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Synthesis and chemical characterization of several
perfluorinated sialic acid glycals and evaluation of
their in vitro antiviral activity against Newcastle
disease virus†

P. Rota, *ab N. Papini, c P. La Rocca, ab M. Montefiori, d F. Cirillo, a

M. Piccoli, a R. Scurati, d L. Olsen, d P. Allevi b and L. Anastasia *ae

Newcastle Disease Virus (NDV), belonging to the Paramyxoviridae family, causes a serious infectious dis-

ease in birds, resulting in severe losses in the poultry industry every year. Haemagglutinin neuraminidase

glycoprotein (HN) has been recognized as a key protein in the viral infection mechanism, and its inhibition

represents an attractive target for the development of new drugs based on sialic acid glycals, with the

2-deoxy-2,3-didehydro-D-N-acetylneuraminic acid (Neu5Ac2en) as their backbone. Herein we report the

synthesis of several Neu5Ac2en glycals and of their perfluorinated C-5 modified derivatives, including their

respective stereoisomers at C-4, together with evaluation of their in vitro antiviral activity. While all synthe-

sized compounds were found to be active HN inhibitors in the micromolar range, we found that their po-

tency was influenced by the chain-length of the C-5 perfluorinated acetamido functionality. Thus, the

binding modes of the inhibitors were also investigated by performing a docking study. Moreover, the

perfluorinated glycals were found to be more active than the corresponding normal C-5 acylic derivatives.

Finally, cell–cell fusion assays on NDV infected cells revealed that the addition of a newly synthesized C-4α

heptafluorobutyryl derivative almost completely inhibited NDV-induced syncytium formation.

Introduction

Newcastle disease is an avian viral infection caused by New-
castle Disease Virus (NDV), a single-stranded RNA virus be-
longing to the Paramyxoviridae family, which represents a se-
rious problem for the poultry industry resulting in a
significant reduction of productivity with a consistent eco-
nomic loss.1 Moreover, despite the availability of various vac-
cines,2 NDV outbreaks have increased, calling for novel pre-
ventive and control measures. For this reason, several recent
studies have revealed novel antiviral compounds from differ-
ent sources,3 yet the development of new and more active

compounds remains a constant goal. Clearly, a key step is to
block NDV infection. Actually, the virus enters the host cells
through two main pathways: direct fusion between the viral
envelope and the plasma membrane, and receptor-mediated
endocytosis.4 The NDV infection involves two transmembrane
glycoproteins, a fusion protein (F) and haemagglutinin-
neuraminidase (HN). The NDV–HN complex is a
multifunctional glycoprotein that mediates (i) the binding of
the virus to the host cell by its interaction with sialic acid 1
(Sia, Neu5Ac) residues of cell-surface glycoconjugates, (ii) the
promotion of fusion activity allowing the virus to enter the
cells and (iii) the virion release acting as sialidase of nascent
virion particles, preventing their self-agglutination and per-
mitting the efficient spreading of the virus.1c,5

The involvement of the HN protein in various crucial
stages of the viral life-cycle makes it an attractive target for
the development of antiviral drugs for NDV.

Actually, the availability of the crystal structure of NDV–
HN, also in complex with its inhibitors such as 2-deoxy-2,3-
didehydro-N-acetylneuraminic acid 2a (DANA),6 allowed the
rational design and synthesis of HN DANA-analogue inhibi-
tors, that were found to be active on viruses belonging to the
Paramyxoviridae family. In recent years, major attention has
been devoted to inhibitors against HN of human para-
influenza viruses (hPIVs) that led to the identification of
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several active compounds,7 such as zanamivir 3,7c BCX-2798
4 and BCX-2855 5.7f On the other hand, little has been pub-
lished on NDV HN inhibitors, and only a few active ana-
logues of DANA 2a have been reported in early studies, which
include difluoroacetyl 6 and trifluoroacetyl (FANA) 2b as the
most active compounds (Fig. 1).8

Based on these initial results and on our involvement in
sialidase and sialoconjugate research,9 the main goal of this
work is to study the effects of a structural modification of the
DANA framework on NDV–HN inhibition.

Starting from the structure of FANA 2b, the best inhibitor
to date,8a and considering that the C-5 binding domain
within the NDV–HN active site can accommodate bulky hy-
drophobic acyl moieties,6c,7b,e we planned to study the effects
of replacing the C-5 acyl group with longer perfluorinated
chains. Indeed, incorporating fluorine atoms in bioactive
compounds has been extensively used in medicinal chemistry
to enhance the binding affinity of a compound to a target
protein.10 In fact, the presence of fluorine atoms adds polar-
hydrophobicity to the residue together with the capability of
weak hydrogen-bonding. In addition, this modification gener-
ally causes an enhancement in the metabolic stability and
molecular bioavailability.10b

Thus, we prepared the C-5 perfluorinated homologues
2c–d together with their corresponding normal acylic ana-
logues 2e–f and subjected all compounds to HN–NDV inhibi-
tion assay to compare the effects of fluorine incorporation.

Furthermore, to better understand the role played by the
C-4 and C-5 substituents in the interaction with the HN ac-
tive site, we also synthesized the epimers 7a–d, with an
inverted stereochemistry of the C-4 hydroxyl group. We then
determined the IC50 of all compounds and subjected the best
new inhibitor, the C-4α heptafluorobutyryl derivative 2d, to
an in vitro cytotoxicity test, as well as cell–cell fusion assay on
COS7 cells infected with NDV.

Results and discussion
Chemistry

The crystal structures (PDB codes: 1E8T, 1E8U, 1E8V) of the
complex of NDV with DANA 2a, as well as the computational
chemistry studies previously reported in the literature,6,7b

prompted us to further investigate the notion that both the
C-4 and C-5 positions6,7b,e are crucial for the inhibitory activ-
ity of DANA derivatives. In particular, analysis of the NDV–
HN-DANA complex suggests that a bulkier hydrophobic group
could be accommodated in place of the methyl group of the
acetamido moiety at C-5, while the effects of a configuration
inversion of the C-4 group is yet to be reported. Based on
these premises, considering that the presence of a
perfluorinated acyl chain should have improved the hydro-
phobicity of the C-5 moiety, we prepared the previously
reported,8d yet chemically uncharacterized perfluorinated C-5
analogues of DANA, 2c–d, together with the corresponding 4β
epimers, 7b–d, previously unreported.

As depicted in Scheme 1, the synthesis of both glycals
2a–d and 7a–d was achieved starting from the common pre-
cursor methyl ester of peracetylated Neu5Ac.

The protected intermediates 8a–d (Scheme 1) of the 4α series
were obtained through glycal formation promoted by Na2HPO4

11

followed, in the case of compounds 8b–d, by a rapid basic
N-transacylation reaction.12 On the other hand, peracetylated
glycals 9a–d, having a 4β stereochemistry, were achieved via
oxazoline formation, ring opening under acetylating condi-
tions,13 and, for 9b–d, a final basic N-transacylation.12b

All the protected derivatives 8a–d and 9a–d were subjected
to deacetylation with NaOCH3 in methanol followed by selec-
tive hydrolysis to remove the ester function, while keeping
the labile fluorinated amide groups. The best selective hydro-
lytic conditions, for pentafluoropropionic and heptafluo-
robutyric amido derivatives 8c, d and 9c, d, were K2CO3 in
moist methanol, according to the procedure previously opti-
mized by us for other perfluorinated sialic acid derivatives.9a,
e,14 Under the described conditions, glycals 2c, d and 7c, d
were formed in satisfactory yields (71–86%) and in very short
reaction times.

In contrast, the hydrolysis of FANA 2b and of its C-4 epi-
mer 7b, both bearing a base-labile trifluoroacetyl amido
group, could be achieved in good yields (82–87%) only in the

Scheme 1 Reagents and conditions: i, NaOMe, MeOH, 23 °C, 1 h, then
for 8a, c–d and 9a, c–d: K2CO3, MeOH/H2O (10 : 1, v/v), 23 °C, 12 h, 71–
86% and for 8b and 9b: Et3N, aq. MeOH–H2O, 23 °C, 12 h, 82–87%.

Fig. 1 Structures of sialidase inhibitors and their C-5 normal or
perfluorinated modified analogues.
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presence of triethylamine in aqueous methanol.13b After puri-
fication by reverse phase preparative HPLC and lyophiliza-
tion, all final glycals showed physicochemical properties con-
sistent with their structures. In particular, the 13C-NMR
spectra proved the survival of the perfluorinated acyl groups
in the molecules, as confirmed by the coupling constants (37
Hz for 2b and 7b; 26 Hz for 2c, d and 7c, d) between the car-
bonyl carbon (∼159 ppm) and the fluorine atoms at the
α-carbon.

Finally, in order to further investigate the role played by
fluorine atoms in the inhibition activity, we synthesized the
known compounds 2e–f,15 bearing an unfluorinated analogue
chain (propionic and butyric, respectively) at the C-5 amidic
functionality. For this purpose, we synthesized the target com-
pounds 2e–f starting from compound 8b by a two-step hydro-
lytic procedure, affording the intermediate zwitterion 10,
which was then reacted with the appropriate acyl chloride, in
a dioxane–water mixture containing triethylamine (Scheme 2).

Biological evaluation

All synthesized compounds 2a–d and 7a–d were tested for
NDV neuraminidase inhibition with an in vitro assay based on
the hydrolysis of 4-methylumbelliferyl α-D-N-acetylneuraminic
acid, performed using in toto purified NDV.16 To evaluate the
activity of the synthesized inhibitors, the concentration caus-
ing 50% inhibition of the sialidase activity (IC50) was deter-
mined by plotting the percentage inhibition against the loga-
rithm of concentration of each compound.

The IC50 values found for the known compounds DANA 2a
and FANA 2b are in agreement with those reported in the lit-
erature (13 μM and 1.9 μM respectively, Table 1).8a On the
other hand, inhibitory activities measured for compounds
2b–2d differ from those described in a dated symposium
communication,8d where these compounds were reported to
possess little inhibitory activity on NDV. However, we may
speculate that these apparent discrepancies with our findings
are due to the thiobarbituric assay used in the previous re-
port, which is now considered obsolete and quite unreliable.

All the perfluorinated inhibitors were found to be more ac-
tive than the corresponding unfluorinated analogues 2a, 2e
and 2f (Table 1).

In addition, while FANA 2b was confirmed as the most ac-
tive inhibitor (IC50 = 2.4 μM), an interesting trend was ob-
served in both perfluorinated 4α and 4β series (2b–d and
7b–d respectively) as we increased the perfluorinated chain-

length at the C-5 position. In fact, while we observed in-
creased IC50 values, i.e. less activity, moving from the
trifluoroacetamido (2b, 7b) to the corresponding
N-pentafluoroacetamido derivatives (2c, 7c), the activity was
restored when we further elongated the chain to the
N-heptafluorobutyramides (2d, 7d).

In contrast, this trend was not observed in the
unfluorinated derivatives (2a, 2e, 2f), as the activity kept de-
creasing while we elongated the C-5 chain. While an in-depth
SAR study would be required to fully understand these find-
ings, our results are consistent with the notion that C-5 side
chains, even longer than the methyl group of DANA 2a, could
be accommodated in the known hydrophobic pocket in the
enzyme active site, generating new interactions depending on
the different chain-lengths and the tendency of fluorine
atoms to form hydrophobic and/or weak hydrogen bonds.6c,7b

In order to further investigate this hypothesis, we
performed a docking study using compounds 2a–2d. To as-
sess the quality of the method, ligand 2a was docked and
the experimental binding mode could be reproduced
(RMSD of 0.5 Å). Ligand interactions of compound 2a are
shown in the ESI† (Fig. S2) and the overall binding mode
is the same as the experimental one previously reported in
the literature.6a Compounds 2a and 2b have almost identi-
cal binding modes (RMSD 1.0 Å), with an additional inter-
action between the CF3 group of FANA 2b and the hydroxyl
group of Tyr 299. This additional interaction could explain
the observed decrease of the IC50 of 2b. In addition, in
both compounds 2a and 2b, we observed an intramolecular
hydrogen bond between the hydroxyl function at the C-4
position and the carbonyl group of the amide at C-5, which
could influence the position of the C-5 chain in the hydro-
phobic pocket. Another interesting difference between 2a
and 2b is that 2b loses the interaction between the second
hydroxyl group of the C-6 glyceric chain (at C-8) and Glu
401 in favor of a new intramolecular bond with the
pyranosidic oxygen.

As shown in the ESI† (Fig. S2 and S3), the extension of the
C-5 perfluorinated chain present in compounds 2c and 2d

Scheme 2 Reagents and conditions (8b to 2e–f): i, NaOMe, MeOH, 23
°C, 1 h, then NaOH 1 M, MeOH/H2O (1 : 1, v/v), 40 °C, o/n; ii, acyl
chloride, Et3N, dioxane–H2O (5 : 1, v/v), 0 °C to 40 °C, 1 h, overall yield,
55–57%.

Table 1 IC50 values of DANA 2a, FANA 2b, perfluorinated analogues 2c,
d and 7a–d and unfluorinated glycals 2e, f established by NDV neuramini-
dase inhibition assay

Compound IC50
a (μM)

DANA (2a) 14.6 ± 1.2
FANA (2b) 2.42 ± 0.29
2c 11.6 ± 1.4
2d 3.73 ± 0.11
2e 25.7 ± 4.8
2f 46.2 ± 3.0
7a 12.2 ± 1.6
7b 4.16 ± 0.48
7c 20.8 ± 2.9
7d 6.38 ± 0.87

a Each value represents the mean of three independent experiments
carried out in triplicate.
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has different effects on the binding mode of the ligand com-
pared to 2b. In particular, the intramolecular hydrogen bond
between the hydroxyl group at C-4 and the carbonyl oxygen of
the amide, observed in 2b (and 2a), is broken in the superior
homologues, due to a change in the conformation to accom-
modate the extended C-5 chain. Furthermore, the glyceric
chain at C-6 of 2c and 2d shows a different conformational
arrangement compared with that of FANA 2b: (i) the first hy-
droxyl group (at C-7) interacts with Glu 401 (for 2c) instead of
Glu 258; (ii) the second hydroxyl group (at C-8) interacts with
Glu 258, losing the intramolecular hydrogen bond with the
pyranosidic oxygen. In addition, of particular relevance is the
loss of the vdW interaction of perfluorinated derivatives 2c
and 2d with the Tyr-299 residue, a characteristic binding ob-
served in the most active FANA 2b. Overall, these results
could explain the decrease of the inhibitory activity observed
for the perfluorinated derivatives 2c and 2d, as compared to
that of the trifluoracetamido one.

Finally, an explanation for the improvement in the inhibi-
tory activity of 2d, as compared to ligand 2c, might be due to
a new interaction between the terminal trifluoromethyl resi-
due of the heptafluorobutyric chain and Lys-236.

Moreover, we found that all C-4β epimers (7a–d) are active
but generally less effective than the corresponding C-4
α-glycals (2a–d), with the exception of β-epimer 7a, which
was slightly more active than its counterpart α-epimer DANA
2a. Altogether these results confirm that the HN cavity near
the 4-hydroxy group is relatively large, as previously
reported,6a as it can accommodate both α and β-epimers. On
the other hand, as the activity trend for the C-5 chain is con-
firmed also for the β-epimers, the C-4 stereochemistry seems
to have little influence on the binding of the C-5 chain.

Then, we selected compound 2d, showing the lowest IC50

value among the newly synthesized inhibitors, and subjected
it to further biological evaluation. In particular, the cytotoxic-
ity of 2d was determined by MTT assay and compared with
that of the endogenous glycal DANA 2a. No significant cyto-
toxicity was detected for both glycal 2d and DANA 2a, with a
minimum cell viability of 96% at 3 and 10 μM concentrations
(values are in the same range as the IC50 of compound 2d).
Then, we studied the inhibitory effect of 2d on virus propaga-
tion by looking at its ability to reduce the formation of syncy-
tia (cell–cell fusion) in NDV-infected COS7 cells, as previously
reported (Fig. 2).9a Since COS7 cells themselves have some
tendency to form syncytia, uninfected cells were used to nor-
malize the results (Fig. 2B, condition a). The results showed
that NDV infection causes a significant increase (+63%) of
syncytia formation as compared to uninfected cells, as
expected (Fig. 2B, condition b). Then, we assessed whether
2d was able to reduce the NDV ability to infect cells. For this
purpose, COS7 cells were infected with NDV (1 MOI) for 1 h
at 37 °C in the presence of 3.7 μM 2d. Cells were then
washed with a fresh medium (DMEM + 10% v/v FBS) and
then cultured for an additional 5 h post-infection without the
inhibitor 2d before trypsin digestion, to activate the fusion
protein (Fig. 2B, condition c). Syncytia formation was then

assayed 16 h after trypsin digestion. The results showed that
2d treatment during NDV infection caused complete inhibi-
tion of syncytia formation (Fig. 2B, condition c), as their
number was comparable to that of uninfected COS7 cells.

Fig. 2 Inhibition of avirulent NDV (Clone 30) strain-mediated cell fu-
sion. A) Schematic representation of the cell–cell fusion assay; B)
microscopy images of COS7 cells under all the different experimental
conditions (100× magnification, arrows indicate syncytia) of: uninfected
cells (a); NDV infected cells (b); NDV infected cells + 2d during infec-
tion (c); NDV infected cells + 2d during virus propagation (d); NDV
infected cells + 2d after F-protein activation (e); C) quantification of
cell fusion. Data are expressed as relative quantification (RQ) of cell
syncytia as compared to uninfected controls (dotted line). Shown are
the mean ± SD of independent experiments performed in triplicate,
counting 20 fields per well. *p < 0.05.
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These data support the notion that 2d binds to NDV–HN,
thus preventing it from entering the cell. Actually, we could
also speculate that the binding between compound 2d and
the HN protein could also modify the interaction between
HN and the F-protein, destabilizing the F protein structure,
thus indirectly affecting the fusion process.6e,17

To test this hypothesis, we first infected cells with NDV
without the inhibitor 2d. Then, we washed cells, and treated
them with 2d before (Fig. 2B, condition d) or after (Fig. 2B,
condition e) activating the F-protein with trypsin, and
checked for syncytia formation after 16 h. In both cases, the
results confirmed that 2d treatment was able to inhibit syncy-
tia formation also in NDV-infected cells, as no significant in-
crease in the syncytia number could be observed, as com-
pared to uninfected controls. These results support the
notion that inhibitor 2d also plays a role in preventing NDV
propagation, conceivably through the destabilization of the
interaction between HN and the F-protein (Fig. 2).

Conclusions

Altogether these results show that 2d could be a promising
candidate for the development of new drugs against NDV in-
fections. In particular, we unveiled (also by docking studies)
the key role played by the C-5 chain of the DANA framework
and its interactions with the amino acids present in the hy-
drophobic pocket of NDV–HN.

On the other hand, while at this stage the C-4 stereo-
chemistry seems to have little effect on the binding, it would
be interesting to test new substituents other than the hy-
droxyl group. Studies in this direction are ongoing in our
laboratories.

Experimental
Chemistry

General information. All chemicals and solvents used were
of analytical grade and purchased from Sigma-Aldrich (St.
Louis, MO, USA). Deionized water was prepared by filtering
water on a Milli-Q Simplicity 185 filtration system from Milli-
pore (Bedford, MA, USA). Solvents were dried using standard
methods and distilled before use. The progress of all reac-
tions was monitored by thin-layer chromatography (TLC) car-
ried out on 0.25 mm E. Merck silica gel plates (60 F254)
using UV light, anisaldehyde/H2SO4/EtOH solution or 0.2%
ninhydrin in ethanol and heat as the developing agent. Flash
chromatography was performed with normal phase silica gel
(E. Merck 230–400 mesh silica gel), following the general pro-
tocol of Still.18

Nuclear magnetic resonance spectra were recorded at 303
K on a Bruker AM-500 spectrometer equipped with a 5 mm
inverse-geometry broadband probe and operating at 500.13
MHz for 1H and 125.76 MHz for 13C. Chemical shifts are
reported in parts per million (ppm, δ units) and are
referenced for 1H spectra, to a solvent residue proton signal
(δ 3.31 ppm CD3OD solution), and for 13C spectra, to a sol-

vent carbon signal (central line at δ 49.05 ppm CD3OD solu-
tion). The 1H and 13C resonances were assigned by 1H–1H
(COSY) and 1H–13C (HSQC and HMBC) correlation 2D experi-
ments. 1H NMR data are tabulated in the following order:
number of protons, multiplicity (s, singlet; d, doublet; br s,
broad singlet; m, multiplet), coupling constantĲs) in hertz
and assignment of proton(s). Optical rotations were taken on
a Perkin-Elmer 241 polarimeter equipped with a 1 dm tube;
[α]D values are given in 10−1 deg cm2 g−1 and the concentra-
tions are given in g per 100 mL.

High-resolution mass spectrometry (HRMS) analyses were
performed using a QTof 5600 ABSciex mass spectrometer
equipped with an ESI ion source. The spectra were collected
in continuous flow mode by connecting the integrated Har-
vard syringe pump directly to the ESI source. Compound so-
lutions were infused at a flow rate of 0.01 mL min−1 and the
spray voltage was set at 4.5 kV in the negative ion mode with
a capillary temperature of 400 °C. Full-scan mass spectra
were recorded by scanning a m/z range of 50–700.

The preparative HPLC purifications were performed on a
Dionex Ultimate 3000 instrument equipped with a Dionex RS
variable wavelength detector, using an Atlantis C-18-Preper
T3 ODB (5 μm, 19 × 10 mm) column and starting from 100%
aqueous 0.1% (v/v) formic acid to 100% CH3CN as the eluent.
The crude product was dissolved in water and the solution
was filtered (polypropylene, 0.45 μm, 13 mm ø, PK/100) and
injected into the HPLC, affording purified products.

Preparation of N-perfluoracyl glycals 2c, d and 7a–d

General procedure. All the peracetylated glycals 8c, d and
9b–d (0.2 mmol) were treated with a methanolic solution of
NaOMe, freshly prepared by dissolving sodium metal (0.22
mmol, 5 mg) in anhydrous MeOH (2 mL). Each reaction mix-
ture was stirred at 25 °C for 2 h, and then quenched with
acidic resin (Dowex 50WX8, H+). The resin was filtered off
and washed with MeOH (2 mL × 3) and the combined filtrate
and washes were evaporated under vacuum. Each crude com-
pound was purified with flash chromatography and directly
subjected to opportune selective hydrolysis (Method A or B).

Method A) Selective hydrolysis using moist K2CO3 methanol
solution. The free glycals 2c, d and 7c, d were prepared by
selective hydrolysis of appropriate methyl ester derivatives
(0.14 mmol) performed in a methanol–water solution (0.75
mL, 10 : 1 v/v) containing K2CO3 (13 mg), kept at 25 °C for 6–
24 h. At this time, the reaction mixture was treated with
acidic resin (Dowex 50WX8, H+) until acidic pH, and then,
the resin was filtered and washed with MeOH (2 mL × 3).
Finally, the solvent was removed under reduced pressure and
the residue was recovered with aqueous methanol and
lyophilized to afford, after preparative HPLC, the desired free
glycals.

Method B) Selective hydrolysis using moist Et3N methanol
solution. The free glycal 7b was prepared by selective
hydrolysis of its methyl ester derivative (0.14 mmol)
performed in a methanol–water solution (1.5 mL, 2 : 1 v/v)
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containing Et3N (0.90 mL), kept at 23 °C for 12 h. Then the
mixture was treated with acidic resin (Dowex 50WX8, H+)
until acidic pH and the resin was filtered and washed with
MeOH (2 mL × 3). Finally, the solvent was removed under
reduced pressure and the residue was recovered with
aqueous methanol and lyophilized, to afford, after
preparative HPLC, the desired free glycal 7b.

Preparation of 2,6-anhydro-5-(2,2,3,3,3-pentafluoropropionamido)-
3,5-dideoxy-D-glycero-D-galacto-non-2-enoic acid (2c). Starting
from protected glycal 8c12c (80 mg, 0.14 mmol), according to
the general two step procedure Zemplén reaction followed by
selective hydrolytic method A, glycal 2c was obtained (48 mg,
86%), as a white solid, showing: [α]23D , +26.7 (c 1 in MeOH);
δH (CD3OD) 5.96 (1H, d, J3,4 2.2 Hz, 3-H), 4.50 (1H, dd, J4,3
2.2, J4,5 9.0 Hz, 4-H), 4.41 (1H, d app, J6,5 11.0 Hz, 6-H), 4.24
(1H, dd, J5,4 9.0, J5,6 11.0 Hz, 5-H), 3.86 (1H, ddd, J8,9a 2.9,
J8,9b 5.6, J8,7 9.2 Hz, 8-H), 3.80 (1H, dd, J9a,8 2.9, J9a,9b 11.4 Hz,
9a-H), 3.62 (1H, dd, J9b,8 5.6, J9b,9a 11.4 Hz, 9b-H), 3.51 (1H, d
app, J7,8 9.2 Hz, 7-H); δC (CD3OD) 165.6 (C-1), 160.0 (t, JC,F 26
Hz, COCF2), 145.3 (C-2), 125.0–110.0 (2C, CF2CF3), 113.6
(C-3), 77.2 (C-6), 71.5 (C-8), 70.1 (C-7), 68.0 (C-4), 65.0 (C-9),
52.2 (C-5); HRMS (ESI-TOF, m/z): calcd for C12H13F5NO8

[M − H]− 394.0567, found 394.0559.
Preparation of 2,6-anhydro-5-(2,2,3,3,4,4,4-heptafluorobutanamido)-

3,5-dideoxy-D-glycero-D-galacto-non-2-enoic acid (2d). Starting
from protected glycal 8d12c (88 mg, 0.14 mmol), according to
the general two step procedure Zemplén reaction followed by
selective hydrolytic method A, glycal 2d was obtained (52 mg,
84%), as a white solid, showing: [α]23D , +19.9 (c 1 in MeOH);
δH (CD3OD) 5.96 (1H, d, J3,4 2.3 Hz, 3-H), 4.50 (1H, dd, J4,3
2.3, J4,5 8.9 Hz, 4-H), 4.41 (1H, dd, J6,7 < 1.0, J6,5 11.0 Hz,
6-H), 4.24 (1H, dd, J5,4 8.9, J5,6 11.0 Hz, 5-H), 3.89 (1H, ddd,
J8,9a 2.8, J8,9b 5.6, J8,7 9.2 Hz, 8-H), 3.82 (1H, dd, J9a,8 2.8, J9a,9b
11.4 Hz, 9a-H), 3.56 (1H, dd, J9b,8 5.6, J9b,9a 11.4 Hz, 9b-H),
3.52 (1H, dd, J6,7 < 1.0, J7,8 9.2 Hz, 7-H); δC (CD3OD) 165.6
(C-1), 159.8 (t, JC–F 26 Hz, COCF2), 145.3 (C-2), 122.0–110.0
(3C, CF2CF2CF3), 113.6 (C-3), 77.2 (C-6), 71.5 (C-8), 70.2 (C-7),
67.9 (C-4), 65.0 (C-9), 52.3 (C-5); HRMS (ESI-TOF, m/z): calcd
for C13H13F7NO8 [M − H]− 444.0535, found 444.0551.

Preparation of 2,6-anhydro-5-acetamido-3,5-dideoxy-D-glycero-
D-talo-non-2-enoic acid (7a). Starting from protected glycal
9a13,14 (66 mg, 0.14 mmol), according to the general two step
procedure Zemplén reaction followed by selective hydrolytic
method A, glycal 7a was obtained (31 mg, 75%), as a white
solid, showing: [α]23D , −98.9 (c 1 in MeOH); δH (CD3OD) 6.02
(1H, d, J3,4 5.0 Hz, 3-H), 4.27–4.14 (3H, overlapping, 4-H, 6-H
and 5-H), 3.92 (1H, ddd, J8,9a 2.3, J8,9b 5.3, J8,7 9.2 Hz, 8-H),
3.83 (1H, dd, J9a,8 2.3, J9a,9b 11.4 Hz, 9a-H), 3.67 (1H, dd, J9b,8
5.3, J9b,9a 11.4 Hz, 9b-H), 3.58 (1H, d app, J7,8 9.2 Hz, 7-H),
2.05 (1H, s, NHCOCH3); δC (CD3OD) 174.2 (C-1), 167.5
(NHCOCH3), 148.2 (C-2), 108.6 (C-3), 73.3 (C-6), 71.5 (C-8),
70.1 (C-7), 65.0 (C-9), 62.1 (C-5), 49.4 (C-4), 22.8 (NHCOCH3);
HRMS (ESI-TOF, m/z): calcd for C11H16NO8 [M − H]− 290.0881,
found 290.0855.

Preparation of 2,6-anhydro-5-(2,2,2-trifluoroacetamido)-3,5-
dideoxy-D-glycero-D-talo-non-2-enoic acid (7b). Starting from

protected glycal 9b13,14 (74 mg, 0.14 mmol), according to the
general two step procedure Zemplén reaction followed by
selective hydrolytic method B, glycal 7b was obtained (42 mg,
87%), as a white solid, showing: m.p. 112–114 °C (from
MeOH–diisopropylether); [α]23D , −98.8 (c 1 in MeOH); δH
(CD3OD) 6.14 (1H, d, J3,4 5.6 Hz, 3-H), 4.45 (1H, d app, J6,5
11.3 Hz, 6-H), 4.32 (1H, dd, J5,4 3.4, J5,6 11.3 Hz, 5-H),
4.28–4.23 (1H, m, 4-H), 4.00 (1H, ddd, J8,9a 2.1, J8,9b 5.4, J8,7
9.2 Hz, 8-H), 3.84 (1H, dd, J9a,8 2.1, J9a,9b 11.4 Hz, 9a-H),
3.67 (1H, dd, J9b,8 5.4, J9b,9a 11.4 Hz, 9b-H), 3.67 (1H, d
app, J7,8 9.2 Hz, 7-H); δC (CD3OD) 165.8 (C-1), 158.9 (1C, q,
JC,F 37 Hz, COCF3), 146.4 (C-2), 121.0–114.0 (1C, q, JC,F 287
Hz, CF3), 110.4 (C-3), 72.9 (C-6), 71.8 (C-8), 69.9 (C-7), 64.9
(C-9), 61.3 (C-5), 50.1 (C-4); HRMS (ESI-TOF, m/z): calcd for
C11H13F3NO8 [M − H]− 344.0599, found 344.0583.

Preparation of 2,6-anhydro-5-(2,2,3,3,3-pentafluoropropionamido)-
3,5-dideoxy-D-glycero-D-talo-non-2-enoic acid (7c). Starting from
protected glycal 9c13,14 (81 mg, 0.14 mmol), according to the
general two step procedure Zemplén reaction followed by
selective hydrolytic method A, glycal 7c was obtained (40 mg,
72%), as a white solid, showing: m.p. 107–109 °C (from
MeOH–diisopropylether); [α]23D , −119.2 (c 1 in MeOH); δH
(CD3OD) 6.14 (1H, d, J3,4 5.7 Hz, 3-H), 4.46 (1H, d app, J6,5 11.4
Hz, 6-H), 4.36 (1H, dd, J5,4 3.6, J5,6 11.4 Hz, 5-H), 4.27–4.23 (1H,
m, 4-H), 3.91 (1H, ddd, J8,9a 2.7, J8,9b 5.6, J8,7 9.2 Hz, 8-H), 3.84
(1H, dd, J9a,8 2.7, J9a,9b 11.4 Hz, 9a-H), 3.65 (1H, dd, J9b,8 5.6,
J9b,9a 11.4 Hz, 9b-H), 3.57 (1H, d app, J7,8 9.2 Hz, 7-H); δC (CD3-
OD) 165.8 (C-1), 159.4 (1C, t, JC,F 26 Hz, COCF2), 146.4 (C-2),
123.0–106.0 (2C, CF2CF3), 110.5 (C-3), 72.9 (C-6), 71.8 (C-8),
70.0 (C-7), 65.0 (C-9), 61.3 (C-5), 50.1 (C-4); HRMS (ESI-TOF, m/
z): calcd for C12H13F5NO8 [M − H]− 394.0567, found 394.0560.

Preparation of 2,6-anhydro-5-(2,2,3,3,4,4,4-heptafluorobutanamido)-
3,5-dideoxy-D-glycero-D-talo-non-2-enoic acid (7d). Starting from
protected glycal 9d (88 mg, 0.14 mmol), according to the general
two step procedure Zemplén reaction followed by selective
hydrolytic method A, glycal 7d was obtained (44 mg, 71%), as a
white solid, showing: [α]23D , −103.6 (c 1 in MeOH); δH (CD3OD)
6.13 (1H, d, J3,4 5.6 Hz, 3-H), 4.47 (1H, d app, J6,5 11.3 Hz, 6-H),
4.36 (1H, dd, J5,4 3.2, J5,6 11.3 Hz, 5-H), 4.24 (1H, dd, J4,5 3.2, J4,3
5.6 Hz, 4-H), 3.91 (1H, ddd, J8,9a 2.1, J8,9b 5.6, J8,7 9.1 Hz, 8-H),
3.85 (1H, dd, J9a,8 2.1, J9a,9b 11.4 Hz, 9a-H), 3.65 (1H, dd, J9b,8
5.6, J9b,9a 11.4 Hz, 9b-H), 3.58 (1H, d app, J7,8 9.1 Hz, 7-H); δC
(CD3OD) 166.0 (C-1), 159.2 (1C, t, JC,F 26 Hz, COCF2), 146.5 (C-
2), 121.0–106.0 (3C, CF2CF2CF3), 110.3 (C-3), 72.9 (C-6), 71.9 (C-
8), 70.1 (C-7), 65.0 (C-9), 61.3 (C-5), 50.2 (C-4); HRMS (ESI-TOF,
m/z): calcd for C13H13F7NO8 [M − H]− 444.0535, found 444.0535.

Synthesis of N-unfluoracyl glycals 2e–f

General procedure. The peracetylated glycal 8b12c (260 mg,
0.5 mmol) were treated with a methanolic solution of
NaOMe, freshly prepared by dissolving sodium metal (0.22
mmol, 5 mg) in anhydrous MeOH (2 mL). The reaction mix-
ture was stirred at 23 °C for 1 h, and then quenched with
acidic resin (Dowex 50WX8, H+). The resin was filtered off
and washed with MeOH (2 mL) and the combined filtrates
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were evaporated under vacuum. The crude compound was
purified with flash chromatography and directly submitted to
hydrolysis. The obtained compound was dissolved in a
MeOH/H2O mixture (4 mL, 1 : 1, v/v) and treated with 1 M
NaOH solution (1.5 mL) at 40 °C and stirred at room temper-
ature overnight. The reaction was neutralized with Amberlite
DP-1 (H+) weakly acidic ion exchange resin, the resin was
washed twice with methanolic 0.5 M NH3 solution and the
combined filtrates were concentrated under vacuum to afford
compound 10 as a solid (100 mg, 78%). The obtained inter-
mediate zwitterion 10 was dissolved in water (1 mL) and diox-
ane was added (5 mL) followed by Et3N (0.5 mL). The reac-
tion mixture was then cooled to 0 °C and the appropriate acyl
chloride (0.72 mmol) in dioxane (0.5 mL) was added
dropwise to the reaction mixture. The reaction temperature
was raised to 40 °C for 1 h. Then, the reaction mixture was
cooled and concentrated under reduced pressure to give a
residue, which was purified by preparative HPLC to afford
the desired free glycal.

Preparation of 2,6-anhydro-5-propionamido-3,5-dideoxy-D-
glycero-D-galacto-non-2-enoic acid (2e). Starting from protected
glycal 8b (0.5 mmol), according to the general procedure,
glycal 2e15 was obtained (83 mg, 55%), as a white solid,
showing: δH (CD3OD) 5.87 (1H, br s, 3-H), 4.42 (1H, d app,
J4,5 8.3 Hz, 4-H), 4.15 (1H, d app, J6,5 10.7 Hz, 6-H), 3.99 (1H,
dd, J5,4 8.7, J5,6 10.7 Hz, 5-H), 3.93–3.86 (1H, m, 8-H), 3.82
(1H, d app, J9a,9b 11.3 Hz, 9a-H), 3.65 (1H, dd, J9b,8 4.9, J9b,9a
11.3 Hz, 9b-H), 3.55 (1H, d app, J7,8 8.9 Hz, 7-H), 2.32 (2H, q,
JH,H 7.5 Hz, COCH2), 1.16 (3H, t, JH,H 7.5 Hz, COCH2CH3); δC
(CD3OD) 178.7 (C-1), 165.6 (CONH), 145.5 (C-2), 111.8 (C-3),
77.9 (C-6), 71.3 (C-8), 70.3 (C-7), 68.2 (C-4), 65.0 (C-9), 51.9 (C-
5), 30.2 (COCH2), 10.3 (COCH2CH3); MS (ESI negative, m/z):
304. 2 [M − H]−.

Preparation of 2,6-anhydro-5-butyramido-3,5-dideoxy-D-glycero-
D-galacto-non-2-enoic acid (2f). Starting from protected glycal 8b
(0.5 mmol), according to the general procedure, glycal 2f15

was obtained (88 mg, 57%), as a white solid, showing: δH
(CD3OD) 5.97 (1H, d, J3,4 2.1 Hz, 3-H), 4.46 (1H, dd, J4,3 2.1,
J4,5 8.7 Hz, 4-H), 4.19 (1H, d app, J6,5 10.8 Hz, 6-H), 4.02 (1H,
dd, J5,4 8.7, J5,6 10.8 Hz, 5-H), 3.92 (1H, ddd, J8,9a 2.6, J8,9b 5.4,
J8,7 9.1 Hz, 8-H), 3.85 (1H, dd, J9a,8 2.6, J9a,9b 11.4 Hz, 9a-H),
3.66 (1H, dd, J9b,8 5.4, J9b,9a 11.4 Hz, 9b-H), 3.59 (1H, d app,
J7,8 9.1 Hz, 7-H), 2.30 (2H, t, JH,H 7.2 Hz, COCH2), 1.70 (2H,
m, COCH2CH2), 1.00 (3H, t, JH,H 7.2 Hz, COCH2CH2CH3); δC
(CD3OD) 178.1 (C-1), 165.6 (CONH), 145.5 (C-2), 113.5 (C-3),
78.2 (C-6), 71.1 (C-8), 70.4 (C-7), 68.0 (C-4), 65.1 (C-9), 51.9
(C-5), 39.0 (COCH2), 20.3 (COCH2CH2), 14.1 (COCH2CH2CH3);
MS (ESI negative, m/z): 318.1 [M − H]−.

Biological screening

Cell lines and viruses. COS7 cells were obtained from the
American Type Culture Collection and maintained at 37 °C
(in an atmosphere of 5% CO2) in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with L-glutamine (4 mM),
penicillin–streptomycin (100 U ml−1–100 μg ml−1), and heat-

inactivated fetal bovine serum (FBS) at 10% v/v (all reagents
were from Sigma).

NDV “Clone 30” was grown and purified as described pre-
viously in the literature.19 Stock viruses were harvested, ti-
trated, and stored at −80 °C until use.

Cytotoxicity assay. The cytotoxicity of the compounds was
analyzed by MTT assay following the manufacturer's protocol
(Sigma Aldrich). Briefly, COS7 cells were seeded in 6-well
plates at an initial density of 1 × 105 cells per well. The cells
were incubated with different concentrations of the com-
pounds at 37 °C in 5% CO2 in an incubator for 24 h. MTT so-
lution (5 mg mL−1) was added to the cells, which were further
incubated for 30 min. Then, the medium was discarded and
1 ml of MTT solubilization solution (10% Triton X-100 plus
0.1 N HCl in anhydrous isopropanol) was added for 10 min
to dissolve the resulting formazan product. The absorbance
of each well was measured at 570 nm using a spectrophotom-
eter (Jasco V-530 Spectrophotometer).

Each experiment was performed in triplicate, and experi-
ments were repeated at least three times. The cytotoxicity was
expressed as the CC50, which was the concentration of the
test substances that inhibited the growth of COS7 cells by
50% compared with the growth of the untreated cells.

Neuraminidase inhibition assay. Neuraminidase activity
inhibition assay was performed, according to Venerando
et al.,16 using 4-MUNeu5Ac as the artificial substrate. Briefly,
the incubation mixture (final volume of 100 μL) contained
0.1 μg of NDV “Clone 30”, different amounts of the inhibitors
(0-500 mM), 0.3 mM 4-MU-Neu5Ac, 600 μg of bovine serum
albumin (BSA) and 200 mM sodium citrate/phosphate buffer
pH 6.8. After incubation at 37 °C for 15 min, the reactions
were stopped by the addition of 1.5 mL of 0.2 M glycine buff-
ered with NaOH at pH 10.8, and the neuraminidase activity
is determined by spectrofluorometric measurement of the
4-methylumbelliferone released (λ excitation 365 nm, λ emis-
sion 448 nm). One unit of neuraminidase was defined as the
amount of enzyme releasing 1 μmol of N-acetylneuraminic
acid per minute at 37 °C.

Five concentrations of each inhibitor were used to deter-
mine the IC50 with a fixed concentration (0.3 mM) of 4-MU-
Neu5Ac.

IC50 values were obtained using GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA) by nonlinear regres-
sion (curve fit), dose–response inhibition and three parame-
ter logistic. Typical concentration–response plots were
obtained from the average values of triplicate assay results.

NDV infection assay in COS7 cells. COS7 cells were cultured
at 37 °C (in an atmosphere of 5% CO2) in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with L-glutamine (4
mM), penicillin–streptomycin (100 U ml−1–100 μg ml−1), and
10% (v/v) heat-inactivated fetal bovine serum (FBS). Briefly,
plated COS7 cells were infected with NDV at a multiplicity of
infection (MOI) of 1 for 1 h at 37 °C in DMEM supplemented
with 2% (v/v) FBS. After infection, the inoculum was removed
and the cells were washed 3 times with DMEM + 2% (v/v) FBS
and incubated in DMEM + 10% (v/v) FBS for 24 h. Then cells
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were harvested by scraping in phosphate-buffered saline (PBS)
at pH 7.4, and centrifuged (250 × g for 10 minutes at 4 °C).
The cellular pellet was resuspended in PBS buffer at pH 7.4
containing 1 mM EDTA, and a protease inhibitor mixture (10
μg per mL Aprotinin, 10 μg per mL Leupeptin, 1 μg per mL
Pepstatin A). Crude cell extracts were prepared by sonication
and centrifugation at 800 × g for 10 minutes at 4 °C to elimi-
nate cell nuclei and unbroken cells.

The protein concentration was determined using the Brad-
ford method,20 and aliquots of the crude extracts were used
for sialidase activity. This assay was performed in triplicate
with 30 μg of crude extract proteins, 0.3 mM 4-MU-Neu5Ac,
600 μg of BSA, 200 mM sodium-citrate/phosphate buffer pH
6.8, in a final volume of 100 μL. The procedure was the same
as those reported above.

Syncytium inhibition assay. Fusion inhibition assay was
performed according to the method reported by Anastasia.9a

Plated COS7 cells were infected with NDV at a multiplicity
of infection (MOI) of 1. The virus was left to be adsorbed
for 1 h at 37 °C, after which the inoculum was removed
and cells were incubated in DMEM + 10% (v/v) FBS. For
syncytium assays, trypsin digestion of the precursor of viral
protein F (F0) was accomplished at 6 h post-infection as de-
scribed previously. Briefly, cells were incubated in the pres-
ence of 5 μg ml−1 of acetylated trypsin (acetyl-trypsin,
Sigma) in DMEM containing 2% (v/v) FBS for 10 min at
room temperature. Then, cells were washed twice with an
acetyltrypsin inhibitor (Sigma) at 7.5 μg ml−1 in DMEM with
2% (v/v) FBS and incubated in complete medium for an ad-
ditional 16 h. Cells were then fixed with methanol for 10
min, stained with Giemsa, and the number of syncytia (cells
containing more than 3 nuclei) was counted in 20 random
areas of the well.

The selected inhibitor 2d was added at its IC50 value at
different times: during the infection, at 5 h post-infection or
immediately after trypsin treatment.

Statistical analysis. The IC50 values were determined by
nonlinear regression analysis using GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA). The results were
presented as the mean of three independent experiments car-
ried out in triplicate. For cell–cell fusion tests One-Way ANOVA
with the multiple comparison Dunnett test was performed
using Prism 7 (Graph Pad Software Inc., San Diego, CA).
Values of p < 0.05 were considered statistically significant.

Computational chemistry. The protein structure (PDB id
1E8V6a) was prepared for docking using Schrödinger Protein
Preparation Wizard (Schrödinger release 2016-3 (ref. 21)) with
standard settings, except that all water molecules were
retained. All ligands 2a–2d were prepared using Schrödinger
LigPrep and the protonation state assessed with Epik.21 The
most stable ligand conformations were identified using Monte
Carlo Multiple Minimum (MCMM) in Macromodel.22,23 The
OPLS3 force field was used (OPLS3, Schrödinger, Inc., New
York, NY, 2013).24 Docking of the substrates was performed
with Glide25–27 using the extra precision (XP) mode.25 Unless
otherwise stated, default settings were applied. The best pose

was selected using the glide E-model score, and the Glide XP
score was used to compare the docking poses of the different
substrates. The small difference of the IC50 values is reflected
in the small variation of the Glide XP G score. Poses with a
difference in energy within 2 kcal mol−1 are difficult to distin-
guish because of the limitations of the scoring function25,26

so the values of the G score cannot be used to rank the qual-
ity of the interaction.
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