz, CH2Ph), 4.53 (d, 1H, J = 3.6 Hz, 
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H-1), 4.17 (ddd, 1H, J = 11.1, 6.6, 2.2 Hz, H-7), 4.02-3.97 (m, 2H, H3, H5), 3.80-

3.75 (m, 6H, 2 x CH3OP), 3.50 (dd, 1H, J = 9.5, 3.6 Hz, H-2), 3.39 (s, 3H, CH3O), 

3.22 (app t, 1H, J = 9.5 Hz, H-4), 2.17 (dddd, 1H, 15.3, 9.4, 6.6, 2.6 Hz, H-6a), 

1.78 (dddd, 1H, J = 15.3, 8.4, 7.4, 2.2 Hz, H-6b); 13C NMR (125 MHz, CDCl3): δ 

136.2, 135.6(2), 135.6(1), 126.0, 125.9(9), 125.9(7), 125.9(6), 125.9(3), 125.9(1), 

125.6, 125.5(4), 125.5(2), 125.4(6), 125.4(3), 125.3(7), 125.2(5), 125.2(2), 

125.1(7), 95.4 (C-1), 79.4 (C-3), 79.0 (C-4), 77.6 (C-2), 73.3 (CH2Ph), 72.6 

(CH2Ph), 70.9 (CH2Ph), 63.4 (d, JC-P = 14.2 Hz, C-5), 61.8 (d, JC-P = 164.2 Hz, C-

7),  52.8 (CH3O), 50.9 (d, JC-P = 7.0 Hz, CH3OP), 50.7 (d, JC-P = 7.0 Hz, CH3OP), 

30.7 (d, JC-P = 2.1 Hz, C-6); 31P NMR (202 MHz, CDCl3) δ 24.37. Spectroscopic 

data for the minor R isomer: 1H NMR (500 MHz, CDCl3): δ 7.37-7.25 (m, 15H, 

PhCH2), 4.98 (d, 1H, J = 10.8 Hz, CH2Ph), 4.90 (d, 1H, J = 11.0 Hz, CH2Ph), 

4.80 (d, 1H, J = 10.8 Hz, CH2Ph), 4.79 (d, 1H, J = 12.2 Hz, CH2Ph), 4.64 (d, 1H, 

J = 11.8 Hz, CH2Ph), 4.60 (d, 1H, J = 11.0 Hz, CH2Ph), 4.53 (d, 1H, J = 3.6 Hz, 

H-1), 4.14 (ddd, 1H, J = 10.9, 7.1, 2.6 Hz, H-7), 3.95 (s, 1H, J = 9.2 Hz, H-3), 

3.90-3.82 (m, 1H, H-5), 3.80-3.75 (m, 6H, 2 x CH3OP), 3.50 (dd, 1H, J = 9.5, 3.6 

Hz, H-2), 3.38 (s, 3H, CH3O), 3.27 (app t, 1H, J = 9.2 Hz, H-4), 2.34 (dddd, 1H, 

14.8, 7.1, 2.8, 2.8 Hz, H-6a), 1.84 (m, 1H, H-6b); 13C NMR (125 MHz, CDCl3): δ 

136.2, 135.6(2), 135.6(1), 126.0, 125.9(9), 125.9(7), 125.9(6), 125.9(3), 125.9(1), 

125.6, 125.5(4), 125.5(2), 125.4(6), 125.4(3), 125.3(7), 125.2(5), 125.2(2), 

125.1(7), 95.7 (C-1), 79.2 (C-3), 79.1 (C-4), 77.3 (C-2), 73.3 (CH2Ph), 72.8 
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(CH2Ph), 71.0 (CH2Ph), 68.9 (d, JC-P = 17.3 Hz, C-5), 65.4 (d, JC-P = 170.0 Hz, C-

7),  53.0 (CH3O), 51.0 (d, JC-P = 7.0 Hz, CH3OP), 50.7 (d, JC-P = 7.5 Hz, CH3OP), 

30.7 (C-6); 31P NMR (202 MHz, CDCl3) δ 22.69. 

Methyl 6-Deoxy-7-dimethoxyphosphoryl-D/L-glycero-α-D-gluco-

heptopyranoside  (3.54) 

 

Compound 7 (140 mg, 0.239 mmol) in 100% EtOH (8 mL) using 10% Pd/C (15 

mg) was hydrogenated according to the procedure for compound 3.11, to furnish 

3.54 (74 mg, 0.234 mmol, 98%) as a colourless oil. Rf = 0.11 (9:1 CH2Cl2-

MeOH); [α]D +43.11 (c 0.34, CH3OH); HR ESIMS: m/z [M+Na+] calcd for: 

C10H21O9PNa: 339.0815. Found: 339.0812. Spectroscopic data for the major S 

isomer: 1H NMR (500 MHz, CD3OD): δ 4.62 (d, 1H, J = 3.9 Hz, H-1), 4.18 (ddd, 

1H, J = 12.0, 4.6, 1.9 Hz, H-7), 3.81 (d, 3H, J = 10.3 Hz, CH3OP), 3.79 (d, 3H, J 

= 10.3 Hz, CH3OP) 3.76-3.71 (m, 1H, H-5) 3.58 (app t, J = 9.4 Hz, H-3), 3.39 (m, 

4H, CH3O, H-2), 3.04 (app t, 1H, J = 9.4 Hz, H-4), 2.23 (dddd, 1H, 14.3, 9.4, 7.6, 

2.2 Hz, H-6a), 1.78 (dddd, 1H, J = 14.3, 11.5, 3.9, 1.9 Hz, H-6b). 13C NMR (125 

MHz, CD3OD): δ 99.7 (C-1), 74.5 (C-4), 73.6 (C-3), 72.3 (C-2), 66.0 (d, JC-P = 
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15.0 Hz, C-5), 62.6 (d, JC-P = 165.5 Hz, C-7) 54.1 (CH3O), ), 52.8 (d, JC-P = 7.5 

Hz, CH3OP), 52.4 (d, JC-P = 7.5 Hz, CH3OP),  33.3 (d, JC-P = 3.9 Hz, C-6); 31P 

NMR (202 MHz, CDCl3) δ 28.37. Spectroscopic data for the minor R isomer: 1H 

NMR (500 MHz, CD3OD): δ 4.62 (d, 1H, J = 3.9 Hz, H-1), 4.22 (ddd, 1H, J = 

8.4, 4.2, 4.2 Hz, H-7), 3.81 (d, 3H, J = 10.3 Hz, CH3OP), 3.79 (d, 3H, J = 10.3 

Hz, CH3OP) 3.74-3.70 (m, 1H, H-5) 3.58 (app t, J = 9.3 Hz, H-3), 3.39 (m, 4H, 

CH3O, H-2), 3.04 (app t, 1H, J = 9.3 Hz, H-4), 2.30 (dddd, 1H, 15.0, 10.5, 5.5, 4.0 

Hz, H-6a), 1.84 (m, 1H, J = 14.3, 11.5, 3.9, 1.9 Hz, H-6b). 13C NMR (125 MHz, 

CD3OD): δ 100.0 (C-1), 74.7 (C-4), 73.5 (C-3), 72.2 (C-2), 68.9 (d, JC-P = 12.1 

Hz, C-5), 64.7 (d, JC-P = 165.7 Hz, C-7) 54.4 (CH3O), 52.9 (d, JC-P = 7.5 Hz, 

CH3OP), 52.4 (d, JC-P = 7.0 Hz, CH3OP),  34.2 (d, JC-P = 2.8 Hz, C-6); 31P NMR 

(202 MHz, CDCl3) δ 27.43. 

Methyl 6-Deoxy-7-phosphoryl-D/L-glycero-α-D-gluco-heptopyranoside, Bis-

Lithium Salt (3.27) 

 

According to the typical phosphono-ester cleavage procedure of compound 3.12: 

3.54 (39.6 mg, 0.125 mmol, 1.0 equiv), trimethylsilyl bromide (112 µl, 0.849 
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mmol, 10.0 equiv) and anhydrous triethylamine (124 µl, 0.891 mmol, 10.5 equiv.) 

in anhydrous CH3CN under an N2 environment was stirred for 12 h at 0 0C to rt to 

furnish 3.27 as a pale yellow foam (84:16 bis-lithium salt- lithium/HNEt3
+ salt 

mixture, 36.0 mg, 0.0632 mmol, 91%). The product was isolated as a 5:2 mixture 

of diastereomers: [α]D +46.7 (c 3.00, H2O). HR ESIMS: calcd for: C8H16O9P: 

287.0537. Found: 287.0537. NMR data for the major (S) isomer: 1H NMR (700 

MHz, D2O): δ 4.80 (d, 1H, J = 3.8 Hz, H-1), 3.96-3.92 (m, 1H, H-7), 3.85-3.80 

(m, 1H, H-5), 3.65 (app t, 1H, J = 9.7 Hz, H-3),  3.60 (dd, 1H, J = 9.7, 3.8 Hz, H-

2), 3.43 (s, 3H, CH3O), 3.27 (app t, 1H, J = 9.7 Hz, H-4), 2.13 (dddd, 1H, J  = 

12.5, 10.1, 7.0, 1.7 Hz, H-6a), 1.84-1.76 (m, 1H, H-6b); 13C NMR (125 MHz, 

D2O): δ 99.1 (C-1), 73.5 (C-4), 73.1 (C-3), 71.5 (C-2), 67.0 (d, JC-P = 13.7 Hz, C-

5), 64.4 (d, JC-P = 158.5 Hz, C-7), 55.0 (CH3O), 33.2 (d, JC-P = 3.9 Hz, C-6); 31P 

NMR (160 MHz, D2O) δ 20.13. NMR data for the minor (R) isomer: 1H NMR 

(700 MHz, D2O): 4.79 (d, 1H, J = 3.8 Hz, H-1), 3.96-3.92 (m, 1H, H-7), 3.85-3.80 

(m, 1H, H-5), 3.63 (app t, 1H, J = 8.9 Hz, H-3), 3.58 (dd, 1H, J = 8.9, 3.8 Hz, H-

2), 3.44 (s, 1H, CH3O), 3.32 (app t, 1H, J = 8.9 Hz, H-4), 2.32 (dddd, 1H, J  = 

11.2, 7.6, 3.9, 3.2 Hz, H-6a); 1.84-1.76 (m, 1H, H-6b); 13C NMR (125 MHz, 

D2O): δ 99.2 (C-1), 73.9 (C-4), 73.0 (C-3), 71.3 (C-2), 70.7 (d, JC-P = 14.2 Hz, C-

5), 67.6 (d, JC-P = 156.7 Hz, C-7), 55.2 (CH3O), 33.8 (d, JC-P = 2.3 Hz, C-6); 31P 

NMR (160 MHz, D2O) δ 19.38.  
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Methyl 2,3,4-Tri-O-benzyl-6,7-dideoxy-7-diethylphosphoryl-α-D-gluco-

heptopyranoside (3.45): 

 

A solution of 3.14 (1.293 g, 2.17 mmol, 1.0 equiv) in MeOH (100 mL) was cooled 

to -78 oC. With stirring, NiCl2
.6H2O (2.579 g, 10.85 mmol, 5.0 equiv) was added 

followed by NaBH4 (763 mg, 20.17 mmol, 10.0 equiv) in 3 portions every 5 min. 

Stirring was continued at -78 oC for 15 min before the cooling bath was removed 

and the reaction was allowed to warm rt. While warming the reaction colour 

changed from a homogeneous green solution to a heterogeneous black mixture. 

The reaction mixture was then partially concentrated in vacuo to reduce the 

volume before being diluted with CH2Cl2 (200 mL). 1 M HCl (100 mL) was 

added and the flask was stirred vigorously for 15 min. The mixture was then 

extracted with CH2Cl2 (3 x 100) and the combined organic layers were washed 

with brine (2 x 100 mL), dried over Na2SO4 and concentrated in vacuo to afford a 

colourless oil 3.45 (1.251 g, 2.09 mmol, 97%) that was spectroscopically pure. If 

further purification of the compound was performed it was passed through a silica 

plug (hexane then EtOAc) but the yield was reduced to 85%. Rf = 0.43 (EtOAc); 
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[α]D +63.11 (c 0.50, CH2Cl2); 
1H NMR (500 MHz, CDCl3): δ 7.38-7.28 (m, 15H, 

PhCH2), 4.98 (d, 1H, J = 10.8 Hz, CH2Ph), 4.90 (d, 1H, 10.8 Hz, CH2Ph), 4.81 (d, 

1H, J = 10.8 Hz, CH2Ph), 4.79 (d, 1H, J = 12.2 Hz, CH2Ph), 4.66 (d, 1H, J = 12.1 

Hz, CH2Ph), 4.61 (d, 1H, J = 10.8 Hz, CH2Ph), 4.54 (d, 1H, J = 3.6 Hz, H-1), 

4.12-4.02  (m, 4H, 2 x CH3CH2OP), 3.96 (app t, 1H, J = 9.4 Hz, H-3), 3.57 (app 

td, 1H, J = 9.2, 2.7 Hz, H-5), 3.50 (dd, 1H, J = 9.4, 3.6 Hz, H-2), 3.35 (s, 3H, 

CH3O), 3.18 (app t, 1H, J = 9.4 Hz, H-4), 2.19-2.09 (m, 1H, H-6a), 2.03-1.92 (m, 

1H, H-7a), 1.75-1.57 (m, 2H, H-6b, H-7b), 1.30 (t, 6H, J = 7.1 Hz, 2 x 

CH3CH2OP); 13C NMR (125 MHz, CDCl3): δ 138.7, 138.2, 138.1, 128.5, 128.4, 

128.1, 128.0(2), 128.0(0), 127.9(6), 127.8, 127.7, 97.9 (C-1), 82.0 (C-3), 81.7 (C-

4), 80.1 (C-2), 75.8 (CH2Ph), 75.3 (CH2Ph), 73.4 (CH2Ph), 70.0 (d, JC-P = 17.5 

Hz, C-5), 61.6-61.5, (m, 2 x CH3CH2OP), 55.1 (CH3O), 24.8 (d, JC-P = 4.1 Hz, C-

6), 21.8 (d, JC-P = 142.8 Hz, C-7)  16.5 (d, JC-P = 1.3 Hz, CH3CH2OP), 16.4 (d, JC-

P = 1.5 Hz,  CH3CH2OP); 31P NMR (160 MHz, CDCl3) δ 32.00. HR ESIMS: m/z 

[M+Na+]  calcd for C33H43O8PNa: 621.2588. Found: 621.2579. 
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Methyl 2,3,4-Tri-O-benzyl-6-deoxy-6-[(diethoxyphosphoryl)bromomethyl]-α-

D-glucopyranoside (3.32) 

 

A solution of n-butyl lithium (2.5 M in hexanes, 163 µL, 0.407 mmol, 3.0 equiv) 

in anhydrous THF (1 mL) under N2 was cooled to -97 oC in a liquid N2/MeOH 

bath. To this solution 3.45 (81.1 mg, 0.136 mmol, 1.0 equiv) in anhydrous THF (2 

mL) was added dropwise at a rate of 100 µL/min. The rate of addition was 

maintained by use of a syringe pump. During the addition of 3.45 it is essential 

the temperature does not rise above -90 oC. After complete addition, stirring was 

continued at -97 oC for an additional 5 min before the reaction was quenched with 

bromine (21 µL, 0.407 mmol, 3.0 equiv). The reaction was kept at -97 oC for 5 

min longer before H2O (0.5 mL) was added and the cooling bath was removed. 

The reaction was partially concentrated in vacuo to remove the majority of the 

THF before diluting with EtOAc (15 mL) and washing with H2O (10 mL). The 

aqueous layer was then extracted with EtOAc (2 x 15 mL) and the combined 

organic layers were washed with brine (10 mL), dried over Na2SO4 and 

concentrated. Purification using column chromatography (1:2 to 1:1 EtOAc-
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hexane) produced 3.32 (32.2 mg, 0.0476 mmol, 35%) as a colourless oil and a 

~1:1 mixture of diastereomers that co-eluted on silica gel. Rf = 0.28 (1:1 EtOAc-

hexane); [α]D +35.27 (c 2.70, CH2Cl2); HR ESIMS: m/z [M+Na+] calcd for: 

C33H46O8PBrNa: 699.1693. Found: 699.1701. NMR data for the major isomer: 1H 

NMR (500 MHz, CDCl3) δ 7.37-7.25 (m, 15H, PhCH2), 5.02 (d, 1H, J = 10.8 Hz, 

CH2Ph), 4.92 (d, 1H, J = 11.2 Hz, CH2Ph), 4.83 (d, 1H, J = 12.1 Hz, CH2Ph), 4.82 

(d, 1H, J = 11.7 Hz, CH2Ph), 4.69 (d, 1H, J = 12.2 Hz, CH2Ph), 4.64 (d, 1H, J = 

11.2 Hz, CH2Ph), 4.57 (d, 1 H, J = 3.6 Hz, H-1), 4.26-3.92 (m, 7H, 2 x 

CH3CH2OP, H-5, H-3, H-7), 3.52 (dd, 1H, J = 9.5, 3.5 Hz, H-2b), 3.48 (s, 2.4H, 

CH3O), 3.25 (app t, 1H, J = 9.5 Hz, H-4), 2.37 (dddd, 1H, J = 14.7, 10.8, 5.6, 2.2 

Hz, H-6a), 2.00 (dddd, 1H, J =14.7, 10.6, 5.1, 2.0 Hz, H-6), 1.39-1.32 (m, 6H, 2 x 

CH3CH2OP); 13C NMR (125 MHz, CDCl3): δ 136.2, 136.1, 135.7, 135.6, 135.5, 

126.0, 125.9(3), 125.9(2), 125.8(9), 125.6(3), 125.6(2), 125.5, 125.4(9), 125.4(7), 

125.4(1), 125.3, 125.2(8), 125.2(4), 125.1(7), 95.5 (C-1), 79.5 (C-4), 79.4 (C-3), 

77.5 (C-2), 73.3 (CH2Ph), 72.6 (CH2Ph), 70.9 (CH2Ph), 64.2 (d, JC-P = 12.3 Hz, 

C-5b), 61.3-61.1 (m, 2 x CH3CH2OP), 53.2 (CH3O), 35.2 (d, JC-P = 160.3 Hz, C-

7), 32.5 (C-6), 13.9(2)-13.8(7) (m, 2 x CH3CH2OP); 31P NMR (160 MHz, CDCl3): 

δ 17.80. NMR data for the minor isomer: 7.37-7.25 (m, 15H, PhCH2), 5.02 (d, 

1H, J = 10.8 Hz, CH2Ph), 4.98 (d, 1H, J = 10.9 Hz, CH2Ph), 4.84 (d, 1H, J = 9.9 

Hz, CH2Ph), 4.82 (d, 1H, J = 11.0 Hz, CH2Ph), 4.69 (d, 1H, J = 12.2 Hz, CH2Ph), 

4.67 (d, 1H, J = 12.3 Hz, CH2Ph), 4.58 (d, 1H, J = 3.6 Hz, H-1), 4.26-3.92 (m, 
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7H, 2 x CH3CH2OP, H-5, H-3, H-7), 3.54 (dd, 1H, J = 9.5, 3.6 Hz, H-2), 3.45 (s, 

3H, CH3O), 3.31 (app t, 1H, J = 9.5 Hz, H-4), 2.75 (dddd, 1H, J = 15.1, 9.9, 6.2, 

4.4 Hz, H-6a), 2.19-2.10 (m, 1H, H-6b), 1.39-1.32 (m, 6H, 2 x CH3CH2OP); 13C 

NMR (125 MHz, CDCl3): δ 136.2, 136.1, 135.7, 135.6, 135.5, 126.0, 125.9(3), 

125.9(2), 125.8(9), 125.6(3), 125.6(2), 125.5, 125.4(9), 125.4(7), 125.4(1), 125.3, 

125.2(8), 125.2(4), 125.1(7), 95.6 (C-1), 79.9 (C-4), 79.0 (C-3), 77.6 (C-2), 73.3 

(CH2Ph), 72.6 (CH2Ph), 70.9 (CH2Ph), 66.1 (d, JC-P = 9.8 Hz, C-5), 61.3-61.1 (m, 

2 x CH3CH2OP), 53.2 (CH3O), 34.8 (d, JC-P = 157.5 Hz, C-7), 34.5 (C-6), 13.9(2)-

13.8(7) (m, 2 x CH3CH2OP); 31P NMR (160 MHz, CDCl3): δ 17.59. 

Methyl 6-Deoxy-6-[(diethoxyphosphoryl)bromomethyl]-α-D-glucopyranoside 

(3.46) 

 

To a solution of 3.32 (65 mg, 0.0961 mmol, 1.0 equiv) in anhydrous DCM under 

N2 was added anhydrous FeCl3 (140 mg, 0.865 mmol, 9.0 equiv) with stirring in 

one batch at rt. This dark brown heterogeneous solution was stirred for 10 min 

before it was quenched with H2O (0.5 mL). Stirring for 15 minutes longer resulted 

in a light brown heterogeneous solution that was filtered through a bed of Celite 
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eluted with 90:9:1 CH2Cl2-MeOH-NEt3. The solvent was then removed in vacuo 

and dissolved in MeOH. To this solution Amberlite 120 resin (H+ form) was 

added to remove some of the NEt3 
.
 HCl salt. After stirring for 2 h the resin was 

filtered off and the eluent was purified using column chromatography (9:1 

CH2Cl2-MeOH) to furnish a light brown oil. This oil was dissolved in MeOH and 

Amberlite 120 resin (H+ form) was added to remove the remaining NEt3 
.
 HCl salt. 

After 2 hours the resin was filtered off and the solvent was removed in vacuo to 

produce a light brown oil 3.46 (32 mg, 0.0788 mmol, 82%). Rf = 0.32 (9:1 

CH2Cl2-MeOH); [α]D +66.65 (c 0.39, CH3OH); HR ESIMS: m/z [M+Na+] calcd 

for: C12H24O8PBrNa: 429.0284. Found: 429.0273. NMR data for the S isomer: 1H 

NMR (500 MHz, CD3OD): δ 4.62 (d, 1H, J = 3.9 Hz, H-1), 4.25-4.18 (m, 5H, H-

7, 2 x CH3CH2OP), 3.83-3.76 (m, 1H, H-5), 3.61-3.50 (m, 1H, H-3), 3.42 (s, 

CH3O), 3.36 (dd, 1H, J = 5.1, 3.9 Hz, H-2), 3.12-3.06 (m, 1H, H-4), 2.39 (dddd, 

1H, J = 14.8, 10.9, 5.6, 2.1 Hz, H-6b), 2.12-1.99 (m, 1H, H-6b), 1.36-1.33 (m, 6H, 

2 x CH3CH2OP); 13C NMR (125 MHz, CD3OD): δ 101.5 (C-1), 76.6 (C-4), 74.9 

(C-3), 73.6 (C-2), 70.5 (d, JC-P = 9.5 Hz, C-5), 65.5-65.4 (m, CH3CH2OP), 65.3-

65.2 (m, CH3CH2OP), 56.1 (CH3O), 38.6 (C-6), 38.5 (d, JC-P = 161.6 Hz, C-7), 

16.8 (m, CH3CH2OP), 16.7 (m, CH3CH2OP); 31P NMR (202 MHz, CD3OD): δ 

20.93. NMR data for the R isomer: 1H NMR (500 MHz, CD3OD): δ 4.65 (d, 1H, J 

= 3.9 Hz, H-1), 4.28 (m, 1H, H-7a), 4.25-4.18 (m, 4H, 2 x CH3CH2OP), 3.83-3.76 

(m, 1H, H-5), 3.61-3.50 (m, 1H, H-3), 3.46 (s, CH3O), 3.38 (dd, 1H, J = 5.0, 3.9 
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Hz, H-2), 3.12-3.06 (m, 1H, H-4), 2.68 (dddd, 1H, J = 15.0, 9.9, 6.6, 4.6 Hz, H-

6a), 2.12-1.99 (m, 1H, H-6b), 1.36-1.33 (m, 6H, 2 x CH3CH2OP); 13C NMR (125 

MHz, CD3OD): δ 101.4 (C-1), 75.6 (C-4), 75.0 (C-3), 73.7 (C-2), 68.9 (d, JC-P = 

13.7 Hz, C-5), 65.5-65.4 (m, CH3CH2OP), 65.3-65.2 (m, CH3CH2OP), 56.2 

(CH3O), 37.9 (d, JC-P = 158.8 Hz, C-7), 36.3 (C-6), 16.8 (m, CH3CH2OP), 16.7 

(m, CH3CH2OP); 31P NMR (202 MHz, CD3OD): δ 20.92. 

Methyl 6-Deoxy-6-[monobromophosphorylmethyl]-α-D-glucopyranoside, Bis-

Lithium Salt (3.6) 

 

According to our phoshonoester cleavage procedure: 1a (27.2 mg, 0.0670 mmol, 

1.0 equiv), trimethylsilyl bromide (88 µl, 0.670 mmol, 10.0 equiv) and anhydrous 

NEt3 (65 µl, 0.804 mmol, 12.0 equiv.) in anhydrous CH3CN (3 mL) under an N2 

environment was stirred for 12 h at 0 oC to rt to furnish 3.6 as a colourless foam 

(73:27 bis-lithium salt- lithium/HNEt3
+ salt mixture: 29.3 mg, 0.102, 78%). [α]D 

+66.69 (c 0.34, H2O); Data for the S isomer: 1H NMR (500 MHz, D2O): δ 4.79 (d, 

1H, J = 3.8 Hz, H-1), 4.05-3.95 (m, 1H, H-7), 3.92-3.82 (m, 1H, H-5), 3.64-3.54 

(m, 2H, H-3, H-2), 3.49 (s, 3H, CH3O), 3.28 (app t, 1H, J = 9.4 Hz, H-4), 2.34-
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2.26 (m, 1H, H-6a), 2.14-2.03 (m, 1H, H-6b); 13C NMR (125 MHz, D2O): δ 99.2 

(C-1), 74.3 (C-4), 73.1 (C-3), 71.4 (C-2), 68.8 (d, JC-P = 12.6 Hz, C-5), 55.6 

(CH3O), 43.3 (d, JC-P = 143.1 Hz, C-7), 35.2 (C-6); 31P NMR (160 MHz, D2O) δ ) 

δ 17.18. Data for the R isomer: 1H NMR (500 MHz, D2O): δ 4.79 (d, 1H, J = 3.8 

Hz, H-1), 4.05-3.95 (m, 1H, H-7), 3.92-3.82 (m, 1H, H-5), 3.64-3.54 (m, 2H, H-3, 

H-2), 3.46 (s, 3H, CH3O), 3.32 (app t, 1H, J = 9.4 Hz, H-4), 2.73-2.66 (m, 1H, H-

6a), 2.14-2.03 (m, 1H, H-6b); 13C NMR (125 MHz, D2O): δ 99.3 (C-1), 74.3 (C-

4), 73.2 (C-3), 71.3 (C-2), 70.7 (d, JC-P = 12.4 Hz, C-5), 55.6 (CH3O), 43.8 (d, JC-P 

= 142.5 Hz, C-7), 36.9 (C-6); 31P NMR (160 MHz, D2O) δ 17.02. HR ESIMS: m/z 

[M-H-] calcd for: C8H15O8PBrNa: 348.9693 Found: 348.9692. 

Methyl 2,3,4-Tri-O-benzyl-6-deoxy-6-[(diethoxyphosphoryl)dibromomethyl]-

α-D-glucopyranoside (3.49)  

 

A solution of n-butyl lithium (2.5 M in hexanes, 373 µL, 0.933 mmol, 3.0 equiv) 

in anhydrous THF (2 mL) under N2 was cooled to -97 oC in a liquid N2/MeOH 

bath. To this solution 3.45 (186 mg, 0.311 mmol, 1.0 equiv) in anhydrous THF (5 

mL) was added dropwise at a rate of 100 µL/min. The rate of addition was 
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maintained by use of a syringe pump. During the addition of 3.45 it is essential 

the temperature does not rise above -90 oC. After complete addition, stirring was 

continued at -97 oC for an additional 5 min before the reaction was quenched with 

bromine (48 µL, 0.933 mmol, 3.0 equiv). The reaction was kept at -97oC for 5 

min longer before H2O (1 mL) was added and the cooling bath was removed. The 

reaction was partially concentrated in vacuo to remove the majority of the THF 

before diluting with EtOAc (30 mL) and washed with H2O (20 mL). The aqueous 

layer was then extracted with EtOAc (2 x 30 mL) and the combined organic layers 

were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuo to 

produce a very crude product of 3.32 as brown oil (200 mg) that was not purified 

before use in the next step. This oil was dried on a high vacuum for a minimum of 

12 hours prior to use. To a solution of anhydrous diisopropylamine (125 µL, 0.887 

mmol, 3.0 mmol) in anhydrous THF cooled to 0 oC under an N2 environment was 

added n-butyl lithium (2.5 M solution in hexanes, 350 µL, 0.887 mmol, 3.0 equiv) 

dropwise with stirring. Stirring was continued at 0 oC for 15 min before the flask 

was cooled to -97 oC in a liquid N2/MeOH bath. To this solution, crude 3.32 (200 

mg, 0.296 mmol, 1.0 equiv) in anhydrous THF (5 mL) was added dropwise at a 

rate of 100 µL/min. The rate of addition was maintained by use of a syringe 

pump. Once again the temperature of the bath did not rise above -90 oC. After 

complete addition, stirring was continued at -97 oC for an additional 5 min before 

the reaction was quenched with bromine (46 µL, 0.887 mmol, 3.0 equiv). The 
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reaction was kept at -97 oC for 5 min longer before H2O (1 mL) was added and 

the cooling bath was removed. The reaction was partially concentrated in vacuo to 

remove the majority of the THF before diluting with EtOAc (30 mL) and washed 

with H2O (20 mL). The aqueous layer was then extracted with EtOAc (2 x 30 mL) 

and the combined organic layers were washed with brine (20 mL), dried over 

Na2SO4 and concentrated in vacuo. Purification using column chromatography 

(1:2 to 1:1 EtOAc-hexane furnished 3.49 (33.2 mg, 0.0440 mmol, 14% from 3.32) 

as a colourless oil followed by recovered 3.32 (63.2 mg, 0.0935 mmol, 30% from 

3.45) also as a colourless oil and as a ~1:1 mixture of diastereomers that co-

eluted. Rf = 0.50 (1:1 EtOAc-hexane); [α]D +25.31 (c 1.00, CH2Cl2); 
1H NMR 

(500 MHz, CDCl3): δ 7.38-7.26 (m, 15H, PhCH2), 5.01 (d, 1H, J = 10.7 Hz, 

CH2Ph), 4.93 (d, 1H, 11.0 Hz, CH2Ph), 4.82-4.79 (m, 2H, 2 x CH2Ph), 4.67 (d, 

1H, J = 12.2 Hz, CH2Ph), 4.66 (d, 1H, J = 12.1 Hz, CH2Ph), 4.61 (d, 1H, J = 3.6 

Hz, H-1),  4.58 (d, 1H, J = 11.1 Hz, CH2Ph), 4.38-4.25  (m, 5H, 2 x CH3CH2OP, 

H-5), 4.07 (app t, 1H, J = 9.4 Hz, H-3), 3.57 (s, 3H, CH3O), 3.52 (dd, 1H, J = 9.4, 

3.6 Hz, H-2), 3.21 (app t, 1H, J = 9.4 Hz, H-4), 3.06 (dd, 1H, J = 15.2, 6.1 Hz, H-

6a), 2.52 (ddd, 1H, 15.2, 8.9, 5.0 Hz, H-6b), 1.35-1.31 (m, 6H, 2 x CH3CH2OP); 

13C NMR (125 MHz, CDCl3): δ 138.6, 138.2, 137.9, 128.5, 128.4(8), 128.3(8), 

128.1, 128.0(6), 128.0(0), 127.9, 127.8, 127.7, 98.2 (C-1), 81.9 (C-3), 80.3 (C-4), 

79.8 (C-2), 75.8 (CH2Ph), 75.2 (CH2Ph), 73.4 (CH2Ph), 69.2 (d, JC-P = 10.8 Hz, 

C-5), 65.9, (d, JC-P = 7.2 Hz, CH3CH2OP), 65.8 (d, JC-P = 7.5 Hz, CH3CH2OP), 
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56.7 (CH3O), 55.9 (d, JC-P = 170.4 Hz, C-7), 44.5 (C-6), 16.5 (CH3CH2OP), 16.4 

(CH3CH2OP); 31P NMR (202 MHz, CDCl3) δ 11.63.  HR ESIMS: m/z [M+Na+]  

calcd for: C33H41O8PBr2Na: 777.0798. Found: 777.0803. 

Methyl 6-Deoxy-6-[(diethoxyphosphoryl)dibromomethyl]-α-D-

glucopyranoside (3.50) 

 

Compound 3.50 was prepared according to the FeCl3 debenzylation conditions 

used in the synthesis of 3.46: Compound 3.49 (19.0 mg, 0.0252 mmol, 1.0 equiv) 

was reacted with anhydrous FeCl3 (37.0 mg, 0.227 mmol, 9.0 equiv) in anhydrous 

CH2Cl2 at rt for 10 min to furnish 3.50 (8.2 mg, 0.0162 mmol, 64%). Rf = 0.35 

(9:1 CH2Cl2-MeOH); [α]D +27.32 (c 0.32, CH3OH); 1H NMR (500 MHz, 

CD3OD): δ 4.65 (d, 1H, J = 3.8 Hz, H-1) 4.16-4.05 (m, 4H, 2 x CH3CH2OP), 4.16 

(app t, 1H, J = 9.0 Hz, H-5), 3.63 (app t, 9.4 Hz, H-3), 3.56 (s, 3H, CH3O), 3.38 

(dd, 1H, J = 9.4, 3.8 Hz, H-2), 3.14 (ddd, 1H, J = 15.4, 6.4, 1.0 Hz, H-6a), 3.04 

(app t, 1H, J = 9.4 Hz, H-4), 2.52 (ddd, 1H, J = 15.4, 8.4, 6.0 Hz, H-6b), 1.40-1.36 

(m, 6H, 2 x CH3CH2OP); 13C NMR (125 MHz, CD3OD): δ 100.1 (C-1), 73.6 (C-

4), 73.4 (C-3), 72.0 (C-2), 69.9 (d, JC-P = 10.3, C-5), 66.0 (d, JC-P = 7.7 Hz, 
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CH3CH2OP), 66.71 (d, JC-P = 7.5 Hz, CH3CH2OP), 55.7 (CH3O), 54.7 (d, JC-P = 

173.0 Hz, C-7), 44.7 (C-6), 15.3(3) (CH3CH2OP), 15.2(9) (CH3CH2OP); 31P NMR 

(202 MHz, CD3OD): δ 11.71. HR ESIMS: m/z [M+Na+] calcd for: 

C12H23O8PBr2Na: 506.939 Found: 506.9385. 

Methyl 6-Deoxy-6-(diethoxyphosphorylmethylene)-α-D-glucopyranoside 

(3.51) 

 

Compound 3.51 was prepared according to the FeCl3 debenzylation conditions 

used in the synthesis of 3.46: Compound 15 (37.0 mg, 0.0620 mmol, 1.0 equiv) 

was reacted with anhydrous FeCl3 (90.5 mg, 0.558 mmol, 9.0 equiv) in anhydrous 

CH2Cl2 at rt for 10 min to furnish 3.51 (16.6 mg, 0.0508 mmol, 82%). Rf = 0.43 

(9:1 CH2Cl2-MeOH); [α]D +85.16 (c 0.58, CH3OH); 1H NMR (500 MHz, 

CD3OD) δ 6.97 (ddd, 1H, J  = 22.0, 17.2, 3.8 Hz, H-6), 6.06 (ddd, 1H, J = 21.9, 

17.2, 2.0 Hz, H-7), 4.76 (d, 1H, J = 3.8 Hz, H-1), 4.16-4.06 (m, 5H, CH3CH2OP, 

H-5), 3.65 (app t, 1H, J = 9.4 Hz, H-3), 3.42 (dd, 1H, J = 9.4, 3.8 Hz, H-2), 3.41 

(s, 3H, CH3O), 3.09 (app t, 1H, J = 9.4 Hz, H-4), 1.33 (t, 6H, J = 7.1 Hz, 

CH3CH2OP); 13C NMR (125 MHz, CD3OD): δ 149.8 (d, JC-P = 6.2 Hz, C-6), 
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115.7 (d, JC-P = 188.9 Hz, C-7), 100.2 (C-1), 74.0 (d, JC-P = 1.5 Hz, C-4), 73.7 (C-

4), 71.9 (C-2), 70.5 (d, JC-P = 20.9 Hz, C-5), 62.1-62.0, (m, 2 x CH3CH2OP), 54.5 

(CH3O), 15.2(2) (CH3CH2OP), 15.1(8) (CH3CH2OP); 31P NMR (202 MHz, 

CDCl3) δ 19.20. 

3.9.3 G6Pase inhibition studies 

These assays were developed using a variation of two procedures (Sigma-

Aldrich®103 and Nordlie and Arion, 1966105). Assays were conducted using male 

wister rat microsomes (Invitrogen, 20 mg/mL protein) which were purchased and 

stored at -80 oC in 25 µL aliquots. Assay protein concentration varied depending 

on the length of incubation time. All inhibitors were diluted to 75 mM, 100 mM or 

250 mM solutions in H2O and stored at -20 oC. The G6P substrate was diluted to 

200 mM in H2O and stored at 4 oC. All assays consisted of a total volume of 150 

µL in a microfuge tube. All other reagents discussed herein were prepared as an 

aqueous solution and stored at 4 oC. All experiments were completed in triplicate 

or quadruplicate as indicated. 

3.9.3.1 Phosphonic acid assays 

For long term incubations, inhibitor (2.5 mM) and microsome (2.5 µL, 0.33 

mg/mL protein) were incubated in assay buffer (3-(N-morpholino)propanesulfonic 

acid (MOPS), 100 mM, pH 6.5) and Triton X-100 surfactant (0.0067%) at 4 oC 
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for 60 h. After 60 h the tubes were warmed to 37 oC. G6P (3 µL, 4 mM) was then 

added and the tubes were then reacted for 15 min at 37 oC. The reaction was 

subsequently quenched with 40% trichloroacetic acid (TCA) (10 µL) and the 

tubes were centrifuged at 15 000 RPM for 5 min. After 5 min, a 100 µL aliquot 

was removed and placed in a well of a clear-bottomed 96 well plate (FD Falcon 

clear). To this, 100 µL of Taussky-Shorr reagent (TSR) (1% w/v ammonium 

molybdate, 2.7% v/v H2SO4 and 5% w/v ferrous sulfate hexahydrate)109, 113 was 

added and the wells were reacted at room temperature for 5 min before A660 was 

read by a Spectra Max M2 plate reader (n = 4).  

For short term incubations inhibitor (2.5 mM) and microsome (1.5 µL, 0.2 mg/mL 

protein) were incubated in MOPS buffer and Triton X-100 surfactant (0.0067%) at 

37 oC for 15 min. G6P (2 µL, 2.67 mM) was then added and the tubes were then 

reacted for 10 min at 37 oC. The reaction was subsequently quenched with 40% 

TCA (10 µL) and the tubes were centrifuged at 15 000 RPM for 5 min. After 5 

min, a 100 µL aliquot was removed and placed in a well of a clear-bottomed 96 

well plate (FD Falcon). To this, 100 µL of TSR was added and the wells were 

reacted at room temperature for 5 min before A660 was read by Spectra Max M2 

plate reader (n = 3).  
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3.9.3.2 Phosphonate ester assays 

Inhibitor (2.5 mM) and microsome (2.0 µL, 0.27 mg/mL protein) were incubated 

in MOPS buffer at 4 oC for 60 min. G6P (2.5 µL, 3.33 mM) was then added and 

the tubes were reacted for 15 min at 37 oC. The reaction was subsequently 

quenched with 40% TCA (10 µL) and the tubes were centrifuged at 15 000 RPM 

for 5 min. After 5 min, a 100 µL aliquot was removed and placed in a well of a 

clear-bottomed 96 well plate (FD Falcon). To this, 100 µL of TSR was added and 

the wells were reacted at room temperature for 5 min before A660 was read by the 

Spectra Max M2 plate reader (n = 3).  

3.9.3.3 Dilution experiment 

This experiment is similar to the experiment described by Nordlie et al (1996).114 

Three microfuge tubes were used. In one tube, inhibitor (2.5 mM) and microsome 

(1.0 µL, 0.4 mg/mL protein) were incubated. In the other two tubes microsome 

(1.0 µL, 0.4 mg/mL protein) was incubated in buffer alone. All incubations 

occurred in MOPS buffer at 4 oC for 60 min in total assay volume of 50 µL (1/3 

the volume of the above assays). After 60 min, 100 µL of MOPS buffer was added 

to all three tubes to restore the volume to 150 µL as in all the other assays. In the 

second tube, inhibitor (2.5 mM) was added. All three tubes were incubated on the 

bench top at 20 oC for ten minutes at this point. After ten minutes, G6P substrate 
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(9 µL, 12 mM) was added and the tubes were reacted at 37 oC for 15 minutes. The 

reaction was subsequently quenched with 40% TCA (10 µL) and the tubes were 

centrifuged at 15 000 RPM for 5 min. After 5 min, a 100 µL aliquot was removed 

and placed in a well of a clear-bottomed 96 well plate (FD Falcon). To this, 100 

µL of TSR was added and the wells were reacted at room temperature for 5 min 

before A660 was read by Spectra Max M2 plate reader. 

3.9.3.4 Rate of G6P hydrolysis by Taussky-Shorr assay 

Colorimetric data was converted to a rate of G6P hydrolysis by use of the 

equation y = 0.0068x + 0.0174 from the line of best fit in Figure 3.6 to provide a 

rate in mol G6P/mg protein. Figure 3.6 was generated by reacting a known 

concentration of phosphorus with the TSR for 5 minutes in a well of a clear-

bottomed 96 well plate. The data were then plotted in Microsoft Excel (n = 3). 
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Figure 3.6: Quantification of phosphorus content from absorbance. 
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