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Here we describe the successful syntheses of a series of 4-, 7-, 8- and 9-deoxygenated 2,3-difluoro-N-
acetylneuraminic acid derivatives as potential mechanism-based inhibitors of sialidases. The syntheses
commenced utilising an enzyme-catalysed aldolase reaction between N-acetyl mannosamine and b-flu-
oropyruvic acid to give 3-fluoro-N-acetyl-neuraminic acid. This common intermediate was then used in
selective protection protocols and Barton–McCombie deoxygenations to generate the complete set of
mono-deoxygenated 3-fluoro-N-acetylneuraminic acid derivatives. Finally, a fluorination step utilising
(diethylamino)sulfur trifluoride (DAST) was used to successfully generate each of the target difluorides.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Sialidases are a superfamily of sialic acid-degrading enzymes
(EC 3.2.1.18) widely found in higher eukaryotes and in a vast num-
ber of microbial pathogens.1 Owing to the importance that sialid-
ases play in a range of biological processes, the ability to
moderate their enzymatic function is associated with numerous
therapeutic applications ranging from the treatment of type II dia-
betes,2 to their targeting by antiviral3–5 and cancer6 therapeutics.
Sialidases are known to effect glycoside hydrolysis with a net
retention of anomeric stereochemistry (retaining glycosidases)
however debate still exists over the nature of the catalytic mecha-
nism through which this hydrolytic reaction is performed. Re-
cently, a number of studies on family GH33 (CAZy)7 sialidases
have demonstrated that these enzymes operate through a two-
step, double-displacement mechanism similar to the majority of
retaining glycosidases, but involve the participation of a tyrosine
residue as the catalytic nucleophile to form, uniquely, a covalent
aryl-glycoside intermediate.8–11 This covalent intermediate was
originally observed with Trypanosoma cruzi trans-sialidase using
the novel mechanism-based inhibitor 2,3-difluoro N-acetylneu-
raminic acid 1, developed to attenuate glycosylation (k1) and
deglycosylation (k2) rates in the catalytic cycle of sialidases
(Scheme 1).12,13 The introduction of an electronegative fluorine
atom at C-3 serves to destabilise the formation of a positive charge
during the transition-state, which reduces the rates of both glyco-
sylation and deglycosylation. A ‘good leaving group’ at the anomer-
ic position, such as fluorine, selectively rescues the rate of
glycosylation allowing the covalently linked sialosyl–enzyme
intermediate to be kinetically accessible and accumulate to a high
steady-state concentration.

Given the important role of sialidases in numerous diseases it is
considered that 2,3-difluoro sialic acids represent a novel class of
sialidase inhibitors with the potential to be developed into thera-
peutics. However, the reported inactivation of Trypanosoma cruzi
trans-sialidase by 2,3-difluoro-N-acetylneuraminic acid 1 required
very high concentrations of inhibitor (5 mM), which was consid-
ered to be largely attributable to the rapid turn-over of the cova-
lent intermediate (high k2). This rapid turn-over of the covalent
intermediate has also been observed with sialidases from other
pathogenic organisms inhibited by difluorosialic acids, suggesting
that increasing the stability (half-life) of the covalent intermediate
will be necessary to improve the inhibitory properties of this class
of compound.11 Towards this aim, we considered that a detailed
understanding of the individual contribution by each hydroxyl
group of sialic acid towards transition-state stabilisation of siali-
dase catalysed hydrolysis would provide valuable information for
improving the half-lives of the covalently bound species.

A previous study by Street et al. has investigated substrate/pro-
tein interactions through specific modifications of the substrate,
creating carefully selected analogues that differ in their electronic
properties and hydrogen-bonding capability, but retaining their
ability to be accepted and/or processed by the enzyme.14,15 These
studies, performed on glycogen phosphorylase, demonstrated the
usefulness of deoxygenated substrates to gain insight into both
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Scheme 1. The glycosylation (k1) and deglycosylation (k2) rate constants are attenuated by fluorine-containing mechanism-based inactivators.
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the electronic structure of the enzymatic ground-state Michaelis
complex, as well as the transition-state of the reaction.14,15

Herein we describe the synthesis of the complete series of
mono-deoxygenated 2,3-difluorsialic acids 2–5, designed to facili-
tate the dissection of individual hydroxyl group contributions to-
wards transition-state stabilisation during the processing of this
novel class of inhibitors by sialidases.

2. Results and discussion

2.1. Synthesis of 5-N-acetyl-2,3,4,5-tetradeoxy-2,3-difluoro-D-
erythro-b-L-manno-non-2-ulopyranosonic acid (2)

The synthesis of 5-N-acetyl-2,3,4,5-tetradeoxy-2,3-difluoro-D-
erythro-b-L-manno-non-2-ulopyranosonic acid 2 began with the
formation of 3-fluoro-N-acetyl-neuraminic acid 8, as previously
described by Watts and Withers using an aldolase mediated reac-
tion (Scheme 2).10

According to this procedure, 2-N-acetyl-D-mannosamine 6 and b-
fluoropyruvic acid 7 were subjected to Neu5Ac aldolase (EC 4.1.3.3)
in aqueous solution at room temperature for 5 days to give 3-fluoro-
N-acetyl-neuraminic acid 8. The crude residue was subsequently
esterified using trifluoroacetic acid (TFA) in methanol and then trea-
ted with 2,20-dimethoxypropane and catalytic amounts of p-tolu-
enesulfonic acid (TSA) in acetone according to the procedure of
Ogura et al.16 to give the 3-fluoro-8,9-O-isopropylidene-N-acetyl-
neuraminic acid methyl ester 9 in 71% overall yield from b-fluoro-
pyruvic acid 7.

For the subsequent deoxygenation of C-4, we first sought to
investigate the use of thionocarbonates and O-thiocarbamates as
these groups can be introduced under essentially neutral conditions
from O-phenyl chlorothionoformate and 1,10-thiocarbonyldiimi-
dazole respectively. Additionally, both thionocarbonates and
O-thiocarbamates have been shown to react at lower temperatures
during radical deoxygenation and have been reported previously for
the successful deoxygenation of sialic acid derivatives.17

As such, 3-fluoro-8,9-O-isopropylidene-N-acetyl-neuraminic
acid methyl ester 9 was treated with phenyl chlorothionoformate
in pyridine and dichloromethane to give the 4-O-(phenoxy)thio-
carbonyl methyl ester 10 in 76% yield. We next sought to identify
suitable conditions for the Barton–McCombie deoxygenation at C-
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Scheme 2. Reagents and conditions: (a) N-Acetylneuraminic aldolase, H2O, 5 d, rt; (b) M
4 h, 50 �C, 71% (over 3 steps); (d) phenyl chlorothionoformate, pyridine/CH2Cl2, 4 h, �40
4 to generate the 4-deoxy-3-fluoro methyl ester 11 from the
thionocarbonate 10. Although the deoxygenation of sialic acid at
C-4 has been reported previously, the radical initiator used in the
vast majority of these reports (AIBN) is now difficult to obtain com-
mercially, prompting us to investigate a variety of radical initiators,
radical carriers, solvents and temperatures for this transformation.

Initially, bis(tributyltin) oxide was used to generate tributyltin
hydride in situ according to the procedure previously reported of
Lopez et al.18 Here, poly(methylhydrosiloxane) (PMHS) and n-
butanol in toluene are used to generate two equivalents of tributyl-
tin hydride, with 1,10 azo bis(cyanocyclohexane) (ACHN) used as
the radical initiator. As such, the 4-O-(phenoxy)thiocarbonyl deriv-
ative 10 was subjected to bis(tributyltin) oxide, n-BuOH and
azobiscyanocyclohexane in toluene/DMF overnight at 80 �C (Ta-
ble 1, entry 1).18 However, under these conditions only the starting
compound 10 was recovered. Attempts to drive the conversion for-
ward by increasing the temperature to 90 �C only resulted in
decomposition of compound 10 (Table 1, entry 2).

As a consequence of this decomposition, an alternative method
reported by Park et al.19 to effect facile Barton–McCombie deoxy-
genation was then attempted. Here, the 4-O-(phenoxy)thiocarbonyl
derivative 10 was subjected to the initiator tetrabutylammonium
peroxydisulfate and radical promoter sodium formate in DMF at
60 �C for 24 h as previously described by Park et al. (Table 1, entry
3). Following aqueous work up and purification by silica chromatog-
raphy (EtOAc/MeOH), the desired product 11 was successfully ob-
tained in 17% yield. However, in addition to the formation of 11,
both starting material 10 and the product of hydrolysis 9 were also
observed.20,21 Several attempts to improve the yield by altering the
time and temperature of reaction could only improve the conversion
to provide 11 in up to 24% yield (Table 1, entry 4). At this stage it was
considered that the reduced rates of conversion observed in compar-
ison to previous reports were likely resulting from the presence of
fluorine at C-3 having a significant influence on the progress of the
deoxygenation. It was considered that the use of a more effective
promoter in tributyltinhydride may overcome the retardive influ-
ence of the fluorine.

As such, the 4-O-(phenoxy)thiocarbonyl derivative 10 was sub-
jected to a general Barton–McCombie protocol utilising tributyltin
hydride and ACHN in toluene under reflux conditions (Table 1, en-
try 5). Following aqueous workup and purification, the desired
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Table 1
Overview of the different conditions used for the synthesis of 4-deoxy-3-fluoro-8,9-O-isopropylidene-N-acetylneuraminic acid methyl ester 11
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Entry Initiator (equiv) Promotor (equiv) Solvent Time (h) T (�C) Product Yielda (%)

1 ACHNb (0.15) (Bu3Sn)2O (0.037) Toluene/DMF O/N 80 s.m. n.d.
PMHS (5)
n-BuOH (5.5)

2 ACHNb (0.15) (Bu3Sn)2O (0.037) Toluene/DMF 3.5 90 dec n.d.
PMHS (5)
n-BuOH (5.5)

3 (Bu4N)2S2O8 (3) NaHCO3 (6) DMF 24 60 11 17
4 (Bu4N)2S2O8 (3) NaHCO3 (6) DMF 5 70 11 24
5 ACHNb (0.3) Bu3SnH (3.7) Toluene 24 120 11 24
6 BTBPBc (0.45) Bu3SnH (3.7) 1,4-Dioxane 4 100 11 81

dec = Decomposition.
n.d. = Not determined.

a Isolated yields after silica chromatography.
b 1,10 Azo bis(cyanocyclohexane).
c 50% 2,2-Bis(tert-butylperoxy)-butane mineral oil-solution.
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Scheme 3. Reagents and conditions: (a) (i) AcOH/H2O, 2 h, 60 �C, (ii) Ac2O, pyridine, 3 d, 40 �C, 76% (2 steps); (b) hydrazine acetate, MeOH/CH2Cl2, 20 h, 4 �C, 51%; (c) DAST,
CH2Cl2, 1.5 h, �40 �C ? �10 �C, a-anomer: 45%, b-anomer: 30%; (d) (i) NaOMe, MeOH, 30 min, rt, (ii) 1 M NaOH, pH 12, 1 h, rt, 52% (2 steps).
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product 11 was isolated in 24% yield. A major side product result-
ing under these conditions was also identified as the sulfur–oxygen
exchanged carbonate 12. The rearrangement of thionocarbonates
under Barton–McCombie conditions, giving derivatives such as
the O-thiocarbonyl 12, has been described previously by Powers
and Tarbell.22 Hence, in an effort to reduce the degree of rearrange-
ment, 2,2-bis(tert-butylperoxy)-butane (BTBPB) was substituted as
the radical initiator to shorten reaction times while using 1,4-diox-
ane as solvent. Here, 3-fluoro-8,9-O-isopropylidene-4-O-(phen-
oxy)thiocarbonyl-N-acetylneuraminic acid methyl ester 10 was
then subjected to radical Barton–McCombie conditions using tri-
butyltin hydride in the presence of BTBPB in 1,4-dioxane under re-
flux to provide compound 11 in 81% yield (Table 1, entry 6).23

Having successfully deoxygenated the C-4 position, compound
11 was then subjected to 80% aqueous acetic acid according to
the procedure of Anazawa et al.24 to remove the O-8,9-isopropyli-
dene group, followed by acetylation using acetic anhydride in
pyridine to give the per-O-acetylated 4-deoxy-3-fluoro-N-acetyl-
neuraminic acid 13 in 76% yield over the two steps (Scheme 3).
Selective deprotection at the C-2 position of compound 13 was
then performed according to a known procedure using hydrazine
acetate in dichloromethane/MeOH,10,25–27 to afford the hemiketal
14 in 51% yield. Subsequent fluorination by treatment with DAST
in dichloromethane at �40 to �10 �C for 1.5 h resulted in the for-
mation of compounds 15-a,b as an anomeric mixture which
proved separable by silica chromatography.

Unfortunately, the assignment of absolute stereochemistry to
the two compounds on the basis of coupling constants, by either
1H or 19F NMR analysis, was not possible. As such, small molecule
X-ray crystallographic analysis of the less polar compound was uti-
lised to confirm that the fluorine atom at position C-2 for this com-
pound was axial, being labelled F1 in the X-ray structure shown
(Fig. 1). Upon this basis, it was determined that the desired a-ano-
mer was isolated in 45%, along with the b-anomer isolated in 30%
yield.

The desired a-per-O-acetyl-4-deoxy-2,3-difluoro-N-acetyl-neu-
raminic acid methyl ester 15-a was then globally deacetylated fol-
lowing Zemplén28 conditions using sodium in methanol at room



Figure 1. X-ray crystallographic structure of the C-2 axial fluorine containing per-
O-acetyl-4-deoxy-2,3-difluoro-N-acetyl-neuraminic acid methyl ester 15-b.
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temperature, followed by saponification of the crude residue using
0.5 M aqueous sodium hydroxide and purification by silica chro-
matography to give the target compound, 5-N-acetyl-2,3,4,5-tetra-
deoxy-2,3-difluoro-D-erythro-b-L-manno-non-2-ulopyranosonic acid
2, in 52% yield from 15-a.

2.2. Synthesis of 5-N-acetyl-2,3,5,7-tetradeoxy-2,3-difluoro-D-
erythro-b-L-manno-non-2-ulopyranosonic acid (3)

For the synthesis of 5-N-acetyl-2,3,5,7-tetradeoxy-2,3-difluoro-D-
erythro-b-L-manno-non-2-ulopyranosonic acid 3, the previously
generated intermediate 9 was treated with benzoyl chloride in
dichloromethane and pyridine at �40 �C for 90 min to afford 2,4-
di-O-benzoyl-3-fluoro-8,9-O-isopropylidene-N-acetylneuraminic acid
methyl ester 16 in 54% yield (Scheme 4). A major side product also
formed under these conditions was identified as the 2,4,7-tri-O-
benzoyl-3-fluoro-8,9-O-isopropylidene-N-acetyl-neuraminic acid
methyl ester 17, which was isolated in 18% yield. The introduction
of an O-thionocarbonate at OH-7 was then performed using phenyl
chlorothionoformate under conditions previously employed for the
synthesis of 10, which yielded the desired product 18 along with
the product of sulfur–oxygen exchange 19, previously observed
by Powers and Tarbell.22 as an inseparable mixture in a ratio of 1:1.

Given that the attempted introduction of a thionocarbonate at
O-7 had resulted in formation of an inseparable mixture, it was con-
sidered that the use of a thiocarbamate according to the method of
Miyazaki et al.17 could prove more successful. Hence, the 2,4-di-O-
benzoyl-3-fluoro-8,9-O-isopropylidene-sialic acid methyl ester 16
was treated with 1,10-thiocarbonyldiimidazole in anhydrous dichlo-
romethane to provide the 2,4-di-O-benzoyl-3-fluoro-8,9-O-isopro-
pylidene-7-O-thiocarbamate-N-acetylneuraminic acid methyl
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ester 20 in 95% yield (Scheme 5). The 7-O-thiocarbamate derivative
20 was then subjected to Barton–McCombie deoxygenation condi-
tions using Luperox� 101 as a radical initiator and tributyltin hy-
dride in 1,4-dioxane under reflux conditions to give the 2,4-di-O-
benzoyl-7-deoxy-3-fluoro-8,9-O-isopropylidene-N-acetylneurami-
nic acid methyl ester 21 in 89% yield. Here, Luperox� 101 was found
to have advantages over BTBPB as a radical initiator such as ease of
use and increased stability. Compound 21 was then subjected to so-
dium in methanol and the resultant crude mixture then treated with
80% aqueous acetic acid, followed by acetylation using acetic anhy-
dride in pyridine to give the per-O-acetyl-7-deoxy-3-fluoro-N-acet-
ylneuraminic acid methyl ester 22 in 83% yield over the 3 steps.

Compound 22 was then selectively deprotected at the C-2 posi-
tion using hydrazine acetate in a mixture of dichloromethane and
methanol at 4 �C to afford the hemiketal 23 in 84% yield. Treatment
of the hemiketal 23 with DAST in dichloromethane at �40 to
�10 �C according to the method described previously, then affor-
ded the products of fluorination as a mixture of a- and b-anomers.
Despite exhaustive efforts, it was not found to be possible to sep-
arate the a- and b-anomers using silica chromatography at this
stage, though it was considered that purification might be achieved
following deacetylation of the mixture.

As such, the crude anomeric mixture of difluorides was deacet-
ylated using sodium in methanol at room temperature to give the
7-deoxy-2,3-difluoro-N-acetyl-neuraminic acid methyl esters 24-
a,b. Subsequent purification by silica chromatography provided
the desired a-anomer in 41% yield along with the b-anomer in
20% yield, over the two steps.

Finally, saponification of the desired methyl ester 24-a with
0.5 M aqueous sodium hydroxide at room temperature yielded
the target compound 3 in 49% yield.

2.3. Synthesis of 5-N-acetyl-2,3,5,8-tetradeoxy-2,3-difluoro-D-
erythro-b-L-manno-non-2-ulopyranosonic acid (4)

For the synthesis of 5-N-acetyl-2,3,5,8-tetradeoxy-2,3-difluoro-
D-erythro-b-L-manno-non-2-ulopyranosonic acid 4, the previously
synthesised methyl ester derivative 9 was subjected to acetic
anhydride in pyridine for 7 days to give the 2,4,7-tri-O-acetyl-3-
fluoro-8,9-O-isopropylidene-N-acetyl-neuraminic acid methyl es-
ter 25 in 91% yield (Scheme 6).

Next, compound 25 was hydrolysed using 80% aqueous acetic
acid, followed by the addition of benzoyl chloride in pyridine at
room temperature to give selectively the O-9-benzoyl derivative
26 in 70% yield over the two steps. Compound 26 was then treated
with phenyl chlorothionoformate in pyridine at 0 �C to afford the 2,
4,7-tri-O-acetyl-9-O-benzoyl-3-fluoro-8-O-(phenoxy)thiocarbonyl-N-
acetylneuraminic acid methyl ester 27 in 84% yield. Subsequent
Barton–McCombie deoxygenation of compound 27 using Luperox�

101 and tributyltin hydride in 1,4-dioxane under reflux as de-
scribed earlier, provided the 2,4,7-tri-O-acetyl-9-O-benzoyl-8-
deoxy-3-fluoro-N-acetyl-neuraminic acid methyl ester 28 in 80%
yield.

The selective anomeric deprotection of compound 28 was then
accomplished using hydrazine acetate in dichloromethane and metha-
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nol at 4 �C to give the hemiketal 29 in 83% yield. The subsequent treat-
ment of 29 with DAST in dichloromethane at�40 to�10 �C then affor-
ded the difluorides 30-a,b as an inseparable mixture. Deacetylation of
30-a,b using sodium in methanol at room temperature, followed by sil-
ica chromatography, then provided the desireda-anomer in 25% yield,
as well as the b-anomer in 11% yield, over the 3 steps.

Finally, ester saponification of the desired compound 30-a
using 0.5 M aqueous sodium hydroxide then gave the target com-
pound 4 in 22% yield from 29.
2.4. Synthesis of 5-N-acetyl-2,3,5,9-tetradeoxy-2,3-difluoro-D-
erythro-b-L-manno-non-2-ulopyranosonic acid (5)

For the synthesis of 5-N-acetyl-2,3,5,9-tetradeoxy-2,3-difluoro-
D-erythro-b-L-manno-non-2-ulopyranosonic acid 5, the previously
prepared methyl ester 17 was hydrolysed using 80% aqueous acetic
acid and the crude mixture then treated with 1,10-thiocarbonyldi-
imidazole in anhydrous dichloromethane to give the desired 2,4,7-tri-
O-benzoyl-8,9-O-carbonothioate-3-fluoro-N-acetylneuraminic
acid methyl ester 31 in 81% yield over the 2 steps (Scheme 7).

Compound 31 was then subjected to freshly distilled iodomethane at
56 �C overnight as previously reported by Schreiner et al.29 to give the 9-
iodo-8-O-methylthiocarbonyl-N-acetylneuraminic acid derivative 32 in
95% yield. The 8-O-methylthiocarbonyl derivative 32 was then sub-
jected to Barton–McCombie deoxygenation using Luperox� 101 and tri-
butyltin hydride in 1,4-dioxane under reflux as described previously, to
yield the 9-deoxy-3-fluoro-8-O-methylthiocarbonyl-N-acetylneurami-
nic acid methyl ester 33 in98% yield. The 9-deoxy derivative 33 was then
treated with sodium in methanol and the subsequent product then
acetylated using acetic anhydride in pyridine to give the 9-deoxy
methyl ester derivative 34 in 77% yield over the 2 steps.28

Next, compound 34 was selectively deprotected at position C-2
using hydrazine acetate in dichloromethane and methanol at 4 �C to af-
ford the hemiketal derivative 35. Treatment of compound 35 with
DAST in dichloromethane at �40 to �10 �C as mentioned previously,
afforded 36-a,b as a 1:1 mixture of thea- and b-fluorides, each isolated
in 38% yield at this stage following silica chromatography.

The methyl ester derivative 36-a was then deacetylated using
sodium in methanol, followed by saponification of the resulting
crude residue using 0.5 M aqueous sodium hydroxide to give the
desired 9-deoxy-2,3-difluoro-N-acetylneuraminic acid 5 in 99%
over the 2 steps.

3. Conclusions

Herein we have described the successful syntheses of the four
novel monodeoxygenated 2,3-difluorosialic acids 2–5 as potential
inhibitors and mechanistic probes for sialidases. A number of ap-
proaches were investigated for the synthesis of the 4-deoxy deriv-
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ative 2, where a Barton–McCombie protocol using the radical car-
rier tributyltin hydride under reflux conditions in 1,4-dioxane was
found to be effective and proved to be generally applicable to the
synthesis of the remaining monodeoxygenated 2,3-difluorosialic
acid derivatives 3–5. Analysis of the small molecule X-ray structure
of the difluoride 15 proved necessary for the unambiguous assign-
ment of its anomeric stereochemistry, enabling the successful syn-
thesis of 2. The Barton–McCombie conditions identified for the
synthesis of 2 were also applied to the syntheses of targets 3–5,
with the exception that Luperox 101 was employed as a free radi-
cal initiator in preference to BTBPB. The peroxide Luperox 101 is a
commonly used initiator for free radical polymerisation reactions,
though its use has not been reported previously for application un-
der Barton–McCombie deoxygenation conditions. Here, we found
Luperox 101 to be an effective radical initiator for the Barton–
McCombie deoxygenation of sialic acids, suggesting that this re-
agent may prove to be generally useful as an alternative to the tra-
ditional initiator AIBN for tinhydride mediated deoxygenations.

Another notable observation is the variability in the ratio of
anomeric fluorides generated here from treatment of the hemi-ke-
tals with DAST. Previous studies generating 2,3-difluoro sialic acid
derivatives consistently report over 80% yield of the desired a-ano-
mer when DAST fluorinations were performed at a constant tem-
perature of �30 �C.10,11 We consider that variable ratios of a-
anomer observed here (50%-a for 36 to 70%-a for 24) may result
from our modified procedure where the DAST fluorinations were
performed over a temperature range from �40 to �10 �C.

The series of deoxygenated difluorosialic acids 2–5 are currently
being investigated as inhibitors against a host of sialidases of bac-
terial, trypanosomal and viral origin, with the results of these ki-
netic and crystallographic studies to be presented in the future.
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