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Abstract: Antibacterial resistance poses a critical public health threat, challenging the prevention and
treatment of bacterial infections. The search for innovative antibacterial agents has spurred significant
interest in quaternary heteronium salts (QHSs), such as quaternary ammonium and phosphonium
compounds as potential candidates. In this study, a library of 49 structurally related QHSs was
synthesized, varying the cation type and alkyl chain length. Their antibacterial activities against
Staphylococcus aureus, including antibiotic-resistant strains, were evaluated by determining minimum
inhibitory/bactericidal concentrations (MIC/MBC) < 64 pg/mL. Structure-activity relationship
analyses highlighted alkyl-triphenylphosphonium and alkyl-methylimidazolium salts as the most
effective against S. aureus CECT 976. The length of the alkyl side chain significantly influenced the
antibacterial activity, with optimal chain lengths observed between Cjy and Cy4. Dose-response
relationships were assessed for selected QHSs, showing dose-dependent antibacterial activity fol-
lowing a non-linear pattern. Survival curves indicated effective eradication of S. aureus CECT 976
by QHSs at low concentrations, particularly compounds 1e, 3e, and 5e. Moreover, in vitro human
cellular data indicated that compounds 2e, 4e, and 5e showed favourable safety profiles at concentra-
tions < 2 ug/mL. These findings highlight the potential of these QHSs as effective agents against
susceptible and resistant bacterial strains, providing valuable insights for the rational design of
bioactive QHSs.

Keywords: antibacterial activity; cytotoxicity profile; quaternary ammonium and phosphonium
compounds; Staphylococcus aureus; structure—activity relationship

1. Introduction

Over the past half-century, the excessive or inadequate use of antibiotics has acceler-
ated the emergence of multidrug-resistant (MDR) bacteria [1-3]. Such a medical insurgence
could compromise the efficacy of currently available antibiotics, posing a major threat
to public health [4]. According to a World Health Organization (WHO) report, at least
700,000 people globally die each year from antibiotic-resistant bacterial infections [5,6]. In
2019, the United States reported more than 2.8 million cases of antibiotic-resistant bacterial
infections, resulting in over 35,000 deaths [5], while Europe witnessed about 33,000 annual
deaths attributed to antibiotic-resistant infections [7]. Staphylococcus aureus, recognized
as a leading cause of human bacterial infections globally, exacerbates the issue with the
yearly emergence of methicillin-resistant S. aureus (MRSA) strains exhibiting high resistance
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rates [8]. In 2017, MRSA alone contributed to an estimated 323,700 cases in hospitalized
patients in the United States, causing 10,600 deaths and incurring £1.7 billion in healthcare
costs [9-11]. Hence, addressing the ongoing challenge of developing novel antibacterial
agents to combat multidrug resistance, particularly against MDR S. aureus, remains an
imperative task.

Quaternary heteronium salts (QHSs), such as quaternary ammonium and phospho-
nium compounds, present a promising avenue for discovering new antibiotics to counter
antibacterial resistance [6,12-15]. Since the 1930s, quaternary ammonium salts (QASs)
have been integral components of various antiseptics and disinfectants [6,16-19], finding
applications in household, agriculture, medicine, and industry [16,17,19]. The structure of
QASs comprises a positively charged nitrogen atom (head) linked through four bonds to
alkyl or aryl chains (tails) with varying numbers of carbon atoms [16-18]. Depending on
their structure, they exhibit antimicrobial activity against Gram-positive bacteria, fungi,
and enveloped viruses [16]. Despite extensive research, the precise mechanism of action of
QASs is not yet fully elucidated [6,16,20]; however, it is widely acknowledged that they
interact with cell membranes [16,21]. Selectivity is thought to rely on differences between
pathogenic and mammalian membranes, with the former abundant in negatively charged
components and the latter in zwitterionic ones. Positively charged QASs interact with
negatively charged membrane components, such as phospholipids, inducing their disinte-
gration. In contrast, mammalian cell membranes, predominantly composed of zwitterionic
lipids (e.g., phosphatidylcholine), demonstrate diminished interactions with QASs [21].
Additionally, some studies indicate a correlation between membrane activity and the
hydrophobicity of the active molecule, as well as the density of the cationic charge [6,12].

Discovered in the mid-20th century, quaternary phosphonium salts (QPSs) have
been extensively researched for their antimicrobial properties and safety in human appli-
cations [6,12,15,22]. These salts, which share structural similarities with QASs, demon-
strate high efficiency across various biological activities, serving as anticholinesterase,
anticancer, antitumor, antiviral, analgesic, antibacterial, and antiparasitic agents [22,23].
Notably, they display useful antibacterial properties against both Gram-positive and
Gram-negative bacteria [15,22-24]. The reported killing activities extend to viruses, par-
asites, and fungi [23,24]. In a study by Li et al. [23,25], a novel category of quaternary
phosphonium N-chloramine was reported, formed by covalently linking the N-chloramine
moiety and the QPS through varying aliphatic methylene chains. These salts exhibited
significant antibacterial activity against Escherichia coli and S. aureus, with efficacy varying
based on the length of the methylene chain linker. The antibacterial action declined as the
methylene linker increased from —(CHjy)s— to —(CHj)s—, while the highest log reduction
was achieved with the introduction of the -(CHj),- linker. In another study, Khasiyatul-
lina et al. [23,26] synthesized a series of functionally substituted tetraarylphosphonium
salts with hydroxy- and methoxy-moieties. These salts demonstrated activity against
Gram-positive bacteria such as S. aureus and Bacillus cereus. It was observed that the
increase in the number of phosphonium salt methoxy substituents enhanced bacteriostatic
and bactericidal activity. Additionally, Ravindra and Karpagam [23,27] explored the use
of various azine heterocycles in the formation of phosphonium salts, including pyrazine,
quinoxaline, and quinoline. The biological activity analysis revealed strong interaction
and remarkable antibacterial characteristics against both Gram-positive bacteria (S. aureus,
Bacillus subtilis) and Gram-negative bacteria (E. coli, Klebsiella pneumoniae). Significantly,
the quinoline-functionalized phosphonium salt exhibited higher antibacterial activity
compared to those with pyrazine and quinoxaline groups.

While QHSs have exhibited antimicrobial activity against a broad spectrum of
pathogens, as evidenced in various antimicrobial susceptibility testing protocols, assessing
their potential as antibacterial agents faces challenges due to the lack of comparative
data [28]. This complexity is exacerbated by the diverse methods and procedures em-
ployed in antimicrobial susceptibility testing over the years [28,29]. Consequently, there
is an urgent need for a systematic examination of structure-activity relationships and
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the development of a strategy to fine-tune biological properties through the structural
modification of active molecules [12]. The optimization of potential antimicrobial agents
is critically dependent on achieving a delicate balance between antimicrobial activity and
cytotoxicity [12]. Compounds with potent antimicrobial effects face approval challenges
if they demonstrate high cytotoxicity to healthy eukaryotic cells [12,30]. For instance,
Ermolaev et al. [12] investigated the antimicrobial, hemolytic, and cytotoxic activities
of QPSs based on tri-tert-butylphosphine. The results indicated that tri-tert-butyl(n-
dodecyl)phosphonium and tri-tert-butyl(n-tridecyl)phosphonium bromides exhibited
both low cytotoxicity against human cells and high antimicrobial activity against bacteria,
including MRSA. Consequently, these compounds were deemed safe for human health
and demonstrated high selectivity for pathogenic microorganisms, positioning them as
promising candidates for drug development.

In this study, a library of 49 structurally related QHSs (alkyl-substituted cations with
bromide anions) (Figure 1) was designed, synthesized, and assessed for their antibacterial
activity against S. aureus, including antibiotic-resistant strains. Furthermore, an evaluation
of their cytotoxicity profile against hepatocellular carcinoma (HepG2) cells was conducted.
Structural modifications were performed on the nature of the cation (triphenylphospho-
nium, methylimidazolium, isoquinolinium, quinolinium, methylpyridinium, pyridinium,
and triethylammonium) and on the length of the alkyl linear chain (six-, eight-, ten-, twelve-,
fourteen-, sixteen-, and eighteen-carbon atoms). A visual representation of the rational
design employed in this study is presented in Scheme 1.

#n | Compound #t | Compound 1t | Compound
R B, | N -
1| (la) 1] @a) N /\> 1] (3a) 2
30 (b @9 /\/Hﬂ\/\ 3| @y L‘N W 30 3b N /\/Hn\/\
s | (1o 5| o 5 @ s | G @
7| a 7| ea Br 7| @ =
9| (1) 5 9| Qe 9| Ge
1] (an Br 11| (20 1| @3f
13| (1g) alkyl triphenylphosphonium bromides 13| (28) 1-alkyl-3-methylimidazolium bromides 13| (g alkyl isoquinolinium bromides
n | Compound n | Compound n | Compound
=
e ‘ /Wé\)\/\ b G @ /\/@\/\ bl ‘ W
3| @b 2 ¢ 3| b Na " 3| (6h) 2 "
5| (40 5| (5o P 5| (6c) o
Br Br
7| ) 7| Gd o 7| (6d)
9 | (4e) 9| (5¢) Br 9| (6e)
11| (46 1| (n 1| (6n
13| dg) 1-alkyl-4-methylpyridinium bromides 13| (5g) alky! quinclinium bromides 13| (6g) alkyl pyridinium bromides
n | Compound
1| (7a)
| @ \o [~
@
5| (7o) N "
7| (4 )
9 | (Te) @
1| Br
13| (7g) AN, N-triethylammonium bromides

Figure 1. General chemical structure of quaternary ammonium and phosphonium salts synthesized
and used in this study.

The 49 compounds synthesized and tested in the present work were chosen as repre-
sentatives of different classes of QHSs which have attracted a growing interest in recent
years. These compounds featured alkyl chain lengths ranging from C¢ to Cyg, as previous
studies have demonstrated that this structural characteristic significantly influences antimi-
crobial activity [31-34]. Our investigation included both nitrogen-containing heterocyclic
cations and phosphorous-containing cations. Nitrogen-containing heterocyclic cations
have been extensively studied and well documented, whereas phosphorous-containing
cations have received relatively less attention. Nevertheless, phosphonium salts hold great



Int. J. Mol. Sci. 2024, 25, 504

4 0of 30

promise as antibacterials, surpassing their nitrogen-containing counterparts due to higher
thermal stability and faster synthesis kinetics [35]. Numerous studies propose that the
activity of QHSs may be less influenced by counterions compared to the aliphatic chain
length or cation type [29,36,37]; however, recent research suggests that specific counterions,
particularly those with the ability to oxidize proteins or lipids (e.g., chlorine, bromide, or
iron atoms) can enhance QHS activity [16]. Notably, the inclusion of bromide (Br—) in QHS
structures has been associated with increased antimicrobial efficacy [16], prompting us to
focus this study specifically on the bromide counterion. This approach will enable a deeper
understanding of the structural variations that may influence antimicrobial activity in order
to establish a structure-activity relationship (SAR) study by doing a rational comparison.
To the best of our knowledge, this study represents the first systematic SAR investigation
of different types of QHSs using standard antimicrobial susceptibility testing methods.

e Synthesis of a library of 49 structurally related QHSs differing in alkyl
chain length and type of cation

¢ Determination of the Chromatographic Hydrophobicity Index (CHI), to
measure lipophilicity of the QHSs

¢ Evaluation of antibacterial activity of QHSs against Staphylococcus aureus,
including antibiotic-resistant strains

* Structure-activity relationship analysis

® Evaluation of cytotoxicity profile of QHSs on human hepatocellular
carcinoma HepG2 cells

Scheme 1. Overview of the rational design employed in this study.

2. Results and Discussion
2.1. Chemical Studies
2.1.1. Synthesis of Quaternary Ammonium and Phosphonium Salts

The library of 49 structurally related QHSs was designed and synthesised following
a straightforward protocol, which is depicted in Scheme 2. The QHSs were obtained
by one-pot reactions using commercially available reactants. Hence, the selected halo-
genated aliphatic chains that have a C4 to Cg length underwent a nucleophilic substi-
tution reaction with the appropriate amine or phosphine nucleophiles, affording the
desired compounds in moderate to high yields. The reactions were carried out under
neat conditions at high temperature (130 °C) for approximately 24 h for compounds 1a-g,
2a-g, 3a—-g, 4a—g, 5a—g, and 6a—g (Scheme 2(i)—(vi)) while, for compounds 7a-g, heating
under reflux with a prolongated reaction time (48 h) was required (Scheme 2(vii)).

All synthesized QHSs have been characterized by NMR (*H, '3C and DEPT135)
spectroscopy (Figures S1-549, Supplementary Materials).
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Scheme 2. Synthetic strategy followed to obtain quaternary ammonium and phosphonium salts.
Reagents and conditions: (i) triphenylphosphine, 130 °C, 24-48 h; (ii) 1-methylimidazole, 130 °C, 24 h;
(iii) isoquinoline, 130 °C, 21 h; (iv) 4-picoline, 130 °C, 24 h; (v) quinoline, 130 °C, 21 h; (vi) pyridine,
105 °C, 24 h; (vii) triethylamine, acetonitrile, reflux, 85 °C, 48 h.

2.1.2. Determination of the Chromatographic Hydrophobicity Index

The chromatographic hydrophobicity index (CHI) values were determined by UHPLC
using previously established protocols [38—40]. CHI LogP values were then back-calculated
from their experimental CHI values (see Equation (1), Section 3.1.3) [40,41]. The CHI values
of triethylammonium salts 7a-g could not be determined due to the lack of visible and
middle-UV absorption spectra. The corresponding data are presented in Table 1, Figure 2
and Figure S50 (Supplementary Materials).

Number of carbons

Figure 2. Effect of the number of carbons in the alkyl side-chain in cation on their logarithm of oc-
tanol /water partition coefficient (CHI LogP) values. The e represents compounds la—g containing
triphenylphosphonium (TPP*) cations, M represents compounds 2a—g containing methylimidazolium
(mim*) cations, e represents compounds 3a-g containing isoquinolinium (IQ*) cations, M represents
compounds 4a-g containing methylpyridinium (mPyr*) cations, e represents compounds 5a—g containing
quinolinium (Q") cations, while B represents compounds 6a-g containing pyridinium (Pyr™) cations.
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Table 1. Retention times (tg) obtained by LC/UV at pH 2.6, calculated CHI, and CHI LogP parameters
for all QHSs tested.

Compound tr/min CHI! CHI LogP 2
la 6.599 60.58 1.747
1b 7.096 71.06 2.240
1c 7.642 82.58 2.781
1d 8.207 94.50 3.341
1le 8.706 105.0 3.836
1f 9.202 115.5 4.328
1g 9.806 128.2 4.926
2a 5.118 29.35 0.2794
2b 5.727 42.19 0.8830
2c 6.311 54.51 1.462
2d 6.915 67.25 2.061
2e 7.584 81.36 2.724
2f 8.274 95.91 3.408
2¢g 8.906 109.2 4.034
3a 5.519 37.81 0.6769
3b 6.098 50.02 1.251
3c 6.648 61.62 1.796
3d 7.258 74.48 2401
3e 7.898 87.98 3.035
3f 8.508 100.8 3.640
3g 9.087 113.1 4214
4a 5.200 31.08 0.3607
4b 5.808 43.90 0.9633
4c 6.381 55.99 1.531
4d 6.996 68.96 2.141
4e 7.657 82.90 2.796
af 8.315 96.77 3.448
4g 8.902 109.2 4.030
5a 5.480 36.98 0.6382
5b 6.061 49.24 1.214
5¢ 6.640 61.45 1.788
5d 7.245 74.21 2.388
5e 7.899 88.00 3.036
5f 8.519 101.1 3.651
5g 9.081 112.9 4.208
6a 5.010 27.07 0.1723
6b 5.660 40.78 0.8166
6¢ 6.243 53.07 1.395
6d 6.836 65.58 1.982
6e 7.515 79.90 2.655
6f 8.206 94.47 3.340
6g 8.853 108.1 3.982

1 CHI values were calculated using the equation obtained in the linear correlation (Figure S50, Supplementary
Materials). 2 CHI logP were back-calculated using the equation CHI LogP = 0.047 x CHI + 0.36 x HBC — 1.10.

Opverall, the tested compounds presented CHI LogP values varying significantly from
0.1723 to 4.926 (Table 1). The change in the cationic head group considerably modified the
CHI LogP values due to 7— interactions, the number of electronegative atoms present
in the cationic ring, and the hydrophobicity of the cationic ring [42]. The presence of the
triphenylphosphonium (TPP*) cation in compounds 1a—g resulted in the highest relative
CHI LogpP values (1.747 to 4.926) among all derivatives, indicating that the incorporation
of this cation into QHSs increased the compounds’ lipophilicity. It can be observed that
compounds 6a-g containing pyridinium (Pyr*) cations are characterized by the lowest
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lipophilicity (CHI LogP values from 0.1723 to 3.982), given the smaller size and less aromatic
nature of this aromatic ring.

From Figure 2, it is clear that CHI LogP values increase with the increment of the
size of the alkyl chain attached to the cationic ring. In fact, upon increasing the alkyl
chain length of the cationic ring, there is a possibility of strong Van der Waals interactions
between the alkyl group of QHS and the hydrophobic C;g stationary phase column. This
behaviour of hydrophobicity can also be explained by their polarity values: as the size of
the alkyl group in QHS increases, its polarity decreases, restricting its ability to interact
with water [42].

2.2. Microbiological Studies
2.2.1. Determination of Inhibitory/Bactericidal Activities of Quaternary Ammonium and
Phosphonium Salts against an Antibiotic-Susceptible S. aureus Strain: Structure—Activity
Relationship Analyses

The library of 49 structurally related QHSs was evaluated for their antibacterial activity
against the S. aureus CECT 976 using the broth microdilution method. The concentrations
of the compounds tested in this study ranged from 0.0625 to 64 pug/mL. The results of
inhibitory and bactericidal concentrations are presented in Table 2. Considering that
lipophilicity is an important property for data interpretation, the experimental CHI LogP
values were used for the present discussion. Moreover, for the purpose of facilitating
activity comparison, the MIC values of several commonly used antibiotics belonging to
various classes, such as ampicillin [AMP] and oxacillin [OXA]—p-lactams, ciprofloxacin
[CIP]—fluoroquinolone, erythromycin [ERY]—macrolide, and tetracycline [TET], have been
incorporated in the current discussion [43]. The MIC values for [TET] (MIC = 0.96 ug/mL),
[CIP] (MIC =1 pg/mL), and [AMP] (MIC = 1.5 pg/mL) are detailed in Table 2 and fall
within a comparable range to that of QHSs with a carbon chain composed of 12-14 atoms
(MIC values ranging from 1 to 4 ug/mlL). For instance, compounds 1e and 2e exhibited
MIC values similar to those of [CIP] and [TET]. These findings underscore the promising
antibacterial efficacy of these compounds.

Table 2. Minimum inhibitory (MIC) and minimum bactericidal (MBC) concentration values (ug/mL)
of quaternary salts and common antibiotics against S. aureus CECT 976.

CECT 976
Compound
MIC? MBC 2
1a 8 >64
1b 2 16
1c 1 8
1d 1 16
1e 1 16
1f 2 16
1g 4 64
2a >64 >64
2b >64 >64
2c 16 >64
2d 1 16
2e 1 8
2f 4 8
2g 8 16
3a >64 >64
3b 64 >64
3¢ 16 64
3d 2 16
3e 2 8
3f 4 8
3g 8 16
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Table 2. Cont.

CECT 976
Compound
MIC! MBC 2
4a >64 >64
4b >64 >64
4c 32 >64
4d 2 16
4e 2 8
af 4 8
4g 8 16
5a >64 >64
5b 16 >64
5¢ 16 32
5d 4 16
5e 2 8
5f 4 8
5g 16 16
6a >64 >64
6b >64 >64
6¢ 32 >64
6d 2 8
6e 4 8
6f 4 8
6g 8 16
7a >64 >64
7b >64 >64
7c 64 >64
7d 4 16
7e 2 16
7f 64 64
7g 16 16
[ERY] 0.24 ND
[TET] 0.96 ND
[CIP] 1 ND
[AMP] 1.5 ND
[OXA] 0.48 ND

1 MIC: minimum inhibitory concentration (ug/mL). 2 MBC: minimum bactericidal concentration (ug/mL). For
concentrations higher than 64 pug/mL, MIC and MBC were not tested. ND: not determined. [ERY]: erythromycin;
[TET]: tetracycline; [CIP]: ciprofloxacin; [AMP]: ampicillin; [OXA]: oxacillin. The MIC values of antibiotics
reported here were obtained from the study conducted by Abreu et al. [44] Both the MIC values of antibiotics
and quaternary salts were determined using the broth microdilution method, following the approved M7-A7
(aerobes) standards outlined in the Clinical and Laboratory Standards Institute (CLSI) guidelines [45]. All tests
were performed with six replicates and a minimum of three independent repeats.

From the data shown in Table 2, it is clear that the nature of the cationic head group
dramatically influences the QHS’s antibacterial efficiency. Indeed, it is evident that com-
pounds 1a-g containing TPP* and compounds 2a-g containing methylimidazolium (mim*)
cations exhibited the most promising activity against S. aureus CECT 976, as suggested by
the MIC and MBC values obtained for the different cationic cores. The higher antibacterial
activity of the QPSs based on TPP (compounds 1a—g) could be related to their ability to
suppress bacterial bioenergetics by collapsing membrane potential through the activation of
protonophorous uncoupling [6,46,47]. The compounds 7a—g, which contain triethylammo-
nium (TEAY) cations, elicited the lowest antibacterial activity. This observation is consistent
with previous studies [48,49] that highlight the influence of the aromatic nature of the cation
on QHS toxicity. Specifically, the presence of an aromatic head group has been associated
with increased QHS toxicity, while non-aromatic cations, such as TEA*, typically exhibit
lower toxicity. The remaining QHSs (containing quinolinium, isoquinolinium, pyridinium,
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or methylpyridinium cations) lie in between these extremes. Surprisingly, compounds 4a-g
and 6a-g, as well as 3a—g and 5a—g, which differ by the nature of the cation, exhibited a
similar bactericidal effect under the conditions tested.

In this study, it was also highlighted that the length of the alkyl chain is a mandatory
structural parameter that ruled the antibacterial activity. Indeed, up to tetradecyl side-
chain—Cjyy4, an increase in chain length leads to a decrease in MIC and MBC values,
indicating that the elongation of the alkyl substituent increases the antibacterial activity of
the compounds. To illustrate this, the effect of the number of carbons in the alkyl chain of
each QHS on their MIC and MBC values for S. aureus CECT 976 was graphically compared
(Figure 3). Herein, the parabola curve obtained is representative of a square function,
and the behaviour attests that C;4 might correspond to the optimal chain length in this
series (MICs = 1-4 pg/mL; MBCs = 8-16 ug/mL; CHI LogP = 2.655-3.836). Furthermore,
the replacement of the Cy4 chains with longer or shorter ones has led to drastic changes
associated with a clear decrease in activity. The detrimental effect is more obvious in the
case of Cg-homologous, whose antibacterial activity was annihilated for S. aureus CECT
976 (MIC, MBC > 64 ug/mL). Compound 1a is the unique QHS that showed a detectable
MIC (but not MBC) for concentrations lower than 64 pg/mL. Previous observations have
demonstrated that a higher lipophilicity does not always result in superior antibacterial
activity [50]. Actually, the relationship between these two factors follows a non-linear trend
that increases as the length of the alkyl chain increases until a threshold value (point) is
reached, after which any further extension of the alkyl chain causes a decline in antibacterial
activity (also known as the “cut-oft” effect) [51,52]. Based on the present data, the reduction
in antibacterial activity beyond the Cy4 chain (“cut-off”) might be attributable to several
factors, e.g., lower aqueous solubility, micellization, and aggregation due to steric effects
in QHSs containing very long alkyl side chains [53]. Additionally, it can be attributed to
the mimicry of cell membrane lipids, which results in lower membrane disruption and
toxicity [54].

() (b)

70 LSS 704
o\ . °
60 \ i
\ 60
~ 50 \\ = 307
) \ \ 'g
E
£ 40 \ 40
2 \\ Ed
o 30 R g 30
= 50 \ = 50
20 \ 20
10 /o 10
4 \.\- e o9 4
0 ———t = == ——— 0———1— —— r . s

T 1 ' T T T T
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20

Number of carbons Number of carbons

Figure 3. Effect of the number of carbons in the alkyl side-chain in cation on their (a) inhibitory and
(b) bactericidal efficiencies for S. aureus CECT 976. The e represents compounds la—-g containing
triphenylphosphonium (TPP*) cations, M represents compounds 2a—g containing methylimidazolium
(mim™) cations, e represents compounds 3a-g containing isoquinolinium (IQ*) cations, M repre-
sents compounds 4a-g containing methylpyridinium (mPyr") cations, e represents compounds
5a—g containing quinolinium (Q") cations, M represents compounds 6a-g containing pyridinium
(Pyr*) cations, while e represents compounds 7a—g containing triethylammonium (TEA™) cations.

The existence of a correlation between efficiency and chain length observed in this
study is consistent with data previously published for some QHSs. For instance, the highest
efficiency as antibacterial agents was reported for 1-alkylquinolinium and picolinium salts
with an alkyl chain length of 14-16 carbon atoms [55,56], 1-alkyl-3-methylimidazolium and 1-
alkylpyridinium salts bearing 14 carbon atoms [57,58], 3-alkoxymethyl-1-methylimidazolium
salts with 10-14 carbon atoms [59], 1-alkylimidazolium and 1-alkoxymethylimidazolium lac-
tates containing 11 or 12 carbon atoms in the alkyl group [58,59], 1-alkyloxycarbonyloxyethyl-
3-methylimidazolium chlorides for 12-14 carbon atoms [60], 1-alkylcarbamylmethyl-3-
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methylimidazolium bromides and 1-alkylcarbamylmethylpyridinium bromides for 12 car-
bon atoms in the alkyl chain [58]. However, it must be highlighted that no data have been
reported so far for some of the QHSs tested in the present study. To date, the precise bac-
tericidal mechanism of the action of QHSs is unknown, but the main hypothesis-meeting
consensus proposes the adsorption of the cationic head group onto the negatively charged
bacterial outer layers, followed by the diffusion of the hydrophobic alkyl chains through
the lipid bilayer, provoking disruption and loss of membrane integrity. This two-step
mechanism assumes an accurate hydrophobic/hydrophilic balance and supports the results
reported herein and the “cut-off” effect [4,61-64].

2.2.2. Determination of Inhibitory/Bactericidal Activities of the Most Promising
Quaternary Ammonium and Phosphonium Salts against Antibiotic-Resistant
S. aureus Strains

In order to provide a more comprehensive investigation into the efficacy of the most
potent quaternary salts, namely compounds 1e, 2e, 3e, 4e, 5e, 6e, and 7e, additional tests
against antibiotic-resistant strains were carried out. This study involved the use of the
broth microdilution method with three MDR S. aureus bacteria, including XU212, SA1199B,
and RN4220. The results of the MIC and MBC assays for these strains are presented in
Table 3. For S. aureus XU212, SA1199B, and RN4220, only [ERY], [TET] and [CIP] antibiotics
were used, respectively. Efflux mechanisms play an important role in antibiotic resistance
among clinically relevant pathogens, such as S. aureus, where NorA, MsrA, and TetK
transport proteins are involved [65,66]. Although originally described for the efflux of
fluoroquinolones, macrolides, and tetracyclines, these proteins, particularly NorA, actively
export a wide range of structurally dissimilar drugs from the bacterial cell. Examples of such
drugs include biocides, dyes, quaternary ammonium compounds, and antiseptics [65-67].

Table 3. Minimum inhibitory (MIC) and minimum bactericidal (MBC) concentration values (ng/mL)
of the most active quaternary salts and common antibiotics against antibiotic-resistant S. aureus
XU212, SA1199B, and RN4220 strains.

XU212 SA1199B RN4220
Compound
MmiIC1 MBC 2 MIC! MBC 2 Mic? MBC 2
1le 2 2 1 2 1 2
2e 32 64 8 32 4 8
3e 4 8 2 8 2 4
4e 32 32 8 32 4 8
5e 8 8 4 8 2 8
6e 32 64 16 16 4 8
7e 32 32 16 32 4 8
[ERY] ND ND ND ND 256 ND
[TET] 128 ND ND ND ND ND
[CIP] ND ND 128 ND ND ND

1 MIC: minimum inhibitory concentration (ug/mL). 2 MBC: minimum bactericidal concentration (ng/mL). ND:
not determined. [ERY]: erythromycin; [TET]: tetracycline; [CIP]: ciprofloxacin. The MIC values of antibiotics
reported here were obtained from the study conducted by Abreu et al. [44]. Both the MIC values of antibiotics
and quaternary salts were determined using the broth microdilution method, following the approved M7-A7
(aerobes) standards outlined in the Clinical and Laboratory Standards Institute (CLSI) guidelines [45]. All tests
were performed with six replicates and a minimum of three independent repeats.

The MIC and MBC values varied significantly depending on the QHS and the specific
strain. MIC values ranged from 1 to 2 ug/mL for compound 1e, 2 to 4 ug/mL for compound
3e, 2 to 8 ug/mL for compound 5e, and 4 to 32 pg/mL for compounds 2e, 4e, 6e, and
7e. Corroborating the findings presented in Section 2.2.1, compound 1e demonstrated the
most promising activity among all the compounds tested. The MBC values were equal
to or greater than the corresponding MIC values for all strains tested. The MBC values
(ug/mL) ranged from 8 to 64 for compounds 2e and 6e, 4 to 8 for compound 3e, 8 to 32 for
compounds 4e and 7e, 2 for compound 1e, and 8 for compound 5e. Furthermore, substantial
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differences were observed among the strains, with S. aureus XU212 displaying the highest
resistance profile, while S. aureus RN4220 exhibited the highest susceptibility. Notably,
the antibiotic-resistance strains demonstrated higher MIC and MBC values compared
to S. aureus CECT 976. Considering that S. aureus is recognized by the WHO as one of
the most clinically significant pathogens associated with uncontrolled infectious diseases,
characterized by its high resistance to various antibiotic classes and constant acquisition
of additional resistance [68,69], the observed activity of the selected QHSs presents highly
promising results.

2.2.3. Quaternary Ammonium and Phosphonium Salts Activity against Planktonic Bacteria:
Dose-Response

Several factors are known to influence the efficacy of antimicrobials in bacterial in-
activation, including contact time, the temperature of exposure, the nature of target mi-
croorganisms, and antimicrobial concentration [70]. In this study, the relationship between
concentration and the bactericidal activity of QHSs against S. aureus CECT 976 was evalu-
ated as it is particularly important in assessing the clinical significance of varying microbial
tolerances to QHSs. For this purpose, only the most bioactive ones regarding MIC/MBC
results (i.e., compounds 1e, 2e, 3e, 4e, 5e, 6e, and 7e) were chosen.

The antibacterial activity of all examined QHSs was found to be dose dependent,
following a non-linear dose-response (Figure 4). In general, the antimicrobial effects of the
QHSs under study increased with concentration until a maximum biological activity (MBC)
was reached; however, the MBC values were lower compared to those reported in the broth
microdilution method (see Section 2.2.1). The differences observed in the absolute MBC
values could be due to the distinct methods performed for these determinations, as well
as differences in medium composition, namely distilled water (DW) and Mueller-Hinton
broth (MHB). As it was previously reported that some QHSs can bind to proteins [28], it can
be hypothesized that the higher MBC values could be related to the presence of proteins in
the MHB medium used for the broth method, which may partly neutralize the antibacterial
activity of these QHSs.

As depicted in Figure 4, S. aureus CET 976 was totally eradicated by all quaternary salts
under study at a low concentration range (MBC < 4 ug/mL). The long and hydrophobic
alkyl side-chains, which may promote strong interactions with bacterial membranes in
conjunction with the permeability of the S. aureus peptidoglycan cell wall to substances
of a high molecular weight, can rationally explain the high susceptibility to these com-
pounds [71]. Particularly, compounds 1e (MBC =1 ug/mL; Figure 4a), 5e and 3e (both
MBC = 1.3 ug/mL; Figure 4c,d) were more effective than the other QHSs in controlling
S. aureus growth. These MBC values, although different from the ones determined using
the broth microdilution method (see Section 2.2.1), matched the same behaviour. Com-
pounds 1e, 7e, 5e, 3e, 6e, 4e, and 2e at 0.7, 3.4, 1.2,1.2,3.2, 3.5, and 2.8 pg/mL, respectively,
induced reductions in S. aureus log colony-forming units (CFU)/mL > 5. Both [C14QBr] and
[C141QBr] caused similar maximum log CFU/mL reductions (p > 0.05) for S. aureus with a
6.0-log reduction at only 1.3 ug/mL (Figure 4c,d). Compounds 6e and 4e exhibited similar
actions (p > 0.05)—maximum reduction of 5.9-log CFU/mL at 4 ug/mL (Figure 4e,f).

The values estimated for the QHS concentration dependence parameter (1) from the
Chick-Watson model (see Section 3.2.4) are presented in Figure 4h. According to this
model, the antimicrobial efficacy of the QHSs with a high n value is largely affected by
changes in concentration, whereas those with low n values are less influenced by QHS
concentration and may be more governed by contact time [70-73]. For S. aureus, the
estimated n values were > 1 for all QHSs (more dose dependent) with the exception of
compounds 1e, 6e, and 4e, for which the concentration exponent was circa 1. Hugo and
Denyer [74] identified a possible correlation between the  value and the sort of interaction
between an antimicrobial agent and its cellular target. Antimicrobials originating n < 2
include thiol or amino groups, oxidising agents, and membrane-active agents, which bind
strongly with their target through chemical or ionic interactions. Thus, the results obtained
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here suggest that compounds 1e, 4e, and 6e can be membrane-active agents and have strong
interactions with their cell targets. By contrast, if n > 4, antimicrobials behave as membrane
disruptors and proton conductors, such as aliphatic and aromatic alcohols, exhibiting
a weak physical interaction with the lipophilic molecules of the bacterial cell envelope.
Hence, compound 7e is the only QHS with possible weakly physical interactions between
the cell envelope of S. aureus; all the others (compounds 5e, 3e, and 2e) with intermediate
n values of 2—4 are thought to have a dual action, both chemical and weakly physical.
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Figure 4. Logarithmic reduction of planktonic S. aureus CECT 976 as a function of QHS concentration
(ng/mL) after 30 min of exposure to (a) compound 1e, (b) compound 7e, (c) compound 3e, (d) com-
pound 5e, (e) compound 6e, (f) compound 4e, and (g) compound 2e. The blue solid line represents
the experimental data and the dashed line the Chick-Watson model fit of experimental data. The
points represent the mean + SD for at least three independent assays. (h) Estimated values of the
QHS concentration dependence parameter (1) considering all experimental points before achieving
the maximum log CFU/mL reduction—adapted to the Chick—-Watson model. Model adjustability
was assessed by the R?.



Int. J. Mol. Sci. 2024, 25, 504

13 of 30

2.3. Cytotoxicity Cell-Based Studies
Evaluation of the Cytotoxicity Profile in Human Hepatocellular Carcinoma Cells

Apart from antibacterial activity, the assessment of mammalian cell cytotoxicity is
crucial in the development of effective antimicrobial agents. The cytotoxicity of QHSs
is not only influenced by their structural characteristics but also by the specific cell type
under investigation. Bacterial membranes primarily consist of anionic lipids, while mam-
malian cells predominantly comprise zwitterionic lipids that are neutral at physiological
pH. This disparity in membrane electrostatic charges results in targeted tropism of antimi-
crobial agents toward negatively charged bacteria. Moreover, the presence of cholesterol in
mammalian cell membranes provides protection and reduces cytotoxicity upon exposure
to microbiocidal components; however, depending on the concentration and structural
properties of QHSs, cytotoxicity may still manifest in mammalian cells [1].

In this study, the cytotoxicity profiles of the most potent QHSs, namely compounds
1e, 2e, 3e, 4e, 5e, 6e, and 7e, were assessed in hepatocarcinoma (HepG2) cells using NR
uptake as an endpoint. HepG2 cells are commonly employed in drug metabolism and
hepatotoxicity studies, representing a human hepatoma model [75]. These cells exhibit
a non-tumorigenic nature, display high proliferation rates, and possess an epithelial-
like morphology while retaining many differentiated hepatic functions [76,77]. These
characteristics make them a useful model for evaluating the cytotoxic effects of novel
compounds, including QHSs.

Initially, the cells were incubated with three different concentrations of each QHS
(2, 16, and 32 ug/mL) for 24 h, and the corresponding data are presented in Table 4.
Notably, despite the compounds sharing the same alkyl chain length (C14) and counterion,
the results underscore the substantial influence of different cations on the cytotoxicity
observed in HepG2 cells. Moreover, the cytotoxic effect of QHSs was found to be dose
dependent. It is interesting to observe that, except for compounds 1e and 3e, all QHS
compounds displayed cell viability above 85% at the lowest concentration tested (2 pg/mL).
Furthermore, both compounds 4e and 6e exhibited NR uptake exceeding 90%, further
supporting their potential as antimicrobial agents at these concentrations [78]. Comparing
the MIC values, it was observed that, except for the previously mentioned compounds, all
QHSs maintained cell viability within the therapeutic window range for S. aureus CECT
976. Additionally, the MIC value of compound 5e against S. aureus RN4220 fell within
the safe concentration range, suggesting its potential as a viable treatment option for this
resistant strain. Considering that compounds 1e and 2e displayed MIC values of 1 pg/mL
for certain strains tested, the cell viability of these compounds was also evaluated at this
concentration. The data revealed that only compound 2e exhibited no detrimental effects
on cellular health, as indicated by a 90.88% NR uptake. This highlights the significance
of replacing the TPP cation with alternative nitrogen-based carriers to reduce inherent
toxicity [79].

At the highest QHS concentrations (16 and 32 pg/mlL), a significant decrease in cell
viability (p < 0.0001) to approximately 13% was observed. To address the observed toxicity
of QHSs at higher concentrations, a further lead optimization process must be performed
to fine-tune their physicochemical, biological, and toxicity properties. Recognizing that the
cation is the primary driver of toxicological effects [80], modifying it emerges as a logical
approach to achieve more positive outcomes. Potential modifications include introducing
substituents into the cationic cores and/or replacing the alkyl side chain with systems
containing ether moieties, all while carefully selecting appropriate anions. Moreover,
beyond cytotoxicity, various properties of QHSs can be fine-tuned, encompassing solubility,
viscosity, melting point, and aggregation [80].
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Table 4. Evaluation of lysosomal activity in HepG2 cells after 24 h of exposure to the most active

quaternary salts and common antibiotics.

Compound

Concentration (ug/mL)

1 2 16 32
1e 53.86 -+ 4.854% (*+**) 72.84 £ 7.906% (****) 12.29 + 3.775% (****) 13.78 + 2.666% (****)
2e 90.88 + 10.08% (**) 86.71 £ 4.103% (****) 12.85 £ 2.005% (****) 13.64 £ 2.776% (****)
3e ND 79.86 - 9.893% (****) 12.68 -+ 2.385% (****) 12.77 + 1.368% (****)
de ND 92.62 =+ 4.355% (*) 14.45 + 2.437% (***%) 21.52 & 19.06% (****)
5e ND 88.20 + 3.101% (****) 12.06 £ 2.988% (****) 14.38 £ 4.045% (****)
6e ND 94.21 =+ 10.35% (ns) 10.46 £ 3.129% (****) 12.93 £ 3.760% (****)
7e ND 86.24 + 1.502% (****) 18.51 + 2.592% (****) 16.59 + 4.378% (****)

[ERY] ND 108.4 = 4.998% (ns) 107.1 + 7.642% (ns) 110.2 = 9.546% (ns)

[TET] ND 109.0 = 5.251% (ns) 107.5 = 9.694% (ns) 106.8 =+ 6.699% (ns)

[CIP] ND 106.7 + 11.16% (ns) 96.82 - 5.237% (ns) 92.35 + 6.807% (ns)

ND: not determined. [ERY]: erythromyecin; [TET]: tetracycline; [CIP]: ciprofloxacin. All values are expressed as
mean + standard deviation (SD) of four independent experiments. Statistical comparisons were made using
one-way ANOVA. In all cases, p values lower than 0.05 were considered significant (* p < 0.005, ** p < 0.01,
2 p < 0.0001).

3. Materials and Methods
3.1. Chemical Studies
3.1.1. Reagents and Apparatus

The reagents used as starting materials were purchased from Merck (Darmstadt, Ger-
many), Fluorochem (Hadfield, UK) and Alfa Aesar (Kandel, Germany): 1-bromohexane
(CAS 111-25-1, 99.0%), 1-bromooctane (CAS 111-83-1, >98.0%), 1-bromodecane (CAS 112-
29-8, 98.0%), 1-bromododecane (CAS 143-15-7, 97.0%), 1-bromotetradecane (CAS 112-71-0,
97.0%), 1-bromohexadecane (CAS 112-82-3, 97.0%), 1-bromooctadecane (CAS 112-89-0,
>97.0%), triphenylphosphine (CAS 603-35-0, >95.0%), 1-methylimidazole (CAS 616—47-7,
>99.0%), isoquinoline (CAS 119-65-3, >95.0%), 4-picoline (CAS 108-89—4, 99.0%), triethy-
lamine (CAS 121-44-8, 99.0%), quinoline (CAS 91-22-5, 98.0%), and pyridine (CAS 110-86-1,
>99.0%). Deuterated chloroform (CDCl3) was obtained from Deutero GmbH (Kastellaun,
Germany), whereas dichloromethane, methanol, and diethyl ether (all with pro-analysis
grade) were acquired from Panreac (Lisbon, Portugal) and Merck (Darmstadt, Germany).
For the ultra-high performance liquid chromatography (UHPLC) analysis, the following
reagents were used: acetonitrile of HPLC grade (Honeywell Riedel-de Haén—Seelze, Ger-
many), acetic acid glacial of HPLC grade (Carlo Erba—Val de Reuil, France), and ultrapure
water from Direct-Pure adept lab water system (RephiLe Bioscience, Ltd—Shanghai, China).
All chemicals were used as received without additional purification.

Syntheses were performed in a reaction station (Radleys Mya 4 station). Analyt-
ical thin-layer chromatography (TLC) was performed on pre-coated silica gel 60 Fjs4
plates (Merck) with a layer thickness of 0.2 mm. Reaction control was monitored using
dichloromethane:methanol (9:1) as the mobile phase, and spots were visualised under UV
detection (254 and 366 nm), potassium permanganate (KMnOy, 1% aq.) solution, or by
exposure to iodine vapor. Flash column chromatography was carried out with silica gel
60 A (0.040-0.063 mm) (Carlo Erba Reactifs—SDS, Val de Reuil, France) as the stationary
phase and dichloromethane:methanol (9:1) as the elution system. Fractions of approxi-
mately 15 mL were collected. Automated flash column chromatography was performed on
the Biotage Isolera Prime system (Biotage—Uppsala, Sweden) with Biotage SNAP 25 g or
100 g cartridges. The internal detector wavelength employed was 206-366 nm. Solvents
were evaporated under reduced pressure in a Biichi Rotavapor.

Nuclear magnetic resonance (NMR) data were acquired on a Bruker Avance III
400 NMR spectrometer, at room temperature, operating at 400.15 MHz for 'H, 100.62 MHz
for 13C, and DEPT135 (Distortionless Enhancement by Polarization Transfer). Chemical
shifts are expressed in 6 (ppm) values relative to tetramethylsilane (TMS) as the internal
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reference, and coupling constants (]) are given in Hz. DEPT135 values are included in 1>C
NMR data (underlined values).

Chromatograms were acquired on a UHPLC NEXERA SERIES LC-40 equipped with
a SCL-40 system controller, FCV-11AL valve unit, SPD-M40 photo diode array detector,
DGU-405 degassing unit, and SIL-40C XS autosampler. A C-18 column was used to perform
the analysis (Phenomenex Luna—Torrance, USA; 150 mm X 4.6 mm; 5 pm particle size).
The mobile phase was acetonitrile/water (gradient mode, room temperature) at a flow rate
of 1.0 mL/min, and the injection volume was 40 pL. Data acquisition and processing were
carried out with LabSolutions software version 5.93 (Shimadzu, Kyoto, Japan).

3.1.2. Chemical Synthesis and Structural Characterization
Synthesis of Triphenylphosphonium, Methylimidazolium, Isoquinolinium,
Methylpyridinium, Quinolinium, and Pyridinium Salts

General procedure A. Triphenylphosphine (1.2 eq.), 1-methylimidazole (1.2 eq.), iso-
quinoline (1.2 eq.), 4-picoline (1.2 eq.), quinoline (1.2 eq.), pyridine (1.2 eq.), and the appro-
priate bromoalkane (0.5 mL, 1 eq.) were added to a hermetically sealed vessel. The reaction
mixture was stirred and heated at 130 °C for 24 h under an argon atmosphere. Thereafter,
the crude product was dissolved in dichloromethane and purified by silica gel flash chro-
matography: compounds 1la—-g and 2a—g were purified using dichloromethane:methanol
(9:1) as the eluting system, and compounds 3a-g, 4a—g, 5a—g, and 6a—g using gradient
elution from dichloromethane to dichloromethane:methanol (8:2). The fractions containing
the intended compound were then collected and the solvent evaporated to dryness. The
reaction control was performed by TLC (silica gel, dichloromethane:methanol (9:1)). The
synthetic procedure was adapted from the literature [81].

In an attempt to reduce the amount of solvent used during the purification steps,
another procedure was implemented.

General procedure B. Triphenylphosphine (0.5 g, 1 eq.), 1-methylimidazole (0.250 mL,
1 eq.), isoquinoline (0.250 mL, 1 eq.), 4-picoline (0.250 mL, 1 eq.), quinoline (0.250 mL, 1 eq.),
pyridine (0.250 mL, 1 eq.), and the appropriate bromoalkane (1.5 eq.) were added to a
hermetically sealed vessel. The reaction mixture was stirred and heated at 130 °C for 24 h
under an argon atmosphere. Thereafter, the crude product was dissolved in a minimum
amount of dichloromethane and precipitated with ice-cold diethyl ether (for compounds
la-g, 2a-g, 4a-g, and 6a-g) or ethyl acetate (for compounds 3a-g and 5a-g). The precipitate
was filtered and washed with ice-cold diethyl ether or ethyl acetate, respectively. The
resulting product was then suspended in dichloromethane and finally obtained through
drying under vacuum.

Hexyltriphenylphosphonium bromide (1a). Synthesized according to the general
procedure A. Pale yellow oil. 1 = 95%. 'H NMR (CDCl3): & = 0.82 (3H, t, ] = 7.1 Hz, H(6)),
1.16-1.33 (4H, m, H(4), H(5)), 1.54-1.72 (4H, m, H(2), H(3)), 3.69-3.84 (2H, m, H(1)), 7.63-8.00
(15H, m, H(2")-H(6')). 13C NMR (CDCl3): 5 = 14.0 (C(6)), 22.2 (C(5)), 22.6 (d, Jcp = 4.6 Hz,
C(3)),22.8 (d, Jcp =49.7 Hz, C(1)), 30.1 (d, Jcp = 15.5 Hz, C(2)), 31.3 (d, Jcp = 1.0 Hz, C(4)),
118.4 (d, Jcp = 85.8 Hz, 3 x C(1')), 130.5 (d, Jcp = 12.5 Hz, 3 x C(3’) and 3 x C(5)), 133.7 (d,
Jep =10.0 Hz, 3 x C(2') and 3 x C(6')), 135.0 (d, Jcp = 3.0 Hz, 3 x C(4')).

Octyltriphenylphosphonium bromide (1b). Synthesized according to the general
procedure A. Pale yellow oil. 1 = 68%. I'H NMR (CDCl3): 6 = 0.83 (3H, t, ] = 6.9 Hz,
H(8)), 1.13-1.32 (8H, m, H(4)-H(7)), 1.56-1.70 (4H, m, H(2), H(3)), 3.45-3.97 (2H, m, H(1)),
7.62-7.94 (15H, m, H(2')-H(6')). 13C NMR (CDClz): & = 14.1 (C(8)), 22.5 (C(7)), 22.7 (d,
Jcp = 4.6 Hz, C(3)), 22.8 (d, Jcp = 49.5 Hz, C(1)), 28.8 (C(6)), 29.2 (d, Jcp = 1.0 Hz, C(4)),
304 d, Jep = 15.5 Hz, C(2)), 31.7 (C(5)), 1185 (d, Jcp = 85.8 Hz, 3 x C(1')), 130.5 (4,
Jep =125 Hz, 3 x C(3') and 3 x C(5)), 133.7 (4, Jcp = 10.0 Hz, 3 x C(2’) and 3 x C(6')),
135.0 (4, Jcp = 3.0 Hz, 3 x C(4')).

Decyltriphenylphosphonium bromide (1c). Synthesized according to the general
procedure A. Pale yellow oil. 1 = 92%. I'H NMR (CDCl3): 6 = 0.85 (3H, t, ] = 7.0 Hz,
H(10)), 1.13-1.32 (12H, m, H(4)-H(9)), 1.55-1.69 (4H, m, H(2), H(3)), 3.68-3.91 (2H, m, H(1)),
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7.63-7.96 (15H, m, H(2')-H(6")). 13C NMR (CDCls): & = 14.1 (C(10)), 22.5 (C(9)), 22.7 (d,
Jcp =47 Hz, C(3)), 22.8 (d, Jcp = 49.5 Hz, C(1)), 29.2 (C(7)), 29.2 (C(5), C(6)), 29.5 (C(4)), 30.4
(d, Jcp = 15.5 Hz, C(2)), 31.8 (C(8)), 118.5 (d, Jcp = 85.8 Hz, 3 x C(1")), 130.5 (4, Jcp = 12.5 Hz,
3 x C(3)and 3 x C(5")),133.7 (d, Jcp =9.9Hz, 3 x C(2’) and 3 x C(6')), 135.0 (d, Jcp = 3.0 Hz,
3 x C(4)).

Dodecyltriphenylphosphonium bromide (1d). Synthesized according to the general
procedure A. Pale yellow oil. 1 = 76%. 'H NMR (400 MHz, CDCl3): & = 0.87 (3H, ¢,
J=6.9 Hz, H(12)), 1.13-1.33 (16H, m, H(4)-H(11)), 1.54-1.69 (4H, m, H(2), H(3)), 3.68-3.81
(2H, m, H(1)), 7.66-7.90 (15H, m, H(2')-H(6')). 1*C NMR (101 MHz, CDCl3): § = 14.1 (C(12)),
22.7 (d, Jcp = 44 Hz, C(3)), 22.7 (C(11)), 22.8 (d, Jcp = 49.5 Hz, C(1)), 29.2 (C(9)), 29.2 (C(4)),
29.3 (C(5)), 29.5 (C(6)), 29.6 (C(7), C(8)), 304 (d, Jcp = 15.5 Hz, C(2)), 319 (C(10)), 118.5
(d, Jep = 85.8 Hz, 3 x C(1")), 130.5 (d, Jcp = 12.5 Hz, 3 x C(3') and 3 x C(5)), 133.7 (d,
Jep =99 Hz, 3 x C(2') and 3 x C(6')), 135.0 (d, Jcp = 3.0 Hz, 3 x C(4")).

Triphenyl(tetradecyl)phosphonium bromide (1e). Synthesized according to the general
procedure A. White foam. 1 = 98%. 'H NMR (400 MHz, CDCl3): § = 0.86 (3H, t, ] = 6.9 Hz,
H(14)), 1.13-1.34 (20H, m, H(4)-H(13)), 1.57-1.67 (4H, m, H(2), H(3)), 3.74-3.84 (2H, m,
H(1)), 7.65-7.91 (15H, m, H(2')-H(6')). 1>*C NMR (101 MHz, CDCl,): § = 14.1 (C(14)), 22.7
(@, Jcp = 4.4 Hz, C(3)), 22.7 (C(13)), 22.8 (d, Jcp = 49.5 Hz, C(1)), 29.2 (C(11)), 29.3 (C(4)),
29.3 (C(10)), 29.5 (C(5)), 296 (C(6)), 29.6 (C(7)), 29.6 (C(8)), 29.7 (C(9)), 304 (d, Jcp = 15.5 Hz,
C(2)), 31.9 (C(12)), 118.5 (d, Jcp = 85.8 Hz, 3 x C(1')), 130.5 (d, Jcp = 12.5 Hz, 3 x C(3’) and
3 x C(5")),133.7 (d, Jcp =9.9 Hz, 3 x C(2") and 3 x C(6')), 135.0 (d, Jcp = 3.0 Hz, 3 x C(4")).

Hexadecyltriphenylphosphonium bromide (1f). Synthesized according to the general
procedure B. White foam. 1 = 94%. 'H NMR (400 MHz, CDCls): 6 =0.87 (3H, t, ] = 6.9 Hz,
H(16)), 1.14-1.34 (24H, m, H(4)-H(15)), 1.56-1.68 (4H, m, H(2), H(3)), 3.74-3.84 (2H, m,
H(1)), 7.67-7.89 (15H, m, H(2')-H(6')). 3C NMR (101 MHz, CDCl3): § = 14.1 (C(16)), 22.7
(C(15)), 22.7 (d, Jcp = 3.1 Hz, C(3)), 22.9 (d, Jcp = 49.5 Hz, C(1)), 29.2 (C(13)), 29.3 (C(4)),
29.4-29.7 (C(5)—C(12)), 30.4 (4, Jcp = 15.4 Hz, C(2)), 31.9 (C(14)), 118.5 (d, Jcp = 85.8 Hz,
3 x C(1")),130.5 (d, Jcp = 12.5 Hz, 3 x C(3’) and 3 x C(5')), 133.8 (d, Jcp = 10.0 Hz, 3 x C(2')
and 3 x C(6")), 135.0 (4, Jcp = 3.0 Hz, 3 x C(4')).

Octadecyltriphenylphosphonium bromide (1g). Synthesized according to the general
procedure B. White foam. 1 = 94%. 'H NMR (400 MHz, CDCl3): 6 =0.87 (3H, t, ] = 7.0 Hz,
H(18)), 1.10-1.35 (28H, m, H(4)-H(17)), 1.60-1.68 (4H, m, H(2), H(3)), 3.74-3.86 (2H, m,
H(1)), 7.67-7.89 (15H, m, H(2')-H(6')). 3C NMR (101 MHz, CDCl3): § = 14.1 (C(18)), 22.7
(@, Jcp = 3.8 Hz, C(3)), 22.7 (C(17)), 22.8 (d, Jcp = 49.6 Hz, C(1)), 29.2 (C(15)), 29.3 (C(4)),
29.4-29.7 (C(5)-C(14)), 304 (d, |cp = 15.4 Hz, C(2)), 31.9 (C(16)), 118.5 (d, Jcp = 85.8 Hz,
3 x C(1)), 130.5 (d, Jcp = 12.5 Hz, 3 x C(3') and 3 x C(5')), 133.7 (d, Jcp = 10.0 Hz, 3 x C(2/)
and 3 x C(6')), 135.0 (d, Jcp = 3.0 Hz, 3 x C(4)).

3-Hexyl-1-methyl-1H-imidazol-3-ium bromide (2a). Synthesized according to the
general procedure A. Pale yellow viscous oil. n = 71%. 'H NMR (CDCl): § = 0.87 (3H, ¢,
J =7.1 Hz, H(6)), 1.23-1.40 (6H, m, H(3)-H(5)), 1.85-1.98 (2H, m, H(2)), 4.13 (3H, s, H(¢')),
4.33 (2H, t, ] = 7.5 Hz, H(1)), 7.25 (1H, dd, ]; = 1.8 Hz, ], = 1.8 Hz, H(4')), 7.32 (1H, dd,
J1 = 1.8 Hz, ], = 1.8 Hz, H(5')), 10.36 (1H, bs, H(2)). '*C NMR (CDCl3): & = 13.9 (C(6)), 22.4
(C(5)), 259 (C(3)), 30.2 (C(2)), 311 (C(4)), 36.8 (C(6)), 50.3 (C(1)), 1215 (C(5")), 123.0 (C(4)),
138.3 (C(2)).

1-Methyl-3-octyl-1H-imidazol-3-ium bromide (2b). Synthesized according to the
general procedure A. Pale yellow viscous oil. 1 = 88%. 'H NMR (CDCl): § = 0.84 (3H, ¢,
J = 6.9 Hz, H(8)), 1.15-1.40 (10H, m, H(3)-H(7)), 1.84-1.94 (2H, m, H(2)), 4.11 (3H, s, H(6')),
433 (2H, t, ] =74 Hz, H(1)), 7.36 (1H, dd, ]; = 1.8 Hz, ], = 1.8 Hz, H(4')), 7.50 (1H, dd,
J1 = 1.8 Hz, ], = 1.8 Hz, H(5')), 10.40 (1H, bs, H(2')). 13C NMR (CDCl3): & = 14.1 (C(8)), 22.6
(C(7)), 26.3 (C(2)), 28.9 (C(3)), 29.0 (C(5)), 30.3 (C(4)), 31.7 (C(6)), 36.8 (C(6')), 50.2 (C(1)),
121.8 (C(5")), 123.5 (C(4")), 187.7 (C(2')).

3-Decyl-1-methyl-1H-imidazol-3-ium bromide (2c). Synthesized according to the
general procedure A. Pale yellow foam. n = 94%. IH NMR (CDCl3): 5 = 0.87 (3H, ¢,
J = 6.9 Hz, H(10)), 1.17-1.41 (14H, m, H(3)-H(9)), 1.84-2.03 (2H, m, H(2)), 4.13 (3H, s, H(6")),
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432 (2H, t, ] = 7.4 Hz, H(1)), 7.35 (1H, dd, ]; = 1.8 Hz, ], = 1.8 Hz, H(4')), 7.49 (1H, dd,
J1 = 1.8 Hz, ], = 1.8 Hz, H(5')), 10.42 (1H, bs, H(2')). '3C NMR (CDCl3): § = 14.1 (C(10)),
22.7(C(9)), 26.3 (C(2)), 29.0 (C(7)), 292 (C(6)), 29.4 (C(5)), 29.5 (C(4)), 30.3 (C(8)), 31.8 (C(3)),
36.8 (C(6")), 50.2 (C(1)), 121.7 (C(5")), 123.5 (C(4")), 137.8 (C(2)).

3-Dodecyl-1-methyl-1H-imidazol-3-ium bromide (2d). Synthesized according to the
general procedure A. Pale yellow foam. 1 = 90%. 'H NMR (400 MHz, CDCl3): § = 0.87
(BH, t, ] = 6.9 Hz, H(12)), 1.20-1.40 (18H, m, H(3)-H(11)), 1.87-1.96 (2H, m, H(2)), 4.14
(3H, s, H(6')), 4.32 (2H, t, ] = 7.4 Hz, H(1)), 7.38 (1H, dd, ]; = 1.8 Hz, ], = 1.8 Hz, H(4)),
7.53 (1H, dd, 1 = 1.7 Hz, ], = 1.7 Hz, H(5')), 10.36 (1H, bs, H(2)). 3C NMR (101 MHz,
CDClz): & = 14.1 (C(12)), 22.7 (C(11)), 26.3 (C(3)), 29.0 (C(4)), 29.3 (C(8)), 29.4 (C(7)), 29.5
(C(5), C(6)), 29.6 (C(3)), 30.3 (C(2)), 31.9 (C(10)), 368 (C(6")), 50.2 (C(1)), 121.8 (C(5')), 123.5
(C(4)), 137.7 (C(2)).

1-Methyl-3-tetradecyl-1H-imidazol-3-ium bromide (2e). Synthesized according to the
general procedure B. Pale yellow foam. 1 = 92%. 'H NMR (400 MHz, CDCl): § = 0.88 (3H,
t, ] = 6.9 Hz, H(14)), 1.19-1.40 (22H, m, H(3)-H(13)), 1.83-1.99 (2H, m, H(2)), 4.14 (3H, s,
H(6)),4.32 2H, t, ] =7.4 Hz, H(1)), 7.32 (1H, dd, ] = 1.8 Hz, ], = 1.8 Hz, H(4')), 7.44 (1H, dd,
J1=18Hz, ], = 1.8 Hz, H(5')), 10.49 (1H, bs, H(2)). 1*C NMR (101 MHz, CDCl3): § = 14.1
(C(14)), 22.7 (C(13)), 26.3 (C(3)), 29.0 (C(4)), 294 (C(10)), 294 (C(9)), 29.5 (C(8)), 296 (C(5)),
29.6 (C(6), C(7)), 29.7 (C(11)), 30.3 (C(2)), 31.9 (C(12)), 36.8 (C(6')), 50.2 (C(1)), 121.7 (C(5)),
1235 (C(4)), 137.8 (C(2)).

3-Hexadecyl-1-methyl-1H-imidazol-3-ium bromide (2f). Synthesized according to the
general procedure B. Pale yellow foam. 1 = 89%. 'H NMR (400 MHz, CDCl3): 6 = 0.87 (3H,
t, ] = 6.9 Hz, H(16)), 1.18-1.40 (26H, m, H(3)-H(15)), 1.85-1.98 (2H, m, H(2)), 4.14 (3H, s,
H(6')),4.32 2H, t, ] =74 Hz, H(1)), 7.32 (1H, dd, ]; = 1.8 Hz, ], = 1.8 Hz, H(4')), 7.44 (1H, dd,
J1 =18 Hz, ], = 1.8 Hz, H(5")), 10.52 (1H, bs, H(2)). 13C NMR (101 MHz, CDCl3): § = 14.1
(C(16)), 22.7 (C(15)), 26.3 (C(3)), 29.0 (C(4)), 29.4 (C(13)), 29.4-29.7 (C(5)-C(12)), 30.3 (C(2)),
319 (C(14), 36.8 (C(6')), 50.3 (C(1)), 121.7 (C(5")), 123.4 (C(4')), 137.9 (C(2")).

1-Methyl-3-octadecyl-1H-imidazol-3-ium bromide (2g). Synthesized according to the
general procedure B. Pale yellow foam. 1 = 96%. 'H NMR (400 MHz, CDCl3): & = 0.87 (3H,
t, ] = 6.9 Hz, H(18)), 1.19-1.39 (30H, m, H(3)-H(17)), 1.87-1.97 (2H, m, H(2)), 4.14 (3H, s,
H(6')), 4.32 2H, t, ] = 7.4 Hz, H(1)), 7.30 (1H, dd, ] = 1.8 Hz, ], = 1.8 Hz, H(4')), 7.41 (1H, dd,
J1 =18 Hz, ], = 1.8 Hz, H(5")), 10.55 (1H, bs, H(2)). 1*C NMR (101 MHz, CDCl3): & = 14.1
(C(18)), 22.7 (C(17)), 26.3 (C(3)), 29.0 (C(4)), 29.4 (C(15)), 29.4-29.7 (C(5)-C(14)), 30.3 (C(2)),
31.9 (C(16), 36.8 (C(6')), 50.2 (C(1)), 121.7 (C(5")), 123.4 (C(4')), 137.8 (C(2")).

2-Hexylisoquinolin-2-ium bromide (3a). Synthesized according to the general proce-
dure A. Brownish solid. = 78%. 'H NMR (CDClz): 0.83 (3H, t, ] = 7.1 Hz, H(6)), 1.18-1.50
(6H, m, H(3)-H(5)), 2.06-2.20 (2H, m, H(2)), 5.09 (2H, t, ] = 7.4 Hz, H(1)), 7.95 (1H, ddd,
J=82,6.7,1.4 Hz, H(7")), 8.08-8.20 (2H, m, H(5'), H(¢")), 8.39 (1H, d, | = 6.8 Hz, H(4')), 8.79
(2H, m, H(3'), H(8')), 11.12 (1H, dd, H(1’)). 3C NMR (CDCl3): 5 = 14.1 (C(6)), 22.3 (C(5)),
259 (C(3)), 31.2 (C(2)), 31.9 (C(4)), 61.7 (C(1)), 126.3 (C(8))), 127.1 (C(5")), 127.9 (C(8a")),
131.3 (C(6")), 131.4 (C(7')), 134.4 (C(4")), 137.1 (C(3")), 137.3 (C(4a")), 150.5 (C(1)).

2-Octylisoquinolin-2-ium bromide (3b). Synthesized according to the general pro-
cedure A. Brownish solid. 1 = 85%. 'H NMR (CDCls): 5 = 0.84 (3H, ¢t, ] = 6.9 Hz, H(8)),
1.13-1.49 (10H, m, H(3)-H(7)), 2.05-2.19 (2H, m, H(2)), 5.09 2H, t, ] = 7.4 Hz, H(1)), 7.95 (1H,
ddd, ] =8.2,6.5,1.6 Hz, H(7")), 8.07-8.20 (2H, m, H(5'), H(¢')), 8.37 (1H, d, ] = 6.8 Hz, H(4")),
8.77 2H, m, H(3'), H(8)), 11.16 (1H, dd, H(1’)). 13C NMR (CDCl3): § = 14.1 (C(8)), 22.6 (C(7)),
262 (C(3)), 29.0 (C(5)), 29.1 (C(4)), 31.7 (C(2)), 32.0 (C(6)), 61.7 (C(1)), 126.3 (C(8)), 127.1
(C(5)), 127.9 (C(8a")), 1314 (C(6)), 131.5 (C(7")), 134.3 (C(4)), 137.1 (C(3")), 137.3 (C(4a")),
150.6 (C(1')).

2-Decylisoquinolin-2-ium bromide (3¢c). Synthesized according to the general proce-
dure A. Brownish solid. 1 = 45%. 'H NMR (CDCl): § = 0.85 (3H, ¢, ] = 6.9 Hz, H(10)),
1.15-1.49 (14H, m, H(3)-H(9)), 2.06-2.21 (2H, m, H(2)), 5.09 (2H, t, ] = 7.4 Hz, H(1)), 7.95
(1H, ddd, ] = 8.2, 6.7, 1.4 Hz, H(7")), 8.08-8.20 (2H, m, H(5'), H(6')), 8.40 (1H, d, ] = 6.8 Hz,
H(4")), 8.74-8.84 (2H, m, H(3'), H(8")), 11.10 (1H, dd, H(1")). 13C NMR (CDCl;): § = 14.1
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(C(10)), 22.7 (C(9)), 26.2 (C(3)), 291 (C(7)), 292 (C(4)), 293 (C(6)), 294 (C(5)), 31.8 (C(2)),
319 (C(8)), 61.7 (C(1)), 126.2 (C(8")), 127.0 (C(5")), 128.0 (C(8a")), 131.4 (C(6")), 131.5 (C(7")),
1342 (C(4), 137.1 (C(3)), 137.3 (C(4a")), 150.8 (C(1')).

2-Dodecylisoquinolin-2-ium bromide (3d). Synthesized according to the general
procedure A. Brownish solid. 1 = 72%. 1H NMR (400 MHz, CDCl3): & = 0.86 (3H, ¢,
] =6.9 Hz, H(12)), 1.16-1.46 (18H, m, H(3)-H(11)), 2.05-2.18 (2H, m, H(2)), 5.08 2H, t, [ = 7.4
Hz, H(1)), 7.96 (1H, ddd, ] = 8.2, 6.7, 1.4 Hz, H(7")), 8.09-8.16 (2H, m, H(5'), H(¢")), 8.32 (1H,
d,]=6.8Hz H#)),8.64 (1H, dd, ] = 6.8, 1.5 Hz, H(8')), 8.79 (1H, dd, ] = 8.3, 1.0 Hz, H(3')),
11.14 (1H, s, H(1")). '*C NMR (101 MHz, CDCl3): § = 14.1 (C(12)), 22.6 (C(11)), 26.2 (C(3)),
29.1 (C(4)), 293 (C(6)), 29.3 (C(8)), 295 (C(7)), 296 (C(5), C(9)), 319 (C(2)), 31.9 (C(10)), 61.7
(C(1)), 126.2 (C(8")), 127.0 (C(5")), 127.9 (C(8a)), 131.3 (C(6")), 131.4 (C(7)), 134.3 (C(4),
137.1 (C(3")), 137.3 (C(4a")), 150.5 (C(1)).

2-Tetradecylisoquinolin-2-ium bromide (3e). Synthesized according to the general
procedure A. Brownish solid. 1 = 86%. 'H NMR (400 MHz, CDCl3): & = 0.86 (3H, t,
J = 6.9 Hz, H(14)), 1.14-1.47 (22H, m, H(3)-H(13)), 2.05-2.19 (2H, m, H(2)), 5.08 (2H, ¢,
J =7.4Hz, H(1)), 7.95 (1H, ddd, ] = 8.2, 6.5, 1.7 Hz, H(7')), 8.09-8.16 (2H, m, H(5'), H(6")),
837 (1H,d, ] = 6.8 Hz, H(4)), 8.73 (1H, d, ] = 6.8 Hz, H(8')), 8.78 (1H, dd, ] = 8.4, 1.0 Hz,
H(3")), 11.09 (1H, s, H(1")). 13C NMR (101 MHz, CDCl3): § = 14.1 (C(14)), 22.7 (C(13)), 26.2
(C(3)), 29.1 (C(4)), 29.3 (C(13)), 29.4 (C(10)), 29.5 (C(9)), 29.6 (C(5)), 29.6 (C(6)), 29.6 (C(7)),
29.7 (C(8)), 31.9 (C(2)), 31.9 (C(12)), 61.7 (C(1)), 126.2 (C(8")), 127.0 (C(5)), 127.9 (C(8a")),
131.4 (C(6")), 131.5 (C(7')), 134.2 (C(4")), 137.1 (C(3")), 137.3 (C(4a")), 150.6 (C(1)).

2-Hexadecylisoquinolin-2-ium bromide (3f). Synthesized according to the general
procedure B. Brownish solid. 11 = 81%. IH NMR (400 MHz, CDCl3): &6 = 0.87 (3H, t,
J = 6.9 Hz, H(16)), 1.15-1.46 (26H, m, H(3)-H(15)), 2.06-2.18 (2H, m, H(2)), 5.09 (2H, ¢,
J=7.4Hz, H(1)), 7.96 (1H, ddd, | = 8.2, 6.7, 1.4 Hz, H(7")), 8.09-8.16 (2H, m, H(5'), H(¢')),
8.32 (1H, d, ] = 6.8 Hz, H(4')), 8.65 (1H, dd, ] = 6.8, 1.4 Hz, H(8')), 8.78 (1H, dd, | = 8.3, 1.0,
H(3")), 11.16 (1H, s, H(1")). 13C NMR (101 MHz, CDCl3): § = 14.1 (C(16)), 22.7 (C(15)), 26.2
(C(3)), 291 (C(4)), 294 (C(13)), 29.5-29.7 (C(5)-C(12)), 31.9 (C(2), C(14)), 61.7 (C(1)), 126.1
(C(8)), 127.0 (C(5")), 1279 (C(8a")), 1314 (C(€)), 131.5 (C(7")), 134.2 (C(4)), 137.1 (C(3")),
137.2 (C(4a")), 150.7 (C(1')).

2-Octyldecylisoquinolin-2-ium bromide (3g). Synthesized according to the general
procedure B. Brownish solid. 1 = 98%. 'H NMR (400 MHz, CDCl3): § = 0.87 (3H, ¢,
] = 6.9 Hz, H(18)), 1.15-1.46 (30H, m, H(3)-H(17)), 2.07-2.18 (2H, m, H(2)), 5.09 (2H, ¢,
J=7.4Hz, H(1)),7.95 (1H, ddd, | = 8.2, 6.3, 1.8 Hz, H(7")), 8.09-8.17 (2H, m, H(5'), H(¢')),
8.36 (1H, d, ] = 6.8 Hz, H(4')), 8.72 (1H, dd, | = 6.8, 1.5 Hz, H(8')), 8.78 (1H, dd, ] = 8.4, 1.1 Hz,
H(3')), 11.12 (1H, s, H(1)). 13C NMR (101 MHz, CDCl3): § = 14.1 (C(18)), 22.7 (C(17)), 26.2
(C(3)), 291 (C(4)), 294 (C(15)), 29.5-29.9 (C(5)-C(14)), 31.9 (C(2), C(16)), 61.7 (C(1)), 126.1
(C(8)), 127.0 (C(5")), 127.9 (C(8a")), 131.4 (C(¢)), 131.5 (C(7")), 134.1 (C(4")), 137.1 (C(3")),
137.2 (C(4a”)), 150.7 (C(1')).

1-Hexyl-4-methylpyridin-1-ium bromide (4a). Synthesized according to the general
procedure A. Red oil. 1 = 93%. 'H NMR (CDCls): 6§ = 0.86 (3H, t, ] = 7.1 Hz, H(6)), 1.19-1.45
(6H, m, H(3)-H(5)), 1.94-2.12 (2H, m, H(2)), 2.68 (3H, s, H(7")), 490 (2H, t, ] = 7.4 Hz, H(1)),
7.92 (2H, d, ] = 6.7 Hz, H(3'), H(5')), 9.36 (2H, d, | = 6.7 Hz, H(2'), H(6')). 13C NMR (CDCl5):
5 =14.0 (C(6)), 22.3 (C(7")), 22.5 (C(5)), 25.8 (C(3)), 31.2 (C(2)), 31.9 (C(4)), 61.4 (C(1)), 129.0
(C(3), C(5")), 144.4 (C(2'), C(6")), 158.9 (C(4)).

4-Methyl-1-octylpyridin-1-ium bromide (4b). Synthesized according to the general
procedure A. Red oil. n = 78%. THNMR (CDCl3): & = 0.86 (3H, t, ] = 6.9 Hz, H(8)), 1.15-1.44
(10H, m, H(3)-H(7)), 1.94-2.08 (2H, m, H(2)), 2.68 (3H, s, H(7")), 491 (2H, t, ] = 7.4 Hz, H(1)),
791 (2H, d, ] = 6.7 Hz, H(3'), H(5')), 9.34 (2H, d, ] = 6.7 Hz, H(2), H(6')). 3C NMR (CDCl3):
5 =14.1(C(8)), 22.3 (C(7"), 22.6 (C(7)), 26.1 (C(3)), 29.0 (C(5), C(4)), 31.7 (C(2)), 31.9 (C(6)),
61.4 (C(1)), 1289 (C(3'), C(5)), 144.4 (C(2'), C(6")), 158.9 (C(4')).

1-Decyl-4-methylpyridin-1-ium bromide (4c). Synthesized according to the general
procedure A. Red oil. n = 98%. ITH NMR (CDCl3): 6 = 0.87 (3H, ¢t, ] = 6.9 Hz, H(10)), 1.12-1.45
(14H, m, H(3)-H(9)), 1.94-2.10 (2H, m, H(2)), 2.68 (3H, s, H(7")), 491 (2H, t, ] = 7.4 Hz, H(1)),
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7.90 (2H, d, ] = 6.7 Hz, H(3'), H(5')), 9.31 (2H, d, ] = 6.7 Hz, H(2'), H(6')). '3C NMR (CDCl;):
5 =14.1 (C(10)), 22.3 (C(7")), 22.7 (C(9)), 26.1 (C(3)), 29.1 (C(7)), 29.3 (C(6)), 29.4 (C(5)), 29.5
(C(4)), 31.8 (C(2)), 31.9 (C(8)), 61.4 (C(1)), 128.9 (C(3"), C(5")), 144.4 (C(2), C(6")), 158.9 (C(4)).

1-Dodecyl-4-methylpyridin-1-ium bromide (4d). Synthesized according to the general
procedure A. Brownish foam. n = 74%. IH NMR (400 MHz, CDCl3): & = 0.87 (3H, t,
] = 6.8 Hz, H(12)), 1.16-1.42 (18H, m, H(3)-H(11)), 1.96-2.07 (2H, m, H(2)), 2.68 (3H, s, H(7")),
490 (2H,t,] =74 Hz, H(1)),7.91 (2H, d, ] = 6.3 Hz, H(3'), H(5')),9.31 (2H, d, ] = 6.6 Hz, H(2'),
H(6")). 3C NMR (101 MHz, CDCly): § = 14.1 (C(12)), 22.3 (C(7')), 22.7 (C(11)), 26.1 (C(3)),
29.1(C(4)), 293 (C(9)), 29.4 (C(5)), 295 (C(6)), 296 (C(7), C(8)), 319 (C(2)), 31.9 (C(10)), 61.3
(C(1)), 128.9 (C(3"), C(5)), 144.3 (C(2), C(6')), 158.8 (C(4)).

4-Methyl-1-tetradecylpyridin-1-ium bromide (4e). Synthesized according to the gen-
eral procedure A. Brownish foam. n = 79%. 'H NMR (400 MHz, CDCl3): § = 0.87 (3H, t,
] = 6.8 Hz, H(14)), 1.16-1.41 (22H, m, H(3)-H(13)), 1.96-2.06 (2H, m, H(2)), 2.67 (3H, s, H(7")),
490 (2H, t, ] =7.4Hz, H(1)),7.90 (2H, d, ] = 6.3 Hz, H(3'), H(5')), 9.29 (2H, d, ] = 6.7 Hz, H(2'),
H(6')). 13C NMR (101 MHz, CDCl3): & = 14.1 (C(14)), 22.3 (C(7")), 22.7 (C(13)), 26.1 (C(3)),
29.1 (C(4)), 29.3 (C(11)), 29.4 (C(9)), 29.5 (C(8)), 29:6 (C(3)), 29.6 (C(6), C(7)), 29.7 (C(10)),
31.8 (C(2)), 319 (C(12)), 61.3 (C(1)), 128.8 (C(3'), C(5)), 144.2 (C(2'), C(6")), 158.8 (C(4)).

1-Hexadecyl-4-methylpyridin-1-ium bromide (4f). Synthesized according to the gen-
eral procedure B. Brownish foam. n = 97%. 'H NMR (400 MHz, CDCl3): § = 0.87 (3H, ¢,
] = 6.8 Hz, H(16)), 1.19-1.41 (26H, m, H(3)-H(15)), 1.94-2.06 (2H, m, H(2)), 2.68 (3H, s, H(7")),
491 2H, t, ] = 7.4 Hz, H(1)), 7.87 (2H, d, ] = 6.3 Hz, H(3'), H(5')), 9.26 (2H, d, ] = 6.7 Hz,
H(2'), H(6')). 3C NMR (101 MHz, CDCl3): 5 = 14.1 (C(16)), 22.3 (C(7")), 22.7 (C(15)), 26.1
(C(3)), 29.1 (C(4)), 29.4 (C(13)), 29.5-29.7 (C(5)-C(12)), 31.9 (C(2)), 31.9 (C(14)), 614 (C(1)),
128.8 (C(3'), C(5')), 144.2 (C(2), C(6")), 158.8 (C(4")).

4-Methyl-1-octadecylpyridin-1-ium bromide (4g). Synthesized according to the gen-
eral procedure B. Brownish foam. n = 90%. I'H NMR (400 MHz, CDCl3): = 0.87 (3H, ¢,
J = 6.8 Hz, H(18)), 1.17-1.40 (30H, m, H(3)-H(17)), 1.95-2.05 (2H, m, H(2)), 2.67 (3H, s, H(7")),
492 (2H, t, ] =74 Hz, H(1)), 7.89 2H, d, ] = 6.2 Hz, H(3'), H(5)), 9.31 (2H, d, ] = 6.7 Hz,
H(2'), H(6')). 3C NMR (101 MHz, CDCl3): § = 14.1 (C(18)), 22.3 (C(7")), 22.7 (C(17)), 26.1
(C(3)), 29.1 (C(4)), 29.3 (C(15)), 29.4-29.7 (C(5)-C(14)), 31.8 (C(2)), 31.9 (C(16)), 61.3 (C(1)),
128.8 (C(3'), C(5')), 144.2 (C(2'), C(6")), 158.8 (C(4')).

1-Hexylquinolin-1-ium bromide (5a). Synthesized according to the general procedure
A. Dark-red solid. 1 = 78%. 'H NMR (CDCls): 0.87 (3H, ¢, ] = 7.1 Hz, H(6)), 1.24-1.41 (4H,
m, H(4), H(5)), 1.45-1.61 (2H, m, H(3)), 2.05-2.19 (2H, m, H(2)), 542 (2H, t, ] = 7.6 Hz, H(1)),
7.98 (1H, ddd, ] = 8.0, 7.0, 1.0 Hz, H(¢')), 8.19-8.25 (2H, m, H(3'), H(7")), 8.31-8.38 (2H, m,
H(5'), H(8")), 9.06 (1H, d, ] = 8.3 Hz, H(2')), 10.64 (1H, dd, ] = 5.9, 1.4 Hz, H(4')). 13C NMR
(CDCl): & =13.9 (C(6)), 22.4 (C(5)), 26.2 (C(3)), 30.4 (C(2)), 31.2 (C(4)), 58.2 (C(1)), 118.4
(C(8),122.7 (C(3)), 130.0 (C(4a")), 130.2 (C(6")), 131.2 (C(5")), 136.0 (C(7")), 137.7 (C(8a")),
147.3 (C(2')), 1506 (C(4)).

1-Octylquinolin-1-ium bromide (5b). Synthesized according to the general procedure
A. Dark-red solid. 1 = 85%. 'H NMR (CDCl;): § = 0.84 (3H, t, ] = 7.1 Hz, H(8)), 1.16-1.40
(8H, m, H(4)-H(7)), 1.46-1.58 (2H, m, H(3)), 2.05-2.16 (2H, m, H(2)), 5.43 (2H, t, ] = 7.6 Hz,
H(1)), 7.97 (1H, ddd, ] = 8.0, 7.0, 0.9 Hz, H(¢")), 8.18-8.26 (2H, m, H(3'), H(7')), 8.33-8.40
(2H, m, H(5'), H(8")),9.10 (1H, d, ] = 8.3 Hz, H(2)), 10.61 (1H, dd, ] = 5.8, 1.4 Hz, H(#')). 13C
NMR (CDClg): & = 14.0 (C(8)), 22.6 (C(7)), 26.5 (C(3)), 29.0 (C(5)), 29.1 (C(4)), 30.5 (C(2)),
31.7 (C(6)), 58.2 (C(1)), 118.3 (C(8")), 122.8 (C(3")), 130.0 (C(4a")), 130.1 (C(6")), 131.1 (C(5)),
1359 (C(7")),137.7 (C(8a")), 146.8 (C(2')), 151.0 (C(4')).

1-Decylquinolin-1-ium bromide (5¢). Synthesized according to the general procedure
A. Dark-red solid. n = 45%. '"H NMR (CDCl3): § = 0.85 (3H, t, ] = 7.1 Hz, H(10)), 1.15-1.40
(12H, m, H(4)-H(9)), 1.45-1.57 (2H, m, H(3)), 2.06-2.16 (2H, m, H(2)), 5.43 (2H, ¢, ] = 7.6 Hz,
H(1)), 7.97 (1H, ddd, ] = 8.0, 7.0, 0.9 Hz, H(¢')), 8.18-8.25 (2H, m, H(3'), H(7")), 8.34-8.40 (2H,
m, H(5'), H(8")),9.11 (1H, d, ] = 8.4 Hz, H(2)), 10.61 (1H, dd, ] = 5.9, 1.4 Hz, H(4')). 13C NMR
(CDCly): & = 14.1 (C(10)), 22.6 (C(9)), 26.5 (C(3)), 29.2 (C(7), (C(4)), 294 (C(6)), 29.5 (C(5)),
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30.5 (C(2)), 31.8 (C(8)), 58.2 (C(1)), 118.3 (C(8")), 122.7 (C(3)), 130.0 (C(4a")), 130.1 (C(&)),
131.2 (C(5")), 135.9 (C(7")), 137.7 (C(8a")), 147.1 (C(2')), 150.8 (C(4")).

1-Dodecylquinolin-1-ium bromide (5d). Synthesized according to the general proce-
dure A. Brownish solid. 1 = 82%. 'H NMR (400 MHz, CDCl3): 6 = 0.86 (3H, t,] = 7.1 Hz,
H(12)), 1.17-1.40 (16H, m, H(4)-H(11)), 1.45-1.61 (2H, m, H(3)), 2.06-2.15 (2H, m, H(2)),
542 (2H, t, ] = 7.7 Hz, H(1)), 7.98 (1H, ddd, | = 8.0, 7.0, 0.9 Hz, H(¢')), 8.19-8.26 (2H, m,
H(3'), H(7")), 8.36-8.42 (2H, m, H(5'), H(8')), 9.15 (1H, d, ] = 8.4 Hz, H(2')), 10.54 (1H, dd,
J=5.8,1.4Hz, H#)). 3C NMR (101 MHz, CDCl3): = 14.1 (C(12)), 22.7 (C(11)), 26.5 (C(3)),
29.2 (C(4)), 293 (C(9)), 29.3 (C(8)), 295 (C(7)), 29-6 (C(5), C(6)), 30.4 (C(2)), 31.9 (C(10)), 58.2
(C(1)), 1183 (C(8")), 122.7 (C(3")), 130.0 (C(4a")), 130.1 (C(6")), 131.1 (C(5")), 135.9 (C(7")),
137.7 (C(8a’")), 147.1 (C(2')), 150.7 (C(4")).

1-Tetradecylquinolin-1-ium bromide (5e). Synthesized according to the general proce-
dure A. Brownish solid. n = 83%. 'H NMR (400 MHz, CDCl): & = 0.86 (3H, t,] = 7.1 Hz,
H(14)), 1.17-1.40 (20H, m, H(4)-H(13)), 1.45-1.62 (2H, m, H(3)), 2.06-2.17 (2H, m, H(2)), 5.43
(2H, t, ] =7.6 Hz, H(1)), 7.97 (1H, ddd, ] = 8.3, 6.9, 0.9 Hz, H(6')), 8.18-8.26 (2H, m, H(3'),
H(7")), 8.34-8.43 (2H, m, H(5'), H(8')), 9.13 (1H, d, ] = 8.2 Hz, H(2')), 10.57 (1H, dd, ] = 5.5,
1.4 Hz, H(4')). 13C NMR (101 MHz, CDCl3): 6 = 14.1 (C(14)), 22.7 (C(13)), 26.5 (C(3)), 29.2
(C(4)), 29.3 (C(11)), 294 (C(10)), 29.5 (C(9)), 29.6 (C(7), 29.6 (C(8)), 29.6 (C(6)), 29.7 (C(5)),
305 (C(2)), 31.9 (C(12)), 58.2 (C(1)), 118.3 (C(8")), 122.8 (C(3')), 130.0 (C(4a")), 130.1 (C(6')),
131.1 (C(5")), 135.9 (C(7")), 137.7 (C(8a")), 147.1 (C(2')), 150.8 (C(4)).

1-Hexadecylquinolin-1-ium bromide (5f). Synthesized according to the general proce-
dure B. Brownish solid. 1 = 68%. 'H NMR (400 MHz, CDCl3): § = 0.87 (3H, t, ] = 7.1 Hz,
H(16)), 1.17-1.40 (24H, m, H(4)-H(15)), 1.46-1.57 (2H, m, H(3)), 2.06-2.15 (2H, m, H(2)), 5.43
(2H, t, ] =7.6 Hz, H(1)), 7.97 (1H, ddd, ] = 8.0, 7.0, 0.9 Hz, H(¢')), 8.19-8.25 (2H, m, H(3'),
H(7")), 8.35-8.41 (2H, m, H(5'), H(8')), 9.13 (1H, d, ] = 8.4 Hz, H(2')), 10.57 (1H, dd, ] = 5.9,
1.4 Hz, H4')). 3C NMR (101 MHz, CDCl3): § = 14.1 (C(16)), 22.7 (C(15)), 26.5 (C(3)), 29.2
(C(4)), 29.3 (C(13)), 29.4-29.7 (C(5)-C(12)), 30.5 (C(2)), 31.9 (C(14)), 58.2 (C(1)), 118.3 (C(8),
122.7 (C(3')), 130.0 (C(4a"), 130.1 (C(6")), 131.1 (C(5)), 135.9 (C(7)), 137.7 (C(8a’)), 147.0
(C(2)), 150.8 (C(4)).

1-Octadecylquinolin-1-ium bromide (5g). Synthesized according to the general proce-
dure B. Brownish solid. 1 = 65%. 'H NMR (400 MHz, CDCls): & = 0.88 (3H, ¢, ] = 6.8 Hz,
H(18)), 1.16-1.41 (28H, m, H(4)-H(17)), 1.46-1.58 (2H, m, H(3)), 2.06-2.16 (2H, m, H(2)), 5.42
(2H, t, ] = 7.6 Hz, H(1)), 7.97 (1H, ddd, ] = 8.0, 7.0, 0.9 Hz, H(6')), 8.18-8.25 (2H, m, H(3'),
H(7")), 8.33-8.40 (2H, m, H(5'), H(8')), 9.10 (1H, d, ] = 8.3 Hz, H(2')), 10.59 (1H, dd, ] = 5.7,
1.4 Hz, H#')). 3C NMR (101 MHz, CDCl3): & = 14.1 (C(18)), 22.7 (C(17)), 26.5 (C(3)), 29.2
(C(4)), 29.3 (C(15)), 29.4-29.7 (C(5)-C(14)), 30.5 (C(2)), 31.9 (C(16)), 58.2 (C(1)), 118.3 (C(8")),
122.7 (C(3')), 130.0 (C(4a"), 130.1 (C(6")), 131.1 (C(5)), 135.9 (C(7)), 137.7 (C(8a’)), 147.0
(C(2)), 150.8 (C(4)).

1-Hexylpyridin-1-ium bromide (6a). Synthesized according to the general procedure
A. Pale yellow viscous oil. 1 = 98%. 'H NMR (CDCl): § = 0.87 (3H, t, ] = 7.1 Hz, H(6)),
1.20-1.46 (6H, m, H(3)-H(5)), 2.00-2.12 (2H, m, H(2)), 5.01 (2H, ¢, ] = 7.5 Hz, H(1)), 8.18
(2H, dd, ] =7.8, 6.5 Hz, H(3'), H(5')), 8.56 (1H, tt,] = 7.8, 1.4 Hz, H(4')), 9.56 (2H, dd, | = 6.5,
1.4 Hz, H(2'), H(6')). *CNMR (CDCL): § = 13.9 (C(6)), 22.4 (C(5)), 25.7 (C(3)), 31.1 (C(2)),
32.0 (C(4)), 62.1 (C(1)), 128.5 (C(3), C(5")), 145.2 (C(2'), C(4') and C(6")).

1-Octylpyridin-1-ium bromide (6b). Synthesized according to the general procedure
A. Pale yellow viscous oil. 1 = 99%. 'H NMR (CDCl3): 5 = 0.85 (3H, t, ] = 7.1 Hz, H(8)),
1.15-1.46 (10H, m, H(3)-H(7)), 1.93-2.13 (2H, m, H(2)), 5.02 (2H, t, ] = 7.5 Hz, H(1)), 8.16
(2H, dd, ] = 7.8, 6.5 Hz, H(3'), H(5)), 8.54 (1H, tt,] = 7.8, 1.4 Hz, H(4')), 9.52 2H, dd, ] = 6.5,
1.4 Hz, H(2"), H(6')). "C NMR (CDCly): § = 14.1 (C(8)), 22.6 (C(7)), 26.1 (C(3)), 29.0 (C(5),
C(4)), 317 (C(2)), 32.0 (C(6)), 62.2 (C(1)), 128.5 (C(3), C(5")), 145.1 (C(2'), C(4') and C(6")).

1-Decylpyridin-1-ium bromide (6¢). Synthesized according to the general procedure
A. Pale yellow viscous oil. 1 = 99%. 'H NMR (CDCl3): § = 0.86 (3H, t, ] = 7.1 Hz, H(10)),
1.17-1.44 (14H, m, H(3)-H(9)), 1.96-2.09 (2H, m, H(2)), 5.01 2H, t, ] = 7.5 Hz, H(1)), 8.17
(2H, dd, ] =7.8,6.7 Hz, H(3'), H(5)), 8.54 (1H, tt,] = 7.8, 1.4 Hz, H(4')), 9.51 2H, dd, [ = 6.7,
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1.4 Hz, H(2'), H(6)). ®C NMR (CDCLy): § = 14.1 (C(10)), 22.7 (C(9)), 26.1 (C(3)), 29.1 (C(7)),
292 (C(6)), 29.3 (C(5)), 29.4 (C(4)), 31.8 (C(2)), 32.0 (C(8)), 622 (C(1)), 128.4 (C(3"), C(¥)),
1451 (C(2), C(#') and C(6)).

1-Dodecylpyridin-1-ium bromide (6d). Synthesized according to the general procedure
B. White foam. n = 98%. 'H NMR (400 MHz, CDCl;): & = 0.87 (3H, t, ] = 6.8 Hz, H(12)),
1.18-1.44 (18H, m, H(3)-H(11)), 1.99-2.14 (2H, m, H(2)), 5.01 2H, ¢, ] = 7.4 Hz, H(1)), 8.17
(2H, dd, ] =7.7,6.3 Hz, H(3'), H(5')), 8.54 (1H, dddd, ] =7.7,7.7, 1.4, 1.4 Hz, H(4')), 9.53 (2H,
dd, ] = 6.3,1.4 Hz, H(2'), H(6')). *C NMR (101 MHz, CDCl3): & = 14.1 (C(12)), 22.6 (C(11)),
26.1 (C(3)), 29.1 (C(4)), 29.3 (C(9)), 29.3 (C(7)), 29.5 (C(6)), 296 (C(5), C(8)), 31.9 (C(2)), 32.0
(C(10)), 62.1 (C(1)), 1285 (C(3), C(5")), 145.1 (C(4)), 145.2 ((C(2') and C(6")).

1-Tetradecylpyridin-1-ium bromide (6e). Synthesized according to the general pro-
cedure B. White foam. 1 = 98%. 'H NMR (400 MHz, CDCl3): & = 0.87 (3H, t, ] = 6.8 Hz,
H(14)), 1.18-1.43 (22H, m, H(3)-H(13)), 2.00-2.10 (2H, m, H(2)), 5.02 (2H, ¢, ] = 7.5 Hz, H(1)),
8.15 (2H, dd, ] = 7.8, 6.7 Hz, H(3'), H(5')), 8.53 (1H, dddd, ] = 7.8, 7.8, 1.3, 1.3 Hz, H(4')),
9.50 (2H, dd, ] = 6.7, 1.3 Hz, H(2'), H(6')). 1*C NMR (101 MHz, CDCl3): § = 14.1 (C(14)),
22.7(C(13)), 26.1 (C(3)), 291 (C(4), 294 (C(10)), 29.5 (C(9)), 296 (C(8)), 29.6 (C(5), C(6)), 29.7
(C(?), C(11)), 319 (C(2)), 32.0 (C(12)), 622 (C(1)), 128.4 (C(3), C(5")), 145.1 (C(4)), 1452
(C(2") and C(6")).

1-Hexadecylpyridin-1-ium bromide (6f). Synthesized according to the general pro-
cedure B. White foam. 1 = 97%. 'H NMR (400 MHz, CDCl3): § = 0.87 (3H, t, ] = 6.8 Hz,
H(16)), 1.19-1.43 (26H, m, H(3)-H(15)), 1.99-2.10 (2H, m, H(2)), 5.02 (2H, t, ] = 7.4 Hz, H(1)),
8.15 (2H, dd, ] = 7.8, 6.7 Hz, H(3'), H(5")), 8.53 (1H, tt, ] = 7.8, 1.4 Hz, H(4")), 9.50 (2H, dd,
] =6.7,1.4 Hz, H2'), H(6)). 13C NMR (101 MHz, CDCl3): § = 14.1 (C(16)), 22.7 (C(15)), 26.1
(C(3)), 291 (C(4)), 294 (C(13)), 29.5-29.7 (C(5)-C(12)), 31.9 (C(2)), 32.0 (C(14)), 62.2 (C(1)),
1284 (C(3'), C(5")), 145.1 (C(4")), 145.2 (C(2') and C(6")).

1-Octadecylpyridin-1-ium bromide (6g). Synthesized according to the general pro-
cedure B. White foam. 1 = 98%. 'H NMR (400 MHz, CDCl3): 6 = 0.87 (3H, t, ] = 6.8 Hz,
H(18)), 1.18-1.43 (30H, m, H(3)-H(17)), 1.99-2.09 (2H, m, H(2)), 5.02 (2H, t, ] = 7.4 Hz, H(1)),
8.15 (2H, dd, ] = 7.8, 6.7 Hz, H(3'), H(5")), 8.53 (1H, tt, ] = 7.8, 1.4 Hz, H(4")), 9.50 (2H, dd,
] =6.7,1.4 Hz, H(2'), H(6')). 3C NMR (101 MHz, CDCl3): 6 = 14.1 (C(18)), 22.7 (C(17)), 26.1
(C(3)), 29.1 (C(4)), 294 (C(15)), 29.5-29.7 (C(5)-C(14)), 31.9 (C(2)), 32.0 (C(16)), 62.2 (C(1)),
1284 (C(3'), C(5")), 145.1 (C(4)), 145.2 (C(2') and C(6")).

Synthesis of Triethylammonium Salts

Triethylamine (1.2 eq.), 4 mL of acetonitrile, and the appropriate bromoalkane (0.5 mL,
1 eq.) were added to a hermetically sealed vessel. The reaction mixture was stirred and
heated at 85 °C for 48 h. Acetonitrile was evaporated, and the crude product was poured
into water (15 mL) and extracted with diethyl ether (2 x 5 mL). The aqueous phase was
concentrated, and the solvent was evaporated under reduced pressure. The synthetic
procedure was adapted from the literature [82].

N,N,N-Triethylhexan-1-aminium bromide (7a). White foam. 1 = 77%.'H NMR (CDCl3):
§ =0.90 (3H, t, ] = 7.1 Hz, H(6)), 1.26-1.49 (6H, m, H(3)-H(5)), 1.40 (9H, ¢, | = 7.3 Hz,
3 x H(2")), 1.63-1.77 (2H, m, H(2)), 3.19-3.39 (2H, m, H(1)), 3.53 (6H, ¢4, ] = 7.3 Hz, 3 x H(1')).
PCNMR (CDCly): § =82 (3 x C(2)), 14.0 (C(6)), 22.2 (C(5)), 22.4 (C(3)), 26.2 (C(2)), 31.2
(C(4)),53.7 (3 x C(1)), 57.7 (C(1)).

N,N,N-Triethyloctan-1-aminium bromide (7b). White foam. 1 = 84%.'H NMR (CDCl3):
5=0.88 (3H, t, ] = 6.9 Hz, H(8)), 1.17-1.49 (10H, m, H(3)-H(7)), 1.40 (9H, t, ] = 7.3 Hz,
3 x H(2')), 1.62-1.78 (2H, m, H(2)), 3.25-3.30 (2H, m, H(1)), 3.52 (6H, q, ] = 7.3 Hz, 3 x H(1')).
I3C NMR (CDCl3): 6 =8.2 (3 x C(2)), 14.0 (C(8)), 22.1 (C(7)), 22.6 (C(2)), 26.5 (C(3)), 29.1
(C(5)), 29.2 (C(4)), 31.8 (C(6)), 53.7 (3 x C(1")), 57.7 (C(1)).

N,N,N-Triethyldecan-1-aminium bromide (7c). White foam. n = 81%.H NMR (CDCls):
5=0.88 B3H, ¢, ] = 6.9 Hz, H(10)), 1.18-1.50 (14H, m, H(3)-H(9)), 1.40 (9H, ¢, ] = 7.3 Hz,
3 x H(2')), 1.63-1.77 (2H, m, H(2)), 3.10-3.32 (2H, m, H(1)), 3.53 (6H, m, ] = 7.3 Hz, 3 x H(1')).
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BC NMR (CDCls): 8 =82 (3 x C(2)), 14.1 (C(10)), 22.1 (C(9)), 22.7 (C(2)), 26.5 (C(3)), 29.2
(C(7), C(4)), 29.4 (C(5)), 31.8 (C(8)), 53.6 (3 x C(1")), 57.6 (C(1)).

N,N,N-Triethyldodecan-1-aminium bromide (7d). White foam. n = 62%. TH NMR
(400 MHz, CDCl3): 4 = 0.87 (3H, ¢, ] = 6.9 Hz, H(12)), 1.21-1.48 (18H, m, H(3)-H(11)), 1.41
(9H, t, ] = 7.3 Hz, 3 x H(2")), 1.64-1.76 (2H, m, H(2)), 3.13-3.31 (2H, m, H(1)), 3.52 (6H, g,
J=7.3Hz,3 x H(1")). 3C NMR (101 MHz, CDCl3): 5 = 8.2 (3 x C(2)), 14.1 (C(12)), 22.1
(C(11)), 22.7 (C(2)), 26.5 (C(3)), 29.2 (C(4)), 29.3 (C(9)), 29.4 (C(7)), 29.5 (C(8)), 29.6 (C(5),
C(6)), 31.9 (C(10)), 53.7 (3 x C(1')), 57.6 (C(1)).

N,N,N-Triethyltetradecan-1-aminium bromide (7e). White foam. 1 = 42%. 1H NMR
(400 MHz, CDCl3): & = 0.88 (3H, t, | = 6.9 Hz, H(14)), 1.21-1.48 (22H, m, H(3)-H(13)), 1.40
(9H, t, ] = 7.3 Hz, 3 x H(2")), 1.64-1.76 (2H, m, H(2)), 3.11-3.32 (2H, m, H(1)), 3.52 (6H, g,
] =7.3Hz, 3 x H(1")). ¥C NMR (101 MHz, CDCl3): 5 = 8.2 (3 x C(2')), 14.1 (C(14)), 22.1
(C(13)), 22.7 (C(2)), 26.5 (C(3)), 29.2 (C(4)), 29.4 (C(11)), 29.4 (C(9)), 29.5 (C(10)), 29.6 (C(7)),
29.6 (C(8)), 29.7 (C(5), C(6)), 31.9 (C(12)), 53.6 (3 x C(1')), 57.6 (C(1)).

N,N,N-Triethylhexadecan-1-aminium bromide (7f). White foam. n = 55%. 'H NMR
(400 MHz, CDCl3): 6 = 0.88 (3H, ¢, ] = 6.9 Hz, H(16)), 1.19-1.46 (26H, m, H(3)-H(15)), 1.40
(9H, t, ] = 7.3 Hz, 3 x H(2")), 1.63-1.75 (2H, m, H(2)), 3.20-3.31 (2H, m, H(1)), 3.52 (6H, g,
J=7.3Hz, 3 x H(1")). 3C NMR (101 MHz, CDCl3): 5 = 8.2 (3 x C(2)), 14.1 (C(16)), 22.1
(C(19)), 22.7 (C(2)), 26.5 (C(3)), 29.2 (C(4)), 29.4 (C(13)), 29.4-29.7 (C(5)-C(12)), 31.9 (C(14)),
53.7 (3 x C(1)), 57.6 (C(1)).

N,N,N-Triethyloctadecan-1-aminium bromide (7g). White foam. 1 = 91%. 'H NMR
(400 MHz, CDCl3): 6 = 0.87 (3H, £, ] = 6.9 Hz, H(18)), 1.20-1.46 (30H, m, H(3)-H(17)), 1.40
(9H, t, ] = 7.3 Hz, 3 x H(2')), 1.64-1.76 (2H, m, H(2)), 3.18-3.32 (2H, m, H(1)), 3.52 (6H, g,
J=7.3Hz, 3 x H(1")). 3C NMR (101 MHz, CDCl3): 5§ = 8.2 (3 x C(2')), 14.1 (C(18)), 22.1
(C(17)), 22.7 (C(2)), 26.5 (C(3)), 29.2 (C(4)), 29.4 (C(15)), 29.4-29.7 (C(5)-C(14)), 31.9 (C(16)),
53.7 (3 x C(1")), 57.6 (C(1)).

3.1.3. Evaluation of the Chromatographic Hydrophobicity Index

The chromatographic hydrophobicity index (CHI) values were determined using the
retention times (tr) of the samples under study and of a mixture of standard compounds
on a UHPLC NEXERA SERIES LC-40 with a Luna C18 (2) column of 150 x 4.6 mm, 5 um
(Phenomenex, Torrance, CA, USA). Stock solutions of the test compounds (10 mM) were pre-
pared in dimethyl sulfoxide (DMSO, 99.9%; Carlo Erba) and diluted in acetonitrile/water
(1:1) to obtain a final concentration of 500 uM. The mobile phase A was 1.0% (v/v) aqueous
acetic acid solution (pH = 2.6), and the mobile phase B was acetonitrile. The following
gradient programme was applied: 1-7 min 0-100% B, 7-17 min 100% B, 17-19 min 100-0%
B, 1 mL/min flow; rt, injection volume 40 pL.

A calibration line was obtained using a mixture of the following compounds: benz-
imidazole, theophylline, paracetamol, caffeine, colchicine, carbamazepine, indole, propio-
phenone, butyrophenone, valerophenone, and heptanophenone (Table S1 and Figure S50,
Supplementary Materials). The experimental CHI values of the compounds tested at pH
2.6 were then converted to the logarithm of octanol/water partition coefficient (CHI LogP)
values using Equation (1) [40,41].

CHI LogP = 0.047 x CHI + 0.36 x HBC — 1.10 (1)
where HBC is the hydrogen bond donor count.

3.2. Microbiological Studies
3.2.1. Preparation of the Quaternary Ammonium and Phosphonium Salts

Stock solutions of triethylammonium salts were prepared in sterile distilled water
(DW) under aseptic conditions. For the other compounds, dimethyl sulfoxide (DMSO;
VWR, Fontenay-sous-Bois, France) was used as the solvent. The percentage of DMSO in
the final solutions never exceeded 10% (v/v).
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3.2.2. Bacterial Strains and Culture Conditions

S. aureus CECT 976, obtained from the Spanish Type Culture Collection, was used as
the standard susceptibility testing control strain. This strain has been previously employed
in diverse studies to validate the antimicrobial effects of novel molecules [45,83]. Additional
antibiotic-resistant strains, S. aureus XU212, SA1199B, and RN4220, generously provided by
S. Gibbons (University College London, London, UK) were tested. The RN4220 strain ex-
hibits resistance to 14- and 15-membered macrolides, including erythromycin, and harbours
multi-copies of plasmid pUL5054, which carries the gene encoding the MsrA macrolide
efflux protein. The SA1199B strain is characterized by its resistance to fluoroquinolones
due to the overexpression of the NorA efflux pump and its ciprofloxacin resistance. The
XU212 strain possesses the TetK efflux pump and is additionally an MSRA strain [83].

All bacterial strains were cryopreserved at —80 °C in a mixture of Mueller-Hinton broth
(MHB; Merck) and 30% (v/v) glycerol. Prior to testing, the strains were sub-cultured on Plate
Count Agar (PCA; VWR, Leuven, Belgium) and incubated at 37 °C for 24 h. Single colonies
were then inoculated in 50 mL MHB and grown at 37 °C with agitation (150 rpm; INCU-Line
IL 150R) until the logarithmic (exponential growth) phase was reached (=216-18 h). These
cultures were used for each experiment.

3.2.3. Evaluation of Minimum Inhibitory Concentration and Minimum
Bactericidal Concentration

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) values of all QHSs were determined by the broth microdilution method, according
to the approved M7-A7 (aerobes) standards of the Clinical and Laboratory Standards
Institute (CLSI) guidelines [45]. Overnight cell cultures of S. aureus, in the exponential
phase of growth, were adjusted to an optical density (OD) of 0.132 & 0.02 (A = 600 nm).
Then, a volume of 180 uL of the cell suspension was added to sterile, flat, clear-bottomed
polystyrene (PS) 96-well microtiter plates (VWR—Radnor, PA, USA), already containing
20 uL of each QHS under study at concentrations ranging from 0.0625 to 64 ug/mL. In
the end, the volume of each compound never exceeded 10% (v/v) of the well volume.
Microtiter plates were then incubated for 24 h at 37 °C under agitation (150 rpm; INCU-
Line IL 150R incubator). Absorbance measurements were performed at the beginning
(t =0h) and end (f = 24 h) of the incubation period using a microtiter plate absorbance
reader (BMG LABTECH FLUOstar Omega). Bacterial suspensions with DMSO and without
QHSs were used as negative controls. The MIC was defined as the lowest concentration of
the compound at which no bacterial growth was detected (i.e., the final OD was equal to or
lower than the initial OD). All tests were performed with six replicates and a minimum of
three independent repeats.

After MIC determination, a volume of 10 puL of each concentration tested for MIC
assessment was plated out on PCA. Plates were incubated at 37 °C for 24 h, and growth was
visually inspected. The MBC was determined as the lowest concentration of compound in
which the total inhibition of growth on solid medium was observed (no colony forming
units (CFUs) were detected). All tests were performed in triplicate, and with a minimum of
three independent repeats.

3.2.4. Antimicrobial Susceptibility Test: Dose—Response

A quantitative suspension test to explore the dose-response relationships of QHSs
by evaluating bactericidal activity was performed [84]. For this method, overnight grown
cultures were centrifuged (VWR Mega Star 600R) at 3772 g for 10 min and washed twice
with phosphate-buffered saline (PBS; 1.44 g/L of sodium thiosulfate—Labkem, Barcelona,
Spain; 8 g/L of sodium chloride, 0.2 g/L of potassium chloride, and 0.24 g/L of potassium
dihydrogen phosphate—VWR, Leuven, Belgium) at pH 7.4. The collected cells were
resuspended in PBS and adjusted to an optical density (OD) of 0.132 £ 0.02 (A = 600 nm).
Afterwards, 100 pL of this cell suspension was aseptically transferred to 800 uL. of DW
and allowed to stand for 2 min. To this mixture, 100 uL of each QHS solution diluted
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in DMSO at the desired concentration was added. The dose-response evaluation took
place for 30 min at 37 °C. In the case of the negative control (untreated cells), the QHS
solution was replaced by an equal volume of DMSO or DW. At the end of the contact
time, QHS neutralization was performed through the dilution-neutralization method [84]
using a universal neutralizer (1 g/L L-histidine (Merck—Tokyo, Japan), 3 g/L lecithin (Alfa
Aesar—Karlsruhe, Germany), 5 g/L sodium thiosulphate (Labkem—Barcelona, Spain),
30 g/L saponin (VWR Chemicals—Leuven, Belgium), and 30 g/L polysorbate 80 (VWR
Chemicals—Le Havre, France) in 0.0025 M phosphate buffer). For neutralization, the test
blend (100 uL) was added to 800 uL sterile aqueous neutralizing solution and 100 pL of
DW. The mixture was gently agitated and allowed to stand for 10 min, after which serial
dilutions (up to 1075) in sterile saline solution (0.85% w/v NaCl) were prepared. Then,
10 pL of each serial dilution was plated into Petri dishes containing PCA by the drop-
plating method. The plates were allowed to set, then inverted and placed in an incubator at
37 °C for 24 h. The surviving cells on the QHS neutralized samples were determined by
CFU counting on each plate, ensuring the counting of dilution plates that gave between 10
and 100 CFUs. The antibacterial activity was evaluated by quantification of logarithmic
reduction (log CFU/mL), according to Equation (2).

log CFU/mL reduction = log (X) — log (Xo), (2)

where Xy and X are the counts of CFU/mL before (untreated control cells) and after
quaternary salt exposure, respectively.

The QHS concentrations chosen for conducting the dose-response tests comprise
of the MBC, which causes the complete reduction of planktonic cells, as well as lower
concentrations. Specifically, compound 1e was evaluated at concentrations of 0.25, 0.5, 0.75,
1,2,4,8,and 16 pg/mL, compound 7e at concentrations of 1, 2, 3.2, 3.5, 4, 8, and 16 ug/mL,
compound 5e at concentrations of 0.5, 1, 1.3, 1.6, 2, 4, and 8 ug/mL, and compound 3e at
concentrations of 0.5, 0.75, 1, 1.3, 1.6, 2, 4, and 8 pug/mL. In the case of compounds 2e, 6e,
and 4e, concentrations tested were 0.5, 1, 1.6, 2, 4, and 8 ng/mL. All tests were performed
in duplicate, and with a minimum of three independent repeats.

The universal neutralizer was validated in terms of neutralizing efficacy against the
QHSs tested and for the absence of antibacterial activity.Effective QHS neutralization and
no detectable neutralizer activity were observed for S. aureus exposed to QHSs.

The Chick-Watson mathematical model, provided in Equation (3), is considered an
adequate approach to validate the kinetics of dose-response data [85].

log X/Xo = — Kais c't (3)

where Xj and X are the counts of CFU/mL before and after quaternary salt exposure,
respectively; Kgj, is a killing rate coefficient ((mL.ug~!')".min~1); C is the quaternary salt
concentration (pg.mL’l) ; 1 is the concentration exponent and ¢ is the exposure time (min).
The concentration dependence of killing (1) was determined using a toolbox for linear
regression in GraphPad Prism (version 8.4.0, GraphPad Software, La Jolla, CA, USA). The
quality of the model was evaluated through the regression coefficient (R?).

3.3. Cytotoxicity Cell-Based Studies
3.3.1. Reagents and Solvents

Neutral red (NR) solution, trypan blue solution [0.4% (w/v)], and high-glucose Dul-
becco’s modified Eagle’s medium (DMEM, D7777) were acquired from Sigma (St. Louis,
MO, USA). The reagents used in the cell cultures, including heat-inactivated fetal bovine
serum (FBS), non-essential amino acids (NEAA), 0.25% trypsin/1 mM EDTA, antibiotics
(10,000 U/mL penicillin and 10,000 ng/mL streptomycin), PBS, and Hank’s balanced salt
solution without calcium and magnesium [HBSS (—/—)] were purchased from Gibco Lab-
oratories (Lenexa, KS, USA). DMSO, methanol, absolute ethanol, and acetic acid were
obtained from Merck (Darmstadt, Germany).
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3.3.2. Preparation of the Quaternary Ammonium and Phosphonium Salts

Stock solutions of the test QHSs (32 ug/mL) were prepared under aseptic conditions in
DMSO and stored at —20 °C. Test dilutions were freshly prepared in complete cell culture
medium immediately before use. The percentage of DMSO in the final solutions never
exceeded 0.1% (v/v) of the total volume.

3.3.3. Cell Culture and Conditions

The evaluation of the cytotoxicity effects of QHSs was performed using hepatocellular
carcinoma (HepG2) cells. HepG2 cells (ATCC®, HB-8065™) were routinely cultured in
75 cm? flasks using DMEM with 25 mM glucose, supplemented with 44 mM sodium
bicarbonate, 10% FBS, 100 U/mL penicillin, and 100 ng/mL streptomycin. The cells were
maintained at 37 °C in a humidified atmosphere of 95% air/5% CO,, and the medium
was changed every 3 days. The cells used for all experiments were taken between the 9th
and 13th passages, to avoid phenotypic changes. The cultures were passaged weekly by
trypsinization (0.25% trypsin). In all experiments, the cells were seeded at the density of
2.5 x 10° cells/mL in a 96-well plate and allowed to proliferate for 24 h before treatment.

3.3.4. Evaluation of the Cytotoxicity

The cytotoxicity profile of the compounds under study was evaluated in HepG2
cells (2.5 x 10° cells/mL) seeded in 96-well plates. The cells were then exposed to three
different concentrations of the test compounds (2, 16, or 32 ug/mL) for 24 h, and cytotox-
icity was evaluated using the NR uptake [86,87]. Control experiments were performed
for viability endpoints by adding the vehicle (medium with 0.1% DMSO) instead of the
compound solution.

In the NR uptake assay, following a 24 h incubation period with the test compounds,
the cell culture medium was aspirated, and fresh medium containing 150 puL of the dye
(at a concentration of 50 mg/mL) was added to the cells. The cells were then incubated
at 37 °C in a humified 5% CO,/95% air atmosphere for 2 h. After incubation, the cell
culture medium was discarded, and a mixture of absolute ethanol and distilled water (1:1)
containing 5% acetic acid was added to extract the dye accumulated within the lysosomes
of viable cells. The absorbance at 540 nm was measured using a microplate reader (Synergy
HTX Multi-Mode Reader—BioTek, Winooski, VT, USA).

For all assays, results are expressed as a percentage of the control (nontreated cells),
taken as 100%. Results are presented as means =+ standard deviation (SD) of four indepen-
dent experiments [86,87].

3.3.5. Data Analysis and Statistics

The experimental data were analyzed using the statistical program GraphPad Prism
8.4.0 (GraphPad Software—La Jolla, CA, USA). At least three independent experiments
with replicates were performed for each tested condition. The mean and standard deviation
within samples were calculated for all cases. The normality of the data distribution was
evaluated using three normality tests: the KS normality test, D’Agostino & Pearson omnibus
normality test, and Shapiro-Wilk normality test. For data with a parametric distribution,
statistical comparisons between groups were estimated using the parametric method one-
way analysis of variance (ANOVA), followed by Dunnett’s multiple comparison test. For
data with a non-parametric distribution, statistical comparisons were estimated using the
nonparametric method of Kruskal-Wallis [one-way ANOVA on ranks] followed by Dunn’s
post hoc test. Statistically significant differences were established for a probability level of
5% (p < 0.05).

4. Conclusions

In this study, a library of 49 structurally related QHSs was designed, synthesized, and
evaluated for their antibacterial activity against S. aureus, including antibiotic-resistant
strains. Intentionally including MDR S. aureus bacteria sought to assess QHS efficacy



Int. J. Mol. Sci. 2024, 25, 504

26 of 30

against the most challenging bacterial infections, addressing a critical public health as-
pect. To our knowledge, this is the first systematic SAR study of different types of QHSs
adopting standard assays for antimicrobial susceptibility testing. The systematic explo-
ration of SAR involved varying alkyl chain lengths and cation types, providing unique
insights into the factors influencing antibacterial activity. The QHSs were obtained in
moderate-to-high yields through a simple, solvent-free nucleophilic substitution reaction.
The structural elucidation by NMR (*H, 13C, and DEPT-135) spectroscopic techniques
confirmed the compounds’ structure and established a valuable database for accurate iden-
tification. Triphenylphosphonium and methylimidazolium derivatives exhibited superior
activity against S. aureus CECT 976 among the cationic counterparts. QHSs with hexyl
alkyl side-chains exhibited a detrimental effect on antibacterial activity, rendering them
inactive; however, QHSs with tetradecyl side-chains demonstrated the highest efficiency,
highlighting the central role of this chain length. The SAR study revealed a clear depen-
dence on the length of the alkyl side-chain of the cation and its structure, which overall
points to their lipophilicity and the consequent ease of penetrating the cell membrane.
Notably, there appears to be a limit to the increase in antibacterial activity with the incre-
ment of the alkyl side-chain length, beyond which a plateau or even decreased activity
occurs. The QHSs, particularly compounds 1e, 3e, and 5e, exhibited high antibacterial
activity at low concentrations, emphasizing their potential for control microbial growth.
Furthermore, by correlating the MIC and in vitro human cellular data, it was determined
that compounds 2e, 4e, and 5e possess a favourable safety profile at concentrations equal to
or below 2 ug/mL. Due to their potency, these compounds hold promise as effective agents
against both susceptible and resistant bacterial strains. They can provide an invaluable
foundation for the identification and design of antimicrobial QHSs tailored to counteract
MDR bacteria.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/1jms25010504/s1. This supplementary material provides the structural
characterizations of the synthesized QHSs using 1H, 13C, and DEPT135 spectra, along with details
on the evaluation of the chromatographic hydrophobicity index.

Author Contributions: Conceptualization, methodology, formal analysis, investigation, data cu-
ration, writing—original draft, B.N.; conceptualization, methodology, writing—review & editing,
supervision, project administration, funding acquisition, FEC.; methodology, investigation, data
curation, writing—review & editing, C.F.; methodology, writing—review & editing, A.B.; concep-
tualization, methodology, writing—review & editing, supervision, project administration, funding
acquisition, F.B.; conceptualization, methodology, writing—review & editing, supervision, project
administration, funding acquisition, M.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was financially supported by FEDER funds through the Operational Programme
Competitiveness Factors-COMPETE, and national funds by the Foundation for Science and Technol-
ogy (FCT) under research grants EXPL/MED-QUI/1156,/2021, UIDB/00081 /2020 (CIQUP), PTDC/ASP-
PES/28397/2017, LA /P/0056/2020 (IMS), LA /P /0045 /2020 (ALiCE), UIDB /00511 /2020, UIDP/00511/2020
(LEPABE), PTDC/BII-BT1/30219/2017, POCI-01-0145-FEDER-030219, and POCI01-0247-FEDER-072237.
Individual research grant attributed by the FCT to Barbara Nunes (Ul/BD/151088/2021). Anabela Borges
thanks the FCT for the financial support of her work contract through the Scientific Employment
Stimulus-Individual Call-[CEECIND/00823/2021]. Carlos Fernandes thanks the FCT for the fi-
nancial support of his work contract through the Scientific Employment Stimulus-Individual Call-
[10.54499/2021.04016.CEECIND/CP1655/CT0004].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to intellectual property concerns.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/ijms25010504/s1
https://www.mdpi.com/article/10.3390/ijms25010504/s1

Int. J. Mol. Sci. 2024, 25, 504 27 of 30

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Nikfarjam, N.; Ghomi, M.; Agarwal, T.; Hassanpour, M.; Sharifi, E.; Khorsandi, D.; Ali Khan, M.; Rossi, F; Rossetti, A.; Nazarzadeh
Zare, E.; et al. Antimicrobial Ionic Liquid-Based Materials for Biomedical Applications. Adv. Funct. Mater. 2021, 31, 2104148.
[CrossRef]

Hassan, R.; Asghar, M.A.; Igbal, M.; Qaisar, A.; Habib, U.; Ahmad, B. A Comparative Evaluation of Antibacterial Activities
of Imidazolium-, Pyridinium-, and Phosphonium-Based Ionic Liquids Containing Octyl Side Chains. Heliyon 2022, 8, e09533.
[CrossRef] [PubMed]

Duman, A.N,; Ozturk, I; Tungel, A.; Ocakoglu, K.; Colak, S.G.; Hosgor-Limoncu, M.; Yurt, F. Synthesis of New Water-Soluble Ionic
Liquids and Their Antibacterial Profile against Gram-Positive and Gram-Negative Bacteria. Heliyon 2019, 5, €02607. [CrossRef]
[PubMed]

Brunel, F; Lautard, C.; Garzino, F.; Raimundo, ].-M.; Bolla, J.-M.; Camplo, M. Phosphonium-Ammonium-Based Di-Cationic Ionic
Liquids as Antibacterial over the ESKAPE Group. Bioorganic Med. Chem. Lett. 2020, 30, 127389. [CrossRef] [PubMed]

Antibiotic Resistance Threats in the United States, 2019; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2019.
Chavarria, D.; Borges, A.; Benfeito, S.; Sequeira, L.; Ribeiro, M.; Oliveira, C.; Borges, F.; Simoes, M.; Cagide, F. Phytochemicals
and Quaternary Phosphonium Ionic Liquids: Connecting the Dots to Develop a New Class of Antimicrobial Agents. J. Adv. Res.
2023, 54, 251-269. [CrossRef] [PubMed]

2021 Antibacterial Agents in Clinical and Preclinical Development: An Overview and Analysis; World Health Organization: Geneva,
Switzerland, 2021; ISBN 9789240047655.

Cortes, E.; Mora, ].; Marquez, E. Modelling the Anti-Methicillin-Resistant Staphylococcus aureus (MRSA) Activity of Cannabinoids:
A QSAR and Docking Study. Crystals 2020, 10, 692. [CrossRef]

Talapan, D.; Sandu, A.-M.; Rafila, A. Antimicrobial Resistance of Staphylococcus aureus Isolated between 2017 and 2022 from
Infections at a Tertiary Care Hospital in Romania. Antibiotics 2023, 12, 974. [CrossRef]

Jain, M; Stitt, G.; Son, L.; Enioutina, E.Y. Probiotics and Their Bioproducts: A Promising Approach for Targeting Methicillin-
Resistant Staphylococcus aureus and Vancomycin-Resistant Enterococcus. Microorganisms 2023, 11, 2393. [CrossRef]

Dague, A.L,; Valeeva, L.R.; McCann, N.M.; Sharipova, M.R,; Valentovic, M.A.; Bogomolnaya, L.M.; Shakirov, E.V. Identification
and Analysis of Antimicrobial Activities from a Model Moss Ceratodon Purpureus. Metabolites 2023, 13, 350. [CrossRef]
Ermolaev, V.V,; Arkhipova, D.M.; Miluykov, V.A,; Lyubina, A.P.; Amerhanova, S.K.; Kulik, N.V.; Voloshina, A.D.; Ananikov, V..
Sterically Hindered Quaternary Phosphonium Salts (QPSs): Antimicrobial Activity and Hemolytic and Cytotoxic Properties. Int.
J. Mol. Sci. 2021, 23, 86. [CrossRef]

Xie, X.; Cong, W.; Zhao, F,; Li, H.; Xin, W.; Hou, G.; Wang, C. Synthesis, Physiochemical Property and Antimicrobial Activity of
Novel Quaternary Ammonium Salts. J. Enzym. Inhib. Med. Chem. 2018, 33, 98-105. [CrossRef] [PubMed]

Xue, Y.; Xiao, H.; Zhang, Y. Antimicrobial Polymeric Materials with Quaternary Ammonium and Phosphonium Salts. Int. J. Mol.
Sci. 2015, 16, 3626-3655. [CrossRef] [PubMed]

Nikitina, E.V.; Zeldi, M.L; Pugachev, M.V.; Sapozhnikov, S.V.; Shtyrlin, N.V.; Kuznetsova, S.V.; Evtygin, V.E.; Bogachev, M.1;
Kayumov, A.R.; Shtyrlin, Y.G. Antibacterial Effects of Quaternary Bis-Phosphonium and Ammonium Salts of Pyridoxine on
Staphylococcus aureus Cells: A Single Base Hitting Two Distinct Targets? World J. Microbiol. Biotechnol. 2016, 32, 5. [CrossRef]
[PubMed]

Kula, N.; Lamch, L..; Futoma-Kotoch, B.; Wilk, K.A.; Obtak, E. The Effectiveness of Newly Synthesized Quaternary Ammonium
Salts Differing in Chain Length and Type of Counterion against Priority Human Pathogens. Sci. Rep. 2022, 12, 21799. [CrossRef]
[PubMed]

Boyce, ].M. Quaternary Ammonium Disinfectants and Antiseptics: Tolerance, Resistance and Potential Impact on Antibiotic
Resistance. Antimicrob. Resist. Infect. Control 2023, 12, 32. [CrossRef]

Vereshchagin, A.N.; Frolov, N.A.; Egorova, K.S.; Seitkalieva, M.M.; Ananikov, V.P. Quaternary Ammonium Compounds (QACs)
and Ionic Liquids (ILs) as Biocides: From Simple Antiseptics to Tunable Antimicrobials. Int. J. Mol. Sci. 2021, 22, 6793. [CrossRef]
Tischer, M.; Pradel, G.; Ohlsen, K.; Holzgrabe, U. Quaternary Ammonium Salts and Their Antimicrobial Potential: Targets or
Nonspecific Interactions? ChemMedChem 2012, 7, 22-31. [CrossRef]

Kwasniewska, D.; Chen, Y.-L.; Wieczorek, D. Biological Activity of Quaternary Ammonium Salts and Their Derivatives. Pathogens
2020, 9, 459. [CrossRef]

Sikora, K.; Jedrzejczak, J.; Bauer, M.; Neubauer, D.; Jaskiewicz, M.; Szaryriska, M. Quaternary Ammonium Salts of Cationic
Lipopeptides with Lysine Residues—Synthesis, Antimicrobial, Hemolytic and Cytotoxic Activities. Probiotics Antimicrob. Proteins
2023, 15, 1465-1483. [CrossRef]

Pugachev, M.V,; Shtyrlin, N.V,; Sysoeva, L.P.; Nikitina, E.V.; Abdullin, T.I; Iksanova, A.G.; Ilaeva, A.A.; Musin, R.Z.; Berdnikov,
E.A.; Shtyrlin, Y.G. Synthesis and Antibacterial Activity of Novel Phosphonium Salts on the Basis of Pyridoxine. Bioorg. Med.
Chem. 2013, 21, 4388-4395. [CrossRef]

Noroozi-Shad, N.; Gholizadeh, M.; Sabet-Sarvestani, H. Quaternary Phosphonium Salts in the Synthetic Chemistry: Recent
Progress, Development, and Future Perspectives. J. Mol. Struct. 2022, 1257, 132628. [CrossRef]

Pugachev, M.V,; Shtyrlin, N.V.; Sapozhnikov, S.V.; Sysoeva, L.P.; Iksanova, A.G.; Nikitina, E.V.; Musin, R.Z.; Lodochnikova, O.A.;
Berdnikov, E.A.; Shtyrlin, Y.G. Bis-Phosphonium Salts of Pyridoxine: The Relationship between Structure and Antibacterial
Activity. Bioorg. Med. Chem. 2013, 21, 7330-7342. [CrossRef] [PubMed]


https://doi.org/10.1002/adfm.202104148
https://doi.org/10.1016/j.heliyon.2022.e09533
https://www.ncbi.nlm.nih.gov/pubmed/35663730
https://doi.org/10.1016/j.heliyon.2019.e02607
https://www.ncbi.nlm.nih.gov/pubmed/31667420
https://doi.org/10.1016/j.bmcl.2020.127389
https://www.ncbi.nlm.nih.gov/pubmed/32717610
https://doi.org/10.1016/j.jare.2023.02.004
https://www.ncbi.nlm.nih.gov/pubmed/36822390
https://doi.org/10.3390/cryst10080692
https://doi.org/10.3390/antibiotics12060974
https://doi.org/10.3390/microorganisms11102393
https://doi.org/10.3390/metabo13030350
https://doi.org/10.3390/ijms23010086
https://doi.org/10.1080/14756366.2017.1396456
https://www.ncbi.nlm.nih.gov/pubmed/29148294
https://doi.org/10.3390/ijms16023626
https://www.ncbi.nlm.nih.gov/pubmed/25667977
https://doi.org/10.1007/s11274-015-1969-0
https://www.ncbi.nlm.nih.gov/pubmed/26712620
https://doi.org/10.1038/s41598-022-24760-y
https://www.ncbi.nlm.nih.gov/pubmed/36526659
https://doi.org/10.1186/s13756-023-01241-z
https://doi.org/10.3390/ijms22136793
https://doi.org/10.1002/cmdc.201100404
https://doi.org/10.3390/pathogens9060459
https://doi.org/10.1007/s12602-023-10161-8
https://doi.org/10.1016/j.bmc.2013.04.051
https://doi.org/10.1016/j.molstruc.2022.132628
https://doi.org/10.1016/j.bmc.2013.09.056
https://www.ncbi.nlm.nih.gov/pubmed/24139168

Int. J. Mol. Sci. 2024, 25, 504 28 of 30

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Li, L.; Zhou, H.; Gai, F; Chi, X,; Zhao, Y.; Zhang, F.; Zhao (Kent), Z. Synthesis of Quaternary Phosphonium N-Chloramine
Biocides for Antimicrobial Applications. RSC Adv. 2017, 7, 13244-13249. [CrossRef]

Khasiyatullina, N.R.; Mironov, V.F,; Voloshina, A.D.; Sapunova, A.S. Synthesis and Antimicrobial Properties of Novel Phospho-
nium Salts Bearing 1,4-Dihydroxyaryl Fragment. Chem. Biodivers. 2019, 16, €1900039. [CrossRef]

Akshay Ravindra, P.; Karpagam, S. Synthesis and Biological Activity of Azine Heterocycle Functionalized Quaternary Phospho-
nium Salts. IOP Conf. Ser. Mater. Sci. Eng. 2017, 263, 022017. [CrossRef]

Florio, W.; Becherini, S.; D’Andrea, F.; Lupetti, A.; Chiappe, C.; Guazzelli, L. Comparative Evaluation of Antimicrobial Activity of
Different Types of Ionic Liquids. Mater. Sci. Eng. C 2019, 104, 109907. [CrossRef]

Pendleton, ].N.; Gilmore, B.F. The Antimicrobial Potential of Ionic Liquids: A Source of Chemical Diversity for Infection and
Biofilm Control. Int. |. Antimicrob. Agents 2015, 46, 131-139. [CrossRef]

Ma, Z.; Yang, J.; Han, J.; Gao, L.; Liu, H.; Lu, Z.; Zhao, H.; Bie, X. Insights into the Antimicrobial Activity and Cytotoxicity of
Engineered «-Helical Peptide Amphiphiles. |. Med. Chem. 2016, 59, 10946-10962. [CrossRef]

Demberelnyamba, D.; Kim, K.-S.; Choi, S.; Park, S.-Y.; Lee, H.; Kim, C.-J.; Yoo, I.-D. Synthesis and Antimicrobial Properties of
Imidazolium and Pyrrolidinonium Salts. Bioorg. Med. Chem. 2004, 12, 853-857. [CrossRef]

Gilmore, B.F,; Andrews, G.P,; Borberly, G.; Earle, M.].; Gilea, M.A.; Gorman, S.P.; Lowry, A.F.; McLaughlin, M.; Seddon, K.R.
Enhanced Antimicrobial Activities of 1-Alkyl-3-Methyl Imidazolium Ionic Liquids Based on Silver or Copper Containing Anions.
New J. Chem. 2013, 37, 873. [CrossRef]

Hodyna, D.; Kovalishyn, V.; Rogalsky, S.; Blagodatnyi, V.; Petko, K.; Metelytsia, L. Antibacterial Activity of Imidazolium-Based
Ionic Liquids Investigated by QSAR Modeling and Experimental Studies. Chem. Biol. Drug Des. 2016, 88, 422-433. [CrossRef]
[PubMed]

Perez, S.J.L.P; Arco, S.D. Solvent-Free Sonochemical Synthesis and Antifungal Activity of 1-Alkyl-3-Methylimidazolium Bromide
[RMIM]Br Ionic Liquids. J. Chin. Chem. Soc. 2014, 61, 935-939. [CrossRef]

Metelytsia, L.O.; Hodyna, D.M.; Semenyuta, 1.V.; Kovalishyn, V.V.; Rogalsky, S.P.; Derevianko, K.Y.; Brovarets, V.S.; Tetko, I.V.
Theoretical and Experimental Studies of Phosphonium Ionic Liquids as Potential Antibacterials of MDR Acinetobacter baumannii.
Antibiotics 2022, 11, 491. [CrossRef] [PubMed]

Gongalves, A.R.P; Paredes, X.; Cristino, A.F,; Santos, E].V.; Queirés, C.S.G.P. Ionic Liquids—A Review of Their Toxicity to Living
Organisms. Int. . Mol. Sci. 2021, 22, 5612. [CrossRef] [PubMed]

Mester, P.; Wagner, M.; Rossmanith, P. Antimicrobial Effects of Short Chained Imidazolium-Based Ionic Liquids—Influence of
Anion Chaotropicity. Ecotoxicol. Environ. Saf. 2015, 111, 96-101. [CrossRef] [PubMed]

Valko, K.; Nunhuck, S.; Bevan, C.; Abraham, M.H.; Reynolds, D.P. Fast Gradient HPLC Method to Determine Compounds
Binding to Human Serum Albumin. Relationships with Octanol/Water and Immobilized Artificial Membrane Lipophilicity. J.
Pharm. Sci. 2003, 92, 2236-2248. [CrossRef] [PubMed]

Rokitskaya, T.I; Kotova, E.A.; Luzhkov, V.B.; Kirsanov, R.S.; Aleksandrova, E.V.; Korshunova, G.A.; Tashlitsky, V.N.; Antonenko,
Y.N. Lipophilic Ion Aromaticity Is Not Important for Permeability across Lipid Membranes. Biochim. Biophys. Acta (BBA)-Biomembr.
2021, 1863, 183483. [CrossRef]

Valké, K.; Bevan, C.; Reynolds, D. Chromatographic Hydrophobicity Index by Fast-Gradient RP-HPLC: A High-Throughput
Alternative to Log P/Log D. Anal. Chem. 1997, 69, 2022-2029. [CrossRef]

Chavarria, D.; Benfeito, S.; Soares, P.; Lima, C.; Garrido, J.; Serrao, P.; Soares-da-Silva, P.; Remiao, E; Oliveira, PJ.; Borges, F.
Boosting Caffeic Acid Performance as Antioxidant and Monoamine Oxidase B/Catechol-O-Methyltransferase Inhibitor. Eur. J.
Med. Chem. 2022, 243, 114740. [CrossRef]

Jain, P; Kumar, A. Concentration-Dependent Apparent Partition Coefficients of Ionic Liquids Possessing Ethyl- and Bi-Sulphate
Anions. Phys. Chem. Chem. Phys. 2016, 18, 1105-1113. [CrossRef]

Abreu, A.C.; Serra, S.C.; Borges, A.; Saavedra, M.].; Salgado, A.J.; Simbes, M. Evaluation of the Best Method to Assess Antibiotic
Potentiation by Phytochemicals against Staphylococcus aureus. Diagn. Microbiol. Infect. Dis. 2014, 79, 125-134. [CrossRef] [PubMed]
Abreu, A.C,; Serra, S.C.; Borges, A.; Saavedra, M.].; Mcbain, A.].; Salgado, A.]J.; Simées, M. Combinatorial Activity of Flavonoids
with Antibiotics Against Drug-Resistant Staphylococcus aureus. Microb. Drug Resist. 2015, 21, 600-609. [CrossRef] [PubMed]
Oliveira, D.; Borges, A.; Saavedra, M.].; Borges, F.; Simodes, M. Screening of Natural Molecules as Adjuvants to Topical Antibiotics
to Treat Staphylococcus aureus from Diabetic Foot Ulcer Infections. Antibiotics 2022, 11, 620. [CrossRef] [PubMed]

Pinto, T.C.A.; Banerjee, A.; Nazarov, P.A. Triphenyl phosphonium-based substances are alternatives to common antibiotics. Bull.
Russ. State Med. Univ. 2018, 1, 16-21. [CrossRef]

Strobykina, 1.Y.; Voloshina, A.D.; Andreeva, O.V.; Sapunova, A.S.; Lyubina, A.P.; Amerhanova, S.K; Belenok, M.G.; Saifina, L.E;
Semenov, V.E; Kataev, V.E. Synthesis, Antimicrobial Activity and Cytotoxicity of Triphenylphosphonium (TPP) Conjugates of
1,2,3-Triazolyl Nucleoside Analogues. Bioorg.Chem. 2021, 116, 105328. [CrossRef] [PubMed]

Ventura, S.P.M.; Gongalves, AM.M,; Sintra, T.; Pereira, ].L.; Gongalves, E; Coutinho, ].A.P. Designing Ionic Liquids: The Chemical
Structure Role in the Toxicity. Ecotoxicology 2013, 22, 1-12. [CrossRef] [PubMed]

Petkovic, M.; Seddon, K.R.; Rebelo, L.P.N.; Silva Pereira, C. Ionic Liquids: A Pathway to Environmental Acceptability. Chem. Soc.
Rev. 2011, 40, 1383-1403. [CrossRef]

de Almeida, C.G.; Garbois, G.D.; Amaral, L.M.; Diniz, C.C.; Le Hyaric, M. Relationship between Structure and Antibacterial
Activity of Lipophilic N-Acyldiamines. Biomed. Pharmacother. 2010, 64, 287-290. [CrossRef]


https://doi.org/10.1039/C6RA24954J
https://doi.org/10.1002/cbdv.201900039
https://doi.org/10.1088/1757-899X/263/2/022017
https://doi.org/10.1016/j.msec.2019.109907
https://doi.org/10.1016/j.ijantimicag.2015.02.016
https://doi.org/10.1021/acs.jmedchem.6b00922
https://doi.org/10.1016/j.bmc.2004.01.003
https://doi.org/10.1039/c3nj40759d
https://doi.org/10.1111/cbdd.12770
https://www.ncbi.nlm.nih.gov/pubmed/27086199
https://doi.org/10.1002/jccs.201300555
https://doi.org/10.3390/antibiotics11040491
https://www.ncbi.nlm.nih.gov/pubmed/35453241
https://doi.org/10.3390/ijms22115612
https://www.ncbi.nlm.nih.gov/pubmed/34070636
https://doi.org/10.1016/j.ecoenv.2014.08.032
https://www.ncbi.nlm.nih.gov/pubmed/25450920
https://doi.org/10.1002/jps.10494
https://www.ncbi.nlm.nih.gov/pubmed/14603509
https://doi.org/10.1016/j.bbamem.2020.183483
https://doi.org/10.1021/ac961242d
https://doi.org/10.1016/j.ejmech.2022.114740
https://doi.org/10.1039/C5CP06611E
https://doi.org/10.1016/j.diagmicrobio.2014.03.002
https://www.ncbi.nlm.nih.gov/pubmed/24717959
https://doi.org/10.1089/mdr.2014.0252
https://www.ncbi.nlm.nih.gov/pubmed/25734256
https://doi.org/10.3390/antibiotics11050620
https://www.ncbi.nlm.nih.gov/pubmed/35625264
https://doi.org/10.24075/brsmu.2018.003
https://doi.org/10.1016/j.bioorg.2021.105328
https://www.ncbi.nlm.nih.gov/pubmed/34500307
https://doi.org/10.1007/s10646-012-0997-x
https://www.ncbi.nlm.nih.gov/pubmed/23010869
https://doi.org/10.1039/C004968A
https://doi.org/10.1016/j.biopha.2009.09.013

Int. J. Mol. Sci. 2024, 25, 504 29 of 30

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

Brown, P; Abdulle, O.; Boakes, S.; Divall, N.; Duperchy, E.; Ganeshwaran, S.; Lester, R.; Moss, S.; Rivers, D.; Simonovic, M.; et al.
Influence of Lipophilicity on the Antibacterial Activity of Polymyxin Derivatives and on Their Ability to Act as Potentiators of
Rifampicin. ACS Infect. Dis. 2021, 7, 894-905. [CrossRef]

Valls, A.; Andreu, J.J.; Falomir, E.; Luis, S.V.; Atrian-Blasco, E.; Mitchell, S.G.; Altava, B. Imidazole and Imidazolium Antibacterial
Drugs Derived from Amino Acids. Pharmaceuticals 2020, 13, 482. [CrossRef]

Preiss, U.; Jungnickel, C.; Thoming, J.; Krossing, I.; Luczak, J.; Diedenhofen, M.; Klamt, A. Predicting the Critical Micelle
Concentrations of Aqueous Solutions of Ionic Liquids and Other Ionic Surfactants. Chem.-Eur. . 2009, 15, 8880-8885. [CrossRef]
[PubMed]

Kiran Kumar Reddy, G.; Nancharaiah, Y.V. Alkylimidazolium Ionic Liquids for Biofilm Control: Experimental Studies on
Controlling Multispecies Biofilms in Natural Waters. J. Mol. Lig. 2021, 336, 116859. [CrossRef]

Busetti, A.; Crawford, D.E.; Earle, M.].; Gilea, M.A_; Gilmore, B.F; Gorman, S.P; Laverty, G.; Lowry, A.F; McLaughlin, M.; Seddon,
K.R. Antimicrobial and Antibiofilm Activities of 1-Alkylquinolinium Bromide Ionic Liquids. Green Chem. 2010, 12, 420-442.
[CrossRef]

Salajkova, S.; Benkova, M.; Marek, J.; Sleha, R.; Prchal, L.; Malinak, D.; Dolezal, R.; Sep¢i¢, K.; Gunde-Cimerman, N.; Kuca,
K.; et al. Wide-Antimicrobial Spectrum of Picolinium Salts. Molecules 2020, 25, 2254. [CrossRef] [PubMed]

Carson, L.; Chau, PK.W.; Earle, M.].; Gilea, M.A.; Gilmore, B.F.; Gorman, S.P.; McCann, M.T.; Seddon, K.R. Antibiofilm Activities
of 1-Alkyl-3-Methylimidazolium Chloride Ionic Liquids. Green Chem. 2009, 11, 492-497. [CrossRef]

Garcia, M.T.; Ribosa, I.; Perez, L.; Manresa, A.; Comelles, F. Self-Assembly and Antimicrobial Activity of Long-Chain Amide-
Functionalized Ionic Liquids in Aqueous Solution. Colloids Surf. B Biointerfaces 2014, 123, 318-325. [CrossRef] [PubMed]
Pernak, J.; Sobaszkiewicz, K.; Mirska, I. Anti-Microbial Activities of Ionic Liquids. Green Chem. 2003, 5, 52-56. [CrossRef]
Garcia, M.T.; Ribosa, I.; Perez, L.; Manresa, A.; Comelles, F. Micellization and Antimicrobial Properties of Surface-Active Ionic
Liquids Containing Cleavable Carbonate Linkages. Langmuir 2017, 33, 6511-6520. [CrossRef]

Luczak, J.; Jungnickel, C.; Lacka, I; Stolte, S.; Hupka, J. Antimicrobial and Surface Activity of 1-Alkyl-3-Methylimidazolium
Derivatives. Green Chem. 2010, 12, 593. [CrossRef]

Forero-Doria, O.; Araya-Maturana, R.; Barrientos-Retamal, A.; Morales-Quintana, L.; Guzman, L. N-Alkylimidazolium Salts
Functionalized with p-Coumaric and Cinnamic Acid: A Study of Their Antimicrobial and Antibiofilm Effects. Molecules
2019, 24, 3484. [CrossRef]

Gilmore, B.F. Antimicrobial Ionic Liquids. In Ionic Liquids: Applications and Perspectives; Kokorin, A., Ed.; IntechOpen: London,
UK, 2011; pp. 587-604.

Feder-Kubis, J.; Wnetrzak, A.; Suchodolski, J.; Tomasz Mitkowski, P.; Krasowska, A. Imidazolium Room-Temperature Ionic
Liquids with Alkoxymethyl Substituent: A Quest for Improved Microbiological Selectivity. Chem. Eng. . 2022, 442, 136062.
[CrossRef]

Gibbons, S. A Novel Inhibitor of Multidrug Efflux Pumps in Staphylococcus aureus. ]. Antimicrob. Chemother. 2003, 51, 13-17.
[CrossRef] [PubMed]

Gibbons, S.; Udo, E.E. The Effect of Reserpine, a Modulator of Multidrug Efflux Pumps, on the in Vitro Activity of Tetracycline
against Clinical Isolates of Methicillin Resistant Staphylococcus aureus (MRSA) Possessing the Tet(K) Determinant. Phytother. Res.
2000, 14, 139-140. [CrossRef]

Zimmermann, S.; Klinger-Strobel, M.; Bohnert, ].A.; Wendler, S.; Rodel, J.; Pletz, M.W.; Loffler, B.; Tuchscherr, L. Clinically
Approved Drugs Inhibit the Staphylococcus aureus Multidrug NorA Efflux Pump and Reduce Biofilm Formation. Front. Microbiol.
2019, 10, 2762. [CrossRef] [PubMed]

Tuon, FF; Suss, PH.; Telles, ].P; Dantas, L.R.; Borges, N.H.; Ribeiro, V.S.T. Antimicrobial Treatment of Staphylococcus aureus
Biofilms. Antibiotics 2023, 12, 87. [CrossRef] [PubMed]

Tong, S.Y.C.; Davis, ].S.; Eichenberger, E.; Holland, T.L.; Fowler, V.G. Staphylococcus aureus Infections: Epidemiology, Pathophysiol-
ogy, Clinical Manifestations, and Management. Clin. Microbiol. Rev. 2015, 28, 603-661. [CrossRef]

Russell, A.D.; McDonnell, G. Concentration: A Major Factor in Studying Biocidal Action. J. Hosp. Infect. 2000, 44, 1-3. [CrossRef]
Rita Pereira, A.; Gomes, I.B.; Simoes, M. Choline-Based Ionic Liquids for Planktonic and Biofilm Growth Control of Bacillus cereus
and Pseudomonas fluorescens. J. Mol. Liq. 2022, 346, 117077. [CrossRef]

Fernandes, S.; Gomes, 1.B.; Simobes, M. Antimicrobial Activity of Glycolic Acid and Glyoxal against Bacillus cereus and Pseudomonas
fluorescens. Food Res. Int. 2020, 136, 109346. [CrossRef]

Maillard, J.-Y. Bacterial Target Sites for Biocide Action. J. Appl. Microbiol. 2002, 92, 165-27S. [CrossRef]

Hugo, W.B.; Denyer, S.P. Preservatives in the Food, Pharmaceutical and Environmental Industries. In The Concentration Exponent
of Disinfectants and Preservatives (Biocides); Board, R.G., Allwood, M.C., Banks, ].G., Eds.; Blackwell Scientific Publications:
Nottingham, UK, 1987; pp. 281-291. ISBN 9780632017270.

Xuan, J.; Chen, S.; Ning, B.; Tolleson, WH.; Guo, L. Development of HepG2-Derived Cells Expressing Cytochrome P450s for
Assessing Metabolism-Associated Drug-Induced Liver Toxicity. Chem. Biol. Interact. 2016, 255, 63-73. [CrossRef] [PubMed]
Donato, M.T.; Tolosa, L.; Gémez-Lechén, M.J. Culture and Functional Characterization of Human Hepatoma HepG2 Cells.
Methods Mol. Biol. 2015, 1250, 77-93. [PubMed]


https://doi.org/10.1021/acsinfecdis.0c00917
https://doi.org/10.3390/ph13120482
https://doi.org/10.1002/chem.200900024
https://www.ncbi.nlm.nih.gov/pubmed/19630011
https://doi.org/10.1016/j.molliq.2021.116859
https://doi.org/10.1039/b919872e
https://doi.org/10.3390/molecules25092254
https://www.ncbi.nlm.nih.gov/pubmed/32403238
https://doi.org/10.1039/b821842k
https://doi.org/10.1016/j.colsurfb.2014.09.033
https://www.ncbi.nlm.nih.gov/pubmed/25277287
https://doi.org/10.1039/b207543c
https://doi.org/10.1021/acs.langmuir.7b00505
https://doi.org/10.1039/b921805j
https://doi.org/10.3390/molecules24193484
https://doi.org/10.1016/j.cej.2022.136062
https://doi.org/10.1093/jac/dkg044
https://www.ncbi.nlm.nih.gov/pubmed/12493782
https://doi.org/10.1002/(SICI)1099-1573(200003)14:2%3C139::AID-PTR608%3E3.0.CO;2-8
https://doi.org/10.3389/fmicb.2019.02762
https://www.ncbi.nlm.nih.gov/pubmed/31849901
https://doi.org/10.3390/antibiotics12010087
https://www.ncbi.nlm.nih.gov/pubmed/36671287
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1053/jhin.1999.0654
https://doi.org/10.1016/j.molliq.2021.117077
https://doi.org/10.1016/j.foodres.2020.109346
https://doi.org/10.1046/j.1365-2672.92.5s1.3.x
https://doi.org/10.1016/j.cbi.2015.10.009
https://www.ncbi.nlm.nih.gov/pubmed/26477383
https://www.ncbi.nlm.nih.gov/pubmed/26272135

Int. J. Mol. Sci. 2024, 25, 504 30 of 30

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Martinez-Sena, T.; Moro, E.; Moreno-Torres, M.; Quintas, G.; Hengstler, J.; Castell, ].V. Metabolomics-Based Strategy to Assess
Drug Hepatotoxicity and Uncover the Mechanisms of Hepatotoxicity Involved. Arch. Toxicol. 2023, 97, 1723-1738. [CrossRef]
[PubMed]

Loépez-Garcia, J.; Lehocky, M.; Humpoli¢ek, P.; Saha, P. HaCaT Keratinocytes Response on Antimicrobial Atelocollagen Substrates:
Extent of Cytotoxicity, Cell Viability and Proliferation. J. Funct. Biomater. 2014, 5, 43-57. [CrossRef]

Benfeito, S.; Fernandes, C.; Chavarria, D.; Barreiro, S.; Cagide, F.; Sequeira, L.; Teixeira, J.; Silva, R.; Remiao, F.; Oliveira, PJ.; et al.
Modulating Cytotoxicity with Lego-like Chemistry: Upgrading Mitochondriotropic Antioxidants with Prototypical Cationic
Carrier Bricks. J. Med. Chem. 2023, 66, 1835-1851. [CrossRef]

Costa, EM.S.; Saraiva, M.L.M.ES.; Passos, M.L.C. Ionic Liquids and Organic Salts with Antimicrobial Activity as a Strategy
against Resistant Microorganisms. . Mol. Liq. 2022, 368, 120750. [CrossRef]

Oliveira, C.; Cagide, F; Teixeira, J.; Amorim, R.; Sequeira, L.; Mesiti, F; Silva, T.; Garrido, ]J.; Remiao, F; Vilar, S.; et al.
Hydroxybenzoic Acid Derivatives as Dual-Target Ligands: Mitochondriotropic Antioxidants and Cholinesterase Inhibitors. Front.
Chem. 2018, 6, 126. [CrossRef]

Meng, X.; Devemy, ]J.; Verney, V.; Gautier, A.; Husson, P.; Andanson, J.-M. Improving Cellulose Dissolution in Ionic Liquids
by Tuning the Size of the Ions: Impact of the Length of the Alkyl Chains in Tetraalkylammonium Carboxylate. ChemSusChem
2017, 10, 1749-1760. [CrossRef]

Oliveira, LM.; Borges, A.; Borges, F.; Simoes, M. Repurposing Ibuprofen to Control Staphylococcus aureus Biofilms. Eur. ]. Med.
Chem. 2019, 166, 197-205. [CrossRef]

EN-1276; Chemical Disinfectants and Antiseptics—Quantitative Suspension Test for the Evaluation of Bactericidal Activity
of Chemical Disinfectants and Antiseptics Used in Food, Industrial, Domestic and Institutional Areas—Test Method and
Requirements (Phase 2, Step 1). CEN (Comité Européen de Normalisation, European Committee for Standardization): Brussels,
Belgium, 2019. Available online: https:/ /standards.iteh.ai/catalog/standards/cen/5b01722b-fe29-4d96-8608-7e5c9da8a80a /
en-1276-2019 (accessed on 4 January 2023).

Grobe, K.J.; Zahller, ].; Stewart, P.S. Role of Dose Concentration in Biocide Efficacy against Pseudomonas Aeruginosa Biofilms. J. Ind.
Microbiol. Biotechnol. 2002, 29, 10-15. [CrossRef]

Benfeito, S.; Oliveira, C.; Fernandes, C.; Cagide, F; Teixeira, J.; Amorim, R.; Garrido, J.; Martins, C.; Sarmento, B.; Silva, R.;
et al. Fine-Tuning the Neuroprotective and Blood-Brain Barrier Permeability Profile of Multi-Target Agents Designed to Prevent
Progressive Mitochondrial Dysfunction. Eur. J. Med. Chem. 2019, 167, 525-545. [CrossRef] [PubMed]

Fernandes, C.; Martins, C.; Fonseca, A.; Nunes, R.; Matos, M.].; Silva, R.; Garrido, J.; Sarmento, B.; Remiao, F.; Otero-Espinar,
F].; et al. PEGylated PLGA Nanoparticles as a Smart Carrier to Increase the Cellular Uptake of a Coumarin-Based Monoamine
Oxidase B Inhibitor. ACS Appl. Mater. Interfaces 2018, 10, 39557-39569. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00204-023-03474-8
https://www.ncbi.nlm.nih.gov/pubmed/37022445
https://doi.org/10.3390/jfb5020043
https://doi.org/10.1021/acs.jmedchem.2c01630
https://doi.org/10.1016/j.molliq.2022.120750
https://doi.org/10.3389/fchem.2018.00126
https://doi.org/10.1002/cssc.201601830
https://doi.org/10.1016/j.ejmech.2019.01.046
https://standards.iteh.ai/catalog/standards/cen/5b01722b-fe29-4d96-8608-7e5c9da8a80a/en-1276-2019
https://standards.iteh.ai/catalog/standards/cen/5b01722b-fe29-4d96-8608-7e5c9da8a80a/en-1276-2019
https://doi.org/10.1038/sj.jim.7000256
https://doi.org/10.1016/j.ejmech.2019.01.055
https://www.ncbi.nlm.nih.gov/pubmed/30784884
https://doi.org/10.1021/acsami.8b17224
https://www.ncbi.nlm.nih.gov/pubmed/30352150

	Introduction 
	Results and Discussion 
	Chemical Studies 
	Synthesis of Quaternary Ammonium and Phosphonium Salts 
	Determination of the Chromatographic Hydrophobicity Index 

	Microbiological Studies 
	Determination of Inhibitory/Bactericidal Activities of Quaternary Ammonium and Phosphonium Salts against an Antibiotic-Susceptible S. aureus Strain: Structure–Activity Relationship Analyses 
	Determination of Inhibitory/Bactericidal Activities of the Most Promising Quaternary Ammonium and Phosphonium Salts against Antibiotic-Resistant S. aureus Strains 
	Quaternary Ammonium and Phosphonium Salts Activity against Planktonic Bacteria: Dose–Response 

	Cytotoxicity Cell-Based Studies 

	Materials and Methods 
	Chemical Studies 
	Reagents and Apparatus 
	Chemical Synthesis and Structural Characterization 
	Evaluation of the Chromatographic Hydrophobicity Index 

	Microbiological Studies 
	Preparation of the Quaternary Ammonium and Phosphonium Salts 
	Bacterial Strains and Culture Conditions 
	Evaluation of Minimum Inhibitory Concentration and Minimum Bactericidal Concentration 
	Antimicrobial Susceptibility Test: Dose–Response 

	Cytotoxicity Cell-Based Studies 
	Reagents and Solvents 
	Preparation of the Quaternary Ammonium and Phosphonium Salts 
	Cell Culture and Conditions 
	Evaluation of the Cytotoxicity 
	Data Analysis and Statistics 


	Conclusions 
	References

