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The process of searching for new antibacterial agents is more and more challenging due to the increasing
drug resistance which has become a major concern in the field of infection management. Our study pre-
sents a synthesis and characterization by IR, UV, 1H NMR and 13C NMR spectra of a homogenous series of
1-EWG functionalized 2-aryl-1-nitroethenes which could prove good candidates for the replacement of
traditional antibacterial drugs In vitro screening against a panel of the reference strains of bacteria and
fungi and their cytotoxicity towards cultured human HepG2 and HaCaT cells was performed.
Antimicrobial results indicated that four of the synthesized compounds exhibited a significant antimicro-
bial activity against all tested reference bacteria and fungi belonging to yeasts with a specific and strong
activity towards B. subtilis ATCC 6633. Two of these compounds had no detectable cytotoxicity towards
the cultured human cell lines, making them promising candidates for new antibacterial drugs.
� 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Heterocyclic nitrocompounds are becoming increasingly inter-
esting for medicine, as they show extensive potency to fight bacte-
ria, fungi and parasites (Raether et al., 2003). Unfortunately, some
doubts have been raised as to their medical applications, as reports
on their mutagenic and carcinogenic side-effects were published
(González Borroto et al., 2005). However, it has been demonstrated
that nitroalkene derivatives containing a nitro group separated
from the aromatic ring by an alkene chain are deprived of geno-
toxic properties (Estrada, 1998).

Conjugated nitroalkenes (CNA) are valuable precursors in the
organic synthesis. The presence of a strongly electron-
withdrawing (EWG) nitro group at a vinyl moiety stimulates
substantially the p-deficient character of their double bond. In con-
sequence, CNA have a significant affinity to nucleophilic reagents
as diazocompounds (Jasiński, 2015), nitrones (Jasiński and Mróz,
2015; Jasiński, 2015a), ylides (Jasiński, 2015b), 1,3-dienes
(Łapczuk-Krygier et al., 2014; Jasiński, 2017), vinyl ethers
(Jasiński et al., 2014) and many others. Additionally, the nitro
group may be easily converted to many other functional groups
(Ono, 2003). Subsequently, it was observed that the nitro group
conjugated with the sp2 carbon atom stimulates many forms of
biological activity (Gómez-Rivera et al., 2013; Lopes et al., 2011;
Paraskevopoulos et al., 2015).

Taking these facts into consideration, we have decided to check
a series of (E)-2-aryl-1-cyano-1-nitroethenes as potential antibac-
terial and antifungal agents, but without genotoxic properties. This
work is a continuation of our comprehensive study on the synthe-
sis (Jasiński, 2014; Boguszewska-Czubara et al., 2016; Jasiński and
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Table 1
The exanimated nitroalkenes and their melting points.

No Compound Yield [%] Melting point [�C]

1 80 169–170 (ethanol)

2 88 189–189.5 (benzene)
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Kącka, 2015; Jasiński et al., 2016), physicochemical properties
(Jasiński and Mróz, 2015; Jasiński, 2015a; Jasiński, 2015b;
Jasiński, 2014; Jasiński and Kącka, 2015; Jasiński et al., 2016) and
practical applications (Boguszewska-Czubara et al., 2016) of CNAs.
In this paper we aim to extend our previous study (Boguszewska-
Czubara et al., 2016) to a newly synthesized group of compounds
with expected high antibacterial potential and low cytotoxicity.
In particular, we present an improved protocol for the preparation
of EWG-substituted CNA. The compounds obtained by this
approach were spectrally characterized and screened for their
antimicrobial activity against multiple bacterial and fungal strains.
Their in vitro cytotoxicity was assessed in the HepG2 and HaCaT
cells lines of human origin.
3 84 216–217 (ethanol)

4 70 48–48.5 (ethanol)

5 72 73–73.5 (ethanol)

6 84 131–132 (ethanol)

7 98a 93–94 (benzene)

8 95a 97–98 (benzene)

9 97a 102–102 (benzene)

10 92a 114–115 (benzene)

11 96a 116–117 (benzene)

12 95a 111–112 (benzene)

a The data was received from Boguszewska-Czubara et al. (2016).
2. Results and discussion

2.1. Preparation of CNA

For this study we have selected six different conjugated
nitroalkenes 1–6 (Table 1), whose properties were compared with
the those, we had previously reported for compounds 7–12
(Boguszewska-Czubara et al., 2016). The first stage of the study
involved the preparation of these compounds.

(E)-2-aryl-1-cyano-1-nitroethenes 1 and 2 were prepared using
the procedure described earlier (Jasiński et al., 2016). For this pur-
pose we used condensation between nitroacetonitrile and the
appropriate aldehydes (Scheme 1). Analogously, we prepared one
new compound: (E)-2-(9-anthryl)-1-cyano-1-nitroethene (3). Its
constitution was confirmed by elemental analysis data as well as
by the IR, UV, 1H NMR and 13C NMR spectra (see Experimental
Section).

Then we decided to prepare a group of nitroalkenes 4–6. Gen-
eral methodologies for the preparation of (Z)-2-aryl-1-chloro-1-
nitroethenes proceed via chlorination with dichloroiodobenzene
and dehydrochlorination sequence (Liu et al., 2014). Alternatively,
oxidative chlorination by hypochlorous acid may be used for this
purpose (Kim et al., 1997). However, some years ago Aleksiev
and Ivanova (Akercbed and Bdayoda, 1993) proposed another syn-
thetic protocol for this group of compounds, via Henry condensa-
tion starting from chloronitromethane. Accordingly, we prepared
(Z)-(4-dimethylamino)-1-chloro-1-nitroethene 6 using etylenedi-
amine as the catalyst (Scheme 2).

We repeated these experiments, with the full optimization of
the reaction parameters. As a result, we obtained the final product
with the 84% yield using n-amylamine as the catalyst. In the same
manner we also prepared two compounds with the phenyl and 4-
methoxyphenyl substituents at position 2 of the nitrovinyl moiety
(Scheme 2).

Unusual physical and chemical properties of the series of the
obtained compounds were demonstrated on the example of com-
pound 2 (Jasiński et al., 2016). It has been shown and rationalized,
based on the results of quantumchemical calculations, NMR, UV/
VIS spectroscopies and X-ray crystal structure analysis, that com-
pounds of the studied structural motif display a significantly
enhanced p electron delocalization along the molecule and a rela-
tively lower level of aromaticity of the aryl substituent. In the most
extreme case, in their solid state, such compounds exist in the
zwitterionic form with the positive charge localised at the aryl side
and the negative at the oxygen atom of the nitro group. The ionic
nature of the compound may obviously influence its biological
activity (Boguszewska-Czubara et al., 2016). Thus, from the biolog-
ical point of view it was important to check whether the above
mentioned zwitterionic properties are maintained at a tempera-
ture suitable for the living organisms. Variable-temperature NMR
spectra were recorded and analysed. Then the 1H NMR spectra of
the solution of 2 in CDCl3 were recorded at different temperatures,
in the range from – 50 �C to +60 �C (Fig. 1).



Scheme 1. Preparation of conjugated nitroalkenes 1–3.

Scheme 2. Preparation of conjugated nitroalkenes 4–6.

Fig. 1. The variable-temperature 1H NMR spectra of 2.
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The results clearly show that at +60 �C the spectrum of com-
pound 2 possess a typical AA’XX’ spin system, which may indicate
its classical aromatic nature. At the same time in �50 �C tempera-
ture there are 2 different protons on the spectrum at position meta
to the dimethylamine substituent with the NMR shift separation
491 Hz. This confirm the inherent zwitterionic nature of 2 in the
solution at low temperature. The coalescence temperature for the
interconversion of the canonical structures was measured as
�25 �C (248 K) which corresponds to the interconversion rate con-
stant (1090 s�1) and Gibbs activation energy at the coalescence
temperature (11 kcal/mol) calculated with the assumption that
the interconversion is a first-order process according to the
dynamic NMR studies equations (Kemp, 1986).

For the observed first-order process, the value of the rate con-
stant is inversely proportional to the interconversion time (t in sec-
onds). At low temperature, when the interconversion is slow:

k ¼ 1
t << p Dmffiffi

2
p , were Dm is the NMR shift separation (in Hz) at low

temperature, when the exchange does not occur.
Thus, at the coalescence temperature:

k ¼ p Dmffiffiffi
2

p

On the other hand, this constant could be defined according to
the Eyring equation:

k ¼ a KBT
h �e�DG�

RT , were KB is the Boltzmann constant (3.299 � 10-24 cal
K );

R – the universal gas constant (1.9872 cal
K�mol); a – transmission coeffi-

cient equal to 1; K – temperature in Kelvin, h – the Planck constant
(1.584 � 10-34cals ).

Consequently,

DG� ¼ 4:574 � 10�3 � T � log
T
k
þ 10:318

� �
; in

kcal
mol

or

DG� ¼ 19:13 � T � ðlog T
Dm

þ 9:97Þ; in
J

mol

Therefore it seems that in the solution at the temperature above
0 �C thermal vibrations interrupt the overlapping of the p-orbitals
of aromatic, olefin, nitro and nitrile systems, which makes the con-
jugations inefficient and, as a result, at the temperature of biological
studies, compound 2 oscillates between its 2 canonic forms freely.

(E)-2-(4-methylphenyl)-1-cyano-1-nitroethene (7) was like-
wise examined (Boguszewska-Czubara et al., 2016), nevertheless,
in this case no differences in the NMR spectra recorded at the tem-
peratures from �60 and +60 �C were found because of a purely
classical character of the substance.

Since compound 2 represents an extreme case with the maxi-
mal electron donating effect of the substituent on the aromatic ring
(Jasiński et al., 2016), we could assume classical structures for all
the tested compounds at the temperatures of biological studies.
Nevertheless, the tested compounds displaying a low isomeriza-
tion barrier may possess a highly polar flat zwitterionic configura-
tion when it is required for a better binding to the target enzyme.
This observation allows to compare the biological properties of all
presented compounds 1–6 directly, without any need to consider
the electronic structures of individual compounds and resulting
specific biochemical interactions.

2.2. In vitro antimicrobial assays

In the course of our continuous studies on new candidates for
antibiotics efficient against antibiotics resistant microorganisms,
we have already found that some (E)-2-aryl-1-cyano-1-
nitroethenes 7–12 exhibit antimicrobial and fungicidal activities
(Boguszewska-Czubara et al., 2016). As the conclusions of our
previous work were promising, the evaluation of other substituted
nitroethylenes, including the rare class of such compounds: 1-
chloro-1-nitroethenes, was necessary. Our results indicated that
the newly synthesized compounds 1–6 had an inhibitory effect
on the growth of both reference strains of Gram-positive and
Gram-negative bacteria and the reference strains of yeasts belong-
ing to Candida spp. (Table 2).

Minimum concentrations of these compounds, obtained by the
broth microdilution method, which inhibited the growth of Gram-
positive bacteria belonging to staphylococci (Staphylococcus aureus
ATTC strains and Staphylococcus epidermidis ATCC 12228), micro-
cocci and bacteria from Bacillus spp. ATTC, ranged from 3.91 to
500 mg/mL, while the MBC values were 7.81–>1000 mg/mL. Five
compounds 2–6 indicated a good or very good activity with a bac-
teriostatic or bactericidal effect against these bacteria. Compound
3 showed the most potent bactericidal activity against Gram-
positive bacteria (MBC/MIC = 2–4). This substance had a very
strong effect against S. aureus ATCC 25,923 and both strains of
Bacillus spp. ATCC with MIC = 3.91–7.81 mg/mL (MBC = 7.81–
31.25 mg/mL). The bioactivity of 3 towards the remaining staphylo-
cocci and micrococci was good (31.25–62.5 mg/mL and MBC = 125–
250 mg/mL). In addition to this, compound 6 also showed a very
intense bactericidal activity towards B. subtilis ATCC 6633
(MIC = 7.81 mg/mL).

Other obtained substances 4–6 exhibited a similar effect
towards Gram-negative rods (MIC = 31.25–250 mg/mL and
MBC = 62.5–>1000 mg/mL), with a particularly high bacteriostatic
activity at the concentration of 31.25 mg/mL against P. aeruginosa
ATCC 9027. Among them, compounds 4 and 6 indicated a good
effect against these bacteria, whereas in the case of substance 5,
the activity was moderate or good (Table 2).

According to our study, the growth of the reference yeast strains
belonging to Candida spp. was also inhibited by all compounds 1–6.
Compounds 2 and 3 showed the strongest fungicidal effect (MFC/
MIC = 1–4). On the basis of minimal inhibitory concentration val-
ues it was shown that 3 displayed a very strong activity against
C. albicans ATCC with MIC = 7.81 mg/mL and MFC = 15.62–
31.25 mg/mL and a good activity against C. parapsilosis ATCC
22,019 (MIC = 31.25 mg/mL and MFC = 125 mg/mL). Substance 2
indicated a good activity against all tested Candida spp. ATCC
(MIC = 31.25 mg/mL and MFC = 31.25–125 mg/mL) (Table 2).

On the basis of minimal inhibitory concentration values it was
also shown that substance 6 displayed the most potent fungicidal
activity against these microorganisms with MIC = 31.25 mg/mL.
Substances 4 and 5 showed a little less potent effect towards Can-
dida spp. ATTC (MIC = 31.25–250 mg/mL, MFC = 250–500 mg/mL,
MFC/MIC = 1–16) (Table 2). Compound 1 showed the weakest
activity of all the synthesized compounds against Gram-positive
bacteria (MIC = 200–1000 mg/mL), fungi belonging to Candida spp.
ATCC (MIC = 250–500 mg/mL) and no activity at all against Gram-
negative bacteria.

In comparison to other (E)-2-aryl-1-cyano-1-nitroethenes 7–12
possessing EWG and EDG, which demonstrated a wide spectrum of
antimicrobial activity in a line with a low cytotoxicity towards cul-
tured human cells (Boguszewska-Czubara et al., 2016), compound
3 exhibited very strong fungicidal activity (MIC = 7.81 mg/mL
MFC = 15.62–31.25 mg/mL). Moreover, compound 3 showed very
strong bacteriostatic and bactericidal activity against Gram-
positive bacteria (MIC = 3.91–7.81 mg/mL, MBC = 7.81–31.25 mg/
mL) while compounds 4–6 were found to be sensitive to Gram-
negative bacteria (MIC = 31.25 mg/mL).

2.3. Cytotoxicity

In order to evaluate the cytotoxicity of compounds 1–6, we uti-
lized the plate-based tetrazolium reduction assay as well as human



Table 2
The activity data expressed as MIC (MBC or MFC) [mg/mL] against the reference strains of microorganisms for the tested compounds.

Species MIC (MBC or MFC) [mg/mL] of the tested compounds

1 2 3 4 5 6 CIP/FLU**

Staphylococcus aureus
ATCC 6538

1000
–*

125
(500)

31.25
(125)

500
(500)

62.5
(500)

250
(250)

0.244

Gram-positive bacteria Staphylococcus aureus
ATCC 25923

1000
–

31.25
(250)

7.81
(15.62)

125
(250)

31.25
(250)

62.5
(250)

0.488

Staphylococcus aureus
ATCC 43300

1000
–

62.5
(500)

31.25
(125)

250
(250)

31.25
(125)

62.5
(125)

0.244

Staphylococcus epidermidis ATCC 12228 250
(1000)

62.5
(500)

31.25
(125)

500
(500)

62.5
(125)

125
(250)

0.122

Bacillus subtilis
ATCC 6633

250
–

62.5
(500)

3.91
(7.81)

125
(125)

31.25
(62.5)

7.81
(15.62)

0.031

Bacillus cereus
ATCC 10876

1000
–

125
(250)

7.81
(31.25)

250
-

62.5
(250)

62.5
-

0.061

Micrococcus luteus
ATCC 10240

500
–

31.25
(125)

62.5
(250)

500
(1000)

62.5
(250)

500
(1000)

0.976

Gram-negative bacteria Bordetella bronchiseptica ATCC 4617 – – 500
–

125
(500)

62.5
(1000)

125
(1000)

0.976

Klebsiella pneumoniae
ATCC 13883

– – – 62.5
(125)

31.25
(250)

31.25
(62.5)

0.122

Escherichia coli
ATCC 25922

– – 1000
–

125
(1000)

250
(500)

125
(250)

0.004

Proteus mirabilis
ATCC 12453

– – – 125
(250)

125
(500)

125
(250)

0.031

Salmonella typhimurium
ATCC 14028

– – – 125
(500)

250
(500)

125
(250)

0.061

Pseudomonas aeruginosa
ATCC 9027

– – – 31.25
-

31.25
-

31.25
(1000)

0.488

Fungi Candida albicans
ATCC 2091

500
(1000)

31.25
(125)

7.81
(31.25)

250
(250)

125
(500)

31.25
(31.25)

0.245*

Candida albicans
ATCC 10231

500
(1000)

31.25
(31.25)

7.81
(15.62)

125
(250)

125
(500)

31.25
(62.5)

0.976*

Candida parapsilosis
ATCC 22019

250
(500)

31.25
(125)

31.25
(125)

125
(500)

31.25
(500)

31.25
(125)

1.953*

* ‘–’ concentration above 1000 mg/mL.
** Standard antibiotics used as positive controls: ciprofloxacin (CIP) for bacteria and fluconazole (FLU) for fungi.
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HepG2 and HaCaT cells of liver and skin origin, respectively. Com-
pounds 1–5 displayed a similar pattern of activity in both cells
lines (Figs. 2 and 3).
Fig. 2. Cytotoxicity of compound
HepG2 cells (Fig. 2) were treated with a range of concentrations
(0.39–100.00 mM) of the respective compounds (1–6, a–f) or vehi-
cle (DMSO, 0.1%) for 24 h. Cell viability was measured using the
s 1–6 (a–f) in HepG2 cells.



Fig. 3. Cytotoxicity of compounds 1–6 (a–f) in HaCaT cells.

Table 3
The cytotoxic activities of compounds 1–6 in HepG2 and HaCaT cell lines.

HepG2 HaCaT

ID logIC50 ± SD [M] IC50 [mM] IC50 [mg/mL] logIC50 ± SD [M] IC50 [mM] IC50 [mg/mL]

1 >�4 >100 >23.2 >�4 >100 >23.2
2 �4.093 ± 0.026 80.7 17.51 >�4 >100 >21.7
3 �4.140 ± 0.009 72.4 19.84 >�4 >100 >27.4
4 >�4 >100 >18.35 – – –
5 >�4 >100 >21.45 >�4 >100 >21.45
6 �4.510 ± 0.023 30.9 7.03 �5.089 ± 0.04 8.1 1.84

IC50 values were obtained by curve fitting of the sigmoidal equation to experimental data.
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tetrazolium-based assay. The mean absorbance value for the con-
trol (DMSO-treated) cells was assigned as 1. The data are expressed
as mean ± SD from three independent experiments conducted in
sextuplicates.

Compounds 1 (Fig. 2a), 4 (Fig. 2d), and 5 (Fig. 2e) were cytotoxic
to HepG2cells onlywhen used at the highest dose of 100 mM, and no
effect on cellular viability was observed at lower concentrations.
Compounds 2 (Fig. 2b) and 3 (Fig. 2c) were slightly more toxic
towards HepG2cells and inhibited the cell growth with logIC50 of
–4.093 ± 0.026 M (80.7 mM) and –4.140 ± 0.009 M (72.4 mM),
respectively.

In order to make a direct comparison of the MICs and cytotox-
icity, the mM concentrations of compounds 1–6 used to define cyto-
toxicity were transformed into the mg/mL, common for IC50

measurements (Table 3).
HaCaT cells (Fig. 3) were treated with a range of concentrations

(0.39–100.00 mM) of the respective compounds (1–6, a–f) or vehi-
cle (DMSO, 0.1%) for 24 h. Cell viability was measured using the
tetrazolium-based assay. The mean absorbance value for the con-
trol (DMSO-treated) cells was assigned as 1. The data are expressed
as mean ± SD from three independent experiments conducted in
sextuplicates.

Compound 6 (Figs. 2f and 3f) displayed the most cytotoxic
character and inhibited the viability of HepG2 cells with logIC50 of
–4.510 ± 0.023 M (30.9 mM) and HaCaT cells with logIC50

of –5.089 ± 0.021 M (8.1 mM). Compound 4 (Fig. 3d) displayed no
cytotoxic properties up to the concentration of 100 mM in HaCaT
cells. Compounds 1–3 (Fig. 3a–c) and 5 (Fig. 3e) showed some level
of cytotoxicity, however, only at the highest dose used in this
experiment.

Again in comparison with compounds 7–12 we have found
compounds 4 and 5 to possess no or very low cytotoxicity against
HaKaT and HepG2 cells (>100 mM), what makes them promising
compounds for further clinical studies.
3. Conclusions

Our results indicate that newly synthesized compounds 2 and 3
exhibited a potent antimicrobial activity against reference Gram-
positive bacteria and fungi belonging to yeasts. However, these
compounds markedly inhibited the viability of HepG2 cells,
whereas compounds 4 and 5 exhibited a good or very good antimi-
crobial activity against all tested reference bacteria and fungi
belonging to yeasts with no or minimal cytotoxicity towards cul-
tured human HepG2 or HaCaT cells. Compound 6 displayed a
specific and strong activity towards B. subtilis ATCC 6633, however,
it was also the most cytotoxic compound tested in this study. The
determination of the mechanism of action and molecular target of
the presented compounds are currently in process.

Taking into account strong antimicrobial and antifungal activi-
ties, as well as antibacterial properties expressed by the com-
pounds together with their low cytotoxic effect against healthy
human cells, (HaKaT) compounds 4 and 5 seem to be promising
candidates for new antibacterial drugs, which might replace
nitrofurane-containing antibiotics.
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5. Experimental Section

5.1. General Section

Melting points were determined on a Boetius apparatus and are
uncorrected. Elemental analyses were performed on a Perkin-
Elmer PE-2400 CHN apparatus. IR spectra were recorded on a
Bio-Rad spectrophotometer in the CCl4 solution (Łojewska et al.,
2013). 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra were
recorded on a Bruker AMX 500 spectrometer. High-pressure liquid
chromatography (HPLC) was done using a Knauer apparatus
equipped with a UV–VIS detector. To monitor the reaction pro-
gress, a LiChrospher 18-RP 5 lm column (4 � 240 mm) and 75%
methanol as the eluent at the flow rate of 1.0 cm3/min were used.

5.2. Materials

Commercially available (Sigma-Aldrich) reagents and solvents
were used. All solvents had been tested by means of gas chro-
matography immediately before use. Conjugated nitroalkenes
were prepared according to the procedures listed below.

5.2.1. Nitroacetonitrile
Methazonic acid (60 g) (Jasiński, 2013) was dissolved in diethyl

ether (300 mL) in a four-neck glass flask (750 mL), equipped with a
mechanical stirrer, dropping funnel, thermometer and reflux con-
denser, Next, the reaction mixture was heated to boiling, and thio-
nyl chloride (43 mL) was dropped in slowly. While introducing
thionyl chloride to the reaction system, the temperature should
be higher than 30 �C. The solution was stirred for 120 min, filtered
and evaporated in the argon atmosphere. Oil residue was treated
with diethyl ether (240 mL) and water (90 mL). The organic layer
was separated, dried over anhydrous calcium chloride and evapo-
rated in the argon atmosphere. The oil residue was purified by col-
umn chromatography. Silica gel was used as the stationary phase,
and benzene as the eluent. Pure nitro acetonitrile was obtained as a
dark yellow liquid with the 28% yield.

5.2.2. (E)-2-aryl-1-cyano-1-nitroethenes – General procedure
Firstly, an appropriate aldehyde (0.100 mol) was dissolved in

ethanol (2 mL). Next, molecular sieves (0.1 g of 4 Å), nitroacetoni-
trile (0.11 mol) and a catalytic amount of n-amylamine (55 mL)
were added. The reaction mixture was stirred for 4 h at room tem-
perature. The product was separated by filtration and recrystal-
lized from ethanol or benzene. Spectral characteristics of the
products are listed below:

Methyl 4-[(E)-2-cyano-2-nitroethenyl]benzoate (1): m.p.: 169–

170; 1H NMR (500 MHz, CDCl3) d: 4.01 (s, 3H, OCH3), 8.10 (d, 2H,

Ar), 8.24 (d, 2H, Ar), 8.70 (s, 1H,@CAH); 13C NMR (126 MHz, CDCl3)
d: 52,82, 110.42, 130.75, 130.94, 131.83, 135.59, 146.96, 165.41; IR
(cm�1) vmax = 1332, 1542, 1624, 2233; UV/VIS (MeOH, nm)
kmax = 229, 322. The analysis of the product spectra confirmed its
identity with literature data (Jasiński et al., 2016: ESI).

(2E)-3-[4-(Dimethylamino)phenyl]-2-nitroprop-2-enenitrile
(2): m.p.: 189–189.5; 1H NMR (500 MHz, CDCl3) d: 3.20 (s, 6H,

NCH3), 6.76 (d, 2H, Ar), 7.93 (d, 2H, Ar), 8.49 (s, 1H, @CAH); 13C
NMR (126 MHz, CDCl3) d: 40.25, 112.25, 113.38, 113.44, 114.97,
135.86, 147.79, 155.20; IR (CCl4, cm�1) vmax = 1373, 1575, 1737;
UV/VIS (MeOH, nm) kmax = 275, 481. The analysis of the product
spectra confirmed its identity with literature data (Jasiński et al.,
2016).

(2E)-3-(Anthracen-9-yl)-2-nitroprop-2-enenitrile (3): m.p.:
216–217; 1H NMR (500 MHz, CDCl3) d: 7.63 (dd, 2H, Ar), 7.72

(dd, 2H, Ar), 7.99 (d, 2H, Ar), 8.13 (d, 2H, Ar), 8.72 (s, 1H, @CAH),
9.77 (s, 1H, Ar); 13C NMR (126 MHz, CDCl3) d: 109.73, 120.1,
124.13, 126.25, 128.75, 129.15, 129.79, 129.86, 131.02, 133.72,
147.6; IR (KBr, cm�1) vmax = 1364, 1560; UV/VIS (MeOH, nm)
kmax = 251, 470. Elemental analysis calculated for C17H10N2O2:
74.44%C, 3.67%H, 10.21%N, Found: 74.28%C, 3.65%H, 10.15%N.

5.2.3. Chloronitromethane
Nitromethane (54 mL) was placed in a three-necked flask

equipped with a mechanical stirrer, dropping funnel and ther-
mometer, and then, after cooling the contents of the flask to below
�5 �C, a solution of sodium hydroxide (20 g) in water (160 mL) was
added. The precipitated sodium salt of nitromethane was filtered
and washed with cold diethyl ether. Then the prepared suspension
of this salt in diethyl ether (200 mL) was placed in a scrubber in an
ice bath and chlorine gas was bubbled through the suspension for
approximately 10 min, cooling the contents of the scrubber down
to below �5 �C. The resulting mixture was filtered and then diethyl
ether was distilled from the filtrate on a rotary evaporator. The resi-
due was distilled under the reduced pressure. Pure chloroni-
tromethanewas obtained as a pale yellow liquid with the 40% yield.

5.2.4. (Z)-2-aryl-1-chloro-1-nitroethenes – General procedure
Firstly, an appropriate aldehyde (0.1 mol) was dissolved in ben-

zene (2 mL). Next, chloronitromethane (0.2 mol) and n-amylamine
(55 mL) were added. The reaction mixture was stirred for 1 h at
50 �C and then for 7 h at room temperature. The product was sep-
arated by filtration and recrystallized from ethanol. Spectral char-
acteristics of the products are listed below:

[(Z)-2-Chloro-2-nitroethenyl]benzene (4): m.p.: 48–48.5; 1H
NMR (500 MHz, CDCl3) d: 7.45–7.40 (m, 3H, Ar), 7.79–7.77 (m,

2H, Ar), 8.30 (s, 1H, @CAH); 13C NMR (126 MHz, CDCl3) d:
129.11, 129. 68, 131.22, 131.67, 131.96, 137.60; IR (KBr, cm�1)
vmax = 764, 1307, 1532, 1610; UV/VIS (MeOH, nm) kmax = 226,
325. The analysis of the product spectra confirmed its identity with
literature data (Liu et al., 2014).

1-[(Z)-2-Chloro-2-nitroethenyl]-4-methoxybenzene (5): m.p.:

73–73.5; 1H NMR (500 MHz, CDCl3) d: 3.82 (s, 3H, OCH3), 6.93 (d,

2H, Ar), 7.79 (d, 2H, Ar), 8.29 (s, 1H, @CAH); 13C NMR (126 MHz,
CDCl3) d: 55.56, 114.71, 122.10, 131.69, 133.57, 135.32, 162.68;
IR (KBr, cm�1) vmax = 829, 1344. 1260, 1525; UV/VIS (MeOH, nm)
kmax = 240, 357. The analysis of the product spectra confirmed its
identity with literature data (Dauzonne and Demerseman, 1990).

4-[(Z)-2-Chloro-2-nitroethenyl]-N,N-dimethylaniline (6): m.p.:

131–132; 1H NMR (500 MHz, CDCl3) d: 3.03 (s, 6H, NCH3), 6.65 (d,

2H, Ar), 7.75 (d, 2H, Ar), 8.29 (s, 1H, @CAH); 13C NMR (126 MHz,
CDCl3) d: 40.02, 111.71, 116.85, 132.17, 133.05, 134.05, 152.72; IR
(KBr, cm�1) vmax = 1529, 1308, 1260, 812; UV/VIS (MeOH, nm)
kmax = 269, 346, 447. The analysis of the product spectra confirmed
its identity with literature data (Łojewska et al., 2013).

5.3. In vitro antimicrobial assays

The examined compounds 1–6 were screened in vitro for their
antibacterial and antifungal activities using the broth microdilu-
tion method (according to the guidelines of the European Commit-
tee on Antimicrobial Susceptibility Testing (EUCAST) (EUCAST,
2003) and Clinical and Laboratory Standards Institute (CLSI,
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2012)) against a panel of the reference and clinical or saprophytic
strains of microorganisms, including Gram-positive bacteria (Sta-
phylococcus aureus ATCC 6538, Staphylococcus aureus ATCC 25923,
Staphylococcus aureus ATCC 43300, Staphylococcus epidermidis
ATCC 12228, Bacillus subtilis ATCC 6633, Bacillus cereus ATCC
10876, Micrococcus luteus ATCC 10240), Gram-negative bacteria
(Bordetella bronchiseptica ATCC 4617, Klebsiella pneumoniae ATCC
13883, Escherichia coli ATCC 25922, Proteus mirabilis ATCC 12453,
Salmonella typhimurium ATCC 14028, Pseudomonas aeruginosa
ATCC 9027) and fungi belonging to yeasts (Candida albicans ATCC
2091, Candida albicans ATCC 10231, Candida parapsilosis ATCC
22019). The microorganisms belonging to ATCC came from the
American Type Culture Collection, routinely used for the evalua-
tion of antimicrobials. All the used microbial cultures were first
subcultured on nutrient agar or Sabouraud agar at 35 �C for 18–
24 h or 30 �C for 24–48 h for bacteria and fungi, respectively.

The surfaces of Mueller-Hinton agar (for bacteria) and RPMI
1640 with MOPS (for fungi) were inoculated with the suspensions
of bacterial or fungal species. Microbial suspensions were prepared
in sterile saline (0.85% NaCl) with an optical density of 0.5 McFar-
land standard scale–, approximately 1.5 � 108 CFU (colony forming
units)/mL for the bacteria and 0.5 McFarland standard scale,
approximately 5 � 105 CFU/mL) for the fungi.

Samples containing the examined compounds were dissolved in
1 mL of dimethyl sulfoxide (DMSO). Furthermore, bacterial and
fungal suspensions were put onto Petri dishes with solid media
containing the tested compounds 1–6 (2 mg/mL) and followed
incubation at 37 �C for 24 h and 30 �C for 48 h for bacteria and
fungi, respectively. The inhibition of the microbial growth was
evaluated by comparison with the control culture prepared with-
out any sample tested. Ciprofloxacin or fluconazole (Sigma) were
used as the reference antibacterial or antifungal compounds,
respectively.

Subsequently, the MIC (minimal inhibitory concentration) of
the compounds was examined by the microdilution broth method
(Wiegand et al., 2008), using their two-fold dilutions in Mueller-
Hinton broth (for bacteria) and the RPMI 1640 medium with MOPS
(for fungi) prepared in 96-well polystyrene plates. Final concentra-
tions of the compounds ranged from 1000 to 0.488 mg/mL. Micro-
bial suspensions were prepared in sterile saline (0.85% NaCl)
with an optical density of 0.5 McFarland standard. Next, each bac-
terial or fungal suspension (2 mL) was added to each well contain-
ing broth (200 mL) and various concentrations of the examined
compounds. After incubation (37 �C for 24 h for bacteria and
30 �C for 24 h for yeasts), the MIC was assessed spectrophotomet-
rically as the lowest concentration of the samples showing com-
plete bacterial or fungal growth inhibition. Appropriate DMSO,
growth and sterile controls were carried out. The medium with
no tested substances was used as control.

The MBC (minimal bactericidal concentration) or MFC (minimal
fungicidal concentration) are defined as the lowest concentration
of the compounds required to kill a particular bacterial or fungal
species. The MBC or MFC were determined as described above
(Popiołek et al., 2016). In brief, the cultures (20 lL) used for the
MIC determination were removed from each well and spotted onto
an appropriate agar medium. The plates were incubated at 37 �C
for 24 h and at 30 �C for 48 h for bacteria and fungi, respectively.
The lowest compound concentrations with no visible growth
observed were established as bactericidal or fungicidal concentra-
tions. All the experiments were repeated three times and represen-
tative data are presented.

In this study, no bioactivity was defined as the MIC > 1000 mg/
mL, mild bioactivity as the MIC in the range of 501–1000 mg/mL,
moderate bioactivity as the MIC ranging from 126 to 500 mg/mL,
good bioactivity as the MIC in the range 26–125 mg/mL, strong
bioactivity with the MIC between 10 and 25 mg/mL and very strong
bioactivity as the MIC < 10 mg/mL. The MBC/MIC or MFC/MIC ratios
were calculated in order to determine the bactericidal/fungicidal
(MBC/MIC � 4, MFC/MIC � 4) or bacteriostatic/fungistatic (MBC/
MIC > 4, MFC/MIC > 4) effects of the tested compounds (O’Donnell
et al., 2010).

5.4. Cell cultures

HepG2 and HaCaT cells were purchased from ATCC (#HB-8065,
Rockville, MD) and CLS (#300493, Eppelheim, Germany), respec-
tively. HepG2 cells were cultured in the Eagle’s minimal essential
medium modified with the fetal bovine serum (FBS) (10%), L-
glutamine (2 mM), sodium pyruvate (1 mM), penicillin (100 U/
mL) and streptomycin (0.1 mg/mL). HaCaT cells were maintained
in high-glucose (4.5 g/L) Dulbecco’s Modified Eagle’s Medium sup-
plemented with FBS (10%) and L-glutamine (2 mM), penicillin
(100 U/mL) and streptomycin (0.1 mg/mL). The cell culture media
and the supplements were obtained from Life Technologies (Carls-
bad, CA). The cells were cultured at 37 �C in the humidified atmo-
sphere of 5% CO2 in air.

5.5. MTS assay

Cytotoxic effects of compounds 1–6 were assessed using the
CellTiter MTS reagent (Promega, Mannheim, Germany) as
described previously (Boguszewska-Czubara et al., 2016). As vehi-
cle (Veh) only cell culture medium with DMSO content equal to
prepared solutions was used.

5.6. Statistical analysis

Data on the cellular viability were curve-fitted to the four-
parameter sigmoidal equation and plotted as the mean ± standard
deviation (SD) using the GraphPad Prism v6 (GraphPad Software,
Inc., San Diego, CA). Concomitantly, half-maximal inhibitory con-
centrations (IC50) were calculated where possible.
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Jasiński, R., Mróz, K., 2015. Kinetic aspects of [3+2] cycloaddition reactions between
(E)-3,3,3-trichloro-1-nitroprop-1-ene and ketonitrones. React. Kinet. Mech.
Catal. 116 (1), 35–41. https://doi.org/10.1007/s11144-015-0882-8.

Kemp, W., 1986. Nuclear Magnetic Resonance in Chemistry: A Multinuclear
Introduction. Published by Macmillan International Higher Education LTD,
London. ISBN 978-0-333-37292-0.

Kim, J.N., Son, J.S., Lee, H.J., Jung, K.S., 1997. An expedient synthesis of b-chloro-b-
nitroolefin derivatives. Synth. Commun. 27 (11), 1885–1891. https://doi.org/
10.1080/00397919708006789.

Łapczuk-Krygier, A., Ponikiewski, Ł., Jasiński, R., 2014. The crystal structure of
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