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1. Introduction
The quaternary ammonium salts (QAS) are ionic compounds composed
of a positively charged nitrogen atom (so-called "head"), which can form
four covalent bonds with different alkyl, alkenyl, aryl or heteroaryl
substituents (so-called "tail"). The positive charge is most often
compensated by monoatomic halide anions (such as Cl–, Br–, I– and F–),
as well as by monovalent polyatomic anionic groups such as OH–, BF4–
CH3SO3– etc. Thanks to the facile and cost-effective way of production,
QASs have been used for more than 100 years as antimicrobial agents,
softeners, phase-transfer catalysts, biological indicators and many more.
The main interest for the present dissertation is the application of QAS
as antibacterial agents. The revolution in the fight against bacterial
infections began with the discovery of penicillin by Fleming1 in 1928.
Thanks to antibiotics, humanity has successfully dealt with various types
of bacterial infections that were previously extremely deadly. Excessive
and improper use of antibiotics, however, leads to the emergence of
bacterial resistance followed by reduced antibiotic effectiveness.
Resistance is associated with evolutionary processes, such as mutations
in the bacterial cells leading to the development of populations with
resistance to certain types of antibiotics and is most often expressed in
the form of biodegradation of the pharmaceutical compounds due to the
action of various enzymes. Bacterial resistant strains and species,
sometimes called "superbugs", contribute to the development of diseases
previously successfully treated. For example, many bacterial strains have
recently "developed" on the basis of wild-type Mycobacterium
tuberculosis, which have acquired resistance to standard effective
tuberculosis treatments. Nearly half a million new cases of multidrugresistant tuberculosis (MDR-TB) are reported worldwide each year.
Moreover, in 2016 in the United States, a multidrug-resistant strain of E.
coli was found untreatable with Colistin, a last-generation antibiotic to
which it was considered that resistance could not be acquired2. The
emergence of more resistant strains and the lack of a sufficient number
of new antibacterial agents is worrying fact. For this reason, in recent
years there has been increased interest in the design and synthesis of new
biologically active drugs, with the aim of improving their biological
effect (activity) and overcoming the mechanisms of resistance.
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2. Aims and objectives
The aim of the dissertation is the synthesis of series of quaternary
ammonium salts (QAS) by applying a facile, reproducible and costeffective synthetic protocol. The resulting QAS compounds should be
characterized both physicochemically and in terms of antibacterial
properties. The main stages include: selection of reaction conditions,
synthesis of new QAS, selection of a methodology for isolation and
purification of the products, determination of their molecular and crystal
structures, study of their thermal and spectral properties and evaluation
of their antibacterial properties. Based on the formulated goal, the
following objectives were set, the sequence of which reflects the
presentation of the results in the dissertation:
• Choice of method and conditions for QAS synthesis;
• Synthesis of a series of quaternary ammonium salts by the selected
method applied to aromatic heterocyclic compounds and
purification and isolation of the obtained products;
• Physico-chemical characteristics of the obtained QAS by
comparative powder X-ray diffraction analysis, NMR
spectroscopy and Differential scanning calorimetry (DSC);
• Growth of single-crystals from the synthesized QAS, suitable for
single-crystal X-ray diffraction analysis followed by solution
and refinement of their crystal structures;
• Analysis of the spectral properties of QAS using UV/VIS,
fluorescence and infrared spectroscopy;
• Study of the antibacterial effect of the obtained QAS against two
Gram - positive (Staphylococcus aureus and Bacillus Subtilis)
and three Gram – negative (Escherihia coli, Klebsiella
Pneumoniae and Pseudomonas Aeruginosa) bacterial strains
using the disk-diffusion method of Kirby–Bauer. Determination
the of non-inhibitory and minimum inhibitory concentrations of
the active compounds via Broth microdilution method.
• Attempt to determine the structure-activity relationship of the
obtained compounds.
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3. Results and discussion
3.1. Synthesis,
isolation
characterization of QAS

and

structural

Synthesis and isolation of QAS
The quaternary ammonium salts in the present dissertation are
synthesized by a modified Menshutkin method applied to aromatic
N-heterocyclic compounds (Scheme 1). Quaternization is thought to
occurs by a SN2 mechanism, thus reaction rate is influenced mainly by
the concentration of reagents, the type (protic/aprotic) and the polarity of
the solvent used, the steric hindrance in the substrate and nucleophile and
the strength of the leaving group in the substrate. The synthesis of QAS
is generally conducted in polar aprotic solvents such as acetonitrile or
1,2-dichloroethane, which favors the formation of a product in the form
of solvated ions and does not interact with the starting materials by
forming of hydrogen bonds. All starting materials were purchased from
Alfa Aesar or Sigma Aldrich and were used without further purification.
Aromatic halogen derivatives containing an electron-acceptor group
(C=O) were used as substrates. The presence of carbonyl group favors
the cleavage of the X–C bond (X = Br–, I–) and therefore the easier attack
of the nucleophile. However, the presence of halogen derivatives in the
procedure requires the reaction to be carried out in an inert medium
(argon), due to the possibility of a hydrolysis process.

Scheme 1. Schematic diagram for the synthesis of quaternary ammonium salts

The other reaction conditions are: temperature close to the boiling point
of the solvent and constant stirring. A sign of a reaction between the
3

starting compounds is most often a color change of the reaction solution,
and due to the good solubility of the starting materials in the used solvent,
the formation of a precipitate is often observed. The end of the
quaternization process was confirmed by thin layer chromatography
(TLC) in ethyl acetate, dichloromethane/methanol systems. It is possible
that the reaction solution does not form a precipitate, it remains clear. In
such cases, the "precipitate" is obtained after the solution is slowly
evaporated at room temperature. As a consequence of the "slow"
evaporation, it is possible to obtain single-crystals of the respective
product after a few days. The resulting crude product was filtered and
washed with solvent to remove unreacted starting reagents. In case the
washing with solvent was insufficient, the compounds were
recrystallized from hot solution of various low-boiling solvents (acetone,
methanol, acetonitrile) in order to purify and obtain crystals large enough
to determine the crystal structure of QAS by single-crystal X-ray
diffraction analysis (SCXRD). The purity and molecular structure of the
obtained compounds were proved mainly by 1H and 13C NMR
spectroscopy and Powder X-ray diffraction analysis (PXRD) and by
additional measurement of the melting point by Differential Scanning
Calorimetry (DSC). Only compounds with high purity (>95%) were
tested for antibacterial properties. The designations of all synthesized
QASs, as well as the final yields after the purification steps are presented
in Table 1.
Table 1. Designations of the synthesized quaternary ammonium salts and the
final yields after the purification stages. In QAS derivatives of 4,4'-bipyridine
(3) the preparation of a mono- or bis-substituted product, is presented with
additional suffixes a and b.
1

2
Yield
%

a
b
c
d
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Yield
%

Yield
%

1a

70

2a

75

3ab

1b

69

2b

61

3ba, 3bb

1c

77

2c

69

3ca, 3cb**

–

–

2d

57

–

4

60
64,
68
61,
56
–

e
f
g

1e

61

2e

64

–

–

1f

74

2f

72

–

–

1g

71

2g

71

–

–

1h**

62

2h

55

–

–

1i*

–

2i

70

–

–

1j

66

2j

58

–

–

1k

65

2k

80

–

–

1l*

–

–

–

3la*, 3lb*

––

h

i
j
k
l

– no synthesis performed or no pure product is isolated
* crystal structure only (SCXRD analysis)
** molecular structure only (NMR spectroscopy)

Determination of purity and molecular structure of QAS
Powder X-ray diffraction (PXRD) analysis and one-dimensional and
two-dimensional NMR spectroscopic techniques were used as the main
methods for determining the phase composition, molecular structure and
purity of the obtained quaternary ammonium salts. Since the diffraction
pattern of several compounds (phases) is a sum of the diffraction patterns
of each of the compounds constituting the mixture, powder X-ray
diffraction analysis is an extremely convenient, fast and non-destructive
method for qualitative assessment of the contamination of a product.
After drying of the precipitates obtained in the synthesis, a small amount
of the latter was ground in an agate mortar to a particle size between 5
and 25 μm and placed in a single-crystal silicon cuvette characterized by
low background noise. The obtained diffractograms of the products
(precipitates) were compared with the diffractograms of the starting
compounds, as well as with the diffractograms obtained after solving the
crystal structures of QAS. As an example, Figure 1 shows the
diffractograms of the 4-pyrrolidino pyridine derivative 1a and the
corresponding starting reagents - 4-pyrrolidino pyridine (1) and
2-bromoacetophenone (a), as well as the diffraction pattern of 1a
5

generated by the single-crystal X-ray diffraction analysis. The
comparison of the diffracting patterns clearly shows that there is no
overlap of the peaks of reagents (1, purple, ◄, and a, green, ●) and
product (1a, red, ■), which is evidence of the presence of a new phase.
In addition, this phase is the desired one because its diffraction peaks
completely overlap with the peaks of the diffraction pattern (blue, ♦)
generated by the single-crystal X-ray diffraction analysis of 1a.

Figure 1. Comparison between the powder diffraction pattern of compound 1a
(red, ■), the calculated powder diffraction pattern from the single-crystal X-ray
diffraction analysis of 1a (blue, ♦) and those of the starting materials 1 (purple,
◄) and a (green, ●).

In some cases, although a new phase was obtained, the overlapping of
the diffractograms from the single-crystal and powder X-ray diffraction
analysis was incomplete (Figure 2a), and in other cases the
diffractograms were totally different (Figure 2b). In those cases, as well
as in the situations of an amorphous product (e.g. compound 1h),
additional research was required to prove the isolation of the desired
product. Additional studies were performed in solution using onedimensional and two-dimensional NMR techniques. Figure 3 shows the
proton (1H) NMR spectra of compounds 1a and 2g. The assignment of
the signals for each proton was based mainly on the multiplicity of the
NMR signals (singlet, doublet, triplet and multiplet), as well as on their
integral area. In some cases, it was necessary to use two-dimensional
6

Figure 2. Examples of a) the presence of additional peaks when comparing the
diffractograms of monocrystalline and powder X-ray diffraction analysis of
compound 2a and b) a complete discrepancy between the diffractograms of
monocrystalline and powder X-ray diffraction analysis of compound 2f.

techniques such as NOESY, HSQC and HMBC, that are able to give
information about the proximity in space between neighboring hydrogen
atoms, the direct carbon-proton bond, and the interactions between
carbon and hydrogen atoms that are separated by two, three and even
four bonds. The combined use of X-ray diffraction analyzes and various
one-dimensional and two-dimensional NMR techniques, made possible
7

Figure 3. Proton (1H) NMR spectra of a) 1a and b) 2g.
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the determination of the molecular and crystal structures, as well as the
high purity of all obtained QASs. The comparative powder diffraction
patterns, as well as the proton NMR spectra of all other compounds are
placed in the Supporting information section of the dissertation.

Crystal structure solution and refinement of QAS
Single-crystals of the corresponding QAS derivatives of quinoline, 4pyrrolidino pyridine and 4,4'-bipyridine were obtained in three ways: (1)
extracted directly from the resulting precipitate, (2) after slow
evaporation of the clear acetonitrile solution at room temperature (25 °
C) or (3) by hot recrystallization from various low boiling solvents. After
careful inspection, sufficiently large samples with size of about 0.1 to 0.5
mm in all directions, without cracks and adhesions were selected. The
selected crystals were glued to glass capillaries using a two-component
adhesive mixture or trapped in loops using a cryoprotective solution
(Paratone). After what the crystals were mounted on the goniometric
head of the single-crystal X-ray diffractometer – Figure 4. Data on the
intensities and coordinates of the diffraction peaks were collected on a
single-crystal diffractometer Agilent SupernovaDual equipped with
Atlas CCD detector and operating with Mo and Cu X-ray radiation (λ =
0.71073 Å and 1.54184 Å), as well as on a Bruker D8 Venture
diffractometer equipped with a Photon II CCD detector and using IμS
3.0 micro-focus MoKα radiation. Data processing including determination of the unit cell, indexing and measurement of the
intensities of the diffraction peaks, correction for geometric effects
(Lorentz effect and polarization), absorption correction (Multi-Scan
method, SADABS), scaling and merging of the data and an initial
assessment of the space group of symmetry – summarized under the
name Data Reduction, was achieved with the CrysAlisPro3 and/or
APEX34 software. The crystal structures of QAS were solved with direct
methods (ShelxS5) or Intrinsic phasing (ShelxT6) and refined with a
full-matrix
least
squares
method
on
F2
7
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(ShelxL ) integrated in the Olex2 software. All heteroatoms – C, N, O,
Br, I – including the atoms of the solvent were successfully located from
the electron density map and were refined anisotropically. The hydrogen
atoms attached to the corresponding parent carbon atom were placed at
calculated positions, at idealized distances according to a certain scheme
(U(eq) = 1.2 for C–Haromatic – 0.93 Å, C–Hmethylene – 0.97 Å and U(eq) =
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1.5 for C–Hmethyl – 0.96 Å). Hydrogen atoms attached to heteroatoms
other than carbon were located from the electron density map and were
refined isotropically. Images of the molecules in the asymmetric unit of
the crystal structures of QAS were made with the program ORTEP9.
Images related to hydrogen bonds, three-dimensional packaging of
molecules, etc. are generated with the Mercury10 and Olex28 programs.

Figure 4. View of the single-crystals of a portion of the Quaternary ammonium
salts mounted on the goniometric head of the single-crystal diffractometer.

In the present dissertation a total of 25 new crystal structures of 4pyrrolidino pyridine (4-PP), quinoline (QN) and 4,4'-bipyridine (BPY)
QAS were reported mainly in the form of bromine salts (only 1k and 2k
– iodine salts). The presented QASs most often crystallize in the
monoclinic crystal system in space groups (SG) P21/n (1b, 1g, 1k, 2g,
2k), C2/c (3ab, 3ba, 3la and 3lb) and P21/c (1c, 1e, 1f, 2b, 2c, 2d and
2j) and less frequently in the orthorhombic SG P212121 (1a, 2a and 3ca)
and Pna21 (2f) and the triclinic SG P-1 (1i, 1j, 2h, 2i and 3bb). Some
QASs crystallize as hydrates or solvates (acetonitrile or methanol
molecules). The solvent molecules have predominantly a cavity filling
role, but in the case of the BPY derivatives, water molecules are involved
in the stabilization of the crystal structures through chain of hydrogen
bonding interactions. ORTEP views of the molecules in the asymmetric
10

unit of the crystal structures of some of the 4-PP QAS are presented on
Figure 5.

Figure 5. ORTEP9 views of the molecules in the asymmetric unit (ASU) of
compounds a) 1a, b) 1b, c) 1c, d) 1e, e) 1f and e) 1g with appropriate numbering
scheme. The atomic displacement parameters (thermal ellipsoids) of the atoms
are represented with a 50% probability. Hydrogen atoms are represented as
spheres of arbitrary radius.

QAS can be described as composed of two main fragments - Nheterocycle and aromatic substituent (radical), connected by a short 2oxoethyl (–CH2–C(=O)–) bridge. In general, the two aromatic fragments
in the QAS molecules are relatively planar with a root-mean square
deviation (RMSD) from the ideal plane < 0.150 Å. There are exceptions,
such as the pyrrolidine five-membered moiety, which has a "half-chair"
conformation leading to a positional disorder in some of the 4-PP
derivatives. Another example is compounds 1g and 2g, whose
benzodioxepine fragment has a “twisted boat” conformation. Focusing
on the molecular characteristics of 4-PP, QN and BPY QAS, their
molecules contain mainly strong electron-accepting functional groups
(such as C=O, NO2) and weaker electron-donating groups (such as O–
CH3 and tert-butyl). Therefore, the formation of strong hydrogen
11

bonding interactions is impossible. The only possibility for stabilization
of the crystal structures is through intermolecular bonding interactions
with the halogen anions (Br and I) or weak C–H···O and π···π
interactions involving CH2 or CH groups from the aliphatic or aromatic
systems. These assumptions are confirmed by the study of the threedimensional packing of molecules in the crystal structures of 4-PP, QN
and BPY QAS, which reveals a network of strong H···X halogen
bonding interactions with bond lengths ranging between 2.69–3.28 Å
(for 4-PP) and close contacts of C–Hmethylene···X and C–Haromatic···X type
(X = Br- and I-). Along with the mentioned halogen interactions, weaker
C–H···O interactions are observed between the methylene and/or
aromatic hydrogen atoms and C–O–C and C=O functional
groups/structural fragments in 1f and 1g. These weak contacts lead to the
formation of specific R22(10) and R22(8)11-12 motifs (R = ring, Figure 6a,
b). Compound 1k, containing only 4-pyrrolidino pyridine and butyl
fragments, stabilizes its crystal structure by long chains of C–Hmethylene···I
and C–Haromatic···I intermolecular bonding interactions forming C21(6)1112
motifs (C = chain, Figure 6c). Weak (non-covalent) π ... π interactions
between π-electron-rich aromatic nuclei are also observed in the crystal
structures of some QAS. These weak π...π interactions can be observed
between aromatic ring of the same and different type and are the reason
for the specific three-dimensional arrangement of QAS molecules
(Figure 7).

12

Figure 6. Network of intermolecular halogen bonding interactions present in the
crystal structures of a) 1g, b) 1f and c) 1k. The halogen bonding interactions
form specific R22(8), R22(10) and C21(6) motifs11-12. Hydrogen atoms are
presented in light green for better visualization.
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Figure 7. Three-dimensional packing of the molecules in the crystal structure
of 1c (a) in a view perpendicular to the crystallographic axis c, as well as those
of 1f (b), 1e (c), 1j (d), 1i (e) and 1b (f) in a view perpendicular to the b axis.
The aromatic rings of the same type interacting through π… π contacts are
colored in brown, and those of different types – in green and brown. Hydrogen
and bromine atoms as well as solvent molecules are removed for better
visualization.

3.2.

Study of QAS properties
Thermal properties of QAS

Thermal analysis is an essential part of the physico-chemical
characterization of any newly synthesized compound. Differential
scanning calorimetry (DSC) was used to determine the stability of the
QAS as a function of temperature. This method is useful and informative
for the study of various temperature-dependent processes such as phase
transitions like crystallization, melting, evaporation, etc. DSC analysis,
however, is characterized by a certain amount of speculation. Therefore,
in order to correctly relate the signals from the DSC-thermograms of
each compound, a parallel comparison of the results from other analytical
methods is required. In this regard, only those QASs for which a high
degree of purity (<95%) was simultaneously proved by the combined use
of powder X-ray diffraction and NMR spectroscopy, and for which the
14

crystal structure was determined, were subjected to thermal DSC
analysis. These limitations were imposed for two main reasons: (1) the
assignment of the thermal signals of a mixture would be difficult and (2)
by knowing the crystal structure of the compounds a more reliable
determination of the thermal signal-effect relationship can be achieved.
In addition, thermal analysis was used to confirm the purity of the
products by analyzing the "shape" (width, sharpness, etc.) and the
temperature range of the endo-thermal effects of melting. The presented
results from the thermal analysis are part of an initial stage of the
forthcoming detailed study of the thermal properties of QAS, i.e. the
conclusions drawn are rather conditional (with the exception of the
effects of melting and decomposition). In accordance with the above,
small amounts of each QAS (1-5 mg) were weighed on an analytical
balance and placed in a standard aluminum crucible with a cap. The
samples were heated in the range of 20 oC to 350 oC (or up to 400 oC for
some BPY QAS) in argon with heating rate of 10 oC. min-1. In general,
most QASs are characterized by thermal stability up to the endo-thermal
effect of melting (interval between Tm = 130 °C for 2k and Tm = 337 ° C
for 3bb), followed by a sharp effect of decomposition within 10 to 50 °C
after the melting. A typical example of such thermal behavior is
compound 1a (Figure 8a). In other cases, due to the presence of solvent
molecules in some QASs, broad endo-thermic effects are observed in the
region between 50 and 120 °C, corresponding to the leaving of the
respective solvent water, acetonitrile or methanol (Figure 8b). In
general, the solvent molecules leave the crystal structure of QAS without
causing a change in its polymorphic modification. In some cases, solvent
evaporation results in different phase transitions, leading to
rearrangements of the crystal structure (Figure 8c). Nevertheless, the
performed thermal studies of the newly synthesized 4-PP, QN and BPY
QAS correlate well with the results of NMR and PXRD studies and based
on the narrow and sharp endo-thermal effects of melting, it can be
concluded that the used synthetic approach and purification methods
generate high purity compounds.

15

Figure 8. Thermograms from the DSC analysis of compounds a) 1a, b) 1f and
c) 2h.
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Fluorescent properties
From all synthesized and purified QAS (Table 1), 2% DMSO solutions
with a concentration of 1 mg/ml were prepared and their absorption and
fluorescence properties were evaluated by UV / VIS and fluorescence
spectroscopy, respectively. Fluorescence is a desired property in the
synthesis of new compounts. The presence of fluorescence determines
their use as biological markers, sensors, dyes and more. Of particular
interest to us is the presence of fluorescence in the antibacterialy active
QAS, through which will be possible to visually determine the site of
interaction with the bacterial cells using a fluorescence microscope. This
will contribute to a better understanding of the mechanism of biological
action and the definition of the structure-activity relationship. The
quaternary ammonium salts of 4-pyrrolidino pyridine, quinoline and 4,4bipyridine derivatives absorb mainly in the UV region (200-350 nm).
Excitation of 4-pyrrolidine derivatives at the absorption maxima results
in fluorescence maxima in the blue-green region of the visible spectrum
(Figure 9). From the synthesized 4-PP QAS, compounds 1b, 1c, 1e, 1f,
1g and 1j showed fluorescent properties with the largest Stokes shifts
(difference between absorption and emission maxima) in nanometers are
compounds 1g (132 nm and 158 nm), 1c (137 nm), 1j (118 nm) and 1e
(100 nm and 117 nm). Moreover, compounds 1g and 1e have the most
intense fluorescence expressed at two emission maxima at 465 nm and
491 nm (for 1g) and at 410 nm and 427 nm (for 1e), respectively. Of the
synthesized QN QASs, compounds 2a, 2b, 2e, 2g, 2i, 2j and 2k have
shown fluorescence emission in the violet-blue region of the visible
spectrum (Figure 10). Unlike their 4-pyrrolidino pyridine analogues,
quinoline QASs are characterized by a smaller Stokes shifts but a
narrower wavelength region at which fluorescence is observed (narrower
fluorescent peaks). The most intensive fluorescence is observed for
compounds 2k, 2i and 2e with peaks emission maxima at 395 nm and
453 nm for 2k and 2i and two peaks at 411 nm and 428 nm for 2e. Despite
their intense yellow-orange coloration and the observed color change
when interacting with polar solvents (such as water, methanol, acetone,
etc.), the BPY- QAS did not show fluorescent properties.
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Figure 9. Fluorescence spectra of compounds 1g (red), 1c (gray), 1j (dark blue),
1b (green), 1e (blue) and 1f (orange) in the wavelength range from 360 to 600
nm. The spectra were measured at concentrations of 1 mg/ml (2% DMSO). The
excitation wavelength as well as the one at which the fluorescence maxima were
recorded are indicated on the legend.

Figure 10. Fluorescence (emission) spectra of compounds 2e (red), 2i (dark
blue), 2b (orange), 2a (blue), 2g (light blue), 2k (green) and 2j (dark red) in the
range of wavelengths from 340 to 600 nm. The spectra were measured at
concentrations of 1 mg/ml (2% DMSO). The excitation wavelength as well as
the one at which the fluorescence maxima were recorded are indicated on the
legend.
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Antibacterial properties of QAS
The selected test microorganisms – Klebsiella pneumoniae subsp.
Pneumoniae NBIMCC 3670, Pseudomonas aeruginosa NBIMCC 644,
Escherichia coli, Staphylococcus aureus subsp. Aureus NBIMCC 509
(ATCC 6538) and Bacillus Subtilis (as a control) were purchased from
the National Bank for Industrial Microorganisms and Cell Cultures
(NBIMCC) in lyophilized form and frozen in a freezer at -20 oC.
Staphylococcus aureus inhabits the upper respiratory tract and skin13-14.
S. aureus can cause a number of diseases, from mild skin infections such
as rashes, boils, folliculitis and abscesses to more severe life-threatening
diseases such as pneumonia, meningitis, endocarditis, bacteremia and
sepsis15. Escherichia coli inhabits predominantly the human colon, and
its virulent strains are responsible for most diarrheal infections,
meningitis, septicemia, and urinary tract infections in children
worldwide16. Although Klebsiella pneumoniae is part of the flora of the
oral cavity, skin and intestines, it is often associated with destructive
changes in the lungs - most commonly pneumonia17. Similar is the effect
of Pseudomonas aeruginosa, which is one of the most common causes
of chronic lung infections in patients with cystic fibrosis18. In addition to
the severity of the diseases caused by these microorganisms, the choice
to conduct antibacterial tests with those specific strains is based on their
tendency to acquire resistance to commercially used antibiotics. The
antibacterial analyzes in the dissertation were reduced to a qualitative
assessment of the inhibitory effect, according to the Kirby-Bauer diskdiffusion protocol, as well as to a quantitative evaluation of the
antibacterial potency of QAS by determining the non-inhibitory and
minimum inhibitory concentrations (NIC and MIC) by the Broth micro
dilution method.
The Kirby-Bauer disk-diffusion method is designed to test the
susceptibility of aerobic microorganisms (bacteria) to different types of
antibiotics. The simplicity of the disk diffusion method, the low cost and
the possibility to test the sensitivity to a relatively large number and
variety of antimicrobial agents has led to its widespread use in
microbiological laboratories. The method involves the preparation of a
suspension of a specific strain of microorganisms in a liquid culture
medium (Lysogeni-Broth), after which a small amount of the suspension
is spread onto pre-poured with agar medium and solidified petri dishes
19

(~ 1.5%, Mueller- Hinton). Afterwards, a thin cellulose disk soaked in a
solution of the corresponding test compounds is placed in the center of
the plate. After incubation at 37 oC for 18 to 24 hours, the diameter of
the area around the cellulose disk (zone of inhibition), where no bacterial
growth was observed, was measured. The measurement of the zones of
inhibition was performed with the program ImageJ 19. From the tested
quaternary ammonium derivatives of quinoline (2a – 2k) activity against
Bacillus Subtilis in the used quantities (30 μg) have compounds 2b, 2d
and 2h with zones of inhibition of 7.3 mm, 8.3 mm and 13.6 mm
respectively compared to the Kanamycin reference - 19.2 mm.
Compounds 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h and 2k showed low activity
against Klebsiella Pneumoniae, with inhibition zones varying around 8
mm compared to Kanamycin - 16.6 mm. The tested quinoline derivatives
did not show an antibacterial effect (or the effect was negligible) against
Escherichia Coli. The same conclusion can be made for the inhibitory
activity of the compounds against Pseudomonas Aeruginosa, as
compounds 2b, 2h and 2j have zones of inhibition
~ 7 mm compared to the effect of Kanamycin - 13.4 mm. Compounds
2a, 2b, 2d and 2f showed moderate activity against Staphylococcus
Aureus with inhibition zones - 7.5 mm, 7.5 mm, 9.5 mm and 8.1 mm
,respectively. Among the quinoline derivatives, compound 2h showed
the best antibacterial activity against Staphylococcus Aureus with
inhibition zone of 11.5 mm compared to that of Kanamycin - 16 mm. Of
the studied quaternary ammonium compounds, derivatives of 4pyrrolidino pyridine activity against Bacillus Subtilis showed
compounds 1a, 1b, 1c and 1h, with inhibition zones of 7.5 mm, 9.2 mm,
10.8 mm and 15.3 mm, respectively (Kanamycin - 19.2 mm). Only
compound 1c showed some activity against Klebsiela Pneumoniae with
inhibition zone of 8 mm (Kanamycin 16.6 mm). Unlike the quinoline
derivatives, 4-pyrrolidino pyridine QAS - 1a, 1b, 1c and 1g showed an
antibacterial effect, although weak, against Escherihia Coli with zones
of inhibition - 8.6 mm, 7.6 mm, 9.8 mm and 7.6 mm, respectively.
Compound 1f with an inhibitory zone of 18 mm (Kanamycin - 21 mm)
has the best effect against E. Coli. Against Staphylococcus Aureus, the
best inhibitory results were observed for compounds 1b, 1c, 1f and 1h
with inhibitory zones of 14 mm, 15.2 mm, 7.5 mm and 16.7 mm
respectively, compared to the kanamycin control (16 mm). Low activity
was observed against Pseudomonas Aeruginosa for compounds - 1a (8.8
20

mm), 1b (8.6 mm), 1f (8.4 mm), 1g (7.8 mm) and 1k (8.6 mm) against
comparing them with Kanamycin (13.4 mm). Figure 11 shows the
results of the Kirby-Bauer disk diffusion method for determining the
susceptibility of Staphylococcus aureus to 4-PP and QN QAS.

Figure 11. Results of the Kirby-Bauer disk diffusion method used to determine
the sensitivity of Staphylococcus aureus against 4-pyrrolidino pyridine
derivatives 1a, 1b and 1e, 1f, 1g, 1h and 1j and quinoline derivatives 2a, 2b, 2c,
2d, 2e, 2f, 2g, 2h, 2i and 2j.

All compounds tested by the disk-diffusion method and showing some
antibacterial properties were tested Broth micro dilution method (BMD)
in order to determine the minimum (MIC) and non- (NIC) inhibitory
concentrations. For this purpose, 96-well microplates were used, in
which liquid medium, bacterial suspension and solution with different
concentrations of test compounds were pipetted. After incubation for 1418 hours, the absorbance (at 600 nm) of each well was measured using a
microplate reader. From the obtained values for the absorption, a graph
was drawn which reflects the survival (%, on the ordinate) of the
microorganisms at a given concentration of the compound (log mM, on
the abscissa). After fitting of the modified Gompertz20 function, the
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minimum and initial inhibitory concentrations were determined from the
resulting curve. GraphPad Prism21 was used to process the results.
Figure 12 shows the graphs used to determine the MIC and NIC of the
most active compounds against S. Aureus - 1h (NIC/MIC = 3.6/4.2
µg/ml), 2h (NIC/MIC = 15.7/33.9 µg/ml), 1b (NIC/MIC = 3.7/8.4 µg/ml)
and 1c (NIC/MIC = 14.5/31.0 µg/ml).

Figure 12. Graphical representation of the Gompertz fit used for the calculation
of the minimum (MIC) and non- (NIC) inhibitory concentrations of compounds
a) 1h, b) 2h, c) 1b and d) 1c against the Gram-positive microorganism Staphylococcus Aureus.
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Structure-antibacterial activity relationship
Predicting the mechanism of bacterial action of QAS in a real
biological environment (in vivo), only on the basis of their molecular
structure, is a complex process. In general, the antibacterial properties of
the active compounds in vivo depend not only on their molecular
characteristics (functional groups, presence of conjugated systems,
stereo specificity, etc.), but also on a number of requirements/restrictions
imposed by the biological environment – resistance to different pH (e.g.
pH ~ 1.5 in the stomach, pH ~ 6.5–8.5 in the intestine, pH ~ 7.4 in the
blood, etc.), water solubility, ability to cross the blood-brain barrier,
resistance to enzyme degradation and many more. A detailed analysis,
covering a study on the impact of the biological environment on QAS,
will require additional time-consuming and financially expensive
experiments. Therefore, the task of determining the structureantibacterial activity relationship was reduced to an attempt to
explain/interpret the observed antibacterial effects (in vitro) in terms of
comparing the molecular characteristics (functional groups, conjugated
aromatic systems, etc.) and crystal structures (bond lengths, torsion
angles, conformation, etc.) of the antibacterial active and inactive QAS
pairs. Table 2 presents the calculated values for MIC and NIC of the
most active QAS against S. Aureus and E. Coli.
Table 2. Results for MIC and NIC of the most active QAS

1b
1c
1h
2b
2h

Staphylococcus aureus
NIC
MIC
μM
μg/ml
μM
μg/ml
8.7
3.7
19.8
8.4
36.4
14.5
78.1
31.0
7.6
3.6
8.8
4.2
66.4
26.9
138.3
55.9
34.3
15.7
74.2
33.9
Escherichia coli
NIC
MIC
μM
μg/ml
μM
μg/ml

1c

131.0

52.0

306.3
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121.7

MIC
Kanamycin
8 μg/ml

MIC
Kanamycin
32 μg/ml22

The analysis of the conformational flexibility of the active/inactive QAS
pairs (1b/2b and 1c/2c) established differences in the mutual
arrangement of their constituent fragments. These differences are
expressed in the arrangement of the biphenyl moiety in 1b and 2b
(Figure 13) and the naphthyl moiety in 1c and 2c (Figure 14),
respectively, on the same or opposite sides of the shared pyridine moiety.
Although this difference in the mutual orientation of the fragments is
significant, it is not a major factor for the presence or absence of
antibacterial effect. For instance, a similar oposite orientation of aromatic
substitutes (like 1c/2c) is also observed in the completely inactive QAS
pairs – 1g and 2g. From conformational point of view, a lack of
correlation between the conformational flexibility and the antibacterial
effect, as well as absence of a clear criterion/parameter associated with
the presence of activity is evident.

Figure 13. Overlay (in two orientations rotated at 90o) of the molecules in the
ASU of the crystal structures of compounds 1b (orange) and 2b (cyan) by their
common a) biphenyl, b) oxoethyl and c) pyridine fragment. Hydrogen atoms,
solvent molecules and halogen anions have been removed for better
visualization.
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Figure 14. Overlay (in two orientations rotated at 90o) of the molecules in the
ASU of the crystal structures of compounds 1c (blue) and 2c (red) over their
common a) biphenyl, b) oxoethyl and c) pyridine fragment. Hydrogen atoms,
solvent molecules and halogen anions have been removed for better
visualization.

Comparing the antibacterial active pairs 1b/2b and 1h/2h, one can notice
their identical aromatic substitutes - b and h. Therefore, the appearance
or absence of an antibacterial effect could be directly related to the
presence of a specific aromatic substituent, whereas the deviations in the
MIC values of similarly substituted QAS could be a result of certain
mutual orientation of the fragments. An assessment of the contribution
of the aromatic fragments to the antibacterial effect was made on the
basis of a reference in the Cambridge structural database (CSD) and
Google Scholar, which showed a large number of crystal structures and
studies of biological activity associated with the presence of a specific
fragment. Studies of the conformational flexibility, as well as the search
in the crystallographic databases and literature sources found: (1) lack of
direct correlation between mutual orientation of fragments in QAS and
the manifestation of antibacterial effect, (2) the presence of information
expressed in scientific papers and developments indicating the possible
main contribution of the aromatic substituents b, c and h on the
25

antibacterial effect. The attribution of the observed antibacterial effect
mainly to the aromatic substitutes is plausible, but the reason for the
differences in activity between 4-PP and QN QAS having the same
aromatic fragments (b, c and h) is still unclear.
Due to their specific structural features (positively charged nitrogen head
and aliphatic tail), the molecules of the classical long-chain QAS have
separated hydrophilic and hydrophobic parts, as well as expressed
positively and negatively charged parts. On the other side, the reported
4-PP and QN QASs are characterized by a more compact aromaticaliphatic structure, which means that the hydrophilicity-hydrophobicity
and positive-negative charge boundaries are blurred. In our case, the
differences in the antibacterial activity between similar aromatic
substituents – 4-PP and QN QAS – may be related to the distribution of
the positive charge generated on the quaternary nitrogen atom. Analysis
of the charge distribution in the molecules of QAS was performed by
calculating their electrostatic potential. Figure 15 shows the charge
distribution in the active pair – 1b/2b (Figure 15a) and the
active/inactive pair – 1c/2c (Figure 15b) having common biphenyl or
naphthyl substituents. The resulting electrostatic potential of these
compounds was visualized with the CrystalExplorer23 program. Figure
15c shows only the electrostatic potential of compound 2h, due to the
absence of a solved crystal structure for its 4-pyrrolidino pyridine
analogue 1h (amorphous glass). The comparison of the electrostatic
potentials of the active QASs, differing in 4-PP or QN fragment, showed
significant differences in the charge distribution in their molecules. For
instance, in the 4-PP analogs 1b and 1c, one can notice a simultaneous
existence of positive (in blue) and negative (in red) charges, while in the
molecules of the QN analogs 2b, 2c and 2h a total positive charge of the
molecule predominates. Due to the similarity of the other fragments in
the QAS pairs, it follows that the difference in charge distribution will
be due to the structural features of the 4-PP and QN fragments. The
bipolarity in the 4-PP QAS is also a characteristic of the classical
antibacterial QAS – e.g. dequalinium chloride (DEQ, Figure 15d). This
can be explained by the disruption of the conjugations due to the presence
of aliphatic fragments - pyrrolidine heterocycle and long (CH2) 10
aliphatic bridge. The analogy in the charge distribution of the 4-PP QAS
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and DEQ is a sign that the presence of pronounced poles in the molecules
of QAS is an important factor for the appearance of antibacterial effect.

Figure 15. Comparison between the electrostatic potential of active/inactive
QAS pairs similar in their aromatic substituent. The graphics are generated with
the Crystal Explorer23 program. Quantum chemical calculations were performed
with the Tonto software package using the Hartree – Fock (HF) method and the
STO-3G basis set for calculating the wave function.
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Main conclusions from the analysis of the structure-activity
relationship
The performed analyzes did not establish the specific cause/condition for
the appearance of antibacterial effect in 4-PP and QN QAS. However,
the study of the "conformational flexibility", the contribution of the
fragments and the electrostatic potential of these QAS molecules helped
to delineate the limits of the search for antibacterial properties. Based on
the conclusions made, the future design for the synthesis of antibacterial
QAS will be based on the following necessary conditions / criteria (1-3)
ranked in order of importance:
(1) Presence of biological activity related to the selected
aromatic/aliphatic substituent - the choice of a suitable substitute
is of paramount importance, as its possible biological effect can
be assessed by reference in various crystallographic databases or
by searching for biological studies related to the specific
fragment;
(2) Presence of a conformationally flexible connecting fragment - the
connection between the substituents and the N-heterocycles must
have conformational flexibility. Preferably, the binding
fragment has an aliphatic nature, accompanied by the presence
of various functional groups, donors or proton acceptors;
(3) The distribution of the positive charge in the molecule is not of
primary importance, but contributes to the enhancement of the
antibacterial activity (the most active reported QASs are
characterized by clearly expressed positive and negative poles).

4. Conclusions
•

Quaternary ammonium salts (QASs) of 4-pyrrolidino pyridine,
quinoline and 4,4'-bipyridine were synthesized by a modified
Menshutkin method. The proposed method is suitable for
aromatic N-heterocyclic compounds, bearing a sterically
unhindered nitrogen atom, that can be quaternized by interaction
with various aromatic or aliphatic halogen derivatives.
Purification and isolation of the products were reduced to solvent
washing and recrystallization from various low-boiling solvents.
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•

As a result of the proposed synthetic protocol and the facile
purification procedure, 26 new QAS derivatives were obtained
and isolated with yields between 50 and 80% and purity over
95%, proved by a combination of powder X-ray diffraction
analysis (PXRD) and one and two-dimensional NMR
spectroscopy.

•

Single-crystals obtained by slow-evaporation method were
studied with single-crystal X-ray diffraction analysis. As a result,
the crystal structures of 25 new QAS were solved and it was
found that some of them crystallize as hydrates and solvates. The
three-dimensional packing of molecules in the structures of
QAS, revealed a network of strong intermolecular halogen (CH…Br) bonding interactions and weak (C-H…O) and π…π
contacts between electron-rich aromatic heterocycles, that
stabilize the crystal structures.

•

The study of the thermal stability by Differential scanning
calorimetry concluded that the crystal structures of QAS are
stable up to the melting point (with some exceptions) followed
by rapid decomposition. The UV-VIS and Fluorescence studies
showed that upon excitation some QASs are able to emit
fluorescent radiation in the blue-green region of the visible
electromagnetic spectrum.

•

All synthesized, purified, and characterized QAS were tested for
antibacterial activity against five bacterial strains — K.
pneumoniae, P. aeruginosa, E. coli, S. aureus, and B. Subtilis —
by the Kirby-Bauer disc diffusion method and Broth
microdilution method. QAS showed activity mainly against S.
aureus, similar or better to that of the commercially used
antibacterial agent - Kanamycin.

•

The attempt to determine the structure-activity relationship of
QAS led to the formulation of a basic guideline (sequence of
steps) for future design of new antibacterial active analogues.
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5. Main contributions
•
•

•
•

A modified methodology for QAS synthesis is proposed,
applicable for easy preparation of aromatic heterocyclic
analogues;
Twenty-nine (29), not previously described in the literature
QAS, derivatives of 4-pyrrolidino pyridine, quinoline and 4,4bipyridine were obtained, having a unique structural model: Nheterocycle - oxoethyl bridge – aromatic radical;
Twenty-five (25) new crystal structures of these QASs have been
solved and refined and some of them have been deposited in the
Cambridge Structural Database (CSD).
Five (5) of the synthesized compounds showed good
antibacterial activity against Staphylococcus aureus compared
with the commercially used antibacterial agent - Kanamycin.
The active compounds can be used as prototypes for future
research.
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