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A medium-sized focused library of novel Oseltamivir structural analogues with promising antiviral activ-
ity was successfully synthesized using a combinatorial approach. The synthesized compounds were then
thoroughly evaluated in neuraminidase- and cell-based assays. As a result, (3R, 4R,55)-4-(2,2-difluoroace-
tylamino)-5-amino-3-(1-ethyl-propoxy)-cyclohex-1-enecarboxylic acid (AV5027) was identified as novel
Hit-compound with picomolar potency. QSAR analysis was carried out based on the obtained biological
data. Computational modeling was performed using a 3D-molecular docking approach and classical

i‘z ‘i’:’,‘i’rr:ls" regression analysis. The developed integral model demonstrated a sufficient prediction accuracy and tol-
Neuraminidase inhibitors erance to evaluate compounds based on their potential activity against neuraminidase (NA) at least
Influenza within the scaffold. Several compounds from the series can be reasonably regarded as promising anti-
Library influenza drug-candidates.

Published by Elsevier B.V.

1. Introduction

Influenza is one of the most abundant acute respiratory diseases
affecting people worldwide of all age groups and social back-
grounds. Frequent seasonal epidemics lead to increased morbidity
and, in more severe cases, mortality on a global scale. Annually, up
to 10% among the U.S. population is affected by symptomatic influ-
enza infection. More than 220 K persons are hospitalized and 24 K
deaths due to influenza-associated illness are reported (Hayden,
2002; Monto, 2008). The highest hospitalization rate is observed
of aged population, children and young persons, about one per
1 K or higher in infants, persons age 65 (approx. 20% of deaths)
and older as well as persons with chronic medical conditions (Grif-
fin, 2013). In addition to available and well-distributed anti-influ-
enza vaccines small-molecule compounds are currently described
as promising therapeutics targeted against both viral types (A
and B). Influenza virus HIN1 was comprehensively described in
many papers from different viewpoints (for review see: Du et al,,
2010a,b; Li et al., 2011; Wang et al., 2009a,b). During the last dec-
ade, various attempts have been made to develop effective NA
inhibitors with a low level of resistance (Wang et al., 2009b; Du
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et al, 2007; Gong et al., 2009; Wang et al.,, 2007, 2010; Wei
et al., 2006). Oseltamivir phosphate (OsP, Fig. 1) (Kim et al.,
1997), also known as Tamiflu, is one of the most effective oral
neuraminidase inhibitors with a prominent antiviral activity. OsP
is the pro-drug of Oseltamivir carboxylate (OsC). With respect to
the route of administration, cost of production and structure opti-
mization, the development of novel small-molecule compounds
targeted against influenza is reasonably attractive. Following this
concept, we have synthesized a combinatorial library of novel
OsC analogues with the general structures 1a-r (Fig. 1)
(Ivachtchenko, 2012, 2013).

2. Materials and methods
2.1. Cells and viruses

Madin-Darby Canine Kidney (MDCK) cells were grown in mini-
mal essential medium (MEM) supplemented with 10% fetal calf
serum (FCS), 5 mM L-glutamine, 25 mM HEPES, 100 U/ml penicil-
lin, 100 pg/ml streptomycin sulfate, and 100 pg/ml kanamycin sul-
fate, in a humidified atmosphere of 5% CO,. The influenza virus
strains A/CA/07/09 (H1N1) pdmO9 and A/Duck/MN/1525/81
(H5N1) were obtained from the WHO and Utah State University
(Logan, Utah, USA). Purified N1 crystals from A/Pr/8/34 (H1N1),
B/Taiwan/2/62 (H1N1), A/CA/07/09 (H1N1) viruses were obtained
from American Type Culture Collection (Manassas, Virginia, USA),
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Fig. 1. OsP, OsC and compounds under investigation in this work (1a-r). 1: R = H (a), CH,=CH (b), CH=C (c), c-H,Cs (d), FH,C (e), F,HC (f), F3C (g), CF3CH; (h), n- F,Cs (i),
CHF,CF,CF,CF; (j), n- FoC4 (K), OCH,CH; (1), NH, (m), CHoNH, (n), CH,0H (0); R™+R? =

and mouse-adopted A/Aichi/2/69 (H3N2) viruses were from collec-
tion of Ivanovsky Institute of Virology (Moscow, Russia).

2.2. Compounds and reagents

2.2.1. General and analytical chemistry

In all cases, the end of the reaction was determined by conver-
sion of the substrate (LC-MS control). Evaporation of solvents from
the resulting mixture and drying of the products were carried out
at reduced pressure. Separation of reaction products was per-
formed using a Shimadzu LC-8A HPLC system equipped with a
Reprosil-pur C-18-AQ 10 um 250 x 20 mm chromatographic col-
umn and Reprosil-Pur C-18-AQ 10 pm 50 x 20 mm precolumn, at
a flow rate of 25 mL/min in a gradient mode with mobile phase
MeCN + water + 0.05% CF3COOH.

TH NMR spectra of the investigated compounds were recorded
in solutions of DMSO-dg or CDCI3, respectively, using a Bruker
DPX-400 spectrometer (400 MHz, 27 °C). LC-MS spectra were ob-
tained using a Shimadzu LC-8A HPLC system equipped with a
Waters XBridge C18 3.5 mm column (4.6 x 150 mm), PE SCIEX
API 150 EX mass detection and Shimadzu spectrophotometric
detector (Amax 220 and 254 nM. Purity of the synthesized com-
pounds was determined using the LC-MS method with UV detector
at the absorption wavelength of 254 nM. Purity of the compounds
was more than 95%.

2.2.2. General synthetic procedure

Trifloroacetate (TFA) of OsC was prepared by basic hydrolisis of
OsP, obtained from Airsea Pharmaceutical Ltd., and TFA of
(3R,4R,55)-4,5-diamino-3-(1-ethylpropoxy)cyclohex-1-enecarb-
oxylic acid (1a) - by acidic hydrolisis of OsP. Lanamivir (LA) was
obtained from AK Scientific Inc. TFAs of N(4)-substituted
(3R,4R,55)-4,5-diamino-3-(1-ethyl-propoxy)-cyclohex-1-enecarb-
oxylic acids (TFA of 1a-r) were synthesized starting from
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CH>CH, (p), CH2CH>C(0) (q).

(3R 4R,5S5)-4-amino-5-(Boc-amino)-3-(1-ethyl-propoxy)-cyclohex-
1-enecarboxylic acid (2a) and its ethyl ester 2b (Konno et al., 2008;
Morita et al., 2008) according to Scheme 1.

2221. TFA of (3R4R>5S)-4-acetamido-5-amino-3-(1-ethylprop-
oxy )cyclohex-1-enecarboxylic acid (TFA of OsP). OsP (500 mg) was
dissolved in 5mL 5% lithium hydroxide solution in 1:1
dioxane-water. The resulting mixture was stirred for 1 h at room
temperature. After the reaction was completed, the solvent was
evaporated using a rotavapor, the residue was then treated with
dioxane, filtered and rotavaped again. The resulting dry product
was subjected to preparative HPLC to give TFA of OC. LC-MS (ESI)
[M+H]* 285. 'TH NMR (DMSO-dg) & 12.79 (br, 1H), 8.06 (d,
J=9.6Hz, 1H), 8.02 (br, 2H), 6.64 (s, 1H), 4.15 (m, 1H), 3.79 (q,
J=11.2 Hz, 1H), 3.39 (m, 1H), 3.28 (m, 1H), 2.74 (m, 1H), 2.31
(m, 1H), 1.88 (s, 3H), 1.42 (m, 4H), 0.83 (t, J= 7.6 Hz, 3H), 0.79 (t,
J=7.6 Hz, 3H).

2.2.2.2. TFA of (3R 4R,5S)-5-amino-3-(1-ethylpropoxy )-4-formamido-
cyclohex-1-enecarboxylic acid (TFA of 1a). A mixture of acid 2a
(250 mg, 0.73 mmol), formic acid (0.5 mL) and molecular sieves
3A (1g)in 15 mL of toluene was refluxed for 12 h. The mixture
was filtered and precipitated, then washed with ethanol and the
combined filtrate was rotavaped. The resulting residue was dis-
solved in ethyl acetate, dried over anhydrous magnesium sulfate,
filtered and rotavaped. The residue was dissolved in 3 M HCl in
dioxane (3 mL) and stirred at room temperature. The reaction
was monitored by TLC and LC-MS. After the reaction was com-
pleted, the mixture was rotavaped and analyzed using HPLC to give
TFA of 1b with 75% yield. LC-MS (ESI) [M+H]* 271. '"H NMR (DMSO-
dg) 6 8.26 (d, J=9.2 Hz, 1H), 8.18 (s, 1H,) 8.06 (s, 1H), 6.65 (s, 1H),
4.18 (q, J= 8 Hz, 1H), 3.86 (q, J= 10 Hz, 1H), 3.56 (s, 1H), 2.77 (m,
1H), 2.30 (m, 1H), 1.43 (m, 4H), 0.82 (m, 6H).
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Scheme 1. The common synthetic strategy.



700 A.V. Ivachtchenko et al./Antiviral Research 100 (2013) 698-708

2.2.2.3. TFA of (3R4R,5S)-4-acylamino-5-amino-3-(1-ethyl-propoxy )-
cyclohex-1-enecarboxylic acids (TFA of 1b, d-g). General proce-
dure. The solution of ethyl ester 2b (1 g, 2.7 mmol), TBTU (1.3 g,
4 mmol) and appropriate carboxylic acid (4 mmol) in 10 mL DMF
was stirred at 50 °C for 12 h. After the reaction was completed,
the solvent was evaporated in vacuo, dissolved in ethyl acetate,
washed with 5% aqueous potassium hydrocarbonate, dried over
anhydrous magnesium sulfate, fitered and rotavaped again. The
residue was subjected to preparative HPLC. The obtained interme-
diate compound was then dissolved in 10 mL 5% lithium hydroxide
solution in 1:1 dioxane-water and stirred for 1 h at room temper-
ature. After the hydrolisis was completed, the solvent was rotava-
ped, the residue was treated with dioxane, filtered and rotavaped.
The resulting residue was dissolved in 30% TFA in DCM (10 mL) and
stirred at room temperature. After the reaction was completed
(monitoring by TLC and LC-MS), the solvent was rotavaped and
the formed residue was subjected to preparative HPLC to give
TFA of acids 1b, d-g with 52-70% yield.

2224. TFA of (3R4R5S)-4-acrylamido-5-amino-3-(1-ethylprop-
oxy )cyclohex-1-enecarboxylic acid (TFA of 1b). LC-MS (ESI) [M+H]*
297. 'H NMR (DMSO-dg) & 8.32 (d, J=8.8 Hz, 1H), 8.04 (s, 3H),
6.65 (s, 1H), 6.26 (m, 1H), 6.12 (m, 1H), 5.66 (d, J=11.6 Hz, 1H),
4.19, J=8 Hz, 1H), 3.88 (q, J = 11,2 Hz, 1H), 3.37 (m, 2H), 2.75 (m,
1H), 2.33 (m, 1H), 1.40 (m, 4H), 0.83 (t, J=7.2 Hz, 3H), 0.71 (t,
J=7.2 Hz, 3H).

2.2.2.5. TFA of (3R,4R 5S)-5-amino-4-(cyclopropylcarbonylamino)-3-
(1-ethylpropoxy) cyclohex-1-enecarboxylic acid (TFA of 1d). LC-MS
(ESI) [M+H]" 311.

2.2.2.6. TFA of (3R4R,5S)-5-amino-3-(1-ethylpropoxy)-4-(2-fluoro-
acetylamino) cyclohex-1-enecarboxylic acid (TFA of 1e). LC-MS (ESI)
[M+H]* 303. "H NMR (DMSO-dg) 6 9.49 (d, J = 9.2 Hz, 1H), 8.29 (s,
3H), 6.69 (s, 1H), 4.30 (d, J=8.8 Hz, 1H), 4.17 (q, J = 5.6 Hz, 2H),
3.93 (q, J=11.2 Hz, 1H), 3.44 (br, 1H), 3.37 (m, 1H), 2.84 (m, 1H),
2.38 (m, 1H), 1.40 (m, 4H), 1.23 (t, J=6.8 Hz, 3H), 0.83 (t,
J=7.2 Hz, 3H), 0.75 (t, ] = 7.2 Hz, 3H).

2.2.2.7. TFA of (3R,4R 5S)-5-amino-3-(1-ethylpropoxy)-4-(2,2-difluo-
roacetylamino )cyclohex-1-enecarboxylic acid (TFA of 1f). LC-MS (ESI)
[M+H]" 321. 'H NMR (DMSO-dg) 6 12.83 (br, 1H), 8.92 (d, ] = 9,2 Hz,
1H), 8.19 (s, 3H), 6.64 (s, 1H), 6.20 (t, J=53.6 Hz, 1H), 4.27 (d,
J=8Hz, 1H), 3.88 (m, 1H), 2.78 (m, 1H), 2.34 (m, 1H), 2.34 (m,
1H), 1.40 (m, 4H), 0.83 (t, J = 7.2 Hz, 3H), 0.76 (t, J = 7.2 Hz, 3H).

2.2.2.8. TFA of (3R4R,5S )-5-amino-3-(1-ethylpropoxy)-4-(2,2,2-triflu-
oroacetylamino)cyclohex-1-enecarboxylic acid (TFA of 1g). LC-MS
(ESI) [M+H]" 339. 'H NMR (DMSO-dg) & 9.49 (d, J=8.8 Hz, 1H),
8.30 (s, 3H), 6.65 (s, 1H), 4.29 (d, J=8.4Hz, 1H), 3.92 (q,
J=11.2 Hz, 2H), 3.43 (br, 1H), 3.36(m, 1H), 2.80 (m, 1H), 2.35 (m,
1H), 1.39 (m, 4H), 0.83 (t, J = 7.2 Hz, 3H), 0.75 (t, ] = 7.2 Hz, 3H).

2.2.2.9. TFA of (3R 4R,5S)-5-amino-3-(1-ethylpropoxy)-4-propynoyla-
minocyclohex-1-enecarboxylic acid (TFA of 1c). A solution of ethyl
ester 2b (750 mg, 2 mmol), propynoic acid (213 mg, 3.04 mmol)
and N,N’-dicyclohexylcarbodiimide (626 mg, 3.05 mmol) in 10 mL
of DMF was stirred at ambient temperature for 12 h. After the reac-
tion was completed, the solvent was evaporated in vacuo, the
formed residue was treated with ether, filtered and rotavaped.
The residue was dissolved in 5 mL 5% lithium hydroxide solution
in 1:1 dioxane-water and stirred for 10 min at room temperature.
The solvent was rotavaped, the residue was treated with dioxane,
filtered and rotavaped. The residue was dissolved in 30% TFA in
DCM (10 mL) and stirred at room temperature. After the reaction
was completed (TLC and LC-MS), the solvent was rotavaped and

the residue was subjected to preparative HPLC to give TFA of 1c.
LC-MS (ESI) [M+H]* 295. '"H NMR (DMSO-dg) 5 12.84 (br, 1H),
8.85 (d, J=8.8 Hz, 1H), 8.12 (br, 3H), 6.62 (s, 1H), 4.26 (s, 1H),
4.17 (br, 1H), 3.84 (q, J= 11.6 Hz, 1H), 3.39 (m, 1H), 3.28 (br, 1H),
2.74 (m, 1H), 2.29 (m, 1H), 1.41 (m, 4H), 0.82 (m, 6H).

2.2.2.10. TFA of (3R4R,5S)-5-amino-3-(1-ethylpropoxy)-4-(fluoroa-
cylamino)cyclohex-1-enecarboxylic acids (TFA of 1h-k). General pro-
cedure. Fluorinated acylchloride (0.6 mmol) was added to the
solution of ethyl ester 2b (150 mg, 0.4 mmol) and Et;N (113 mg,
1.22 mmol) in 1.5 mL of DCM. The resulting mixture was stirred at
room temperature for 30 min. After the reaction was completed,
the solvent was rotavaped, dissolved in 20 mL of ethyl acetate,
washed with 5% aqueous potassium hydrocarbonate, dried over
Na,SO,4 and rotavaped. The residue was dissolved in 3 mL 5% lithium
hydroxide solution in 1:1 dioxane-water and stirred for 10 min at
room temperature. After the hydrolisis was completed, the solvent
was rotavaped, the formed residue was treated with dioxane, fil-
tered and rotavaped. The residue was dissolved in 3 M HCl in diox-
ane (3 mL) and stirred at room temperature. After the reaction was
completed (TLC and LC-MS), the solvent was rotavaped and the res-
idue was subjected to preparative HPLC to give TFA of acid 1h-k.

2.22.11. TFA of (3R4R5S)-5-amino-3-(1-ethylpropoxy)-4-(3,3,3-
trifluoropropionylamino )cyclohex-1-enecarboxylic acid (TFA of 1h).
LC-MS (ESI) [M+H]" 367.

2.2.2.12. TFA of  (3R4R,5S)-5-amino-3-(1-ethylpropoxy)-4-
(2,2,3,3,4,4,4-heptafluorobutanoylamino )-cyclohex-1-enecarboxylic
acid (TFA of 1i). LC-MS (ESI) [M+H]" 439. 'H NMR (DMSO0-ds) 6 9.57
(d, J=8.8 Hz, 1H), 6.69 (s, 1H), 4.31 (br, 1H), 3.97 (q, J= 10.4 Hz,
1H), 2.81 (m, 1H), 2.34 (m, 1H), 1.48 (m, 2H), 1.31 (m, 2H), 0,81
(t,J=7.2 Hz, 3H), 0.76 (t, ] = 7.2 Hz, 3H).

2.2.2.13. TFA of  (3R4R,5S)-5-amino-3-(1-ethylpropoxy)-4-
(2,2,3,3,4,4,5,5-octafluoropentanoylamino )-cyclohex-1-enecarboxylic
acid (TFA of 1j). LC-MS (ESI) [M+H]* 471. "H NMR (DMSO-dg) 6 9.47
(s, 1H), 7.06 (t, J = 48.8 Hz, 1H), 6.68 (s, 1H), 4.29 (br, 1H), 3.95 (q,
J=10.4Hz, 1H), 2.78 (m, 1H), 2.34 (m, 1H), 1.49 (m, 2H), 1.34 (m,
2H), 0,81 (t, J = 7.2 Hz, 3H), 0.76 (t, J = 7.2 Hz, 3H).

2.2.2.14. TFA  of  (3R4R,5S)-5-amino-3-(1-ethylpropoxy)-4-
(2,2,3,3,4,4,5,5,5-nanofluoropentanoylamino )-cyclohex-1-enecarb-
oxylic acid (TFA of 1k). LC-MS (ESI) [M+H]* 489. "H NMR (DMSO-ds)
5 9.49 (s, 1H), 6.65 (s, 1H), 4.29 (br, 1H), 3.95 (q, J = 10.4 Hz, 1H),
2.80 (m, 1H), 2.35 (m, 1H), 1.49 (m, 2H), 1.33 (m, 2H), 0,81 (t,
J=7.2Hz, 3H), 0.76 (t, ] = 7.2 Hz, 3H).

2.2.2.15. TFA of (3R,4R,5S)-5-amino-3-(1-ethylpropoxy )-4-(ethyloxy-
carbonylamino)cyclohex-1-enecarboxylic acid (TFA of 11). The solu-
tion of ethyl ester 2b (300 mg, 0.81 mmol), ethyl chloroformate
(114mg, 1.2mmol) and di-isopropylethylamine (157 mg,
1.2 mmol) in 3 mL of DCM was stirred at ambient temperature
for 1 h. After the reaction was completed, the solvent was rotava-
ped, the residue was then treated with ether, filtered and rotava-
ped. The resulting residue was dissolved in 3 mL 5% lithium
hydroxide solution in 1:1 dioxane-water and stirred for 10 min
at room temperature. The solvent was evaporated in vacuo and rot-
avaped. The residue was treated with dioxane, filtered and rotava-
ped. The residue was dissolved in TFA (1 mL) and stirred at room
temperature. After the reaction was completed (TLC and LC-MS),
the solvent was rotavaped and the residue was subjected to pre-
parative HPLC to give TFA of 11. LC-MS (ESI) [M+H]* 315.

2.2.2.16. TFA of (3R4R,5S)-5-amino-3-(1-ethylpropoxy)-4-ureidocy-
clohex-1-enecarboxylic acid (TFA of 1m). KNCO (22 mg, 0.267 mmol)
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was added to the solution of ethyl ester 2b (90 mg, 0.243 mmol) in
1 mL of AcOH. The resulting mixture was stirred at ambient tem-
perature for 1h. After the reaction was completed, the solvent
was rotavaped, stirred for 10 min with 1 mL of 5% lithium hydrox-
ide solution and rotavaped. The residue was treated with dioxane,
filtered and rotavaped. The residue was dissolved in TFA (1 mL)
and stirred at room temperature. After the reaction was completed
(TLC and LC-MS), the solvent was rotavaped and the residue was
subjected to preparative HPLC to give TFA of 1m. LC-MS (ESI)
[M+H]* 286. 'TH NMR (DMSO-dg) 6 7.92 (s, 3H), 6.64 (s, 1H), 6.23
(d, J=7.6 Hz, 1H), 5.78 (br, 1H), 4.15 (m, 1H), 2.70 (m, 1H), 2.29
(m, 1H), 1.44 (m, 4H), 0.84 (m, 6H).

2.2217. TFA of (3RA4R5S)-5-amino-4-(2-aminoacetamido)-3-(1-
ethylpropoxy )cyclohex-1-enecarboxylic acid (TFA of 1n). Boc-glycine
(308 mg, 1.76 mmol) was added to the solution of ethyl ester 2b
(500 mg, 1.35 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride (387 mg, 2.03 mmol) and 1-hydroxybenzotri-
azole (237 mg, 1.76 mmol) in 5 mL of DMF. The reaction mixture
was stirred at ambient temperature for 12 h. After the reaction
was completed, the solvent was rotavaped, the residue was dis-
solved in ethyl acetate, washed with 5% NaHCOs solution, dried
over Mg,S0,, rotavaped, stirred for 10 min with 5 mL of 5% lithium
hydroxide solution and rotavaped. The residue was treated with
dioxane, filtered and rotavaped. The residue was dissolved in TFA
(1 mL) and stirred at room temperature. After the reaction was
completed (TLC and LC-MS), the solvent was rotavaped and the
residue was subjected to preparative HPLC to give TFA of 1n.
LC-MS (ESI) [M+H]* 300. 'H NMR (DMSO-dg) & 8.68 (d, ] = 8,8 Hz,
1H), 8.12 (s, 6H), 6.66 (s, 1H), 4.15 (d, J=8Hz, 1H), 3.86 (q,
J=11,2 Hz, 1H), 3.64 (m, 1H), 2.76 (m, 1H), 2.38 (m, 1H), 1.42 (m,
4H), 0.84 (t, J = 7.2 Hz, 3H), 0.79 (t, J = 7.2 Hz, 3H).

2.2.2.18. TFA of (3R4R5S)-5-amino-4-(2-hydroxyacetamido)-3-(1-
ethylpropoxy )cyclohex-1-enecarboxylic acid (TFA of 10). Glycolic
acid (247 mg, 3.24 mmol) was added to the solution of ethyl ester
2b (1g, 2.7 mmol), di-isopropylethylamine (1.15g, 8.92 mmol)
and 1-hydroxybenzotriazole (438 mg, 3.24 mmol) in 10 mL of
THF. The mixture was stirred at ambient temperature for 12 h.
After the reaction was completed, the solvent was rotavaped and
the residue was dissolved in ethyl acetate, washed with 5%
NaHCO; solution, dried over Mg,SO,4 rotavaped, stirred for
10 min with 5 mL of 5% lithium hydroxide solution and rotavaped.
The resulting residue was treated with dioxane, filtered and rotav-
aped. The residue was dissolved in 3 M HCl in dioxane (3 mL) and
stirred at room temperature. After the reaction was completed the
solvent was rotavaped and the residue was subjected to prepara-
tive HPLC to give TFA of 10. LC-MS (ESI) [M+H]" 301.

2.2.2.19. TFA of (3R4R,5S)-5-amino-3-(1-ethylpropoxy )-4-(2-oxoaz-
etidin-1-yl)cyclohex-1-enecarboxylic acid (TFA of 1p). The solution of
ethyl ester 2b (500 mg, 1.35 mmol) and acrylic acid (485 mg,
6.75 mmol) in 10 mL of DCM was stirred at ambient temperature
for 24 h. After the solvent was rotavaped the residue was subjected
to preparative HPLC to give 175 mg of ethyl (3R,4R,55)-5-(tert-but-
oxycarbonylamino)-4-(2-carboxy-ethylamino)-3-(1-ethylprop-

oxy)cyclohex-1-enecarboxylate (3), LC-MS (ESI) [M+H]" 443.
Triphenylphosphine (131 mg, 0.5 mmol) and 1,2-di(pyridin-2-
yl)disulfane (110 mg, 0.5 mmol) were added to the resulting
solution of 3 in 40 mL of acetonitrile. The reaction mixture was
then refluxed for 6 h. The mixture was rotavaped and the residue
was subjected to preparative HPLC. The obtained intermediate
compound 4 was dissolved in 5 mL 5% lithium hydroxide solution
in 1:1 dioxane-water and stirred for 10 min at room temperature.
After the hydrolisis was completed, the solvent was rotavaped, the
formed residue was treated with dioxane, filtered and rotavaped.

The residue was dissolved in 30% TFA in DCM (3 mL) and stirred
at room temperature. After the reaction was completed, the sol-
vent was rotavaped and the residue was subjected to preparative
HPLC to give TFA of 1p. LC-MS (ESI) [M+H]+ 297. 'H NMR
(DMSO-dg) 6 8.25 (br, 2H), 6.67 (s, 1H), 4.40 (s, 1H), 3.56 (m, 1H),
2.81 (m, 3H).

2.2.2.20. TFA of (3R4R,5S)-5-amino-4-(2,5-dioxopyrrolidin-1-yl)-3-
(1-ethylpropoxy) cyclohex-1-enecarboxylic acid (TFA of 1q). The
solution of ethyl ester 2b (1 g, 2.7 mmol) and succinic anhydride
(405 mg, 4.05 mmol) in 15 mL of pyridine was stirred at ambient
temperature for 12 h. The mixture was rotavaped, dissolved in
10 mL of 5% lithium hydroxide solution in 1:1 dioxane-water
and stirred for 10 min at room temperature. After the hydrolisis
was completed, the solvent was rotavaped, the residue was treated
with dioxane, filtered and rotavaped. The residue was dissolved in
30% TFA in DCM (7 mL) and stirred at room temperature. After the
reaction was completed, the solvent was rotavaped and the residue
was subjected to preparative HPLC to give TFA of 1q. LC-MS (ESI)
[M+H]* 325. 'H NMR (DMSO-dg) & 6.69 (s, 1H), 4.71 (m, 1H), 4.03
(m, 2H), 2.83 (m, 1H), 2.69 (s, 4H), 2.34 (m, 1H), 1.38 (m, 2H)
1.27 (m, 2H), 0.81 (t, J = 7.2 Hz, 3H), 0.70 (t, J = 7.2 Hz, 3H).

22221. TFA of (3RA4R5S)-5-amino-3-(1-ethylpropoxy)-4-(meth-
yisulfonamido)cyclohex-1-enecarboxylic acid (TFA of 1r). Methane-
sulfonyl chloride (170 mg, 1.49 mmol) was added to the solution
of ethyl ester 2b (500 mg, 1.35 mmol) and di-isopropylethylamine
(227 mg, 1.76 mmol) in 5 mL of DCM. The solution was stirred at
ambient temperature for 30 min. After the reaction was completed,
the solvent was rotavaped, the residue was dissolved in ethyl ace-
tate, washed with 5% NaHCOs solution, dried over Na,SOy,, rotava-
ped, stirred for 10 min with 5 mL of 5% lithium hydroxide solution
in 1:1 dioxane-water and rotavaped. The residue was treated with
dioxane, filtered and rotavaped. The residue was dissolved in 3 M
HCl in dioxane (3 mL) and stirred at room temperature. After the
reaction was completed the solvent was rotavaped and the residue
was subjected to preparative HPLC to give TFA of 1r. LC-MS (ESI)
[M+H]* 321. 'H NMR (DMSO-dg) é 6.70 (s, 1H), 4.11 (m, 1H), 3.33
(br, 10H), 2.74 (m, 1H), 2.31 (m, 1H), 1.23 (br, 1H), 1.54 (br, 1H),
1.37 (m, 2H), 0.84 (m, 6H).

2.3. Molecular docking

Molecular docking (rigid simulation) was performed in ICM Pro
Software (www.molsoft.com). A list of crystallographic data for
various proteins isolated from influenza-type viruses is currently
available within PDB collection (www.rcsb.org). For in silico model-
ing we have used the crystallographic data obtained for HIN1
influenza neuraminidase in complex with OsC (PDB code: 3TI6)
(Vavricka et al., 2011). The binding mode for OsC was compared
to that observed for LA (Meeprasert et al., 2012).

2.4. Regression models

A convenient prediction model was developed using two types
of classical regression approaches (linear and polynomial approxi-
mations). The model was based on the obtained ICM-score and se-
lected molecular descriptor calculated in Dragon software
(www.talete.mi.it).

2.5. NA assay

The effect of synthesized compounds on NA activity was mea-
sured by two methods (fluorimetric and chemoluminescence as-
says). The fluorimetric assay was performed using the WHO
protocol (Hurt, 2009). 2-(4-Methylumbelliferyl-a-p-N-acetylneu-
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raminic acid sodium salt (MUNANA, Sigma, Cat. No M8639), at the
final concentration of 0.1 mM, was used as a fluorescent substrate.
Diluted allantoic virus containing 800-1200 fluorescence units of
MUNANA was mixed with the test compound (0.01-10,000 nM)
in 33 mM 2-[N-morpholino]ethanesulfonic acid (pH = 6.5) contain-
ing 4 mM CacCl, and incubated for 30 min at 37 °C. After adding the
substrate and incubating at 37°C for 1h, the reaction was
abolished by adding 0.14 M NaOH in 83% ethanol. Fluorescence
was measured at an excitation wavelength of 360 nM and an
emission wavelength of 448 nM. The relationship between the
concentration of inhibitor and the percentage of fluorescence
inhibition was determined. ICsq values were then calculated.

2.6. Cytotoxicity and antiviral activity of the synthesized compounds in
MDCK cells infected by A/CA/07/09 (HIN1)

2.6.1. Cytotoxicity assay

Cytotoxicity of the compounds was measured using XTT (so-
dium 3'-[1-[(phenylamino)-carbonyl]-3,4-tetrazolium]-bis(4-
methoxy-6-nitro)benzene-sulfonic acid hydrate). MDCK cells were
seeded in 96-well plates at 3000 cells per well in MEM containing
10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin sulfate, and
100 pg/ml kanamycin sulfate. Cells were then incubated at 37 °C
with 5% CO, until 90% cell confluency was reached. Then, MDCK
cells were washed once with serum-free medium and treated with
compounds at the concentrations between 1 and 1000 pg/ml or
mock control solutions. Cells were grown at 37 °C and in the pres-
ence of 5% CO, for 72 h. Cells were washed two times and 0.1 mL
XTT (1%) completely dissolved in MEM was added to the cell cul-
ture for 4 h at 37 °C in a humidified, 5% CO, atmosphere. The absor-
bance at 450 nM was read using ELISA plate reader. Cytotoxicity of
the compounds was estimated by comparison of the cell treated by
compounds with that of mock-treated. The value of mock-treated
control cells was set as 100%.

2.6.2. Antiviral activity by ELISA

A modified enzyme-linked immunoassay (ELISA) (Belshe et al.,
1988; Leneva et al., 2009) was used to measure the inhibition of
virus replication by the compounds discussed. This assay repre-
sents an appropriate method to detect the expression of viral pro-
teins in infected cells. In a brief representation, MDCK cells were

Table 1

seeded in 96-well plates resulted in 3000 cells per well in MEM
containing 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin
sulfate, and 100 pg/ml kanamycin sulfate. Cells were then incu-
bated at 37 °C with 5% CO, until 90% cell confluency was reached,
then washed twice with serum-free MEM before infection. Each
microliter plate included un-infected control wells, virus-infected
control wells and virus-infected wells to which the compounds
were added. Cells were overlaid with MEM (100 pl) containing
2.5 pg/ml N-tosyl-i-phenylalanine chloromethyl ketone (TPCK) -
treated trypsin and various compounds concentrations. After incu-
bation for 30 min at 37 °C, 100 pl of virus - containing allantoic
fluid (approximately 0.1 PFU/cell) was added to all wells, except
uninfected control cells. After incubation for 18 h at 37°C in a
humidified atmosphere of 5% CO, cells were washed and fixed by
adding 50 pl of cold 0.05% glutaraldehyde in PBS. Expression of
virus proteins was measured by ELISA as described previously (Bel-
she et al., 1988; Sugrue et al., 1990). The mouse monoclonal anti-
body influenza type A (CDC, WS 2208, lot 97-0068L, 103
dilution) was used. The percentage of inhibition of virus replication
by the tested compounds was calculated after correction for the
background (cell control) values as follows: Percent inhibi-
tion = 100 x [1—(0Dysp) treated sample/(OD450) virus control sam-
ple]. ICsq values (i.e., the concentration of compound required to
inhibit virus replication by 50%) were determined by plotting the
percentage of inhibition of virus replication as a function of com-
pound concentration.

3. Results
3.1. In vitro NA inhibition

The ability of compounds 1a-r to inhibit the NA activity of A/Pr/
8/34 (H1N1), B/Taiw/2/62 (H1N1), A/Aichi/2/69 (H3N2), and A/CA/
07/09 (H1N1) was evaluated following the procedure described
above and compared to OsC. It was revealed that depending on
the nature of the substituent at position 4 of (3R,4R,55)-5-amino-
3-(1-ethyl-propoxy)-cyclohex-1-enecarboxylic acids 1a-s the
activity of compounds (ICsg) range from 0.13 nM to >1000 nM
(Table 1).

Antiviral activity of compounds 1¢,d,g,h,0,p in comparison with
OsC against A/CA/07/09 (H1N1) determined using neutral red as-

Anti-NA activity of compounds 1a-r against A/Pr/8/34 (HIN1), B/Taiw/2/62 (H1N1), A/Aichi/2/69 (H3N2), and A/CA/07/09 (H1N1) influenza viruses compared to OsC and LA.?

Compound code/number A/Pr/8/34 (HIN1)

B/Taiw/2/62 (HIN1)

A/Aichi/2/69 (H3N2) AJCA/07/09 (HIN1)

ICsp, nM
0sC 0.25+0.10 (7) 0.70£0.18 (5) 1.11 £0.0710 (4) 2.33+1.06 (4)
LA nd” nd nd 0.49+0.1
1a 40.0£7.29 (3) 32.80+5.47(3) nd 1.43+0.08
1b 0.79+£0.03 (2) 4.30+0.90 (3) nd nd
1c 1.68 £0.52 (2) 12.90+0.28 (2) nd nd
1d 100+ 13 (3) 397 £34 (3) nd nd
1e 0.59+0.04 (2) 0.25+0.09 (3) 0.743 + 0.568 (4) 1.00 + 0.231 (4)
1f 0.13+£0.04 (5) 0.25 £ 0.08 (4) 0.598 +0.161 (4) 0.442 +0.163 (4)
1g 0.15+0.03 (5) 0.65+0.19 (5) 0.734+0.344 (4) 0.421 +£0.034 (4)
1h 1.18 £0.01(2) 421+1.1(2) nd nd
1i 871.1+125 (3) >1000 (2 nd nd
1j >1000 (2) >1000 (2 nd nd
1k >1000 (2) >1000 (2 nd nd
11 >1000 (2) >1000 (2 nd nd
1m 118.75+11.8 (2) 67.4+35.6 (2) nd nd
1n 343.4+64 (3) 759.4+110 (3) nd nd
10 4.90+0.03 (2) 1.57£0.58 (2) nd nd
1p 133.3+17.5(3) 151.0+11.4 (3) nd nd
1q 394.4+9.8 (3) >1000 (2) nd nd
1r 290.5+61 (3) 115.4+6.8 (3) nd nd

2 Fluorimetric assay was used to measure influenza NA activity. Mean values are listed (2-5 experiments + S.E.).

> nd - not detected.
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Table 2
Comparative activity and cytotoxicity of the selected compounds in MDCK cells
infected by A/CA/07/09 (HINT1).

Compound code/number ECso CCsq SI
UM

0sC 0.2 £0.08 >100 >500

1c 2.60+£2.28 (2) >100 >40

1d 1.74+£1.09 (2) >100 >55

1g 0.028 +0.025 (2) >100 >3500

1h 0.86 £0.28 (3) >100 >115

1o 22.35+10.6 (3) >100 >4.7

1p 0.62+0.05 (2) >100 >160
Table 3

Antiviral activity of (3R,4R,5S)-5-amino-3-(1-ethyl-propoxy)-4-(2,2-difluoro-acetyl-
amino)-cyclohex-1-enecarboxylic acid TFA (1f), OC and LA against A/CA/07/09
(H1N1) and A/duck/MN/1525/81 (H5N1) in MDCK cells.

Compound code/ A/CA/07/09 A/Duck/MN/1525/81
number (HIN1) (H5N1)
ECso, nM
0sC 9.85+1.98 77.4+7.11
LA 15.95+2.23 51.2+3.76
1f 7.14 £1.09 23.0 £3.64

say in cell cultures MDCK is represented in Table 2. The compara-
tive activity of the most effective inhibitor 1g is shown in Table 3.

3.2. Molecular docking

Molecular docking studies (Hans-Dieter Holtje et al., 2008) can
provide useful information for in-depth understanding some subtle
action mechanisms at the molecular biology level, such as the mar-
velous allosteric mechanism revealed recently by the NMR obser-
vations on the M2 proton channel of influenza A virus (Schnell
and Chou, 2008; Pielak et al., 2009; Huang et al., 2008; Due et al.,
2009).

As recently described by Vavricka et al. (2011), Laninamivir
binds to p09N1 with a similar active site conformation to the
uncomplexed structure. Both laninamivir octanoate (CS-8958 -
prodrug) and OsC binding to p09NT1 induces rotation of Glu276 to-
ward Arg224 where they form a salt bridge. This Glu276 rotation
creates a hydrophobic pocket that accommodates the hydrophobic
pentyl ether side chain of oseltamivir, however results in a weaker
overall binding mode of laninamivir octanoate. The terminal

carbon of the oseltamivir side chain is 3.73 A from the hydrophobic
Glu276 CB. During our modeling we observed the same perturba-
tions within the active binding site initiated by these molecules.
The computational model for the active binding site was then
developed and internally tested using OC structure (2D-form with-
out any stereo-points). The obtained result and overlapping with
the template and 2D-supramolecular interfaces between active
fragments of OsC and the amino acids of NA are shown in Fig. 2.
We have used this model for the assessment of potential activity
of compounds listed in Fig. 3.

For each structure more than ten different conformations were
generated in MolSoft. All the conformations suggested were within
the min of potential energy. For the assessment we have used
internal “score” function automatically calculated in MolSoft. Score
value —32 and lower is generally considered as good result — but
depends on the receptor (e.g. exposed pockets or pockets with me-
tal ions may have higher scores than —32). During the modeling we
thoroughly analyzed all the scores generated. Among these values
we have selected the best score assigned to the conformation that
is closely related to the template interface (Figs. 2 and 3).

Direct correlation between the calculated scores and observed
activities tends to 0.7 for both screening targets, while for Hits
(ICs9 < 10 nM, 8 cmpds, A/Pr/8/34 (H1N1)) this value is 0.74. Calcu-
lated scores and real activities were plotted on logarithmic scale
(Fig. 4). As clearly shown in Fig. 4, the activities are all embedded
appropriately raising R? up to 0.9. Therefore, these results allow
us to speculate on a relatively good prediction power of the devel-
oped computational model. Thus, using this model, the potential
number of compounds with ‘“zero” potency against H1N1
(ICs0 > 800 nM) can be significantly reduced or completely elimi-
nated prior to biological trials. For instance, as depicted in Fig. 5,
the estimated margin (dotted line) can be lined at the score point
—9.00, thus, except two “outliers” (1n and 1r), compounds with
relatively poor activity (10 <ICsq <400 nM), absolutely inactive
compounds (ICso>800 nM) as well as active Hits (ICs5o < 10 nM)
forms three separate regions (dotted boxes). Compounds 1n and
1r are still needed to be re-tested and re-modeled more thoroughly
to access sufficient data for their appropriate assessment.

3.3. Regression models

A convenient prediction model was then developed using two
types of classical regression approaches. Thus, using Dragon soft-
ware (www.talete.mi.it) more than 700 unique molecular descrip-
tors were calculated for the compounds evaluated. Linear

s246 R224

E276
N292

MolSoft Score: -24.00

(b)

Fig. 2. OsS in the active binding site of Neuraminidase (H1N1): (a) orange - OsC template (cryatallographic data), yellow — the best mathed OsC conformation (RMSD: 0.09)
outputed form the molecular docking; (b) 2D-supramolecular interface between the binding points of OsC and key amino acids within the active binding site of NA, where
Hyd Int - hydrophobic interactions of 3-(1-ethyl-propoxy)-fragment of OsC, HB - interactions (hydrogen bonding) of carboxylic group of OsC with polar amino acids of NA.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The resulting supramolecular interface reconstructed based on docking results between active binding points of ligands 1a-r and key amino acids of NA (A/CA/04/
2009 (H1N1)).

functions BELv5 was selected. In formal terms, BELv5 is the lowest
eigenvalue n.5 of Burden matrix/weighted by atomic van der
Waals volumes. The diagonal elements of Burden matrix, Bii, are

correlation analysis has revealed 10 descriptors, including BELv5,
H3p, MAXDP, AMR and QZZe, with R-value exceeded 0.60. For fur-
ther regression modeling by simple linear and polynomial
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Fig. 4. Log-based approximation for Hits (IC5o<10 nM, 8 cmpds A/Pr/8/34 (HIN1)).

given by van der Waals volume, although other metrics are also ex-
isted, for example atomic mass, Sanderson electronegativity and
polarizability of atom i. The element of the matrix connecting
atoms i and j, By, is equal to the square root of the bond order be-
tween atoms i and j, whereas all other elements of the matrix (cor-
responding non bonded atom pairs) are set to 0.001. This term can
be used for the assessment of possible intermolecular van der
Waals contacts within the active site of the target. It should be
noted that the analogues parameter (VwInt) is automatically calcu-
lated in MolSoft software during the batch docking mode; this
term is the van der Waals interaction energy. The developed mod-
els are presented in Fig. 6.

As clearly shown in Fig. 6, the best “prediction” results were
achieved by polynomial regression using two descriptors (MolSoft
score, BELv5) and leave-one-out procedure (LOO). Thus, squared
Pearson correlation coefficient (R?) for A/Pr/8/34 line (Fig. 6a) is
relatively high - 0.89, while the analogue value for LOO cross-
validation set (Q?) is slightly less — 0.76. In statistics, the following
three cross-validation methods are often used to examine a model
for its effectiveness in practical application: independent dataset
test, sub-sampling or K-fold cross-over test, and jackknife test
(Chou and Zhang, 1995). However, of the three test methods, the
jackknife test is deemed the least arbitrary that can always yield
a unique result for a given benchmark dataset as elaborated in
Chou (2011) and demonstrated by Egs. (28)-(30) in Chou (2011).
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Accordingly, the jackknife test has been increasingly and widely
used by investigators to examine the quality of various models or
predictors (see, e.g.: Esmaeili et al., 2010; Georgiou et al., 2009;
Zhang et al., 2008). That is why we adopted the jackknife or LOO
test to validate our findings in this study.

4. Discussion

The synthesized compounds 1a-r are structural analogues of
OsC. The core difference is in 4-acyloylamino moiety. Therefore,
the ability of the evaluated compounds to inhibit NA activity of
A/Pr/8/34 (HIN1), B/Taiw/2/62 (H1N1), A/Aichi/2/69 (H3N2), and
A/CA/07/09 (H1N1) was estimated in comparison with OsC. It
was revealed that depending on the size and nature of the substi-
tuent at position 4, the activity of inhibitors 1a-r was in the range
of ICso: 0.13 - (>1000) nM (see Table. 1). The best inhibition
(ICs50=0.13 nM to IC50 = 0.79 nM) was observed for 4-acryloylami-
no- 1b, 4-(2-fluoroacetylamino)- 1e, 4-(2,2-difluoroacetylamino)-
1f, and 4-(2,2,2-trifluoroacetylamino)- 1g derivatives against A/
Pr/8/34 (H1N1) NA. It should be particularly noted that the activity
of 1f (IC5o=0.13 nM) and 1g (ICso = 0.15 nM) in the performed as-
say is slightly higher as compared to OsC (ICsq = 0.25 nM). With re-
spect to NA of B/Taiw/2/62 (H1N1), A/Aichi/2/69 (H3N2) and A/CA/
07/09 (HIN1), inhibitors 1e-g with IC50 = 0.25-1.00 nM are more
active than OsC with IC50=0.70-2.33nM as well. However,
4-(3,3,3-trifluoropropionylamino)- 1h (ICsg = 1.18-4.21 nM), 4-(2-
hydroxyacetylamino)- 1p (ICso = 1.57-4.90 nM) and 4-propynoyla-
mino derivative 1c (ICso=1.68-12.90 nM) were found to be less
active against NA activity of A/Pr/8/34 (H1N1) and B/Taiw/2/62
(H1N1) as compared to the reference compound.

It was revealed that the increase in the size and branching of
substituted 4-acyloylamino fragment, for instance in the case of
compounds 1d, i-k, led to a dramatic decrease in the target activ-
ity. Thus, compound 1d showed IC59=99.79 nM (A/Pr/8/34) and
ICs0 =397.0 nM (B/Taiw/2/62/), ICso for compound 1i was in the
range of 871.1-1000 nM, nonuniformly. The incorporation of 4-
formylamino group (1a) led to decreased activity. Derivatives 11,
m, n, r exhibited poor inhibition against NA of A/Pr/8/34 (H1N1)
and B/Taiw/2/62 (H1N1) with an ICsq value ranged from 32.8 nM
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Fig. 5. Log-based approximation for all the compounds tested.
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Fig. 6. Polynomial regression models (a and c¢) and linear approximations (b and d) for two different HINT1 lines: A/Pr/8/34 and B/Taiw/2/62. These models were developed in

ChemoSoft Software [www.chemdiv.com].

for compound 1a (B/Taiw/2/62) to >1000 nM for compound 11 (A/
Pr/8/34) and (B/Taiw/2/62). Finally, a dramatic fall in the activity
was observed for 4-(2-oxo-azetidin-1-yl)- 1p and 4-(2,5-dioxo-
pyrrolidin-1-yl) derivative 1q as compared to OsC.

The inhibition efficiency of compounds 1b,c,ef,g,n,0 against A/
CA/07/09 (H1N1) influenza virus was evaluated using NA assay and
CP assay in MDCK cell culture. The resulting activity was compared
to that determined for OsC (Table 2). Compound 1f was found to be
the most active NA inhibitor (ICso = 0.028 puM). For example, in the
same assay OsC showed 51 times less activity (ICso=1.43 uM),
while for the direct analogue 1g an ICso value was 0.86 pM. Com-
pound 10 with IC50=0.62 uM demonstrated higher activity as
compared to OsC, whereas compound 1n was less active
(IC50 = 22.35 uM). In addition, as shown in Table 3, the inhibition
activity of Hit-compound - (3R4R,5S)-5-amino-3-(1-ethyl-pro-
poxy)-4-(2,2-difluoro-acetylamino)-cyclohex-1-enecarboxylic acid
TFA (1f) - against NA of A/CA/07/09 (H1N1) and A/duck/MN/1525/
81 (H5N1) in MDCK cells is much higher as compared to OC and LA.

Interestingly, Kim et al. (2013) have recently disclosed the novel
mechanism-based anti-influenza drugs with promising anti-NA
activity that function through the formation of a stabilized cova-
lent intermediate in the influenza neuraminidase enzyme. The
observation was afterwards confirmed in structural and

mechanistic studies. The described compounds showed high activ-
ity in both cell-based assays and in animal models, with efficacies
comparable to that observed for Zanamivir. On the bias of the
study by Kim we have also suggested the covalent bonding with
S$179 for our compounds. However, our biological data has clearly
indicated no covalent bonding with NA based on the reordered
enzymatic kinetics.

Fluorine was previously described in literature as a rational bio-
isosteric substitution for hydrogen in CH and oxegen. It possesses
high electronegativity and a small atomic radius. The C-F bond
(van der Waals radius = 1.47 A) is more nearly isosteric with the
C-0 bond (van der Waals radius = 1.52 A) than with the C-H bond
(van der Waals radius = 1.2 A), but fluorine is still the smallest sub-
stituent that can be used as replacement for the C-H bond. Fluorine
is more electronegative (Pauling scale) than hydrogen, 3.98 and
2.2, respectively, as well as more lipophilic. Strength C-F bonds
resistant to metabolic processes, increases bioavailability and drug
transport. Many examples of the effectiveness of this strategy at-
test to the ability of many fluorinated analogues to be recognized
by protein binding sites as the natural substrate. In our case, the
activity of F-compounds 1e-g is ranged as: nomo-F < di-F = tri-F.
The last ones were found to be almost two times more active than
Os. It may be addressed to the two key features: (a) stronger
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anchoring within the lipophilic pocket sustained by appropriate
van der Waals contacts and (b) improved pharmacokinetic profile,
especially towards membrane permeation and stability.

Given the similarity in structure between AV5027 and Os, it is
expected that the Hit-compound is also likely to be sensitive to-
wards oseltamivir-resistant NA. An extended biological trial has re-
cently been launched to evaluate selectivity and efficiency of
AV5027 against Os-resistant line. The results of this study will be
reported in the next publication.

5. Conclusions

While vaccines are under development, influenza antiviral
agents play crucial roles in preventing the disease progress and
in controlling pandemics. However, the development of viral resis-
tance is still the most common reason for drug failure. The resis-
tance may drastically limit the pharmacological outcome of
Oseltamivir (Li et al., 2013; Hay and Hayden, 2013). Therefore, no-
vel small-molecule compounds particularly active against NA of
influenza can be reasonably regarded as promising antiviral drugs.
Thus, a medium-sized combinatorial library of direct structural
analogues of OsC was readily synthesised following the approbated
protocol. The obtained compounds were than thoroughly evalu-
ated in vitro against NA isotypes in enzymatic and cell-based
assays. As a result, novel Hit-compound - (3R 4R,55)-4-(2,2-difluo-
roacetylamino)-5-amino-3-(1-ethyl-propoxy)-cyclohex-1-ene-
carboxylic acid (1f, AV5027) - with picomolar activity was
revealed during biological trial. Based on 3D-molecular docking
approach the selected compounds were then properly scorred to-
wards Neuraminidase (H1N1) using the crystallographic data ob-
tained previously for OsC as a template. The calculated docking
scores as well as the most significant molecular descriptor calcu-
lated in Dragon software were used to construct linear and polyno-
mial regression models for the in silico assessment of ICso values
against the studied viral isoforms. As a result, the developed QSAR
model can be readily applied for the prediction of ICsy values for
small-molecule compounds containing the template scaffold
against HIN1 neuraminidase types. The results obtained from
the performed biological trials are in close correlation with the pre-
dicted activities. However, two compounds were classified incor-
rectly by the docking study and continuous investigation is
needed to clarify this observation.

Within the follow up study we are going to present the results
describing the stability and metabolism of the Hit-compound
AV5027 and its close structural analogue AV5075S (ethyl-ester)
as well as the efficiency of AV5075S in mice model of influenza-in-
duced pneumonia.
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