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Abstract: A family of fifteen quaternary ammonium salts (QAs), bearing the 1,2-bis(4-pyridyl)ethane
core, were obtained using for the first time two different green methods, such as microwave (MW)
and ultrasounds (US) irradiation, with very good yields and in much shorter times compared to the
classical method, and an assay on their antimicrobial action against Escherichia coli (E. coli) was carried
out. While 12 to 24 h were required for complete alkylation of 1,2-bis(4-pyridyl)ethane by reactive
halogenated derivatives in anhydrous solvent under reflux conditions, MW and US irradiation
reduced the reaction time and the desired products were achieved in a few min. One of the aims of this
study was to evaluate the antibacterial potential of the synthesized QAs against pathogenic bacteria,
along with their impact on germination activity of wheat seeds (Triticum aestivum L.). The antibacterial
activity of the QAs against Escherichia coli was explored by determining the minimum inhibitory
concentration (MIC). The MIC values varied from 0.312 to 2.5 mg/mL, highlighting the lowest
values attained for the derivatives containing methoxy, chlorine and benzofurane functional groups.
The viability of aerobic bacteria was determined with the Tetrazolium/Formazan Test, a method
that was found to be the best alternative approach with respect to the difuzimetric method. Seeds
of Triticum aestivum L. were used for the evaluation of the germination indicators, such as seed
germination (SG), the relative seed germination (RSG), the relative radicle growth (RRG), and the
seed germination index (GI). The toxicity studies of QAs 1, 4 and 7, at two different concentrations,
showed no inhibitory effect on seed germination.

Keywords: quaternary ammonium salts; 1,2-bis(4-pyridyl)ethane; green synthesis; antimicrobial
activity; seed germination

1. Introduction

“Green chemistry” is amongst the fast-growing approaches in the different fields of science and
technology that involves the reduction or the elimination of use and production of toxic materials
through proper invention, design, and application [1]. Recently, microwave assisted reactions has
arisen as one of the most convenient and reproducible methods for synthesis of various heterocyclic
compounds due to its green and sustainable nature. In view of this, a number of authors have reported
the microwave-assisted synthesis of various organic compounds, which have been widely applied in
the drug discovery field, due to enhanced reaction rates, high yields, improved purity, and greener
reaction condition [2-6].
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Numerous reports have shown that microwave heating have the capacity to accelerate chemical
reactions, to increase reaction yield and to enhance product’s purity and material’s properties
as compared to conventional experiments in which heating by convection or conduction is used.
Microwave heating has been used, e.g., in chemical functionalization of chitosan or cellulose, to obtain
such as modified polysaccharides, at lower reaction time as compared to conventional methods and
without any degradation of the biopolymer chain [7]. The microwave assisted organic synthesis,
with green advantages like eco-friendly, good yields and reducing reaction times, is the need of today
for organic synthetic chemists. The change of the counter anions to appreciate their synergetic effects
in the microwave-assisted of ionic liquids is also a great interest subject [8].

The use of ultrasound irradiation to promote organic synthesis has also attracted the interest of the
scientific community [2,9,10]. Various chemical and physical effects occur due to the formation of the
acoustic cavitation from ultrasound waves in a liquid medium or solid mixture and this brings many
advantages such as time-saving, easy work-up procedure, enhanced reaction rates, and eco-friendly
reaction conditions [11].

The quaternary ammonium salts (QAs) are known as one of the most visible and effective classes of
disinfectants for nearly a century. However, it has been demonstrated that pathogenic microorganisms
were resistant to the action of some disinfectants and antibiotics [12]. Thus, it was followed by
identifying a new source of antimicrobial compounds. Generally, the mechanism of action of QAs is
the disruption of the cell membrane, the one of the most fundamental structures in bacteria, which
leads to cell lysis and bacterial death [13]. The antimicrobial effect of QAs against bacteria, fungi,
and viruses was investigated [12,14-17]. Also, the inhibitory potential of some of these compounds
(e.g., quaternary ammonium salts of bis(pyridinium)) has been reported by Furdui and coworkers [17].
QAs are regarded as surfactants that are widely used for the control of bacterial growth in medical,
food, and industrial environments [18,19]. For this reason, phytotoxicity studies should be carried out
on plants.

The pathogenic microorganisms have been a long threat to human health and social development,
because they can develop infections and diseases in animals, plants, and humans. One of the leading
causes of death worldwide is the outbreak infectious disease induced by bacteria, fungi, and viruses,
which triggers the death of over a quarter of the world population annually [20,21]. To reduce the
number of infections with pathogens and to combat them, different classes of antimicrobial agents have
developed very fast. However, the widespread use of these products has induced the emergence of
new strains of antimicrobial resistant microorganisms, which caused increased difficulties in combating
infections [22,23].

The present paper is focused on the improved synthesis of fifteen quaternary ammonium
compounds of 1,2-bis(4-pyridyl)ethane by green methods (microwave and ultrasounds irradiation),
along with the first results regarding the evaluation of antibacterial potential against Escherichia coli.
The effects of quaternary ammonium salts (QAs) of bis(pyridinium) on seed germination of wheat
(Triticum aestivum L.) is also presented and discussed.

2. Results and Discussion

2.1. Synthesis

All fifteen quaternary ammonium salts (QAs) were obtained by an improved methodology
with respect to the already reported classical solution-synthesis by Furdui et al. [17,24], that is, the
green alternatives using microwave (MW) and ultrasounds (US) irradiation. Generally, the most
organic reactions have been heated by traditional heating equipment which are rather slow, and local
overheating can lead to decomposition of product reagent or substrate. In contrast, accelerations by
MW and US have been observed for a wide range of organic reactions offering a lot of advantages
connected to safety, enhancement in reactivity and selectivity, cost saving, and energy and pollution
prevention [25-28]. According to this new strategy, a mixture of 1,2-bis(4-pyridyl)ethane and halide
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derivative in the 1:2 molar ratio, in the presence of 0.5 equivalents of anhydrous acetonitrile was
subjected to both MW and US irradiation (Scheme 1). The extremely fast procedure resulted in
successfully obtaining all fifteen QAs with very good yields that were very close to those of the classical
method, where much higher solvent volumes are used (150 equivalents of anhydrous acetonitrile).
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Scheme 1. Synthesis of quaternary ammonium salts of 1,2-bis(4-pyridyl)ethane (QAs 1-15).

In Table 1, a comparison between the reaction conditions and yields among the classical
solution-synthesis and the two green methods is given, thus making obvious the remarkable advantage
of these green alternatives in terms of time saving and yields. In the case of reactions with the yield
of the synthesis lower than 90%, unreacted reagents identified by thin layer chromatography were
observed, but due to their solubility in the reaction medium they were removed by washing the solid
powder with acetonitrile. Reactions were monitored after 5, 10, and 15 min. The increase in reaction
time for the MW-assisted reaction was found to no longer increase the yield of the reaction. In Table 1
the time interval of 5-10 min, which is the best approach for the synthesis of such QAs, was thus
reported. It is important to highlight the fact that MW irradiation was particularly efficient, that is,
only a few min were necessary to obtain the desired products in excellent yields, whereas hours of
conventional heating under reflux conditions could give the same results. The US irradiation was also
effective, the yields being excellent in all cases and the reaction times were reduced from 12-24 h under
conventional heating to just one hour, these results also being similar to those reported in the literature
for other classes of compounds [4]. Reactions were performed on two ultrasonic baths, one of 30 Hz
and another one of 35 Hz. The use of the US bath of 35 Hz, presented in the manuscript, was more
efficient with a maximum reaction time of 60 min, while the other one requires an hour and 30 min.
Taking into account the need to obtain faster synthesis methods in medicine, it is essential to report the
most effective methods of synthesis. To the best of our knowledge, this is the first time when MW-
and US-promoted reactions for the synthesis of QAs are employed, thus opening the way towards the
generation of many other types of QAs derivatives.
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Table 1. Comparative yields and reaction conditions.

Classical Heating Microwave Irradiation Ultrasounds Irradiation
QAs (Power 300 W) (35 Hz)
Time Temp. Yield Time Temp. Yield(%) Time Temp. Yield
(min) Q) (%) (min) °Q) (min) Q) (%)
1 1440 80 92 5-10 95 95 60 60 90
2 1440 80 88 5-10 95 90 60 60 90
3 1440 80 94 5-10 95 95 60 60 95
4 1440 80 95 5-10 95 95 60 60 95
5 1440 80 94 5-10 95 94 60 60 95
6 1440 80 90 5-10 95 93 60 60 90
7 1440 80 82 5-10 95 85 60 60 85
8 1440 80 81 5-10 95 83 60 60 90
9 720 80 93 5-10 95 95 60 60 90
10 720 80 92 5-10 95 95 60 60 90
11 1440 80 98 5-10 95 98 60 60 98
12 1440 80 85 5-10 95 88 60 60 86
13 1440 80 85 5-10 95 87 60 60 90
14 720 80 90 5-10 95 92 60 60 93
15 720 80 76 5-10 95 77 60 60 80

2.2. Evaluation of Antibacterial Activity of QAs Against E. coli

The antibacterial activity of QAs is a hot research topic and there are several papers that study
the synthesis, characterization, and antimicrobial properties of the QAs and their derivatives [29-31].
The class of tetrazolium salts contain a large group of organic compounds which have the ability to
form highly colored products, well known as formazans [32,33]. This trait can be used to detect and
to measure the cell viability [34-37]. Nowadays, the tetrazolium salts are widely used in different
chemical and biological applications [32,37,38].

In the present study, the evaluation of antibacterial activity of QAs was performed by using
the TTC test as a qualitative assay and the broth microdilution method as a quantitative method.
We investigated the effects of selected QAs, with different electron-withdrawing/releasing effects,
which may give different antimicrobial properties to the QAs. The minimum inhibitory concentrations
(MICs) were determined as the lowest concentrations of QAs that inhibit the growth of bacteria.

2.2.1. Evaluation of Inhibition Rate of QAs by the TTC Colorimetric Test

In the present study, the TTC test proved to be an efficient colorimetric method for antibacterial
evaluation. The results revealed the antibacterial potential of QAs expressed as inhibition rate of
cell bacteria. The presence of vital cells of bacteria was evidenced by an intense red color from the
transformed formazan in growth media. After the addition of QAs, the reduction of color intensity to
colorless could be observed. After testing all the synthesized QAs against E. coli, only nine compounds
have shown antibacterial activity. From Figure 1 it can be observed that the inhibition rate of bacteria
varied from 3% to 59%, depending on the composition of salts. Thus, a strong inhibitory effect
(59%) against E. coli was shown by QAs 3, followed by QAs 15 (50%), QAs 5 (42%) and QAs 9 (33%).
Also, it was observed that the vital cells of bacteria were inhibited by QAs 4, 7 and 14, with an average
inhibition rate not higher than 20%. A reduced inhibitory potential against the tested bacteria was
reached by QAs 13, with an inhibition rate of 10%, while QAs 10 had the lowest inhibitory effect (3%).

Few investigations have also been carried out on the antibacterial properties of QAs using TTC
test. In agreement with these data, the TTC application as indicator for the antibacterial activity proved
to be an efficient evaluation method of bacteria viability [38,39]. In few papers, the antimicrobial
activity of QAs and their derivatives have also been suggested [24,38,40]. The antibacterial action of
QAs consisted disruption of lipid membrane through association of the positively charged quaternary
nitrogen with the polar head groups of acidic phospholipids [31,41].
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Figure 1. Inhibition rate (%) of Escherichia coli (E. coli) by QAs determined by Tetrazolium/Formazan Test.

The physical and chemical properties, and also the biologic activities of the QAs are dictated by
various factors and counterions that are used. The understanding of the properties of the salts with
different structures and counterions is important in the selection of a candidate for potentially active
QAs [42]. We also demonstrated previously that there was a good relationship between structural
descriptors (LogP, polarizability, polar surface area (2D), and Van der Waals surface area (3D)) and
antibacterial properties of these kinds of QAs [16].

2.2.2. Minimum Inhibitory Concentrations (MIC)

The MICs of QAs were determined as a quantitative evaluation of their antibacterial activity
which exerts different ranges of sensitivity against Gram negative bacteria. The MIC values varied
from 0.312 to 2.5 mg/mL (Table 2). The lowest MIC value (0.312 mg/mL) was shown by QAs 3, 5 and 15
against E. coli. Some differences in antibacterial activities were observed for some tested compounds.
Thus, QAs 7, 9 and 14 showed higher MIC values, that is 0.625 mg/mL, while QAs 10 and 13 showed
the highest MIC value, that is 2.5 mg/mL.

Table 2. Antibacterial activity of QAs against E. coli, expressed as minimum inhibitory concentrations
(MIC) (mg/mL) determined by the microdilution method.

QAs Minimum Inhibitory Concentration (MIC) (mg/mL)

3 0.312
5 0.312
15 0.312
7 0.625
9 0.625
14 0.625
4 1.25
10 1.25
13 2.5

The results are in agreement with those determined by Tetrazolium/Formazan Test (Figure 1). Also,
the results showed a higher antibacterial potential of our QAs compared to, e.g., dimethylaminoethyl
methacrylate quaternized by hexadecyl bromide against E. coli [43]. Moreover, the MIC values of
other QAs, such as benzylidenehydrazinyl pyridinium salts were investigated by Alptiiziin et al.,
who showed that E. coli was inhibited with variable concentrations from 2 to 128 pg/mL [38]. Some
papers have also reported an antimicrobial performance of polymeric film with QAs-containing
coatings against E. coli, e.g., about 99% of biocidal efficiency even after 96 h [44].
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2.3. Germination Activity

The impact of different types of compounds on terrestrial plants has been studied extensively [45,46].
When growing, plants absorb relatively large amounts of essential and non-essential elements, which
can be toxic to certain concentrations, so seed germination is a very sensitive test to measure the
toxicity and the influence of different external factors. The Organisation for Economic Cooperation
and Development (OECD) is an international organization that works to build better policies for
better lives. OECD Guidelines for the Testing of Chemicals are periodically reviewed in the light of
scientific progress and current regulatory procedures. The selection of species should be based on the
ecological relevance of species, species specific life-cycle characteristics, region of natural occurrence,
etc. The response of an organism to a chemical depends on the dose. Nonlinear dose-response
relationships occur across a broad range of research fields and are a well-established tool to describe
the basic mechanisms of phytotoxicity [47]. Wheat (Triticum aestivum L.) has been extensively studied
for its allelopathic potential. The allelopathic activity of wheat has been attributed to hydroxamic acids
and related compounds, and phenolic acids [48]. The literature data, focused on toxicity studies on
wheat germination seeds, determined us to choose them as model of study due to their low cost and
handiness, as well as one of the most important food for humans.

Considering the wide spectrum of potential applications of QAs as surfactants that are widely
used for the control of bacterial growth in medical, food, and industrial environments, we investigated
the effects of three selected QAs, with electronic withdrawing effects (-I and/or -E), on wheat seed
germination, as the first step towards estimating the potential hazard of these chemical substances to
the enviroment. QAs 1, 4, and 7 were selected also to see if various functional groups can lead to toxic
effects, considering that, for instance, the nitro group is shown to induce toxicity. Taking into account
the literature data, throughout this test, we evaluated the most sensitive physiological parameters
in plants.

The SG values, not less than 95% and not less than those of the control sample (Figure 2), and
the relative seed germination percentages (RSG%), ranging from 98.96 to 100.70% for treated seeds
(Figure 3), showed that the tested QAs had no influence on seed germination. Moreover, the relative
radicle growth values (RRG) were not negatively influenced by the presence of tested compounds
presenting values over 100% (Figure 4) [49]. The Gi values, greater than 95% and not very different
from those of the control sample (Figure 5), means that the tested QAs have no phytotoxicity [50].
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Figure 2. Seed germination (SG%) of Triticum aestivum L. exposed to different concentrations of
quaternary ammonium salts (QAs) 1, 4, and 7. Error bars represent + standard deviation of 3 replicates.
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The toxicity studies of QAs 1, 4, and 7 at two different concentrations (a: 10° M and b: 107° M),
exhibited no inhibitory effect on seed germination.

98.96 9931 10070 9966 9966 99.31
100.00
80.00 -
60.00 -
X
?
o  40.00 |
20.00 -
0.00 -
m1a m4a m7a m1b m4h u7b
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Figure 3. Relative seed germination (RSG%) of Triticum aestivum L. exposed to different concentrations
of QAs 1, 4, and 7. Error bars represent + standard deviation of 3 replicates.
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Figure 4. Relative radicle growth (RRG%) of Triticum aestivum L. exposed to different concentrations of
QAs 1, 4, and 7. Error bars represent + standard deviation of 3 replicates.
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Figure 5. Germination index (Gi%) of Triticum aestivum L. exposed to different concentrations of QAs 1,
4, and 7. Error bars represent + standard deviation of 3 replicates.

3. Materials and Methods

3.1. General

All the reagents and organic solvents used for synthesis were purchased from Fluka (Grenoble,
France) and Merck (Darmstadt, Germany). Seeds of wheat, recommended as model crops, were used
for seed germination toxicity test and were supplied by a local seed supplier in Galati city, Romania.

Melting points were recorded with a Stuart SMP10 instrument (Keison Products, Essex, UK).
FTIR spectra were recorded from 4000 to 650 cm~! with a Perkin-Elmer Spectrum 100 instrument
(Perkin-Elmer, Shelton, CT, USA) by ATR (Attenuated Total Reflectance) technique on a CdSe crystal.
'H-NMR and '*C-NMR spectra were recorded with a Bruker 400 Ultrashield spectrometer (Bruker
Daltonics, Hamburg, Germany) (at 400 MHz for 'H-NMR and at 75 MHz for 3C-NMR) operating at
room temperature (298 K), using DMSO-d;; as the solvent and TMS as the internal standard. For the
NMR data analysis, MestReNova software (Thermo Scientific, Waltham, USA) was used. Elemental
analyses (C, H, N) were performed with a Fisons Instruments 1108 CHNS-O elemental analyzer
(Thermo Scientific, Waltham, MA, USA).

3.2. Synthesis of QAs Under Microwave and Ultrasounds Irradiation

A typical procedure involves irradiation of a mixture of 1 equiv of 1,2-bis(4-pyridyl)ethane and
2 equivalents of halide derivative, using acetonitrile as assisting solvent (0.5 equivalents), under
microwave (MW) irradiation for 10 min in a multimode microwave reactor (300 W, domestic MW
oven) and ultrasounds (US) for 1h in an ultrasonic bath (Bandelin Sonorex Digitec) (Bandelin, Berlin,
Germany) (operating frequency 35 Hz, with a digital timer (30 s to 30 min) and a heater, allowing
solution heating to be set from 20 to 60 °C). The reactions irradiated by MW were carried out in sealed
vessels under controlled conditions (temperature, time). The temperature in the ultrasonic bath was
controlled by adding ice periodically. The increase in reaction time for the MW-assisted reaction was
found to no longer increase the yield of the reaction, ten min being the best approach. In the end of the
reaction, after cooling to room temperature, the isolated solid powders were washed with anhydrous
acetonitrile and dried under vacuum at 60 °C and then characterized by NMR (Figures S16-S30 from
the Supplementary Materials). In the end of the reaction, after cooling to room temperature, the salts
recovery was done by simply adding them into acetonitrile to allow their filtration. Characterization
by NMR spectroscopy and elemental analysis indicated their purity. The structure of the products
was confirmed by spectral data and comparison with authentic samples prepared according to the
literature methods [29,32].
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N,N’-Diphenacyl-1,2-bis-(4-pyridinium)ethane dibromide (QAs 1): white-beige crystals; m.p. 290-292 °C
(dec.). IR (ATR, cm™1): 3009; 2948; 1691; 1637; 1594, 1570, 1518; 1228; 995. 'H NMR (DMSO-dg) 8/ppm:
8.96 (d, ] = 6.8 Hz, 4H), 8.27 (d, ] = 6.8 Hz, 4H), 8.09 (d, ] = 8.8 Hz, 4H), 7.82 (t, ] = 7.43 Hz, 2H), 7.69
(t,] = 7.8 Hz, 4H), 6.48 (s, 4H), 3.50 (s, 4H). 1>*C NMR (DMSO-d;) & ppm: 190.78 (2 C=0); 161.03 (2C);
145.72 (4C); 134.77 (2C); 133.49 (2C); 129.17 (4C); 128.23 (4C); 127.49 (4C); 65.64 (2CHy); 33.74 (2CH,).
Anal. Caled. for CygHpsBroN,O, (M = 582.33 g/mol): C, 57.75; H, 4.50; N, 4.81. Found: C, 57.53;
H, 4.68; N, 4.91.

N,N’-Di(p-bromophenacyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 2): white crystals; m.p. > 350 °C
(dec.). IR (ATR, cm™'): 3011; 2933, 2885; 1696; 1642; 1585, 1586; 1235; 1180; 990. 'H NMR (DMSO-dy)
5/ppm: 8.912 (d, ] = 6.4 Hz, 4H), 8.24 (d, | = 6.4 Hz, 4H), 8.01 (d, ] = 8 Hz, 4H), 7.93 (d, ] = 8 Hz, 4H),
6.41 (s, 4H: 2CH,), 3.48 (s, 4H: 2CHj). 13C NMR (DMSO-dg) 8/ppm: 193.52 (2 C=0); 152.87 (2C); 148.44
(4C); 134.07 (2C); 131.76 (4C); 131.5 (4C); 128.973 (2C); 125.28 (4C); 65.79 (2CHy); 33.53 (2CH;). Anal.
Caled. for CygHpsBrsN,Oy (M, = 740.12 g/mol): C, 45.44; H, 3.27; N, 3.78. Found: C, 45.22; H, 3.22;
N, 3.73.

N,N"-Di(p-methoxyphenacyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 3): white crystals; m.p. 300-302 °C
(dec.). IR (ATR, cm™1): 3004; 2958, 2835; 1674; 1636; 1599, 1571, 1556; 1230, 1028; 1170; 998. 'H NMR
(DMSO-dg) &/ppm: 8.95 (d, ] = 6.8 Hz, 4H), 8.26 (d, ] = 6.8 Hz, 4H), 8.05 (d, ] = 8.93 Hz, 4H), 7.21
(d, ] = 8.93 Hz, 4H), 6.37 (s, 4H: 2 CH}), 3.88 (s, 6H: 20CH3), 3.54 (s, 4H: 2 CH,). 1*C NMR (DMSO-dy)
5/ppm: 190.64 (2 C=0); 161.05 (2C); 159.58 (2C), 145.70 (4C); 134.81 (2C); 130.45 (4C); 127.5 (4C); 123.66
(4C); 65.72 (2CH,); 55.59 (CHj3: OCHj3); 33.73 (2CHj). Anal. Caled. for C30HzoBr,N,Oy4 (M, = 642.38
g/mol): C, 56.09; H, 4.71; N, 4.36. Found. C, 55.73; H, 4.67; N, 4.20.

N,N’-Di(p-nitrophenacyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 4): beige crystals; m.p. 307-309 °C
(dec.). IR (ATR, cm™1): 3030; 2886, 2822; 1703; 1642, 1601; 1523, 1346; 1222, 1199-1181; 994. 'H NMR
(DMSO-dg, TMS) &/ ppm: 8.96 (d, | = 6.8 Hz, 4H), 8.495 (d, | = 6.8 Hz, 4H), 8.32-8.28 (m, 8H),
6.53 (s, 4H: 2CH,), 3.51 (s, 4H: 2CH,). 13C NMR (DMSO-dg) §/ppm: 190.21 (2 C=0); 161.26 (2C); 150.63
(2C), 145.71 (4C); 138.20 (2C); 129.73 (4C); 127.57 (4C); 124.19 (4C), 65.89 (2CHy); 33.77 (2CH3). Anal.
Calcd. for CysHpsBroNsOg (M, = 672.32 g/mol): C, 50.02; H, 3.60; N, 8.33. Found. C, 49.86; H, 3.67;
N. 8.25.

N,N’-Di(p-chlorophenacyl)-1,2-bis-(4-pyridinium)ethane dichloride (QAs 5): white crystals, m.p. 302-304 °C
(dec.). IR (ATR, cm™'): 3011-3048; 2986-2887; 1694; 1643; 15891586, 1521; 1240, 1177, 1093; 991.
'H NMR (DMSO-dg) 8/ppm: 8.93 (d, ] = 6 Hz, 4H), 8.24 (d, ] = 6 Hz, 4H), 8.08 (d, ] = 8Hz, 4H), 7.77
(d, ] = 8Hz, 4H), 6.45 (s, 4H: 2 CH,), 3.47 (s, 4H: 2 CH}y). 3C NMR (DMSO-d) §/ppm: 190.58 (2 C=0);
161.13 (2C); 157.20 (2C), 147.78 (4C); 141.20 (2C), 132.17 (4C); 131.37 (4C); 129.53 (4C); 65.74 (2CHy);
33.78 (2CHjy). Anal. Caled. for CpgHpsCLsN,O, (M, = 562.31 g/mol): C, 59.81; H, 4.30; N, 4.98. Found:
C, 5945, H,4.32; N, 5.09.

N,N’-Di(m-methoxyphenacyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 6): white crystals; m.p. 302-303
°C (dec.). IR (ATR, cm™1): 3008; 2951; 1690; 1639; 1597-1581; 1263, 1194-1220; 998. 'H NMR (DMSO-dy)
d/ppm: 8.95(d, ] = 6.8 Hz, 4H), 8.26 (d, | = 6.8 Hz, 4H), 7.69-7.55 (m, 6H), 7.41-7.38 (m, 2H), 6.46 (s, 4H:
2CHy,), 3.88 (s, 6H: 20CHj3), 3.54 (s, 4H: 2CH,). *C NMR (DMSO-dg) § /ppm: 190.64 (2 C=0); 161.05
(2C); 159.58 (2C), 145.70 (4C); 134.81 (2C); 130.45 (2C); 127.5 (4C); 120.66 (2C); 120.49 (2C), 112.94 (2C);
65.72 (2CH,); 55.59 (CHs: OCHj3) 33.73 (2CH;). Anal. Caled. for C30H3pBraN2O4 (M, = 642.38 g/mol):
C,56.09;H,4.71; N, 4.36. Found: C, 55.93; H, 4.88; N. 4.31.

N,N’-Di(3,4-dihydroxyphenacyl)-1,2-bis-(4-pyridinium)ethane dichloride (QAs 7): white crystals; m.p.
330-332 °C (dec.). IR (ATR, em™1): 3059-2737; 1681; 1638; 1606-1593, 1518; 1342; 1291, 1167; 1131.39.
'H NMR (DMSO-dg) §/ppm: 10.38 (s, 2H: 20H), 9.67 (s, 2H: 20H), 8.91(d, ] = 6 Hz; 4H), 8.20 (d,
] = 6 Hz; 4H), 7.47-7.43 (m, 4H), 6.98 (d, | = 8 Hz, 2H), 6.31 (s, 4H: 2CH),), 3.45 (s, 4H: 2CH,). *C NMR
(DMSO-dg) 8/ppm: 188.64 (2 C=0); 160.77 (2C); 152.30 (2C), 149.40 (2C), 145.68 (2C); 145.53 (2Ct); 127.33
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(4C); 123.98 (4C); 115.51 (2C), 114.95 (2C), 65.12 (2CHy); 33.37 (2CH,). Anal. Calcd. for CpgHypsClyN2Og
(M; = 557.42 g/mol): C, 60.33; H, 4.70; N, 5.03. Found: C, 59.99; H, 4.74; N, 4.93.

N,N’-Di(5-bromo-2-hydroxy-propiophenacyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 8): white-rose
crystals; m.p. 262-263 °C (dec.). IR (ATR, cm™!): 3116-2903; 1667; 1635; 1591, 14741466 1407; 1285;
1169; 988. 'H NMR (DMSO-dg) 5/ppm: 11.57 (s, 2H: 20H), 9,11 (d, ] = 8Hz, 4H), 8.21 (d, ] = 8Hz, 4H),
7.82 (s, 2H), 7.70 (m, 2H), 7.09 (d, ] = 8 Hz, 2H), 6.66 (q, 2H: 2CH), 3.45 (s, 4H: 2CHy,), 1.95 (d, 6H: 2CHs).
13C NMR (DMSO-dg) &/ppm: 193.03 (2 C=0); 161.40 (2C); 157.22 (2C), 145.00 (4C); 138.12 (2C); 132.68
(2C); 126.97 (4C); 122.51 (2C), 120.08 (2C), 110.74 (2C), 73.18 (2CH); 33.817 (2CH,); 16.87 (2CHj). Anal.
Caled. for C39HpgBryN,O4 (M = 800.17 g/mol): C, 45.03; H, 3.53; N, 3.50. Found: C, 44.92; H, 3.65;
N, 3.42.

N,N’-Di(o-nitrophenacyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 9): beige crystals; m.p. > 250 °C
(dec.). IR (em™1): 3051, 2895, 2820, 2356, 1715, 1637, 1570, 1519, 1473, 1342, 1220, 1196, 996. 'H-NMR
(DMSO-dg) 8/ppm: 8.99 (d, ] = 6.8 Hz, 4H, HorhoN+), 8.34 (d, | = 6.8 Hz, 4H, Hyea/N+), 8.31-8.29 (m,
2H, Ph), 8.12-8.05 (m, 4H, Ph), 7.98-7.94 (m, 2H, Ph), 6.39 (s, 4H, CHy/N*), 3.52 (s, 4H, CH,-CH,).
13C-NMR (DMSO-dg) § ppm: 192.83 (C=0), 161.61 (C), 145.96 (C), 145.45 (CH), 134.68 (CH), 133.25
(C), 131.24 (CH), 128.88 (CH), 127.84 (CH), 124.68 (CH), 66.70 (CH,), 33.81 (CH,;). Anal. Calcd. for
CpgHy4BroNyOg (M = 672.32 g/mol): C, 50.02; H, 3.60; N, 8.33. Found: C, 49.92; H, 3.71; N, 8.25.

N,N’-Di(o-methoxyphenacyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 10): white crystals; m.p. 241-243
°C (dec.). IR (cm™'): 3001, 2945, 2876, 2358, 1667, 1639, 1594, 1520, 1484, 1466, 1435, 1337, 1285, 1241,
1207, 1188, 1162, 1112, 1010, 987. 'H-NMR (DMSO-ds) &/ppm: 8.95 (d, ] =6.8 Hz, 4H, Horiho/n+), 823
(d, ] = 6.8 Hz, 4H, Hyyeta/n ), 7.90 (dd, ] = 7.8, 1.6 Hz, 2H, Ph), 7.79-7.74 (m, 2H, Ph), 7.38 (d, ] = 8.0Hz,
2H, Ph), 7.19-7.15 (m, 2H, Ph), 6.22 (s, 4H, 2CH,/N*), 4.06 (s, 6H, OCH3;), 3.48 (s, 4H, CH,-CH,).
13C-NMR (DMSO-dg) § ppm: 190.19 (C=0), 160.76 (C), 160.08 (CH), 145.68 (CH), 136.46 (C), 130.40
(CH), 127.24 (CH), 122.86 (C), 120.97 (CH), 113.15 (CH), 69.29 (CHy,), 56.33 (OCH3), 33.74 (CH,). Anal.
Calced. for C3pH3pBroN,O4 (M = 642.38 g/mol): C, 56.09; H, 4.71; N, 4.36. Found: C, 55.99; H, 4.86;
N, 4.21.

N,N'-Di(carbomethoxy-methyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 11): white crystals; m.p.
181-182 °C (dec.). IR (ATR, cm™!): 3007; 2951; 1737; 1641; 1570, 1521; 1230-1201; 994. 'H NMR
(DMSO-dg) o/ppm: 9.00 (d, | = 6.8Hz, 4H), 8.23 (d, ] = 6.8Hz, 4H’), 5.68 (s, 4H: 2CHy;), 3.79 (s, 6H:
2 OCH3), 3.45 (s, 4H: 2 CH,). '3C NMR (DMSO-dg) §/ppm: 166.97 (2 C=Oester); 161.50 (2C); 145.67
(4C); 127.48 (4C); 59.63 (2CHy;); 53.14 (2CHj3: OCHj3); 33.66 (2CHj). Anal. Caled. for CigHppBroN,Oy
(M =490.19 g/mol): C, 44.10; H, 4.52; N, 5.71. Found: C, 43.93; H, 4.60; N, 5.66.

N,N’-Di(carboethoxy-methyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 12): white-rose crystals; m.p.
191-192 °C (dec.). IR (ATR, cm™'): 3006; 2941; 1725; 1639; 1571, 1521; 1234-1197; 1010. 'H NMR
(DMSO-dg) 8/ppm: 9.01 (d, | = 6.8Hz, 4H), 8.24 (d, ] = 6.8Hz, 4H), 5.67 (s, 4H: 2CH,), 4.25 (q,
J = 7.1 Hz, 4H: 2 CH,), 3.45 (s, 4H: 2 CH,), 1.27 (t, ] = 7.1 Hz, 6H: 2 CH3). 1*C NMR (DMSO-dg) &/ppm:
166.47 (2 C=Oester); 161.45 (2C); 145.66 (4C); 127.47 (4C); 62.30 (2CHy); 59.66 (2CH,: OCHy); 33.67
(2CHy); 13.94 (2CH3s). Anal. Calcd. for CpoHpeBroN,O4 (FW=518.24 g/mol): C, 46.35; H, 5.06; N, 5.41.
Found: C, 46.23; H, 5.19; N, 5.34.

N,N’-Di(5"-nitrofuran-methylen)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 13): beige crystals; m.p.
250-251 °C (dec.). IR (ATR, cm™!): 3033-3013; 2952-2920; 1636; 1536; 1501, 1351; 1234, 1161; 1015.
'H NMR (DMSO-dg) §/ppm: 9.10 (d, ] = 6.4 Hz; 4H), 8.17 (d, | = 6.4Hz; 4H), 7.75 (d, ] = 3.6Hz, 2H), 7.18
(d, ] = 3.6 Hz; 2H), 6.05 (s, 4H: 2 CHy), 3.39 (s, 4H: 2 CH,). 13C NMR (DMSO-dg) §/ppm: 152.05 (2C);
150.45 (2C); 146.57 (4C); 130.24 (4C); 117.94 (2C), 115.64 (2C), 56.94 (2CH5); 35.80 (2CHj). Anal. Calcd.
for CpyHpoBraNiOg (M = 596.23 g/mol): C 44.30; H 3.38; N 9.40. Found C. 44.59; H. 3.35; N. 9.10.
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N,N’-Di(carbocoumaryl-methyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 14): white-beige crystals; m.p.
> 300 °C (dec.). IR (cm™): 3049, 3022, 2994, 2945, 2875, 2359, 2337, 1698, 1643, 1601, 1556, 1444, 1368,
1344, 1184, 979. 'TH-NMR (DMSO-d;) d/ppm: 8.96 (s, 2H, coumarin), 8.89 (d, | = 6.4 Hz, 4H, HorthoN+),
8.21(d, ] = 6.4 Hz, 4H, HyetaN+), 8.07 (d, | = 7.4 Hz, 2H, coumarin), 7.85 (t, | = 8.4 Hz, 2H, coumarin),
7.57 (d, ] = 8.4Hz, 2H, coumarin), 7.49 (t, ] = 7.4Hz, 2H, coumarin), 6.27(s, 4H,CH,/N%), 3.47 (s, 4H,
CH,-CH,). 13C-NMR (DMSO-dg) §/ppm: 188.09 (C=0), 158.73(C=0), 154.84 (C), 149.52 (CH), 145.63
(C), 145.50 (CH), 131.39 (C), 128.32 (CH), 127.28 (C), 126.24 (CH), 125.37 (CH), 121.19 (CH), 113.42 (CH),
61.04 (CHy), 33.78 (CHjy). Anal. Calcd. for C34HpBroN,Og (M = 718.38g/mol): C, 56.84; H, 3.65; N,
3.90. Found: C, 56.99; H, 3.75; N, 3.75.

N,N’-Di(carbobenzofuranyl-methyl)-1,2-bis-(4-pyridinium)ethane dibromide (QAs 15): yellow-beige crystals;
m.p. > 300 °C (dec.). IR (cm™!): 3010, 2970, 2893, 2631, 1687, 1643, 1612, 1549, 1518, 1474, 1347,
1291, 1155, 1136, 1019, 928. 'H-NMR (DMSO-dg) &/ppm: 9.02 (d, ] = 6.8 Hz, 4H, Hortho/N+), 8:30
(d, ] = 6.8 Hz, 4H, Hppeta/N+), 8.20 (s, 2H, benzofuran), 7.97 (dd, ] = 8.0, 1.0 Hz, 2H, benzofuran), 7.85
(dd, ] = 8.4, 1.0 Hz, 2H, benzofuran), 7.64-7.69 (m, 2H, benzofuran), 7.49-7.46 (m, 2H, benzofuran), 6.43
(s, 4H, CHp/N"), 3.52 (s, 4H, CH,-CHj,). '¥*C-NMR (DMSO-dg) §/ppm: 181.31 (C=0), 161.34 (C), 155.17
(©), 149.36 (C), 145.81 (CH), 129.46 (CH), 127.51 (CH), 126.46 (CH), 125.02 (C), 124.12 (CH), 115.69 (CH),
112.37 (CH), 64.86 (CHy), 33.75 (CH,). Anal. Calcd. for C3;Hy4BroN,O4 (M = 662.37 g/mol): C, 58.03;
H, 3.96; N, 4.23. Found: C, 58.18; H, 4.14; N, 4.08.

3.3. Bacteria Strain and Growth Conditions

The pathogenic bacteria, Escherichia coli ATCC 25922 (clinical isolate), used as test microorganism
for antibacterial activity study, were collected from the Microbial Culture Collection (Sf. Andrei
Hospital of Galati, Romania). The cultivation medium for E. coli was Brain Heart Infusion Broth (BHI,
Merck, Darmstadt, Germany). Bacterial culture for antibacterial activity was prepared by picking
colony in BHI agar plates and incubated for 24 h, followed by suspension in an appropriate medium
(9 mL). The culture was grown aerobically for 20 h at 37 °C. For antibacterial assay, 1 mL of bacterial
culture was diluted in 9 mL BHI medium to 10° CFU/mL.

3.4. Antibacterial Activity Evaluation

3.4.1. Tetrazolium/Formazan Test (TTC)

TTC (2,3,5-triphenyl tetrazolium chloride, Merck) was prepared by dissolving the powder in sterile
water (5 mg/mL) at room temperature. In the presence of bacteria, TTC is reduced to red formazan.
The red formazan obtained is directly proportional to the activity and viability of the bacterial cells [48].
The TTC test was evaluated as a qualitative antibacterial method. For susceptibility test using TTC,
1 mL of QAs (dissolved in sterile water, 5 mg/mL) and 100 puL of bacteria suspension (10 CFU/mL)
was added into 40 mL of BHI broth. The control sample contained only bacterial suspension and BHI
broth. All flasks were incubated with shaking at 37 °C at 200x g for 4 h. Then, 1 mL from each flask
containing the treated and control cultures was transferred to sterile Eppendorf tubes, and 100 uL of
TTC were then introduced. All tubes were incubated at 37 °C for 20 min. The samples were centrifuged
at 4000x g for 3 min, followed by decantation of the supernatants. The resulted formazan crystals
were resuspended in ethanol (70%) and centrifuged again. The red formazan solution obtained at
the end was measured by a microplate reader (Tecan Infinite 200PRO, Ménnedorf, Switzerland) at
480 nm. All experiments were done in triplicate and the relative cell viability (%) was represented by a
percentage relative to the untreated control cells.

3.4.2. Minimum Inhibitory Concentration (MIC) Determination

The MIC was defined as the lowest concentration of QAs that inhibit the growth of bacteria in a
microdilution well plate [51]. For the broth microdilution test, 100 uL of BHI broth was added into each
well of a sterile 96-well microtiter plate. 100 pL from QAs stock solutions (5 mg/mL) were added into
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the first well of the microplate and serial dilutions (5, 2.5, 1.25, 0.625, 0.312, 0.156, 0.078, 0.039, 0.019,
and 0.009 mg of chemical compound/mL medium) were prepared. Then, 100 uL of the test bacteria cell
suspension were dispensed into each well. For positive controls, wells with 100 pL of bacterial culture
and 100 pL of BHI were used, while for negative controls, wells with 100 uL of QAs and 100 nL of BHI
were used. The contents of the wells were mixed prior to incubation at 37 °C for 24 h. The MICs values
were determined by absorbance intensity measured by a microplate reader (Tecan Infinite 200PRO,
Switzerland) at 620 nm. All measurements of MIC values were done in triplicate.

3.5. General Germination Procedure

In this study, the seed germination and root elongation of wheat (Triticum aestivum L.) were used
to evaluate the toxicity of three selected QAs.

3.5.1. Pretreatment of Wheat Seeds

Prior to germination, 100 healthy and mature wheat seeds, distributed into 4 dishes, were selected
and their surface was sterilized using sodium hypochlorite (10%) with a ratio of 1:5 (w/v) for 15 min,
to prevent fungal growth, rinsed five times with demineralized sterile water and transferred to
10 x 100 mm Petri dishes with a double layer of filter paper. The grains were incubated for germination
in the presence and in the absence of two different concentrations of QAs 1, 4, and 7 (a: 10> M and
b: 107 M), in a chamber with humidity (80%) and temperature control (23 + 2 °C), in absence of light.
The used test volume was 200 pL. We analyzed at these concentrations to see the toxicity at an order of
magnitude at which these compounds could be used, according to other similar studies [52]. The test
duration was 4 days until the primary root reached 4 mm. Control seeds (C) were treated only with
distilled water. In total, three replicates of 100 seeds for each condition were used.

3.5.2. Measurements

Treated and untreated wheat seeds were used for the estimation of the germination indicators,
including the seed germination (SG), the relative seed germination (RSG), the relative radicle growth
(RRG) and the seed germination index (GI) [50,51], as follows:

SG = (Number of germinated seeds after 4 days/Number of total seeds) x 100%

RSG = (Number of germinated seeds(sample)/Number of germinated seeds (control)) x 100%

RRG = (Total radicle length of germinated seeds (sample)/Total radicle length of germinated seeds
(control)) x 100%

GI = (%SG) x (%RRG)/100%

3.6. Statistical Analysis

All the experiments were done in triplicate and the data presented here represents the mean of
these replicates. Data related to the MIC values of QAs against E. coli were subjected to analysis of
variance (one way ANOVA) in Duncan multiple range test using SPSS (version 10) statistical software.
The differences with p < 0.05 were considered significant.

4. Conclusions

We have developed an operationally simple and efficient method for the synthesis of fifteen
ammonium quaternary salts (QAs) of bis(pyridinium) by microwave and ultrasounds promoted
reactions. The employed conditions furnished remarkably high yields and short reaction times
compared to those attained from conventional heating methods. These results confirm the applicability
of microwave and ultrasounds heating to the improvement of classical reactions in terms of yields and
times. Evaluation of the antibacterial activity showed that the most QAs had reasonable activity against
E. coli. The most active QAs against E. coli were 3, 5, and 15, having MIC value of 0.312 mg/mL. The use
of simple tests of seed germination allows assessing the toxic effects of QAs on plants. The toxicity
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studies of QAs 1, 4, and 7 at two different concentrations (a: 107> M and b: 107® M), exhibited no
inhibitory effect on wheat seed germination. Since few data are reported about the antimicrobial
activity of quaternary ammonium salts of bis(pyridinium), and no study regarding their impact on
seed germination of such species was reported so far, we are therefore encouraged to continue our
research in this direction.

Supplementary Materials: The following are available online, Figures S1-S15: 'H-NMR spectra of QAs 1-15,
Figures S16-S30, 13C-NMR of QAs 1-15, Figures S31-545, FTIR spectra of QAs 1-15.
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