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Abstract

A library of 2(e),3(a/e)-difluorosialic acids and their C-5 and/or C-9 derivatives were 

chemoenzymatically synthesized. Pasteurella multocida sialic acid aldolase (PmAldolase), but not 

its Escherichia coli homolog (EcAldolase), was found to catalyze the formation of C5-azido 

analog of 3-fluoro(equatorial)-sialic acid. In comparison, both PmAldolase and EcAldolase could 

catalyze the synthesis of 3-fluoro (axial or equatorial)-sialic acids and their C-9 analogs although 

PmAldolase was generally more efficient. The chemoenzymatically synthesized 3-fluoro (axial or 

equatorial)-sialic acid analogs were purified and chemically derivatized to form desired 

difluorosialic acids and derivatives. Inhibition studies against several bacterial sialidases and a 

recombinant human cytosolic sialidase hNEU2 indicated that sialidase inhibition was affected by 

the C-3 fluorine stereochemistry and derivatization at C-5 and/or C-9 of the inhibitor. Opposite to 

that observed for influenza A virus sialidases and hNEU2, compounds with an axial fluorine at 

C-3 were better inhibitors (up to 100-fold) against bacterial sialidases compared to their 3F-

equatorial counterparts. While C-5-modified compounds were less efficient anti-bacterial sialidase 

inhibitors, 9-N3-modified 2,3-difluoro-Neu5Ac showed increased inhibitory activity against 

bacterial sialidases. 9-Azido-9-deoxy-2-equatorial-3-axial-difluoro-N-acetylneuraminic acid 

(2e3aDFNeu5Ac9N3) was identified as an effective inhibitor with a long effective duration 

selectively against pathogenic bacterial sialidases from Clostridium perfringens (CpNanI) and V. 
cholerae.
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INTRODUCTION

Sialic acids are a family of negatively charged monosaccharides with a nine-carbon 

backbone. They play important roles in human homeostasis and pathological processes.1 

The level of sialic acid on cell surface is regulated by the functions of sialyltransferases, 

sialidases, and the availability of sialyltransferase donor substrates cytidine-5’-

monophosphate sialic acids (CMP-Sia).1–3 Sialidases or neuraminidases (EC 3.2.1.18) are 

key enzymes for the catabolism of sialic acid-containing oligosaccharides or 

glycoconjugates, in which they catalyze the cleavage of terminal sialic acids.2 Sialidases 

found in bacteria, viruses, fungi, and mammals have differences in their primary sequences, 

but share a common catalytic domain.4

Bacterial sialidases play diverse roles including a nutritional function for providing bacteria 

with carbon and energy sources, serving as virulence factors during bacterial pathogenesis, 

and immunomodulatory effects.5–9 For example, Streptococcus pneumoniae10 and 

Tannerella forsythia11 produce sialidases which release sialic acids as bacterial carbon and 

energy sources.12 In addition, Streptococcus pneumoniae sialidase SpNanA is essential for 

pathogenesis of Streptococcus pneumoniae, which causes respiratory-tract infections, 

pneumonia, otitis media, bacteremia, sepsis, and meningitis, etc.13 Clostridium perfringens 
sialidase may facilitate the infection of this Gram-positive pathogenic bacterium which 

causes histotoxic infections and intestinal diseases.14 Therefore, bacterial sialidases are 

attractive targets for drug development.

The effort of protein crystal structure-based rational design has successfully identified 

several sialidase inhibitors as effective anti-influenza A virus therapeutics, including 

Zanamivir (Relenza, GlaxoSmithKline),15 Oseltamivir (Tamiflu, Gilead/Roche),15,16 

Peramivir (Rapivab, BioCryst),16–20 Laninamivir,21 and TCN-032.22,23 Crystal structures of 

an increasing number of bacterial sialidases are becoming available and an improved 

understanding of their mechanisms has been achieved, providing a great opportunity for 

designing inhibitors selectively against bacterial sialidases.24–26 Indeed, sialidase inhibitors 

have shown to protect mice against bacterial sepsis in an animal model.27
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In addition to inhibitors designed based on sialidase transition state analog 2-deoxy-2,3-

didehydro-N-acetylneuraminic acid (Neu5Ac2en or DANA)24,27–29 or sialidase product 

analog,25,30 difluorosialic acids were developed as a new class of mechanism-based sialidase 

inhibitors.31–34 The addition of an electronegative fluorine atom as a good leaving group at 

C-2 of sialic acids was shown to allow the formation of a covalent bond between the sialic 

acid and the sialidase. Adding another fluorine at C-3 of sialic acid was shown to destabilize 

the oxocarbenium-like transition state,35,36 slow down the cleavage of the glycosyl-enzyme 

covalent bond, thus trap the intermediate.31–33,37–39 Indeed, the designed difluoro-

compounds were demonstrated to form glycosyl-enzyme intermediates with several parasite 

trans-sialidases, some bacterial sialidases, and human cytosolic sialidase hNEU2 by nuclear 

magnetic resonance (NMR) spectroscopy, mass spectrometry (MS), and/or X-ray crystal 

structures.31–33,38,39 Influenza A virus neuraminidases were shown to follow the same 

mechanism involving the formation of a glycosyl-enzyme intermediate.34 2(equatorial),
3(equatorial)-Difluorosialic acid with a C4-guanidinium group was proven to have superior 

in vitro anti-influenza A virus efficacy compared to its C4-ammonium or its 2(equatorial),
3(axial)-difluorosialic acid counterpart with an inhibition efficacy comparable to that of 

Zanamivir.34

We showed previously that derivatization of Neu5Ac2en-based sialidase inhibitor at carbon 

9 and carbon 5 significantly affected its selectivity against different sialidases.26,40 We 

aimed to introduce selectivity to 2,3-difluoro sialic acid-based sialidase inhibitors by 

exploring modifications at C-5 and/or C-9 as well as varying C-3 fluorine stereochemistry 

(axial or equatorial). As shown below, an effective inhibitor with inhibition values in a low 

nanomolar range against bacterial sialidases including those from Streptococcus pneumoniae 
(SpNanA), Clostridium perfringens (CpNanI), and Arthrobacter ureafaciens is identified. 

The inhibitor also has a long effective duration against pathogenic bacterial sialidases from 

V. cholerae (with a reactivation half-life of > 24 hours) and Clostridium perfringens 
(CpNanI) (with a reactivation half-life of > 60 hours). The compound can be explored to 

further improve its property for potential application as useful chemical glycobiological 

tools and/or strategies to combat bacterial infection or host immune-regulation.

RESULTS AND DISCUSSION

Synthesis of 2,3-Difluorosialic Acids and Analogs. A library of 2(equatorial),3(equatorial/
axial)-difluoro sialic acids and analogs (Figure 1) were designed and synthesized, which 

include a C-3 fluorine (equatorial) with or without modification on C-5 or C-9 (Compounds 

1–4), or a C-3 fluorine (axial) with or without modification on C-9 (Compounds 5–6).

2e3eDFNeu5Ac (1) and 2e3aDFNeu5Ac (5), as well as 2e3eDFNeu5Ac9N3 (2) and 

2e3aDFNeu5Ac9N3 (6) were synthesize to address the question whether C-3 fluorine 

stereochemistry would influence the inhibition of sialidases. 2e3eDFNeu5N3 (3) and 

2e3eDFNeu5Gc (4) were produced to allow the comparison with 2e3eDFNeu5Ac (1) to 

study the effect of C-5 modification. The comparison of 2e3eDFNeu5Ac9N3 (2) and 

2e3eDFNeu5Ac (1), as well as 2e3aDFNeu5Ac9N3 (6) and 2e3aDFNeu5Ac (5) can lead to 

the understanding of the effect of modifications at C-9. In addition, comparison with results 
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from previous reported inhibition studies using C-5 and C-9 of Neu5Ac2en26 would gain 

insights for the preferred type of inhibitors against different bacterial sialidases.

As shown in Scheme 1, an efficient chemoenzymatic method similar to a strategy reported 

previously32,33,41 was used to synthesize target difluoro-compounds. To obtain 

2e3eDFNeu5Ac (1) and 2e3aDFNeu5Ac (5), 3-deoxy-3-fluoro-Neu5Ac intermediates 

3F(e)Neu5Ac (8a) and 3F(a)Neu5Ac (8b) with a C-3 fluorine at either equatorial or axial 

position were synthesized by incubating sodium 3-fluoro-pyruvate with N-

acetylmannosamine (7a) (Scheme 1A) in a Tris-HCl buffer (100 mM, pH = 7.5) at 37 °C for 

overnight in the presence of Pasteurella multocida sialic acid aldolase (PmAldolase)42 or 

Escherichia coli sialic acid aldolase (EcAldolase).43 A mixture of 3F(e)Neu5Ac and 

3F(a)Neu5Ac (8a, 8b) diastereomers with a ratio close to 4:6 was obtained when either 

PmAldolase or EcAldolase was used. The diastereomers were readily purified and separated 

from each other by a simple silica gel column chromatography. Further modifications 

including esterification and per-O-acetylation followed by selective deprotection of the 

anomeric site using hydrazine acetate yielded hemiacetals 9a and 9b, respectively. These 

were treated with diethylaminosulfur trifluoride (DAST) to introduce the C-2 equatorial 

fluorine for the formation of 10a and 10b respectively. Full deprotection was achieved by 

saponification followed by the treatment with aqueous sodium hydroxide to produce 

compounds 1 and 5 with yields comparable to those reported previously.33

To synthesize 9-azido-9-deoxy derivatives 2e3eDFNeu5Ac9N3 (2) and 2e3aDFNeu5Ac9N3 

(6), 6-azido-6-deoxy-N-acetylmannosamine (ManNAc6N3, 7b)44 was used as a starting 

material to react with sodium 3-fluoro-pyruvate using either PmAldolase or EcAldolase to 

form a mixture of 3FNeu5Ac9N3 with the fluorine in either the equatorial or the axial 

position at C-3 (Scheme 1B). In this process, a mixture of a similar ratio of 

3F(a)Neu5Ac9N3 and 3F(e)Neu5Ac9N3 was obtained as the end products despite either 

EcAldolase or PmAldolase was used as the catalyst. Nevertheless, 3F(a)Neu5Ac9N3 was the 

major product of the EcAldolase-catalyzed reaction in the initial 5 to 8 hours while both 

3F(a)Neu5Ac9N3 and 3F(e)Neu5Ac9N3 were formed in almost the same ratio from the 

beginning in the PmAldolase-catalyzed reaction. In addition, the reaction catalyzed by 

PmAldolase was faster than the one catalyzed by EcAldolase. It was found challenging to 

separating 3F(a)Neu5Ac9N3 and 3F(e)Neu5Ac9N3 after the aldolase-catalyzed reaction. 

Therefore, they underwent protection procedures before being separated. Additional 

chemical modifications were carried out similarly to those described above for the synthesis 

of 2e3eDFNeu5Ac (1) and 2e3aDFNeu5Ac (5).

To introduce C-5 modification, sodium 3-fluoro-pyruvate and 2-azido-2-deoxymannose 

(ManN3, 7c)45,46 were incubated in Tris-HCl buffer (100 mM, pH = 7.5) at 37 °C for 4 days 

in the presence of PmAldolase (Scheme 1C). 3F(e)Neu5N3 (11) was obtained in 68% yield 

after both Bio-Gel P-2 gel filtration and silica gel chromatography purification procedures. 

The formation of 3F(a)Neu5N3 was observed by thin-layer chromatography (TLC) but the 

yield was low and the product was not isolated. In contrast, EcAldolase did not work 

efficiently for this reaction. Methylation and esterification of 3F(e)Neu5N3 (11) formed 

compound 12. Upon hydrazine acetate deprotection of the anomeric ester and treatment with 

DAST to introduce C-2 equatorial fluorine, compound 13 was obtained. Deprotection 
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formed the desired 2e3eDFNeu5N3 (3). It was used to synthesize 2e3eDFNeu5Gc (4) by 

hydrogenation, coupling with acetoxyacetyl chloride, followed by de-acetylation.32,47

Inhibition Studies. Direct comparison of the inhibition efficiencies of difluorosialic acids 

and Neu5Ac2en against different sialidases is difficult due to their different sialidase 

inhibition mechanisms (covalent versus noncovalent).34 Nevertheless, comparing the IC50 

values obtained in a defined time frame and the time courses that covalent inhibitors loss 

their inhibitory activities against different sialidases can provide a clear idea about the 

efficiencies and the selectivity of the sialidase covalent inhibitors.

The sialidase inhibitory activities of the obtained 2,3-DFNeu5Ac and their C9- or C5-

modified analogs (1–6) were assessed against a recombinant human cytosolic sialidase 

NEU2 (hNEU2)40 and eight bacterial sialidases including commercially available sialidases 

from V. cholerae, C. perfringens (CpNanI) and A. ureafaciens, as well as recombinant 

Streptococcus pneumoniae sialidases (SpNanA), SpNanB, and SpNanC,47–50 

Bifidobacterium longum subsp. infantis ATCC15697 sialidase 2 (BiNanH2),51 and 

Pasteurella multocida multifunctional sialyltransferase 1 with sialidase activity (PmST1).44 

Inhibition studies were carried out using Neu5Acα2–3GalβpNP as the sialidase substrate in 

the presence of an excess amount of β-galactosidase. The β-galactosidase catalyzed the 

cleavage of GalβpNP released by the sialidase to form para-nitrophenol (pNP), the majority 

of which was converted to para-nitrophenolate at pH higher than 9.5. The reading at A405nm 

correlated to the sialidase activity.40,52

Each inhibitor was initially used in a concentration of 0.1 mM to determine its percentage 

inhibition values against different sialidases in a 30 min-time frame. Inhibition activities of 

Neu5Ac2en were also tested at the same time for comparison purpose. As shown in Table 1, 

neither Neu5Ac2en nor any of the difluoro-compounds is an efficient inhibitor against 

SpNanB, SpNanC, or PmST1. This is expected for PmST153,54 which has a sialidase 

catalytic mechanism different from others tested here. The poor inhibitory activities of 

difluoro-compounds (1–6), especially the non-modified 2e3eDFNeu5Ac (1) and 

2e3aDFNeu5Ac (5), against SpNanB and SpNanC are puzzling and deserve further 

investigation as they have been proposed to form a glycosyl-enzyme intermediate similar as 

hydrolytic sialidases such as SpNanA although different products were produced.49,50 Quite 

interestingly, while azido substitution of 9-OH of 2e3eDFNeu5Ac (1) did not affect the 

inhibitory activity of 2e3eDFNeu5Ac9N3 (2) against hNEU2 significantly, the same 

modification of 2e3aDFNeu5Ac (5) to 2e3aDFNeu5Ac9N3 (6) decreased its inhibitory 

activity against hNEU2 significantly from 69.7±0.4% to 1.5±0.3%. This indicates that the 

stereochemistry of 3-fluorine of the difluoro-compounds affects how they interact with 

hNEU2 and influence its catalytic activity. For other sialidases tested including those from 

A. ureafaciens, C. perfringens, and V. cholerae as well as SpNanA and BiNanH2, the 

presence of 0.1 mM of 2,3-difluoro sialic acids and analogs (compounds 1–2 and 4–6) 

except for 2e3eDFNeu5N3 (3) led to more than 70% inhibition with inhibitory activities 

comparable or better than Neu5Ac2en. For inhibitors showed less than 50% inhibition 

against certain sialidases at 0.1 mM concentration in the 30 min-time frame under the 

experimental conditions used, a higher concentration (1.0 mM) of inhibitors was used and 
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the percentage inhibition data obtained were shown in Table 2. The combined data in Tables 

1–2 defined the IC50 value ranges for weak inhibitors (IC50 = 0.1–1 mM or > 1 mM).

IC50 values of 2,3-DFNeu5Ac and their C9- or C5-modified analogs (1–6) were obtained for 

stronger inhibitors (IC50 <0.1 mM). As shown in Table 3, in general, hydrolytic sialidases 

are sensitive to inhibition by DFNeu5Ac and derivatives. Intramolecular trans-sialidase (IT-

sialidase) SpNanB, SpNanC that catalyzes the formation of sialidase transition state analog 

Sia2ens, and α2–3-sialyltransferase with sialidase activity PmST1 were not sensitive to the 

inhibition by difluoro-sialic acids nor Neu5Ac2en. While substitution of the 5-acetamido 

group in 2e3eDFNeu5Ac (1) by the 5-glycolamido group in 2e3eDFNeu5Gc (4) was well 

tolerated by all hydrolytic sialidases tested including both bacterial sialidases and hNEU2, 

replacing the same group by an azido group in 2e3eDFNeu5N3 (3) was not tolerated well, 

and the corresponding IC50 values increased for at least 10-fold. The low inhibitory 

activities of 2e3eDFNeu5N3 (3) against most sialidases tested indicate that the NH in the 5-

acetamido group of DFNeu5Ac and derivatives is important for sialidase binding. 

Substitution of C9-OH by an azido group in general improved IC50 values against sensitive 

bacterial sialidases. On the contrary, the same substitution on 2e3aDFNeu5Ac9N3 (6) led to 

at least 10-fold decrease in inhibitory activity against hNEU2 although it did not affect the 

hNEU2 inhibitory activity of 2e3eDFNeu5Ac9N3 (2) significantly.

3F(a)-compounds showed 5- to 100-fold increased inhibitory activity against sensitive 

bacterial sialidases compared to their 3F(e)-counterparts. This was opposite to that observed 

for influenza A virus sialidases34 or hNEU2 for which 3F(a)-compounds were worse 

inhibitors compared to their 3F(e)-counterparts. Among all difluoro-compounds tested, 

2e3aDFNeu5Ac9N3 (6) was the most effective and selective inhibitor against bacterial 

hydrolytic sialidases including Arthrobacter ureafaciens sialidase, Clostridium perfringens 
sialidase (CpNanI), and SpNanA, with IC50 values of 5.2 ± 0.1 nM, 24 ± 1 nM, and 33 ± 2 

nM, respectively. Its IC50 values for inhibition against V. cholerae sialidase and BiNanH2 

were also at least 500-fold better than that for hNEU2. Among these, SpNanA is an essential 

virulence factor for S. pneumoniae infection and is considered a valid drug target.50 

Sialidase from epidemic strains of V. cholerae, a causive agent of cholera is a potential drug 

target.55 CpNanI facilitates the infection of Gram-positive pathogenic bacterium Clostridium 
perfringens.56,57

Time course study for sialidase de-activation and re-activation in the presence of a 
covalent inhibitor. As sialidase covalent inhibitors de-activate sialidases by forming a 

covalent sialosyl-enzyme intermediate which can be hydrolyzed in a time-dependent manner 

and the sialidases eventually regain activities,34 time-dependent sialidase activity loss and 

regain in the presence of difluorosialic acids and derivatives (1–6) were investigated. As 

shown in Figure 2 and Figure S2 (see ESI), among sialidases tested including pathogenic 

bacterial sialidases CpNanI (Figure S2A), V. cholera sialidase (Figure S2B), and SpNanA 

(Figure S2C), commensal bacterial sialidase BiNanH2 (Figure S2D), and human sialidase 

hNEU2 (Figure S2E), none of them were sensitive to difluorosialic acids and derivatives 1 
and 3–5. In comparison, except for hNEU2 (Figure 2E), all bacterial sialidases tested were 

sensitive to 2e3aDFNeu5Ac9N3 (6). CpNanI (Figure 2A1), but not other bacterial sialidases 

tested, was also sensitive to 2e3eDFNeu5Ac9N3 (2) inhibition although to a less extend 
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compared to its sensitivity to 2e3aDFNeu5Ac9N3 (6). In general, sensitive sialidases were 

de-activated very quickly (<10 min) by 2e3aDFNeu5Ac9N3 (6) but the time frames for their 

re-activations varied significantly. The half-life for re-activation of SpNanA (Figure 2C, 25 

min), BiNanH2 (Figure 2D, 4 h), V. cholerae sialidase (Figure 2B, 24 h), and CpNanI 

(Figure 2A2, 2 days) ranged from 25 min – 2 days. With a high inhibitory activity and a long 

effective time frame against pathogenic bacterial sialidases CpNanI and V. cholerae 
sialidase, 2e3aDFNeu5Ac9N3 (6) is a promising candidate for further drug development.

CONCLUSIONS

In conclusion, six 2,3-difluorosialic acids and analogs (1–6) with a 2F(e) and a 3F(a/e) with 

or without an additional modification at C5- or C9 have been chemoenzymatically 

synthesized as potential inhibitors against bacterial sialidases. PmAldolase was shown to be 

a superior catalyst compared to EcAldolase for the synthesis of 3-fluorosialic acids and 

analogs, the precursors for the chemical synthesis of desired 2,3-difluoro-compounds. 

Inhibition studies showed that the NH in the 5-acetamido group of difluoro-sialic acids is 

important for the design of the sialidase inhibitors. In contrast to the observations that 2e3a-

difluorosialic acid analogs were worse inhibitors compared to its 3F(e) counterparts against 

human cytosolic sialidase hNEU2 and influenza A virus sialidases, they were better 

inhibitors against hydrolytic bacterial sialidases tested. The azido group substitution of the 

C9-OH in 2,3-difluorosialic acids improved their inhibitory activity and duration against 

hydrolytic bacterial sialidases. 2e3aDFNeu5Ac9N3 (6) has been identified as an effective 

and selective inhibitor with a high inhibitory activity and a long effective time-frame against 

pathogenic bacterial sialidases from Clostridium perfringens (CpNanI) and V. cholerae. It is 

a promising sialidase inhibitor that can be further developed as chemical biological tools and 

potential anti-bacterial therapeutics.

EXPERIMENTAL SECTION

Materials and General Methods. Chemicals were obtained from commercial suppliers and 

used without further purification. 1H NMR, 13C NMR, 19F NMR spectra were recorded on 

400 MHz Bruker Avance III and 800 MHz Bruker Avance III spectrometers. High resolution 

electrospray ionization (ESI) mass spectra were obtained using Thermo Electron LTQ-

Orbitrap XL Hybrid MS at the Mass Spectrometry Facility in the University of California, 

Davis. Silica gel 60 Å (230–400 mesh, Sorbent Technologies) was used for flash column 

chromatography. Thin-layer chromatography (TLC, Sorbent Technologies) was performed 

on silica gel plates using anisaldehyde sugar staining or 5% sulfuric acid in ethanol staining 

for detection. Gel filtration chromatography was performed with a column (100 cm × 2.5 

cm) packed with Bio-Gel P-2 Fine resins (Bio-Rad). 3-Fluoropyruvic acid sodium salt 

monohydrate was from Sigma. Sialidases from V. cholerae, and A. ureafaciens were 

purchased from Prozyme. Sialidases from C. perfringens (CpNanI) was purchased from 

Sigma Aldrich. Recombinant Escherichia coli sialic acid aldolase43 and Pasteurella 
multocida sialic acid aldolase (PmAldolase),42 SpNanA and SpNanB,48 SpNanC,47 

hNEU2,40 Bifidobacterium longum subsp. Infantis ATCC 15697 sialidase 2 (BiNanH2),51 

and PmST144 were expressed and purified as described previously.
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Chemical and Enzymatic Synthesis of 2,3-Difluorosialic Acids 1–6.

Synthesis of 5-acetamido-2,3,5-trideoxy-3-fluoro-D-erythro-α-L-gluco-non-2-

ulopyranosylonic fluoride (2e3eDFNeu5Ac) (1) and 5-acetamido-2,3,5-trideoxy-3-fluoro-D-

erythro-α-L-manno-non-2-ulopyranosylonic fluoride (2e3aDFNeu5Ac) (5)

Compounds 1 and 5 were chemoenzymatically synthesized similar to those reported 

previously32,33 with modifications.

N-Acetylmannosamine (ManNAc, 7a) (1.0 g, 4.52 mmol) and 3-fluoropyruvic acid sodium 

salt monohydrate (3.30 g, 22.60 mmol) were dissolved in water in a 500 mL Teflon 

container containing Tris-HCl buffer (100 mM, pH 7.5) and MgCl2 (20 mM). After adding 

an appropriate amount of PmAldolase (10 mg), water was added to bring the final volume of 

the reaction mixture to 225 mL. The reaction was carried out by incubating the solution at 

37 °C with agitation at 100 rpm in an incubator for 1 day. The product formation was 

monitored by thin layer chromatography (TLC) developed with EtOAc:MeOH:H2O:HOAc 

= 6:2:1:0.1 (by volume) and stained with p-anisaldehyde sugar stain. Upon the completion 

of the reaction, the mixture was centrifuged. The supernatant was concentrated and passed 

through a Bio-Gel P-2 gel filtration column using water as an eluent. The products were 

further purified using a silica gel column chromatography to separate 8a (630 mg, 40%) and 

8b (940 mg, 59%) as white solids.

5-Acetamido-2,3,5-trideoxy-3-fluoro-D-erythro-α-L-gluco-non-2-ulopyranosylonic 
fluoride (2e3eDFNeu5Ac, 1). Compound 8a (600 mg, 1.83 mmol) was dissolved in dry 

MeOH (20 mL) and ion exchange resin Amberlite® 120-H (1.5 g) was added. The mixture 

was refluxed for 5 h under a nitrogen atmosphere, the filtered through Celite, and washed 

with MeOH. The solvent was removed in vacuo and co-evaporated with 50 mL of toluene 

for four times. The intermediate methyl ester was dried in vacuo for 12–14 h and directly 

used for the next step without further purification.

To a solution of intermediate in 30 mL pyridine at 0 °C, 20 mL acetic anhydride was added 

drop wisely followed by the addition of a catalytic amount of DMAP. After being stirred at 

0 °C for 1 h, the mixture was allowed to warm up to room temperature and stirred for a total 

of 10 h. The solvent was removed in vacuo and co-evaporated with 30 mL of toluene for 

four times. The intermediate was used directly for the next step without further purification.

To a solution of the intermediate in dry CH2Cl2 (50 mL), hydrazine acetate (820 mg, 9 

mmol) in dry methanol (10 mL) was added and the mixture was stirred at 0 °C under an 

inert atmosphere (N2) for 8 h. The mixture was evaporated and the crude product was 

dissolved in EtOAc (80 mL). The organic layer was washed sequentially with HCl (1 N) and 

a saturated aqueous solution of NaHCO3, and dried using Na2SO4. The solvents were 

removed under a reduced pressure. Purification by silica gel column chromatography 

(EtOAc:hexane = 8:1, by volume) yielded compound 9a (765 mg, 82%) as a white foam.

DAST (0.27 mL, 2.05 mmol) was added drop wisely to a solution of hemiacetal 9a (700 mg, 

1.37 mmol) in dry CH2Cl2 (20 mL) at −30 °C and the mixture was stirred under an Argon 

atmosphere at this temperature for 15 minutes. The reaction was quenched by adding MeOH 
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(400 μL) and the mixture was evaporated. The residue was dissolved in CH2Cl2 (30 mL). 

The organic layer was washed sequentially with HCl (1 N) and a saturated aqueous solution 

of NaHCO3, and dried using Na2SO4. The solvents were removed under a reduced pressure. 

Purification by silica gel column chromatography (EtOAc:hexane = 9:1, by volume) 

afforded compound 10a (570 mg, 81%) as a white foam.

To a solution of compound 10a (550 mg, 1.07 mmol) at 0 °C in MeOH (20 mL), NaOMe 

(400 μL, 5.4 N in MeOH) was added drop wisely. The mixture was stirred at this 

temperature for 2 hours, then NaOH (1 M, 1.0 mL) was added and the stirring was continued 

for another 2 h. The reaction mixture was neutralized by adding ion exchange resin 

Amberlite® IR-120H, concentrated and purified using a C18 column on a CombiFlashRf 

200i system by eluting with a gradient of 0–100% acetonitrile in water. The fractions 

containing the desired product were collected, combined, and lyophilized to produce 

compound 1 as a white powder. The product (318 mg, 90%) was further purified by high-

performance liquid chromatography (HPLC) using a C18 column and water and acetonitrile 

as solvent and lyophilized. 1H NMR (800 MHz, D2O) δ 4.64–4.51 (m, 1H), 4.38–4.31 (m, 

1H), 4.24 (d, J = 11.2 Hz, 1H), 4.14 (t, J = 10.4 Hz, 1H), 3.75 (dd, J = 12.0, 2.4 Hz, 1H), 

3.72–3.68 (m, 1H), 3.53 (dd, J = 12.0, 6.4 Hz, 1H), 3.43 (d, J = 8.8 Hz, 1H), 1.98 (s, 3H); 
13C{H} NMR (200 MHz, D2O) δ 174.3 (s, 1C, C=O), 168.5 (d, 1C, J1,F2 = 32 Hz, C-1), 

107.0 (dd, 1C, J2,F = 220 Hz, J2,F3 = 28 Hz, C-2), 93.2 (dd, 1C, J3,F3 = 186 Hz, J3,F2 = 30 

Hz, C-3), 73.0 (s, 1C, C-6), 70.2 (dd, 1C, J4,F3 = 18 Hz, J4,F2 = 8 Hz, C-4), 69.3 (C-8), 67.2 

(s, 1C, C-7), 62.6 (s, 1C, C-9), 49.1 (d, 1C, J5,F3 = 8 Hz, C-5), 21.4 (s, 1C, NHCOCH3); 19F 

NMR (376 MHz, D2O) δ −112.2 (t, J = 13.7 Hz), −201.7 (ddd, J = 49.6, 14.4, 2.6 Hz); 

HRMS (ESI-Orbitrap) m/z: [M – H]− Calcd for C11H16F2NO8 328.0849; found 328.0834.

5-Acetamido-2,3,5-trideoxy-3-fluoro-D-erythro-α-L-manno-non-2-ulopyranosylonic 
fluoride (2e3aDFNeu5Ac, 5). The synthesis of compound 5 (485 mg) from 8b (900 mg) 

was processed similarly as that described for the synthesis of compound 1 from 8a. 1H NMR 

(800 MHz, D2O) δ 5.01 (dd, 1H, J = 2.4 and 48.0 Hz, H-3), 4.34 (t, 1H, J = 11.2 Hz, H-5), 

4.14 (dd, 1H, J = 12.0 and 28.8 Hz, H-4), 4.11 (d, 1H, J = 11.2 Hz, H-6), 3.88–3.84 (m, 2H, 

H-8, H-9a), 3.64 (dd, 1H, J = 6.4 and 12.0 Hz, H-9b), 3.53 (d, 1H, J = 8.8, H-7), 2.05 (s, 3H, 

NHCOCH3);13C{H} NMR (200 MHz, D2O) δ 174.7 (s, C=O), 169.8 (dd, 1C, J1,F2 = 23.3 

Hz, C-1), 106.5 (dd, 1C, J2,F = 224.7 Hz, J2,F3 = 29.5 Hz, C-2), 87.5 (dd, 1C, J3,F3 = 176.5 

Hz, J3,F2 = 45.6 Hz, C-3), 72.2 (C-6), 69.7 (C-8), 68.0 (C-7), 67.5 (d, 1C, J = 17.8 Hz), 63.1 

(C-9), 46.5 (d, J5,F3 = 2.4 Hz, C-5), 22.0 (s, 1C, NHCOCH3); 19F NMR (376 MHz, D2O) δ 
−123.27 (d, JF2,F3 = 13.6 Hz, F-2), −209.63 (ddd, JF3,H3 = 42.9 Hz, JF3,H4 = 29.3 Hz, JF3,F2 

= 13.2 Hz, F-3); HRMS (ESI-Orbitrap) m/z: [M – H]− Calcd for C11H16F2NO8 328.0849; 

found 328.0838.

Synthesis of 5-acetamido-9-azido-2,3,5,9-tetradeoxy-3-fluoro-D-erythro-α-L-gluco-
non-2-ulopyranosylonic fluoride (2e3eDFNeu5Ac9N3, 2) and 5-acetamido-9-
azido-2,3,5,9-tetradeoxy-3-fluoro-D-erythro-α-L-manno-non-2-ulopyranosylonic 
fluoride (2e3aDFNeu5Ac9N3, 6). 6-Azido-6-deoxy-N-acetylmannosamine (ManNAc6N3, 

7b)44 (1.0 g, 4.06 mmol) and 3-fluoropyruvic acid sodium salt monohydrate (2.96 g, 20.03 

mmol) were dissolved in water in a 500 mL Teflon container containing Tris-HCl buffer 

(100 mM, pH 7.5) and MgCl2 (20 mM). After the addition of an appropriate amount of 
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PmAldolase (12 mg), water was added to bring the final volume of the reaction mixture to 

200 mL. The reaction was carried out by incubating the solution at 37 °C with agitation at 

100 rpm in an incubator for 2 days. The product formation was monitored by thin layer 

chromatography (TLC) developed with EtOAc:MeOH:H2O:HOAc = 6:2:1:0.1 (by volume) 

and stained with p-anisaldehyde sugar stain. Upon the completion of the reaction, the 

mixture was centrifuged. The supernatant was concentrated and passed through a Bio-Gel 

P-2 gel filtration using water as an eluent. The product was purified further using silica gel 

column chromatograph to produce a mixture of two diastereomers.

The mixture of diastereomers (1.3 g, 3.69 mmol) was dissolved in dry MeOH (75 mL) and 

ion exchange resin Amberlite® 120-H (4.5 g) was added. The mixture was refluxed for 5 h 

under a nitrogen atmosphere, filtered through Celite and washed with MeOH. The solvent 

was removed in vacuo and co-evaporated with 50 mL of toluene for four times. The 

intermediate methyl ester was dried in vacuo for 12–14 h and used directly for the next step 

without further purification.

To a solution of intermediate in 75 mL pyridine at 0 °C, 50 mL of acetic anhydride was 

added drop wisely followed by the addition of a catalytic amount of DMAP. After being 

stirred at 0 °C for 1 h, the mixture was allowed to warm up to room temperature and stirred 

for a total of 10 h. The solvent was removed in vacuo and co-evaporated with 30 mL of 

toluene for four times. Purification by silica gel column chromatography (EtOAc:hexane = 

5:1, by volume) yielded compound 9c(0.84 g, 39%) and 9d (1.01g, 46%) as white foams.

5-Acetamido-9-azido-2,3,5,9-tetradeoxy-3-fluoro-D-erythro-α-L-gluco-non-2-
ulopyranosylonic fluoride (2e3eDFNeu5Ac9N3, 2). To a solution of compound 9c (0.80 g, 

1.49 mmol) in dry CH2Cl2 (30 mL), hydrazine acetate (830 mg, 9 mmol) in dry methanol 

(10 mL) was added and the mixture was stirred at 0 °C under an inert atmosphere (N2) for 8 

h. The mixture was then evaporated and the crude product was dissolved in EtOAc (80 mL). 

The organic layer was washed sequentially with HCl (1 N) and a saturated aqueous solution 

of NaHCO3, and dried using Na2SO4. The solvents were removed under a reduced pressure. 

The residue was dried in vacuo for 10–12 h and used in the next step without further 

purification.

DAST (0.30 mL, 2.23 mmol) was added drop wisely to a solution of hemiacetalin dry 

CH2Cl2 (25 mL) at −30 °C and the mixture was stirred under an argon atmosphere at this 

temperature for 15 minutes. The reaction was quenched by adding MeOH (250 μL) and the 

mixture was evaporated. The residue was dissolved in CH2Cl2 (30 mL). The organic layer 

was washed sequentially with HCl (1 N) and a saturated aqueous solution of NaHCO3, and 

dried using Na2SO4. The solvents were removed under a reduced pressure. Purification by 

silica gel column chromatography (EtOAc:hexane = 5:1, by volume) afforded compound 

10c (577 mg, 78%) as a white foam.

To a solution of compound 10c (570 mg, 1.15 mmol) in MeOH (15 mL) at 0 °C, NaOMe 

(300 μL, 5.4 N in MeOH) was added drop wisely. The mixture was stirred at this 

temperature for 2 hours, then NaOH (1 M, 1.0 mL) was added and the stirring was continued 

for another 2 h. The reaction mixture was neutralized by adding ion exchange resin 
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Amberlite® IR-120H, concentrated and purified using a C18 column on a CombiFlash (Rf 

200i system) eluted with a gradient of 0–100% acetonitrile in water. The fractions 

containing the desired product were collected, combined, and lyophilized to produce 

compound 2 as a white powder. The product (338 mg, 83%) was further purified by HPLC 

(C18 column and water and acetonitrile as solvent) and lyophilized. 1H NMR (800 MHz, 

D2O) δ 4.76–4.52 (m, 1H), 4.49–4.37 (m, 1H), 4.32 (d, J = 10.8 Hz, 1H), 4.20 (t, J = 10.4 

Hz, 1H), 3.96–3.87 (m, 1H), 3.59 (dd, J = 13.2, 2.8 Hz, 1H), 3.52 (d, J = 9.2 Hz, 1H), 3.44 

(dd, J = 13.2, 6.0 Hz, 1H), 2.06 (s, 3H); 13C{H} NMR (200 MHz, D2O) δ 174.3 (s, 1C, 

C=O), 168.4 (d, 1C, J1,F2 = 32 Hz, C-1), 107.1 (dd, 1C, J2,F = 218 Hz, J2,F3 = 26 Hz, C-2), 

93.3 (dd, 1C, J3,F3 = 184 Hz, J3,F2 = 30 Hz, C-3), 72.9 (s,1C, C-6), 70.2 (dd, 1C, J4,F3 = 18 

Hz, J4,F2 = 6 Hz, C-4), 68.3 (s, 1C, C-8), 67.7 (s, 1C, C-7), 53.4 (s, 1C, C-9), 49.2 (d, 1C, 

J5,F3 = 8 Hz, C-5), 21.5 (s, 1C, NHCOCH3); 19F NMR (376 MHz, D2O) δ: −112.78 (t, J = 

14.1 Hz), −201.1 (ddd, J = 49.2, 14.4, 2.6 Hz). HRMS (ESI-Orbitrap) m/z: [M – H]− Calcd 

for C11H15F2N4O7 353.0914; found 353.0927.

5-Acetamido-9-azido-2,3,5,9-tetradeoxy-3-fluoro-D-erythro-α-L-manno-non-2-
ulopyranosylonic fluoride (2e3aDFNeu5Ac9N3, 6). To a solution of compound 9d (1.0 g, 

1.87 mmol) in dry CH2Cl2 (50 mL), hydrazine acetate (1.0 g, 11.22 mmol) in dry methanol 

(15 mL) was added and the mixture was stirred at 0 °C under an inert atmosphere (N2) for 8 

h. The mixture was then evaporated and the crude product was dissolved in EtOAc (80 mL). 

The organic layer was washed sequentially with HCl (1 N) and a saturated aqueous solution 

of NaHCO3, and dried using Na2SO4. The solvents were removed under a reduced pressure. 

The residue was dried in vacuo for 10–12 h and used in the next step without further 

purification.

DAST (0.37 mL, 2.8 mmol) was added dropwise to a solution of hemiacetal in dry CH2Cl2 

(30 mL) at −30 °C and the mixture was stirred under an Argon atmosphere at this 

temperature for 15 minutes. The reaction was quenched by adding MeOH (250 μL) and the 

mixture was evaporated. The residue was dissolved in CH2Cl2 (30 mL). The organic layer 

was washed sequentially with HCl (1 N) and a saturated aqueous solution of NaHCO3, and 

dried using Na2SO4. The solvents were removed under a reduced pressure. Purification by 

silica gel column chromatography (EtOAc:hexane = 5:1, by volume) afforded compound 

10d (685 mg, 74%) as a white foam.

To a solution of compound 10d (680 mg, 1.38 mmol) in MeOH (25 mL) at 0 °C, NaOMe 

(500 μL, 5.4 N in MeOH) was added drop wisely. The mixture was stirred at this 

temperature for 2 hours, then NaOH (1 M, 1.5 mL) was added and the stirring was continued 

for another 2 h. The reaction mixture was neutralized by adding ion exchange resin 

Amberlite® IR-120H, concentrated and purified using a C18 column on a CombiFlashRf 

200i system eluted with a gradient of 0–100% acetonitrile in water. The fractions containing 

the desired product were collected, combined, and lyophilized to produce compound 6 as a 

white powder. The product (400 mg, 82%) was further purified by HPLC (C18 column and 

water and acetonitrile as solvent) and lyophilized. 1H NMR (400 MHz, D2O) δ 5.24–4.97 

(m, 1H), 4.20 (t, J = 10.4 Hz, 1H), 4.15–4.00 (m, 1H), 4.00–3.86 (m, 1H), 3.74 (d, J = 10.2 

Hz, 1H), 3.57 (dd, J = 13.2, 2.8 Hz, 1H), 3.48 (d, J = 9.2 Hz, 1H), 3.40 (dd, J = 13.2, 6.0 Hz, 

1H), 1.97 (s, 3H); 13C{H} NMR (200 MHz, D2O) δ 174.5 (s, 1C, C=O), 168.1 (dd, 1C, 
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J1,F2 = 28 Hz and 2 Hz, C-1), 106.3 (dd, 1C, J2,F = 218 Hz, J2,F3 = 14 Hz, C-2), 88.5 (dd, 

1C, J3,F3 = 184 Hz, J3,F2 = 18 Hz, C-3), 72.1 (s, 1C, C-6), 68.6 (s, 1C, C-8), 68.4 (dd, 1C, 

J4,F3 = 18 Hz, J4,F2 = 6 Hz, C-4), 67.8 (s, 1C, C-7), 53.2 (s, 1C, C-9), 46.3 (d, 1C, J5,F3 = 

2.4 Hz, C-5), 21.6 (s, 1C, NHCOCH3); 19F NMR (376 MHz, D2O) δ −121.13 (d, J = 11.7 

Hz), −217.76 (ddd, J = 51.5, 28.6, 11.7 Hz); HRMS (ESI-Orbitrap) m/z: [M – H]− Calcd for 

C11H15F2N4O7 353.0914; found 353.0935.

Synthesis of 5-azido-2,3,5-trideoxy-3-fluoro-D-erythro-α-L-gluco-non-2-ulopyranosylonic 

fluoride (2e3eDFNeu5N3) (3)

5-Azido-3,5-dideoxy-3-fluoro-D-erythro-L-gluco-2-nonulopyranosonic acid (11). 2-

Azidomannose (0.5 g, 2.43 mmol)45,46 and 3-fluoropyruvic acid sodium salt monohydrate 

(1.8 g, 12.32 mmol) were dissolved in water in a 500 mL Teflon container containing Tris-

HCl buffer (100 mM, pH 7.5) and MgCl2 (20 mM). After the addition of an appropriate 

amount of PmAldolase (10 mg), water was added to bring the final volume of the reaction 

mixture to 100 mL. The reaction was carried out by incubating the solution at 37 °C with 

agitation at 100 rpm in an incubator for 4 days. The product formation was monitored by 

thin layer chromatography (TLC) developed with EtOAc:MeOH:H2O:HOAc = 6:2:1:0.1 (by 

volume) and stained with p-anisaldehyde sugar stain. Upon the completion of the reaction, 

the mixture was centrifuged. The supernatant was concentrated and passed through a Bio-

Gel P-2 gel filtration using water as an eluent. The product was purified further using silica 

gel chromatograph to produce 11 (516 mg, 68%). 1H NMR (800 MHz, D2O) δ 4.60 (dd, J = 

49.6, 8.8 Hz, 1H), 4.08 (dd, J = 22.4, 9.6 Hz, 1H), 3.94 (d, J = 10.4 Hz, 1H), 3.84 (d, J = 

12.0 Hz, 1H), 3.77–3.70 (m, 2H), 3.68 (t, J = 9.6 Hz, 1H), 3.63 (dd, J = 12.0, 6.4 Hz, 1H); 
13C{H} NMR (200 MHz, D2O) δ 173.1 (s, 1C, C-1), 94.2 (d, 1C, J2,F3 = 20 Hz, C-2), 91.1 

(d, 1C, J3,F3 = 188 Hz, C-3), 70.7 (d, 1C, J4,F3 = 18 Hz, C-4), 69.6 (s, 1C, C-6), 69.2 (s, 1C, 

C-8), 68.0 (s, 1C, C-7), 62.7 (s, 1C, C-9), 61.0 (d, 1C, J5,F3 = 8 Hz, C-5); 19F NMR (376 

MHz, D2O) δ −200.2 (dd, J = 52.8, 13.6 Hz); HRMS (ESI-Orbitrap) m/z: [M – H]− Calcd 

for C9H13FN3O8 310.0692; found 310.0675.

Methyl 5-azido-2,4,7,8,9-penta-O-acetyl-3,5-dideoxy-3-fluoro-D-erythro-L-gluco-non-2-
ulopyranosonate (12). Compound 11 (0.5 g, 1.6 mmol) was dissolved in dry MeOH (50 

mL) and ion exchange resin Amberlite® 120-H (1.5 g) was added. The mixture was refluxed 

for 5 h under a nitrogen atmosphere, filtered through Celite and washed with MeOH. The 

solvent was removed in vacuo and co-evaporated with 20 mL of toluene for four times. The 

intermediate methyl ester was dried in vacuo for 12–14 h and directly used for the next step 

without further purification.

To a solution of intermediate in 30 mL pyridine at 0 °C, 25 mL of acetic anhydride was 

added drop wisely followed by the addition of a catalytic amount of DMAP. After being 

stirred at 0 °C for 1 h, the mixture was allowed to warm up to room temperature and stirred 

for a total of 10 h. The solvent was removed in vacuo and co-evaporated with 30 mL of 

toluene for four times. Purification by silica gel column chromatography (EtOAc:hexane = 

1:1, by volume) yielded compound 12 (697 mg, 81%) as a white foam. 1H NMR (800 MHz, 

CDCl3) δ 5.56 (dt, J = 11.2, 9.6 Hz, 1H), 5.47 (dd, J = 7.2, 1.6 Hz, 1H), 5.13 (m, 1H), 4.49 

(dd, J = 48.8, 9.6 Hz, 1H), 4.41 (dd, J = 12.8, 2.4 Hz, 1H), 4.20 (dd, J = 12.8, 4.8 Hz, 1H), 
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3.82 (s, 3H), 3.71 (dd, J = 11.2, 1.6 Hz, 1H), 3.42 (t, J = 10.4 Hz, 1H), 2.21 (s, 41H), 2.19 (s, 

3H), 2.18 (s, 3H), 2.04 (s, 6H); 13C{H} NMR (200 MHz, CDCl3) δ 170.7 (s, 1C, C=O), 

170.0 (s, 1C, C=O), 169.6 (s, 1C, C=O), 169.4 (s, 1C, C=O), 167.7 (s, 1C, C=O), 164.3 (s, 

1C, C-1), 95.1 (d, 1C, J2,F3 = 20 Hz, C-2), 87.9 (d, 1C, J3,F3 = 204 Hz, C-3), 71.2 (d, 1C, 

J4,F3 = 20 Hz, C-4), 70.7 (s, 1C, C-6), 69.8 (s, 1C, C-8), 67.8 (s, 1C, C-7), 61.4 (s, 1C, C-9), 

59.5 (d, 1C, J5,F3 = 6 Hz, C-5), 53.6 (s, 1C, COOMe), 20.9 (s, 1C, COCH3), 20.8 (s, 2C, 

COCH3), 20.7 (s, 2C, COCH3); 19F NMR (376 MHz, D2O) δ −201.1 (dd, J = 52.0, 12.0 

Hz); HRMS (ESI-Orbitrap) m/z: [M + Na]+ Calcd for C20H26FN3O13Na 558.1342; found 

558.1368.

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,3,5-trideoxy-3-fluoro-D-erythro-α-L-gluco-
non-2-ulopyranosylonate fluoride (13). To a solution of compound 12 (650 mg, 1.21 

mmol) in dry CH2Cl2 (15 mL), hydrazine acetate (552 mg, 6 mmol) in dry methanol (4 mL) 

was added and the mixture was stirred at 0 °C under an inert atmosphere (N2) for 8 h. The 

mixture was then evaporated and the crude product was dissolved in EtOAc (50 mL). The 

organic layer was washed sequentially with HCl (1 N) and a saturated aqueous solution of 

NaHCO3, and dried using Na2SO4. The solvents were removed under a reduced pressure. 

The residue was dried in vacuo for 10–12 h and used in the next step without further 

purification.

DAST (0.24 mL, 1.81 mmol) was added drop wisely to a solution of hemiacetal in dry 

CH2Cl2 (15 mL) at −30 °C and the mixture was stirred under an Argon atmosphere at this 

temperature for 15 minutes. The reaction was quenched by addition of MeOH (100 μL) and 

the mixture was evaporated. The residue was dissolved in CH2Cl2 (30 mL). The organic 

layer was washed sequentially with HCl (1 N) and a saturated aqueous solution of NaHCO3, 

and dried using Na2SO4. The solvents were removed under a reduced pressure. Purification 

by silica gel column chromatography (EtOAc:hexane = 1:1, by volume) produced compound 

13 (469 mg, 78%) as a white foam. 1H NMR (800 MHz, CDCl3) δ 5.67 (ddd, J = 15.2, 9.6, 

8.0 Hz, 1H), 5.45 (d, J = 8.8 Hz, 1H), 5.34 (m, 1H), 4.59 (m, 1H), 4.28 (dd, J = 12.0, 2.4 Hz, 

1H), 4.20 (dd, J = 12.0, 4.8 Hz, 1H), 4.16 (d, J = 10.4 Hz, 1H), 3.88 (s, 3H), 3.46 (t, J = 10.4 

Hz, 1H), 2.18 (s, 3H), 2.18 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H); 13C{H} NMR (200 MHz, 

CDCl3) δ 170.7 (s, 1C, C=O), 169.9 (s, 1C, C=O), 169.5 (s, 1C, C=O), 169.2 (s, 1C, C=O), 

164.4 (d, 1C, J1,F2 = 32 Hz, C-1), 106.1 (dd, 1C, J2,F = 230 Hz, J2,F3 = 28 Hz, C-2), 90.6 

(dd, 1C, J3,F3 = 192 Hz, J3,F2 = 30 Hz, C-3), 72.4 (s, 1C, C-6), 72.1 (dd, 1C, J4,F3 = 22 Hz, 

J4,F2 = 6 Hz, C-4), 68.1 (s, 1C, C-8), 67.1 (s, 1C, C-7), 61.8 (s, 1C, C-7), 58.5 (d, 1C, J5,F3 

= 6 Hz, C-5), 53.7 (s, 1C, COOMe), 20.8 (s, 1C, COCH3), 20.7 (s, 2C, COCH3), 20.6(s, 1C, 

COCH3); 19F NMR (376 MHz, CDCl3) δ −116.94 (t, J = 14.0 Hz), −200.37 (dt, J = 48.5, 

14.6 Hz); HRMS (ESI-Orbitrap) m/z: [M+Na]+ Calcd for C18H23F2N3O11Na 518.1193; 

found 518.1209.

5-Azido-2,3,5-trideoxy-3-fluoro-D-erythro-α-L-gluco-non-2-ulopyranosylonic fluoride 
(2e3eDFNeu5N3, 3). To a solution of compound 13 (450 mg, 0.90 mmol) in MeOH (10 mL) 

at 0 °C, NaOMe (300 μL, 5.4 N in MeOH) was added drop wisely. The mixture was stirred 

at this temperature for 2 hours, then NaOH (1 M, 1.5 mL) was added and the stirring was 

continued for another 2 h. The reaction mixture was neutralized by adding ion exchange 

resin Amberlite® IR-120H, concentrated and purified using a C18 column on a CombiFlash 

Li et al. Page 13

J Org Chem. Author manuscript; available in PMC 2020 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Rf 200i system) eluted with a gradient of 0–100% acetonitrile in water. The fractions 

containing the desired product were collected, combined, and lyophilized to produce 

compound 3 as a white powder. The product (270 mg, 95%) was further purified by HPLC 

(C18 column and water and acetonitrile as solvent) and lyophilized. 1H NMR (800 MHz, 

D2O) δ 4.66–4.57 (m, 1H), 4.45 (dt, J = 16.8, 8.8 Hz, 1H), 4.20 (d, J = 10.4 Hz, 1H), 3.83 

(d, J = 12.0 Hz, 1H), 3.79–3.72 (m, 3H), 3.62 (dd, J = 11.2, 5.6 Hz, 1H); 13C{H} NMR (200 

MHz, D2O) δ 168.5 (d, 1C, J1,F2 = 32 Hz, C-1), 107.2 (dd, 1C, J2,F = 222 Hz, J2,F3 = 28 Hz, 

C-2), 92.9 (dd, 1C, J3,F3 = 186 Hz, J3,F2 = 30 Hz, C-3), 73.0 (s,1C, C-6),71.5 (dd, 1C, J4,F3 = 

20 Hz, J4,F2 = 6 Hz, C-4), 69.4 (s, 1C, C-8), 67.6 (s, 1C, C-7), 62.7 (s, 1C, C-9), 59.6 (d, 1C, 

J5,F3 = 8 Hz, C-5); 19F NMR (376 MHz, D2O) δ −112.26 (t, J = 13.5 Hz), −200.37 (ddd, J 
= 49.2, 14.7, 3.0 Hz); HRMS (ESI-Orbitrap) m/z: [M – H]− Calcd for C9H12F2N3O7 

312.0649; found 312.0635.

Synthesis of 5-glycolamido-2,3,5-trideoxy-3-fluoro-D-erythro-α-L-gluco-non-2-
ulopyranosylonic fluoride (2e3eDFNeu5Gc, 4). To a solution of compound 3 (150 mg, 

0.48 mmol) in CH3OH: Water (5 mL, 1:1 v/v), 20% Pd(OH)2/C (40 mg) was added and the 

reaction mixture was stirred at room temperature under a positive pressure of hydrogen for 5 

h. The reaction mixture was filtered through a Celite® bed and evaporated to dryness. The 

intermediate amine was dried in vacuo for 12–14 h and directly used for the next step 

without further purification.

The amine intermediate (134.5 mg, 0.47 mmol) was dissolved in CH3CN-H2O (4 mL, 1:1, 

v/v). Then solid NaHCO3 (390 mg, 4.7 mmol) and acetoxyacetyl chloride (252 μL, 2.35 

mmol) in CH3CN (1 mL) were added. The reaction mixture was stirred for 3 hours at 0 °C 

and neutralized by adding acetic acid, concentrated, and purified by Bio-Gel-P2. Compound-

containing fractions were combined and dried. The dried compound was dissolved in MeOH 

(4 mL) and NaOMe (200 μL, 5.4 N in MeOH) was added drop wisely at 0 °C. The mixture 

was stirred at room temperature for 2 hours. The reaction mixture was neutralized by adding 

ion exchange resin Amberlite® IR-120H, concentrated and purified using a C18 column on 

a CombiFlashRf 200i system eluted with a gradient of 0–100% acetonitrile in water. The 

fractions containing the desired product were collected, combined, and lyophilized to 

produce compound 4 as a white powder. The product (142.2 mg, 88%) was further purified 

by HPLC (C18 column and water and acetonitrile as solvent) and lyophilized. 1H NMR (800 

MHz, D2O) δ 4.70–4.58 (m, 1H), 4.48 (dt, J = 17.6, 9.6 Hz, 1H), 4.39 (d, J = 11.2 Hz, 1H), 

4.27 (t, J = 10.4 Hz, 1H), 4.12 (s, 2H), 3.79 (dd, J = 12.0, 2.4 Hz, 1H), 3.76–3.70 (m, 1H), 

3.58 (dd, J = 12.0, 6.4 Hz, 1H), 3.48 (d, J = 8.8 Hz, 1H); 13C{H} NMR (200 MHz, D2O) δ 
175.2 (s, 1C, C=O), 168.4 (d, 1C, J1,F2 = 32 Hz, C-1), 107.1 (dd, 1C, J2,F = 220 Hz, J2,F3 = 

28 Hz, C-2), 93.2 (dd, 1C, J3,F3 = 184 Hz, J3,F2 = 30 Hz, C-3), 69.4 (s, 1C, C-8), 72.9 (s,1C, 

C-6), 70.0 (dd, 1C, J4,F3 = 20 Hz, J4,F2 = 8 Hz, C-4), 67.2 (s, 1C, C-7), 62.6 (s, 1C, C-9), 

60.5 (s, 1C, NHCH2OH), 48.8 (d, 1C, J5,F3 = 8 Hz, C-5); 19F NMR (376 MHz, D2O) δ: 

−112.8 (t, J = 13.7 Hz), −200.9 (ddd, J = 49.6, 14.8, 2.6 Hz); HRMS (ESI-Orbitrap) m/z: [M 

– H]− Calcd for C11H16F2NO9 344.0799; found 344.0792.

Inhibition Assay. Percentage Inhibition assays were carried out in duplicates in a 384-well 

plate similar to that reported previously.24 All reactions had a final volume of 20 μL 

containing Neu5Acα2–3GalβpNP (0.3 mM) and β-galactosidase (12 μg) with 0.1 mM or 1.0 
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mM of inhibitor. The assay conditions for various sialidases were as follows: A. ureafaciens 
sialidase (0.5 mU), NaOAc buffer (100 mM, pH 5.5); C. perfringens sialidase (CpNanI, 1.3 

mU), MES buffer (100 mM, pH 5.0); V. cholera sialidase (0.6 mU), NaCl (150 mM), CaCl2 

(10 mM), NaOAc buffer (100 mM, pH 5.5); SpNanA (0.75 ng), NaOAc buffer (100 mM, pH 

6.0); SpNanB (3 ng), NaOAc buffer (100 mM, pH 6.0); SpNanC (10 ng), MES buffer (100 

mM, pH 6.5); PmST1 (0.2 μg), NaOAc buffer (100 mM, pH 5.5), CMP (0.4 mM); hNEU2 

(0.6 μg), MES buffer (100 mM, pH 5.0); BiNanH2 (4 ng), NaOAc buffer (100 mM, pH 5.0). 

The reactions were carried out for 30 minutes and quenched with 40 μL of N-cyclohexyl-3-

aminopropane sulfonic acid (CAPS) buffer (0.5 M, pH 10.5). The concentrations of p-

nitrophenolate formed was determined by measuring A405 nm of the reaction mixtures using 

a microplate reader.

Inhibition assays for obtaining IC50 values were carried out in duplicates in a 384-well plate 

similarly as described above except that twelve different concentrations of inhibitors in the 

range of 0 to 10 mM were used (varied from 10 mM, 5 mM, 2.5 mM, 1 mM, 0.5 mM, 0.1 

mM, 50 μM, 25 μM, 10 μM, 5 μM, 2.5 μM, 1 μM, 0.5 μM, 0.1 μM, 50 nM, 10 nM, 5 nM, 

and 0 nM). IC50 values were obtained by fitting the average values to get the concentration-

response plots using software Grafit 5.0.

Time course study for sialidase re-activation in the presence of a covalent inhibitor. 
This study was carried out in duplicates in a 384-well plate by incubating an inhibitor 

selected from difluorosialic acids and derivatives (1–6) and a sialidase in a 2:1 molar ratio in 

the presence of NaOAc buffer (100 mM, pH 6.0) with (for V. cholera sialidase) or without 

(for all other sialidases) CaCl2 (10 mM) and NaCl (150 mM) at room temperature (23 °C). 

At different time intervals (2 min – 24 hours or for up to 5 days), an aliquot (12 μL) of each 

pre-incubated inhibitor-sialidase mixture was assayed for sialidase activity using 

Neu5Acα2–3GalβpNP (2 mM) as the substrate in the presence of an excess amount of β-

galactosidase (12 μg). BioTek Synergy HT plate reader was used for continuous reading of 

the formation of para-nitrophenol (pNP). The absorbance change rates (A400 nm min−1) were 

recorded and used for plotting Figure 2. The amounts of enzymes used were: C. perfringens 
sialidase (CpNanI, 2.0 μg), V. cholera sialidase (0.25 μg), BiNanH2 (0.10 μg), SpNanA (18 

ng), hNEU2 (1.75 μg).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
2,3-Difluorosialic acid and analogs synthesized and tested as potential sialidase inhibitors.
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Figure 2. 
Time course study results for sialidase de-activation and re-activation in the presence or the 

absence of a covalent inhibitor (2 or 6). A, C. perfringens sialidase CpNanI (A1, 2 min – 14 

h for compounds 2 and 6 with no inhibitor as the control; A2, 2 min – 5 days for compound 

6 with no inhibitor as the control); B, V. cholerae sialidase; C, SpNanA; D, BiNanH2; E, 

hNEU2.
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Scheme 1. 
Synthesis of 2,3-Difluorosialic Acids and Analogs 1–6.
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