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Abstract: The application of non-planar scaffolds in drug design allows for the enlargement of
the chemical space, and for the construction of molecules that have more effective target–ligand
interactions or are less prone to the development of resistance. Among the works of the last decade, a
literature search revealed spirothiazamenthane, which has served as a lead in the development
of derivatives active against resistant viral strains. In this work, we studied the novel molec-
ular scaffold, which resembles spirothiazamenthane, but combines isoxazoline as a heterocycle
and cyclooctane ring as a hydrophobic part of the structure. The synthesis of new 3-nitro- and
3-aminoisoxazolines containing spiro-fused or 1,2-annelated cyclooctane fragments was achieved by
employing 1,3-dipolar cycloaddition of 3-nitro-4,5-dihydroisoxazol-4-ol 2-oxide or tetranitromethane-
derived alkyl nitronates with non-activated alkenes. A series of spiro-sulfonamides was obtained
by the reaction of 3-aminoisoxazoline containing a spiro-fused cyclooctane residue with sulfonyl
chlorides. Preliminary screening of the compounds for antiviral, antibacterial, antifungal and antipro-
liferative properties in vitro revealed 1-oxa-2-azaspiro[4.7]dodec-2-en-3-amine and 3a,4,5,6,7,8,9,9a-
octahydrocycloocta[d]isoxazol-3-amine with activity against the influenza A/Puerto Rico/8/34
(H1N1) virus in the submicromolar range, and high values of selectivity index. Further study of the
mechanism of the antiviral action of these compounds, and the synthesis of their analogues, is likely
to identify new agents against resistant viral strains.

Keywords: isoxazolines; cyclooctanes; spiro compounds; bicyclic compounds; heterocyclization;
influenza A (H1N1)

1. Introduction

A notable trend in modern medicinal and organic chemistry is the expansion of the
structural diversity of non-planar scaffolds used for drug design purposes [1–7]. This
allows for the enlargement of the chemical space, and for the construction of molecules
with more effective target–ligand interactions. New non-standard 3D scaffolds may be
less prone to the development of resistance, and therefore ideal for creating the next
generation of antiviral, antibacterial and anticancer therapeutics. Among the works of
the last decade, a literature search revealed spiro-heterocyclic compounds identified by
systematic screening, which have served as attractive leads in the development of agents
against resistant bacterial or viral strains [8–10].
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In this work, we studied the novel molecular scaffold (see Figure 1, compounds 1,3,5),
which resembles the spirothiazamenthane A [10], but combines isoxazoline as a heterocycle
and cyclooctane ring as a hydrophobic part of the structure. The latter fragment is rarely
used in drug design, although there are certain examples of its successful application for
lead optimization (see [11] and references Therein).
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Methylidenecyclooctane (8) was involved in the reaction of 1,3-dipolar cycloaddition 
with alkylnitronate I, generated from tetranitromethane and bicyclobutylidene (Scheme 
1). Subsequent decomposition of adduct II afforded spirocyclic 3-nitroisoxazoline 1 in 

Figure 1. Spiro-heterocycle A, which served as lead for elaboration of agents that act on viral
infections and compounds 1–5 synthesized and screened in this work.

To enlarge the library of organic compounds based on scaffold A, we proposed to
vary the functionalities at C3 position and to modify the type of attachment of isoxazoline
ring (see Figure 1, structures 2,4). The nitro-group in position 3 was chosen, based on the
preparative availability of 3-nitroisoxazoles and opportunities for its further modification
to amines and sulfonamides [12,13]. Amines were of particular interest for antiviral activity,
while sulfonamide derivatives were obtained with regard to the well-known interest in
these derivatives in the search for novel antibiotics [14].

2. Results and Discussion
2.1. Synthesis of 3-Substituted Isoxazolines

The most general method for the synthesis of isoxazolines is the 1,3-dipolar cy-
cloaddition of nitrile oxides to alkenes [15]. However, this method is not applicable to
3-nitroisoxazolines since nitronitrile oxide is not available. Previously, in our laboratory,
a preparative method of synthesis of 3,3-dinitroisoxazolidines and 3-nitroisoxazolines,
employing heterocyclization of non-activated alkenes upon the treatment with tetrani-
tromethane and bicyclobutylidene, was elaborated [16]. N-Oxide 6 (Scheme 1) was also
described as a powerful and non-destructive agent for heterocyclization [17,18].
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Scheme 1. Synthesis of 3-nitroisoxazoline 1 employing 1,3-dipolar cycloaddition.

Methylidenecyclooctane (8) was involved in the reaction of 1,3-dipolar cycloaddition
with alkylnitronate I, generated from tetranitromethane and bicyclobutylidene (Scheme 1).
Subsequent decomposition of adduct II afforded spirocyclic 3-nitroisoxazoline 1 in good
yield. Cycloaddition of N-oxide 6 to methylidenecyclooctane followed by work-up with
NaHCO3 also afforded 3-nitroisoxazoline 1, the yield being slightly higher.
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To obtain 3-nitroisoxazoline 2, two methods of heterocyclization of cyclooctene were
used. The target compound 2 was formed in both conditions, the use of N-oxide 6 being
preferable (Scheme 2).
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5a Me 56 5g 4-(MeC(O)NH)C6H4 31 
5b Bn 33 5h 2,4-F2C6H3 77 
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Scheme 2. Synthesis of 3-nitroisoxazoline 2 employing 1,3-dipolar cycloaddition.

3-Nitroisoxazolines 1 and 2 were reduced into corresponding 3-aminoisoxazolines 3,4
(Scheme 3). Taking into account the lability of the isoxazoline cycle in reductive conditions,
as well as in presence of strong acids and bases, we chose sodium dithionite as a mild
reductive agent, which has been previously used to obtain aminoisoxazoles [19]. Reduction
of heterocycles 1 and 2, upon treatment with sodium dithionite in THF-water mixture,
allowed 3-aminoisoxazolines 3,4 in high yields.
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Scheme 3. Synthesis of 3-aminoisoxazolines 3,4 via reduction of nitro-compounds.

Next, sulfonylation of 3-aminoisoxazoline 3 upon treatment with sulfonyl chlorides
was investigated, with the aim of obtaining a series of cyclooctane-containing sulfonamides
(Table 1). A brief optimization of the reaction conditions was made on the example of
methanesulfonyl chloride. Variation of base (pyridine, diisopropyl(ethyl)amine (DIPEA)),
reagents ratio and reaction time showed that the best yield of 5a was achieved while using
DIPEA and reagents ratio 3/DIPEA/sulfonyl chloride 1:2:0.9; reaction was completed at
3 h. An excess of amine 3 was necessary to prevent the formation of the products of
two-fold sulfonylation.

Table 1. Synthesis of sulfonamides 5a-l.
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The structural resemblance of basic moieties in spirothiazamenthane A and com-
pound 3 allowed us to propose that antiviral activity of the latter is associated with action 
on the same target. The molecular target of compound A and reference drug Rimantadine 
is the influenza A M2 proton channel of viruses susceptible to Rimantadine, bearing serine 
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Rimantadine due to the presence of N31 in the Rimantadine binding site. 

Molecular dynamics simulations, conducted using the procedure described in [21], 
indicate (Figure 2), that compound 3 is located in the transmembrane domain of the M2 
proton channel of the S31N mutant influenza virus, in the region of amino acids 45–49 of 
different chains of the M2 tetramer, and does not have direct interactions with the phar-
macologically relevant binding site of Rimantadine in the region of amino acid 31 [22]. 
This may explain high activity of compound 3 against the Rimantadine-resistant strain of 
the virus; however additional studies are needed, to establish the mechanism of the anti-
viral action of 3. 

37
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* Isolated yield.
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In optimal conditions, 3-aminoisoxazoline 3 was studied in reactions with sulfonyl
chlorides bearing aryl and hetaryl substituents (Table 1). Generally, sulfonamides 5a-l were
obtained in moderate-to-good yields. In the case of benzylsulfonyl chloride, the product of
two-fold sulfonylation was also formed in a significant amount, reducing the yield of 5b.
Low yields of compounds 5f,g were connected to the difficulties during isolation via the
column chromatography. The structure of the obtained compounds was proved via NMR
spectroscopy employing 2D techniques when necessary (see Supplementary Materials).

2.2. Bioscreening Results and Molecular Modeling

To identify pharmacologically interesting agents from a library of new isoxazoline
derivatives, we performed their preliminary screening for antiviral, antibacterial, antifungal
and antiproliferative activity in vitro.

The antiviral activity of 3-aminoisoxazolines 3,4 against influenza A/Puerto Rico/8/34
(H1N1) virus was evaluated according to the procedure described in [20]. As can be
seen from Table 2, the activity of both compounds 3,4 was in low to mid-micromolar
concentrations, which is lower than that of the reference drug Rimantadine and lead
compound A. Importantly, both 3-aminoisoxazolines 3,4 demonstrated low cytotoxicity to
MDCK cells, resulting in high values of selectivity index.

Table 2. Activity of 3-aminoisoxazolines 3,4 against WT A/Puerto Rico/8/34 (H1N1) virus.

Compound IC50, µM * CC50, µM ** SI ***

3 6.6 >550 83
4 22.0 >1790 81

Rimantadine 67 ± 8 406 ± 26 6
* IC50—half-maximal inhibitory concentration causing 50% inhibition of viral replication. ** CC50—half-maximal
cytotoxic concentration causing the death of 50% cells. *** SI—selectivity index CC50/IC50.

The structural resemblance of basic moieties in spirothiazamenthane A and compound 3
allowed us to propose that antiviral activity of the latter is associated with action on the same
target. The molecular target of compound A and reference drug Rimantadine is the influenza
A M2 proton channel of viruses susceptible to Rimantadine, bearing serine at position 31.
The virus used in the study, A/Puerto Rico/8/34 (H1N1), is resistant to Rimantadine due to
the presence of N31 in the Rimantadine binding site.

Molecular dynamics simulations, conducted using the procedure described in [21],
indicate (Figure 2), that compound 3 is located in the transmembrane domain of the M2
proton channel of the S31N mutant influenza virus, in the region of amino acids 45–49
of different chains of the M2 tetramer, and does not have direct interactions with the
pharmacologically relevant binding site of Rimantadine in the region of amino acid 31 [22].
This may explain high activity of compound 3 against the Rimantadine-resistant strain
of the virus; however additional studies are needed, to establish the mechanism of the
antiviral action of 3.

It is worth mentioning that compound A itself is inactive against the Rimantadine-
resistant M2 proton channel, but that such activity was evaluated for some of its deriva-
tives [10]. This suggests promise in not only extended research of new compounds 3
and 4, but also their modifications and the tests of their derivatives towards amantadine-
resistant mutants.

Screening of antibacterial and antifungal activity, and of cyctotoxicity, was performed
for the obtained cyclooctane-containing isoxazolines 1,2,3,4,5a-l.
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Figure 2. (Left): Mass-weighted root mean square deviations of the heavy atoms during the molecular
dynamics simulation of the compound 3/protein/membrane/water/ions system. (Right): Structure
of the M2 channel (S31N mutant influenza virus, PDB: 2KIH) complex with compound 3 (in blue)
obtained after the molecular dynamics simulation (two subunits of the channel, the lipid molecules
and hydrogen atoms are omitted for clarity).

Evaluation of the antibacterial and antifungal properties has shown that only
3-nitroisoxazolines 1,2 had moderate antibiotic activity against the studied fungal cul-
tures, as well as against the gram-positive bacteria (Bacillus subtilis и Staphylococcus aureus)
(Table 3). Spirocyclic 3-nitroisoxazoline 1 was more active against fungal cultures, while its
bicyclic analogue 2 displayed similar activity against fungi and bacteria.

Table 3. Antibacterial and antifungal activity of 3-nitroisoxazolines 1,2.

Compound MIK, µg/mL (Zone of Inhibition Ø, mm)
A. niger C. albicans B. subtilis St. aureus E. coli

1 8 (15) 8 (24) 32 (12) 32 (15) >256 (—)
2 16 (15) 32 (19) 32 (16) 8–16 (25) >256 (—)

Amphotericin
B 0.04–1.5 2 — — —

Clotrimazole — 4 — — —
Vancomycin — — 0.25–1 0.5–2 —
Ampicillin — — — — 2–8

The screening of anticancer activity showed that cyclooctane-containing isoxazoline
derivatives generally possess low cyctotoxicity (Table 4).

Table 4. Cytotoxicity of isoxazoline derivatives.

Compound IC50, µM *
MCF-7 HCT-116 A-549 WI38 Hek293t

1 58.8 ± 5 20.8 ± 5 57.1 ± 7 42.2 ± 13 n/a
2 35.4 ± 4.5 17.7 ± 5 40.4 ± 2.5 27.4 ± 4 n/a
3 >150 >500 >150 >150 n/a
4 >150 >500 >150 >150 n/a

5b 138.3 ± 25 >200 n/a >500 n/a
5c 115.6 ± 30 63 ± 18 163 113.1 n/a
5d 94 ± 30 n/a 143 ± 50 54.6 ± 7 n/a
5e 79 ± 36 70.1 ± 11.2 61 ± 21 95.5 ± 14.3 n/a
5f 64.1 ± 8 23.6 ± 4.5 119 42 ± 8.6 n/a
5g 54.5 ± 15 41.3 ± 17 54 ± 14 n/a 30.36 ± 14.5
5h 94.7 ± 15.5 97.1 ± 34 77.1 ± 10.2 n/a 60 ± 17
5j 26.8 ± 3.5 19 ± 3 27.5 ± 4.2 n/a 23.1 ± 6.5
5k >150 131 ± 80 111 ± 20 n/a 65.5 ± 13.5
5l >150 133 ± 68 >150 n/a >500

* Cancer cell lines: MCF-7 (breast cancer), HCT-116 (colon cancer), A-549 (lung cancer); normal cell lines: WI38
(fibroblasts), Hek293t (embryonic kidney).
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Among the studied heterocycles, isoxazolines 1, 2, 5g,j showed the best activity
(IC50 17.7–58.8 µM) against cancer cell lines, and the most vulnerable was colon cancer cells
HCT-116. It should be noted that 3-aminoisoxazoles 3,4 were found to be not toxic against
either cancer or normal cell lines.

3. Materials and Methods
3.1. Chemistry
3.1.1. General Remarks

1H and 13C NMR spectra were recorded on a 400 MHz spectrometer Agilent 400-MR
(400.0, 100.6 and 376.3 MHz for 1H, 13C and 19F, respectively) at r.t. in CDCl3, if not
stated otherwise; chemical shifts δ were measured with reference to the solvent (CDCl3,
δH = 7.26 ppm, δC = 77.16 ppm) or to CFCl3. When necessary, assignments of signals in
NMR spectra were made using 2D techniques. Accurate mass measurements (HRMS)
were obtained on a Jeol GCMate II mass spectrometer with electrospray ionization
(ESI). Analytical thin layer chromatography was carried out with silica gel plates (sup-
ported on aluminum); the detection was done by UV lamp (254 and 365 nm). Column
chromatography was performed on silica gel (Merck, 230–400 mesh). Alkene 9 [23],
tetranitromethane [24], and N-oxide 6 [17] were obtained via the described methods. All
other starting materials were commercially available. All reagents except commercial
products of satisfactory quality were purified according to the literature procedures
prior to use.

3.1.2. One-Pot Synthesis of 3-Nitroisoxazolines 1,2
General Method A

To the solution of bicyclobutylidene (0.54 g, 5 mmol) in chlorobenzene (2 mL) a
solution of tetranitromethane (0.46 mL, 0.98 g, 5 mmol) in chlorobenzene (8 mL) was
added dropwise under stirring at 0 ◦C. Then, a solution of corresponding alkene (5 mmol)
in chlorobenzene (1 mL) was added and the resulted mixture was stirred for 20 min at
0–5 ◦C and for 48 h at r.t. The reaction mixture was refluxed for 30 min. The solvent
was evaporated under reduced pressure; the product was isolated via preparative column
chromatography (SiO2).

General Method B

A mixture of N-oxide 5 (0.25 g, 1.67 mmol) and corresponding alkene (5 mmol) in DCM
(5 mL) was stirred at 55 ◦C for 24 h. The solvent was evaporated under reduced pressure.
Distilled water (5 mL), benzene (5 mL) and NaHCO3 (50 mg, 0.6 mmol) were added to
the residue; the resulting mixture was stirred for 30 min at r.t. Then organic layer was
separated, and water layer was extracted with benzene (3 × 3 mL). The combined organic
layers were dried over MgSO4. The solvent was evaporated under reduced pressure; the
product was isolated via preparative column chromatography (SiO2).

3-Nitro-1-oxa-2-azaspiro[4.7]dodec-2-ene (1)
Yield 0.63 g (2.97 mmol, 60%) via method A; 0.72 g (68%) via method B. Yellowish

crystals, m.p. 55–57 ◦C. Rf = 0.45 (light petrol:DCM = 1:1).
1H NMR (δ, ppm): 1.42–1.85 (m, 10H, 5CH2, cy-Oct), 1.85 (ddd, J 14.5, J 8.7, J 1.6, 2H,

2CH2, cy-Oct), 2.17 (ddd, J 14.5, J 10.0, J 1.6, 2H, 2CH2, cy-Oct), 3.18 (s, 2H, CH2, Isox); 13C
NMR (δ, ppm): 21.7 (2CH2, cy-Oct), 24.2 (CH2, cy-Oct), 27.8 (2CH2, cy-Oct), 35.2 (2CH2,
cy-Oct), 41.1 (CH2, Isox), 100.5 (Cspiro), 162.3 (C-NO2).

HRMS (ESI+, m/z): calculated for C10H16N2O3 [M + Na]+: 235.1053, found: 235.1051.
3-Nitro-3a,4,5,6,7,8,9,9a-octahydrocycloocta[d]isoxazole (2)
Yield 0.39 г (1.97 mmol, 40%) via method A; 0.61 g (62%) via method B. Yellow crystals,

m.p. 52–53 ◦C. Rf = 0.38 (light petrol:DCM = 1:1).
1H NMR (δ, ppm): 1.15–1.29 (m, 1H, CH2, cy-Oct), 1.30–1.43 (m, 2H, 2CH2, cy-Oct),

1.44–1.57 (m, 1H, CH2, cy-Oct), 1.58–1.76 (m, 3H, 2CH2, cy-Oct), 1.77–1.87 (m, 3H, 2CH2,
cy-Oct), 2.07–2.12 (m, 2H, CH2, cy-Oct), 3.47–3.68 (m, 1H, CH), 4.88–4.99 (m, 1H, CH-O);
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13C NMR (δ, ppm): 23.9 (CH2, cy-Oct), 25.1 (CH2, cy-Oct), 25.31 (CH2, cy-Oct), 25.34 (CH2,
cy-Oct), 25.7 (CH2, cy-Oct), 29.4 (CH2, cy-Oct), 46.3 (CH), 92.7 (CH-O), 167.6 (C-NO2).

HRMS (ESI+, m/z): calculated for C9H14N2O3 [M + Na]+: 221.0897, found: 221.0892.

3.1.3. Synthesis of 3-Aminoisoxazolines 7,8 (General Method)

Na2S2O4 (1.04 g, 6 mmol) was added to the solution of corresponding 3-nitroisoxazoline
(1 mmol) in THF-water mixture (1:1, 16 mL). The reaction mixture was stirred for 1 h at
90 ◦C and cooled down to r.t. Water (6 mL) and concentrated HCl (3 mL) were added
and the resulting mixture was stirred for 15 мин at 60 ◦C. The mixture was cooled down
to r.t., and solid NaHCO3 was added until the CO2 stopped evolving. Then, the reaction
mixture was extracted with EtOAc (3 × 10 mL). The combined organic layers were dried
over MgSO4. The solvent was evaporated under reduced pressure; the product was isolated
via preparative column chromatography (SiO2).

1-Oxa-2-azaspiro[4.7]dodec-2-en-3-amine (3)
Yield 173 mg (0.95 mmol, 95%). White crystals, m.p. 192–193 ◦C (with decomposing).

Rf = 0.17 (light petrol:EtOAc = 1:4).
1H NMR (δ, ppm): 1.37–1.79 (m, 12H, 7CH2, cy-Oct), 1.98–2.11 (m, 2H, 2CH2, cy-Oct),

2.68 (s, 2H, CH2, Isox), 3.84 (br.s, 2H, NH2); 13C NMR (δ, ppm): 22.5 (2CH2, cy-Oct),
24.4 (CH2, cy-Oct), 28.1 (2CH2, cy-Oct), 34.6 (2CH2, cy-Oct), 46.2 (CH2, Isox), 88.8 (Cspiro),
157.9 (C-NH2).

HRMS (ESI+, m/z): calculated for C10H18N2O [M + H]+: 183.1492, found: 183.1497.
3a,4,5,6,7,8,9,9a-Octahydrocycloocta[d]isoxazol-3-amine (4)
Yield 156 mg (0.92 mmol, 93%). White crystals, m.p. 186–187 ◦C (with decomposing).

Rf = 0.19 (light petrol:EtOAc = 1:4).
1H NMR (δ, ppm): 1.14–2.01 (m, 12H, 6CH2, cy-Oct), 2.82–2.90 (m, 1H, CH), 3.96 (br.s,

2H, NH2), 4.34–4.42 (m, 1H, CH-O); 13C NMR (δ, ppm): 24.6 (CH2, cy-Oct), 25.2 (CH2,
cy-Oct), 25.4 (CH2, cy-Oct), 25.8 (CH2, cy-Oct), 25.9 (CH2, cy-Oct), 30.3 (CH2, cy-Oct), 51.6
(CH), 84.2 (CH-O), 162.6 (C-NH2).

HRMS (ESI+, m/z): calculated for C9H16N2O [M + H]+: 169.1335, found: 169.1333.

3.1.4. Synthesis of Sulfonamides 5a-l (General Method)

The mixture of 3-aminoisoxazoline 3 (55 mg, 0.3 mmol) and DIPEA (104 µL, 0.6 mmol)
in dry DCM (2 mL) was cooled down to 0 ◦C under argon, and corresponding sulfonyl
chloride (0.27 mmol) was added. The reaction mixture was allowed to warm up to r.t. and
stirred for 3 h, then it was worked up with water (5 mL), the organic layer was separated,
and the water layer was extracted with DCM (3 × 5 mL). The combined organic layers
were washed subsequently with saturated aqueous NaHCO3 (5 mL) and brine (5 mL) and
dried over MgSO4. The solvent was evaporated under reduced pressure; the product was
isolated via preparative column chromatography (SiO2).

N-(1-Oxa-2-azaspiro[4.7]dodec-2-en-3-yl)methanesulfonamide (5a)
Yield 39 mg (0.15 mmol, 56%). White crystals, m.p. 110–111 ◦C. Rf = 0.63 (light

petrol:EtOAc = 5:1).
1H NMR (δ, ppm): 1.33–1.77 (m, 12H, 7CH2, cy-Oct), 2.04–2.16 (m, 2H, 2CH2, cy-Oct),

2.69 (s, 2H, CH2, Isox), 3.08 (s, 3H, CH3), 6.98 (br.s, 1H, NH); 13C NMR (δ, ppm): 22.0 (2CH2,
cy-Oct), 24.9 (CH2, cy-Oct), 26.7 (CH2, Isox), 27.9 (2CH2, cy-Oct), 31.6 (2CH2, cy-Oct),
37.3 (CH3), 86.3 (Cspiro), 117.4 (C-NH).

HRMS (ESI+, m/z): calculated for C11H20N2O3S [M + K]+: 299.0826, found: 299.0826.
N-(1-Oxa-2-azaspiro[4.7]dodec-2-en-3-yl)-1-phenylmethanesulfonamide (5b)
Yield 30 mg (0.09 mmol, 33%); reaction time 3 days. Yellow crystals, m.p. 68–70 ◦C.

Rf = 0.25 (light petrol:EtOAc = 4:1).
1H NMR (δ, ppm): 1.29–1.80 (m, 12H, 7CH2, cy-Oct), 1.80–1.94 (m, 2H, 2CH2, cy-Oct),

2.43 (s, 2H, CH2, Isox), 4.47 (s, 2H, CH2-Ph), 7.33–7.47 (m, 5H, 5CH), 7.85 (br.s, 1H, NH);
13C NMR (δ, ppm): 22.2 (2CH2, cy-Oct), 24.4 (CH2, cy-Oct), 28.0 (2CH2, cy-Oct), 34.7 (2CH2,
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cy-Oct), 44.4 (CH2, Isox), 60.5 (CH2-Ph), 90.8 (Cspiro), 117.2 (C-NH), 128.3 (C), 129.2 (2CH),
129.4 (CH), 131.4 (2CH).

HRMS (ESI+, m/z): calculated for C17H24N2O3S [M + Na]+: 359.1400, found: 359.1389.
N-(1-Oxa-2-azaspiro[4.7]dodec-2-en-3-yl)benzenesulfonamide (5c)
Yield 77 mg (0.24 mmol, 88%). White crystals, m.p. 156–157 ◦C. Rf = 0.10 (light

petrol:EtOAc = 8:1).
1H NMR (δ, ppm): 1.28–1.76 (m, 12H, 7CH2, cy-Oct), 2.03–2.11 (m, 2H, 2CH2, cy-Oct),

2.71 (s, 2H, CH2, Isox), 6.79 (br.s, 1H, NH), 7.51–7.60 (m, 2H, 2CH), 7.62–7.69 (m, 1H, CH),
7.91–7.98 (m, 2H, 2CH); 13C NMR (δ, ppm): 22.1 (2CH2, cy-Oct), 24.9 (CH2, cy-Oct), 26.7
(CH2, Isox), 27.9 (2CH2, cy-Oct), 31.6 (2CH2, cy-Oct), 86.2 (Cspiro), 117.5 (C-NH), 128.8
(2CH), 129.2 (2CH), 134.0 (CH), 136.5 (C-S).

HRMS (ESI+, m/z): calculated for C16H22N2O3S [M + Na]+: 345.1243, found: 345.1242.
4-Methyl-N-(1-oxa-2-azaspiro[4.7]dodec-2-en-3-yl)benzenesulfonamide (5d)
Yield 45 mg (0.13 mmol, 50%). White crystals, m.p. 122–124 ◦C. Rf = 0.34 (light

petrol:EtOAc = 5:1).
1H NMR (δ, ppm): 1.32–1.73 (m, 12H, 7CH2, cy-Oct), 2.01–2.12 (m, 2H, 2CH2, cy-Oct),

2.44 (s, 3H, CH3), 2.70 (s, 2H, CH2, Isox), 6.72 (br.s, 1H, NH), 7.31–7.37 (m, 2H, 2CH),
7.79–7.84 (m, 2H, 2CH); 13C NMR (δ, ppm): 21.8 (CH3), 22.1 (2CH2, cy-Oct), 24.9 (CH2, cy-
Oct), 26.7 (CH2, Isox), 28.0 (2CH2, cy-Oct), 31.6 (2CH2, cy-Oct), 86.1 (Cspiro), 117.5 (C-NH),
128.9 (2CH), 129.9 (2CH), 133.5 (C-S), 145.1 (C-CH3).

HRMS (ESI+, m/z): calculated for C17H24N2O3S [M + H]+: 337.1580, found: 337.1578.
2,4,6-Trimethyl-N-(1-oxa-2-azaspiro[4.7]dodec-2-en-3-yl)benzenesulfonamide (5e)
Yield 46 mg (0.13 mmol, 47%); reaction time 30 min. White crystals, m.p. 135–136 ◦C.

Rf = 0.16 (light petrol:EtOAc = 8:1).
1H NMR (δ, ppm): 1.30–1.74 (m, 12H, 7CH2, cy-Oct), 1.90–2.02 (m, 2H, 2CH2, cy-Oct),

2.33 (s, 3H, CH3), 2.58 (s, 2H, CH2, Isox), 2.66 (s, 6H, 2CH3), 6.70 (br.s, 1H, NH), 7.00
(br.s, 2H, 2CH); 13C NMR (δ, ppm): 21.2 (CH3), 22.0 (2CH2, cy-Oct), 23.3 (2CH3), 24.9
(CH2, cy-Oct), 26.6 (CH2, Isox), 28.0 (2CH2, cy-Oct), 31.8 (2CH2, cy-Oct), 85.7 (Cspiro), 117.2
(C-NH), 130.8 (C-S), 132.4 (2CH), 140.7 (2C-CH3), 143.9 (C-CH3).

HRMS (ESI+, m/z): calculated for C19H28N2O3S [M + H]+: 365.1893, found: 365.1888.
N-(1-Oxa-2-azaspiro[4.7]dodec-2-en-3-yl)-2,3-dihydrobenzo[b][1,4]dioxine-6-

sulfonamide (5f)
Yield 38 mg (0.10 mmol, 37%). White crystals, m.p. 192–194 ◦C. Rf = 0.63 (light

petrol:EtOAc = 1:1).
1H NMR (δ, ppm): 1.30–1.75 (m, 12H, 7CH2, cy-Oct), 2.00–2.14 (m, 2H, 2CH2, cy-Oct),

2.70 (s, 2H, CH2, Isox), 4.27–4.37 (m, 4H, 2CH2-O), 6.62 (br.s, 1H, NH), 6.98 (d, J 8.4, 1H,
CH), 7.39–7.47 (m, 2H, 2CH); 13C NMR (δ, ppm): 22.1 (2CH2, cy-Oct), 25.0 (CH2, cy-Oct),
26.7 (CH2, Isox), 28.0 (2CH2, cy-Oct), 31.6 (2CH2, cy-Oct), 64.2 (CH2-O), 64.8 (CH2-O),
86.2 (Cspiro), 117.5 (C-NH), 117.9 (CH), 118.4 (CH), 122.7 (CH), 128.7 (C-S), 143.7 (C-O),
148.7 (C-O).

HRMS (ESI+, m/z): calculated for C18H24N2O5S [M + H]+: 381.1479, found: 381.1476.
N-(4-(N-1-Oxa-2-azaspiro[4.7]dodec-2-en-3-ylsulfamoyl)phenyl)acetamide (5g)
Yield 32 mg (0.08 mmol, 31%); reaction time 3 days. White crystals, m.p. 171–173 ◦C

(with decomposing). Rf = 0.54 (light petrol:EtOAc = 1:2).
1H NMR (CD3OD, δ, ppm): 1.38–1.74 (m, 12H, 7CH2, cy-Oct), 1.97–2.09 (m, 2H, 2CH2,

cy-Oct), 2.17 (s, 3H, CH3), 2.81 (s, 2H, CH2, Isox), 7.73–7.79 (m, 2H, 2CH), 7.83–7.89 (m,
2H, 2CH); 13C NMR (CD3OD, δ, ppm): 23.0 (2CH2, cy-Oct), 24.1 (CH3), 25.9 (CH2, cy-Oct),
27.2 (CH2, Isox), 29.0 (2CH2, cy-Oct), 32.6 (2CH2, cy-Oct), 86.2 (Cspiro), 119.1 (C-NH), 120.1
(2CH), 130.9 (2CH), 132.8 (C-S), 144.9 (C-N(CO)), 172.0 (C=O).

HRMS (ESI+, m/z): calculated for C18H25N3O4S [M + Na]+: 402.1458, found: 402.1448.
2,4-Difluoro-N-(1-oxa-2-azaspiro[4.7]dodec-2-en-3-yl)benzenesulfonamide (5h)
Yield 74 mg (0.21 mmol, 77%). White crystals, m.p. 118–119 ◦C. Rf = 0.38 (light

petrol:EtOAc = 4:1).
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1H NMR (δ, ppm): 1.29–1.74 (m, 12H, 7CH2, cy-Oct), 1.96–2.09 (m, 2H, 2CH2, cy-Oct),
2.70 (s, 2H, CH2, Isox), 6.95–7.04 (m, 1H, CH + 1H, NH), 7.05–7.12 (m, 1H, CH), 7.87–8.02
(m, 1H, CH); 13C NMR (δ, ppm; J, Hz): 22.0 (2CH2, cy-Oct), 24.9 (CH2, cy-Oct), 26.8 (CH2,
Isox), 27.9 (2CH2, cy-Oct), 31.5 (2CH2, cy-Oct), 86.6 (Cspiro), 105.9 (dd, 2JCF = 2JCF = 26, CH),
112.6 (dd, 2JCF = 22, 4JCF = 3, CH), 117.1 (C-NH), 120.8 (dd, 2JCF = 14, 4JCF = 4, C-S), 134.4 (d,
2JCF = 22, CH), 160.1 (dd, 1JCF = 259, 3JCF = 12, C-F), 166.9 (dd, 1JCF = 260, 3JCF = 13, C-F).

19F NMR (δ, ppm): -104.65-(-104.54) (m, 1F, CF), -97.92-(-97.82) (m, 1F, CF).
HRMS (ESI+, m/z): calculated for C16H20F2N2O3S [M + Na]+: 381.1055, found: 381.1046.
2-Nitro-N-(1-oxa-2-azaspiro[4.7]dodec-2-en-3-yl)benzenesulfonamide (5i)
Yield 69 mg (0.19 mmol, 70%). White crystals, m.p. 164–165 ◦C. Rf = 0.15 (light

petrol:DCM = 1:5).
1H NMR (δ, ppm): 1.33–1.77 (m, 12H, 7CH2, cy-Oct), 1.99–2.15 (m, 2H, 2CH2, cy-

Oct), 2.75 (s, 2H, CH2, Isox), 7.70 (br.s, 1H, NH), 7.78–7.87 (m, 2H, 2CH, Ar), 7.87–7.94
(m, 1H, CH, Ar), 8.25–8.33 (m, 1H, CH, Ar); 13C NMR (δ, ppm): 22.0 (2CH2, cy-Oct), 24.9
(CH2, cy-Oct), 26.9 (CH2, Isox), 27.9 (2CH2, cy-Oct), 31.5 (2CH2, cy-Oct), 86.8 (Cspiro), 117.3
(C, Isox), 125.6 (CH, Ar), 130.1 (C(SO2)), 133.1 (CH, Ar), 134.3 (CH, Ar), 135.1 (CH, Ar),
148.6 (C-NO2).

HRMS (ESI+, m/z): calculated for C16H21N3O5S [M + Na]+: 390.1094, found: 390.1086.
N-(1-Oxa-2-azaspiro[4.7]dodec-2-en-3-yl)naphthalene-2-sulfonamide (5j)
Yield 81 mg (0.22 mmol, 81%). White crystals, m.p. 143–145 ◦C. Rf = 0.23 (light

petrol:EtOAc = 4:1).
1H NMR (δ, ppm): 1.28–1.76 (m, 12H, 7CH2, cy-Oct), 1.99–2.12 (m, 2H, 2CH2, cy-Oct),

2.72 (s, 2H, CH2, Isox), 7.02–7.10 (m, 1H, NH), 7.53–7.68 (m, 2H, 2CH), 7.85 (d, 1H, J 8.0,
CH), 7.87 (dd, 1H, J 8.7, J 1.7, CH), 7.91 (d, 1H, J 8.7, CH), 7.95 (d, 1H, J 8.0, CH), 8.50 (br.s,
1H, CH); 13C NMR (δ, ppm): 22.1 (2CH2, cy-Oct), 24.9 (CH2, cy-Oct), 26.7 (CH2, Isox), 27.9
(2CH2, cy-Oct), 31.6 (2CH2, cy-Oct), 86.2 (Cspiro), 117.6 (C-NH), 123.4 (CH), 127.7 (CH),
128.0 (CH), 129.3 (CH), 129.4 (CH), 129.6 (CH), 130.8 (CH), 132.1 (C), 133.3 (C-S), 135.5 (C).

HRMS (ESI+, m/z): calculated for C20H24N2O3S [M + Na]+: 395.1400, found: 395.1389.
N-(1-Oxa-2-azaspiro[4.7]dodec-2-en-3-yl)thiophene-2-sulfonamide (5k)
Yield 47 mg (0.14 mmol, 53%); reaction time 2 days. White crystals, m.p. 149–151 ◦C.

Rf = 0.20 (light petrol:EtOAc = 4:1).
1H NMR (δ, ppm): 1.32–1.78 (m, 12H, 7CH2, cy-Oct), 2.06–2.15 (m, 2H, 2CH2, cy-Oct),

2.72 (s, 2H, CH2, Isox), 6.75 (br.s, 1H, NH), 7.17 (dd, J 5.0, J 3.8, 1H, CH), 7.74 (dd, J 5.0, J
1.4, 1H, CH), 7.17 (dd, J 3.8, J 1.4, 1H, CH); 13C NMR (δ, ppm): 22.1 (2CH2, cy-Oct), 25.0
(CH2, cy-Oct), 26.8 (CH2, Isox), 28.0 (2CH2, cy-Oct), 31.7 (2CH2, cy-Oct), 86.5 (Cspiro), 117.3
(C-NH), 127.8 (CH), 134.5 (CH), 135.0 (CH), 136.3 (C-S).

HRMS (ESI+, m/z): calculated for C14H20N2O3S2 [M + H]+: 329.0988, found: 329.0986.
N-(1-Oxa-2-azaspiro[4.7]dodec-2-en-3-yl)pyridine-3-sulfonamide (5l)
Yield 58 mg (0.18 mmol, 66%). White crystals, m.p. 145–146 ◦C. Rf = 0.39 (light

petrol:EtOAc = 1:2).
1H NMR (δ, ppm): 1.28–1.79 (m, 12H, 7CH2, cy-Oct), 2.01–2.14 (m, 2H, 2CH2, cy-Oct),

2.70 (s, 2H, CH2, Isox), 7.51 (ddd, J 8.1, J 4.9, J 0.7, 1H, CH), 8.02 (br.s, 1H, NH), 8.25 (ddd,
J 8.1, J 2.2, J 1.7, 1H, CH), 8.82 (dd, J 4.9, J 1.7, 1H, CH), 8.97 (dd, J 2.2, J 0.7, 1H, CH);
13C NMR (δ, ppm): 22.1 (2CH2, cy-Oct), 25.0 (CH2, cy-Oct), 26.6 (CH2, Isox), 27.9 (2CH2,
cy-Oct), 31.6 (2CH2, cy-Oct), 86.5 (Cspiro), 117.4 (C-NH), 124.0 (CH), 133.6 (C-S), 137.0 (CH),
149.1 (CH), 154.1 (CH).

HRMS (ESI+, m/z): calculated for C15H21N3O3S [M + Na]+: 346.1196, found: 346.1196.

3.2. Pharmacological Assays
3.2.1. Evaluation of Antiviral Activity against Influenza Virus

Antiviral activity was evaluated against influenza A/Puerto Rico/8/34 (H1N1) wild
type (WT) virus according to the procedure described in [20].
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3.2.2. Screening of Antimicrobial Activity

Initial screening of antimicrobial activity was performed by using agar-diffusion assay
against a number of microorganisms: fungi (Aspergillus niger INA 00760), yeast (Candida
albicans CBS 8836), gram-positive bacteria (Bacillus subtilis ATCC 6633, Staphylococcus aureus
ATCC 25923) and gram-negative bacteria (Escherichia coli ATCC 25922). For the bacterial
strains, the agar-diffusion method on the Mueller–Hinton medium was performed using
direct colony suspension, equivalent to a 0.5 McFarland standard as inoculate. For the
fungal test-strains, the Sabouraud medium was used with 0.2% glucose, inoculated with
direct colony suspension (106 CFU/100 mL). The tested compounds were applied on
Petri dishes on sterile paper disks (6 mm); 100 µg/disk inhibition zones were measured
after 24 h incubation at 37 ◦C. As a positive control, standard antibiotic disks containing
30 µg vancomycin (for B. subtilis), 10 µg gentamicin (for E. coli), and 40 µg fluconazole
(for A. niger and C. albicans) were used.

Minimum inhibitory concentrations (MIC) were determined for the selected active
strains according to the Performance Standards for Antimicrobial Susceptibility Testing
(CLSI). The Staphylococcus aureus ATCC 29213 strain was used for MIC measurements.
Amphotericin B, clotrimazole, vancomycin and ampicillin were used as positive control.

3.2.3. MTT-Assay

The cytotoxic activity resulting structures was determined in vitro by the MTT assay [25].
HCT-116 (colon carcinoma), MCF-7 (breast adenocarcinoma), A-549 (lung adenocarci-

noma) human cancer cell lines, WI38 (cell line composed of fibroblasts—non-tumorigenic),
and Hek 293t (derivative of human embryonic kidney 293 cells, which contains the SV40
T-antigen—non-tumorigenic) were cultured in DMEM (PanEco, Moscow, Russia) with
Glutamine (PanEco, Moscow, Russia) and antibiotics (PanEco, Moscow, Russia) in CO2
(5%) at 37 ◦C.

The compounds were dissolved (20 mM) in DMSO and then added to the cell-culture
medium at the required concentration with a maximum DMSO content of 0.5 v/v%. At these
concentrations, DMSO has no effect on cell viability, as shown in control experiments. Cells
were cultured in 96-well plates (7000 cells/well) and treated with various concentrations
of the test compounds at 37 ◦C for 72 h. Then, cell viability was determined by using the
MTT assay, which quantified the dehydrogenase activity. The cells were incubated at 37 ◦C
for 50 min with a solution of MTT [3-(4,5-dimethyldiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] (10 mL, 5 mg × mL−1) (Sigma–Aldrich, St. Louis, MO, USA). The supernatant
was discarded, and the cells were dissolved in DMSO. The optical density of the solution
was measured at 570 nm with the use of a multiwall-plate reader (Anthos Zenyth 2000rt,
Biochrom, Great Britain), and the percentage of surviving cells was calculated from the
absorbance of untreated cells. Each experiment was repeated at least three times, and
each concentration was tested in at least three replicates. Data were presented as a graph
of the percentage of surviving cells versus the concentration of the test substances. The
meanings of 50% inhibitory concentration (IC50) with standard deviation were calculated
using GraphPad Prism Version 5.03 for Windows.

3.3. Molecular Modeling

For molecular dynamics simulations, the apo-M2 conductance domain structure
(residues 23–60) (the lowest-energy conformer) was obtained from the Protein Data Bank
for the S31N mutant influenza virus (PDB: 2KIH). The starting structure of the M2CD
complex with compound 3 was obtained by means of molecular docking to the region of
amino acids 25–50 (the ligand structure and M2 channel model were prepared as described
in [21]) using the AutoDock Vina 1.1.2 software [26] (grid box 11.25 Å × 11.25 Å × 11.25 Å,
grid center size x = −23.987 Å, y = 4.634 Å, z = −6.149 Å, exhaustiveness = 20), complexes
with the best value of scoring function was selected).

Molecular dynamics simulations were performed as described in [21] using the
CHARMM-GUI Web service [27–30]. For the analysis and visualization of the results, the
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cpptraj software [31] in the AmberTools 18 package [32] and UCSF Chimera software [26]
were used.

4. Conclusions

The synthesis of new 3-nitro- and 3-aminoisoxazolines containing spiro-fused or
1,2-annelated cyclooctane fragments was achieved. The reaction of 3-aminoisoxazoline
containing a spiro-fused cyclooctane fragment with sulfonyl chlorides yielded a representa-
tive series of previously unknown spiro-building sulfonamides. Preliminary screening of
the compounds for antiviral, antibacterial, antifungal and antiproliferative activity in vitro
revealed very high—in the low nanomolar range of concentrations—activity of 1-oxa-2-
azaspiro[4.7]dodec-2-en-3-amine (3) and 3a,4,5,6,7,8,9,9a-octahydrocycloocta[d]isoxazol-3-
amine (4) against influenza A/Puerto Rico/8/34 (H1N1) wild type virus. Further studies of
the mechanism of the antiviral action of these substances, as well as their effect on resistant
strains, are currently being carried out, and will be published in due course.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27113546/s1, copies of NMR spectra of the target compounds.
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Cuenda, A.; et al. The 3F Library: Fluorinated Fsp3-Rich Fragments for Expeditious 19F NMR Based Screening. Angew. Chem.
Int. Ed. 2020, 59, 2204–2210. [CrossRef]

7. Downes, T.D.; Jones, S.P.; Klein, H.F.; Wheldon, M.C.; Atobe, M.; Bond, P.S.; Firth, J.D.; Chan, N.S.; Waddelove, L.; Hubbard, R.E.; et al.
Design and Synthesis of 56 Shape-Diverse 3D Fragments. Chem. Eur. J. 2020, 26, 8969–8975. [CrossRef]

8. Atmika, P.; Hiroshi, H.; Suresh, P.; Keiichi, K.; Shigeki, M.; Motomu, K.; Yutaka, S.; Kazuhisa, S. A Novel Spiro-Heterocyclic
Compound Identified by the Silkworm Infection Model Inhibits Transcription in Staphylococcus aureus. Front. Microbiol. 2017,
8, 712.

9. Couturier, C.; Bauer, A.; Rey, A.; Schroif-Dufour, C.; Broenstrup, M. Armeniaspiroles, a new class of antibacterials: Antibacterial
activities and total synthesis of 5-chloro-Armeniaspirole A. Bioorg. Med. Chem. Lett. 2012, 22, 6292–6296. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules27113546/s1
https://www.mdpi.com/article/10.3390/molecules27113546/s1
http://doi.org/10.1016/j.drudis.2013.07.011
http://www.ncbi.nlm.nih.gov/pubmed/23906694
http://doi.org/10.1016/j.ddtec.2021.05.001
http://www.ncbi.nlm.nih.gov/pubmed/34895643
http://doi.org/10.1021/acs.jmedchem.0c00829
http://www.ncbi.nlm.nih.gov/pubmed/32805118
http://doi.org/10.1021/acs.orglett.9b01499
http://doi.org/10.1021/acs.jmedchem.0c01473
http://www.ncbi.nlm.nih.gov/pubmed/33381970
http://doi.org/10.1002/anie.201913125
http://doi.org/10.1002/chem.202001123
http://doi.org/10.1016/j.bmcl.2012.06.107


Molecules 2022, 27, 3546 12 of 12

10. Arns, S.; Balgi, A.D.; Shimizu, Y.; Pfeifer, T.A.; Kumar, N.; Shidmoossavee, F.S.; Sun, S.; Tai, S.S.-H.; Agafitei, O.; Jaquith, J.B.; et al.
Novel spirothiazamenthane inhibitors of the influenza A M2 proton channel. Eur. J. Med. Chem. 2016, 120, 64–73. [CrossRef]

11. Clarke, A.K.; Unsworth, W.P. A happy medium: The synthesis of medicinally important medium-sized rings via ring expansion.
Chem. Sci. 2020, 11, 2876–2881. [CrossRef] [PubMed]

12. Ono, N. The Nitro Group in Organic Synthesis; Wiley-VCH: New York, NY, USA, 2001; 372p.
13. Vasilenko, D.A.; Sedenkova, K.N.; Kuznetsova, T.S.; Averina, E.B. Synthetic Approaches to Nitro-Substituted Isoxazoles. Synthesis

2019, 51, 1516–1528.
14. Zhao, C.; Rakesh, K.P.; Ravidar, L.; Fang, W.-Y.; Qin, H.-L. Pharmaceutical and Medicinal Significance of Sulfur (SVI)-Containing

Motifs for Drug Discovery: A Critical Review. Eur. J. Med. Chem. 2019, 162, 679–734. [CrossRef] [PubMed]
15. Torssell, K.B.G. Nitrile Oxides, Nitrones and Nitronates in Organic Synthesis; VCH Publishers: New York, NY, USA, 1988; 753p.
16. Ivanova, O.A.; Budynina, E.M.; Averina, E.B.; Kuznetsova, T.S.; Zefirov, N.S. Application of a Thermal β-Elimination Reaction to

N-Alkoxy-3,3-dinitroisoxazolidines. Synthesis 2006, 2006, 706–710.
17. Tartakovskii, V.A.; Onishchenko, A.A.; Chlenov, I.E.; Novikov, S.S. General Method of Synthesis of 3-Nitroisoxazolines. Dokl. Chem.

1966, 167, 406–409.
18. Ivanova, O.A.; Averina, E.B.; Grishin, Y.K.; Kuznetsova, T.S.; Korlyukov, A.A.; Antipin, M.Y.; Zefirov, N.S. Study of 4-Hydroxy-

3-nitroisoxazoline N-oxide in the Reactions of 1,3-Dipolar Cycloaddition to Small-Ring Olefins. Dokl. Chem. 2002, 382, 21–24.
[CrossRef]

19. Vasilenko, D.A.; Averina, E.B.; Zefirov, N.A.; Wobith, B.; Grishin, Y.K.; Rybakov, V.B.; Zefirova, O.N.; Kuznetsova, T.S.; Kuznetsov,
S.A.; Zefirov, N.S. Synthesis and Antimitotic Activity of Novel 5-Aminoisoxazoles Bearing Alkoxyaryl Moieties. Mendeleev
Commun. 2017, 27, 228–230. [CrossRef]

20. Vorozhtsov, N.O.; Yarovaya, O.I.; Roznyatovskii, V.A.; Tarasevich, B.N.; Kozlovskaya, Y.A.; Petkova, A.I.; Slita, A.V.; Sinegubova,
E.O.; Zarubaev, V.V.; Salakhutdinov, N.F.; et al. Synthesis and antiviral activity of novel 3-substituted pyrazolinium salts.
Chem. Heterocycl. Compd. 2021, 57, 432–441. [CrossRef]

21. Klimochkin, Y.N.; Shiryaev, V.A.; Petrov, P.V.; Radchenko, E.V.; Palyulin, V.A.; Zefirov, N.S. Design of Broad-Spectrum Inhibitors
of Influenza A Virus M2 Proton Channels: A Molecular Modeling Approach. Curr. Comput. Aided Drug Des. 2016, 12, 154–164.
[CrossRef]

22. Rosenberg, M.R.; Casarotto, M.G. Coexistence of two adamantane binding sites in the influenza A M2 ion channel. Proc. Natl.
Acad. Sci. USA 2010, 107, 13866–13871. [CrossRef]

23. Shiner, V.J.; Tai, J.J. Deuterium Isotope Effects for Migrating and Nonmigrating Groups in the Solvolysis of Neopentyl-Type Esters.
J. Am. Chem. Soc. 1981, 103, 436–442. [CrossRef]

24. Liang, P. Tetranitromethane. Org. Synth. 1941, 21, 105.
25. Niks, M.; Otto, M. Towards an optimized MTT assay. J. Immunol. Methods 1990, 130, 149–151. [CrossRef]
26. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-

tion system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef] [PubMed]
27. Jo, S.; Kim, T.; Iyer, V.G.; Im, W. CHARMM-GUI: A Web-based graphical user interface for CHARMM. J. Comput. Chem. 2008,

29, 1859–1865. [CrossRef]
28. Wu, E.L.; Cheng, X.; Jo, S.; Rui, H.; Song, K.C.; Davila-Contreras, E.M.; Qi, Y.; Lee, J.; Monje-Galvan, V.; Venable, R.M.; et al.

CHARMM-GUI Membrane Builder Toward realistic biological membrane simulations. J. Comput. Chem. 2014, 35, 1997–2004.
[CrossRef]

29. Huang, J.; MacKerell, A.D. CHARMM36 all-atom additive protein force field: Validation based on comparison to NMR data.
J. Comput. Chem. 2013, 34, 2135–2145. [CrossRef]

30. Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, I.; et al.
CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM all-atom additive biological
force fields. J. Comput. Chem. 2010, 31, 671–690. [CrossRef]

31. Roe, D.R.; Cheatham, T.E.J. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory Data.
Chem. Theory Comput. 2013, 9, 3084–3095. [CrossRef]

32. Salomon-Ferrer, R.; Case, D.A.; Walker, R.C. An overview of the Amber biomolecular simulation package. WIREs Comput. Mol. Sci.
2013, 3, 198–210. [CrossRef]

http://doi.org/10.1016/j.ejmech.2016.05.008
http://doi.org/10.1039/D0SC00568A
http://www.ncbi.nlm.nih.gov/pubmed/34122787
http://doi.org/10.1016/j.ejmech.2018.11.017
http://www.ncbi.nlm.nih.gov/pubmed/30496988
http://doi.org/10.1023/A:1013888305090
http://doi.org/10.1016/j.mencom.2017.05.003
http://doi.org/10.1007/s10593-021-02921-7
http://doi.org/10.2174/1573409912666160505113408
http://doi.org/10.1073/pnas.1002051107
http://doi.org/10.1021/ja00392a031
http://doi.org/10.1016/0022-1759(90)90309-J
http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://doi.org/10.1002/jcc.20945
http://doi.org/10.1002/jcc.23702
http://doi.org/10.1002/jcc.23354
http://doi.org/10.1002/jcc.21367
http://doi.org/10.1021/ct400341p
http://doi.org/10.1002/wcms.1121

	Introduction 
	Results and Discussion 
	Synthesis of 3-Substituted Isoxazolines 
	Bioscreening Results and Molecular Modeling 

	Materials and Methods 
	Chemistry 
	General Remarks 
	One-Pot Synthesis of 3-Nitroisoxazolines 1,2 
	Synthesis of 3-Aminoisoxazolines 7,8 (General Method) 
	Synthesis of Sulfonamides 5a-l (General Method) 

	Pharmacological Assays 
	Evaluation of Antiviral Activity against Influenza Virus 
	Screening of Antimicrobial Activity 
	MTT-Assay 

	Molecular Modeling 

	Conclusions 
	References

