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1. Introduction

The quaternary ammonium salts (QAS) are ionic compounds composed
of a positively charged nitrogen atom+{salled "head"), which can form

four covalent bonds with differ¢ alkyl, alkenyl, aryl or heteroaryl
substituents (soalled "tail'). The positive charge is most often
compensated by monoatomic halide anions (such'a8€| I' and F),

as well as by monovalent polyatomic anionic groups such as B
CHsSGs' etc Thanks to thdacile and coseffective way ofproduction

QASs have been used for more than 100 years as antimicrobial agents,
softenersphasetransfer catalystsiological indicators and mamgore

The main interest for the present dissertation ésapplication 0QAS

as antibacterial agents. The revolution in the fight against bacterial
infections began with the discovery of penicillin by Fleniimg1928.
Thanks to antibiotics, humanity has successfully dealt with various types
of bacterial infedbns that were previously extremely deadly. Excessive
and improper use of antibiotics, however, leads to the emergence of
bacterial resistance followed byreduced 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 antibiotaosdis most often expressed in

the form of biodegradatiin of the pharmaceuticabmpoung 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 steaias h
recently "developed" on the basis of wildbe Mycobacterium
tuberculosis which have acquired resistance to standard effective
tuberculosis treatments. Nearly half a million neasesof multidrug
resistant tuberculosis (MDRB) are reported worldwideach year.
Moreover in 2016 in the United States, a multidmagistant strain dE.

coli was found untreatabbgith Colistin, a lastgeneration antibiotito

which it was considered that resistance could not be acduifbe
emergence of more resistattains 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 loigical

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- cost
effective synthetic protocollhe resulting QAS compounds should be
characterized both physicochemically and in terms of antibacterial
properties.The main stages include: selection of reaction conditions,
synthesis of newQAS, selection of a methodology for isolation and
purificationof the productsdeteminationof theirmolecular and crystal
structures, study of their thermal and spectral properties and evaluation
of their antibacterial propertieased onthe formulated goal, the
following objectives were set, the sequence of whickflects the
presentation of the results in the dissertation:

AcChoiceof method andonditions for QAS synthesis;

A Synthesis of a series of quate
method applied to ramatic heterocyclic compounds and
purification andsolation of the obtained products;

A P h ghemiaalo characteristics of the obtained QAS by
comparative powder Xay diffraction analysis, NMR
spectroscopy and Differential scanning calorimetry (DSC);

A Gr o singlecrysték from the synthesize@AS, suitable for
singlecrystal X-ray diffraction analysidollowed by solution
and refinemenof their crystal structures;

A Analysis of the spectral properties dAS using UWNIS,
fluorescence and infrared spectroscopy;

A Study of t heeof thenobtained@AStagainst avd e f f
Gram - positive Staphylococcus aurewnd Bacillus Subtili$
and three Grami negative Escherihia coli Klebsiella
Pneumoniaeand Pseudomonas Aerugingsaacterial strains
using the disidiffusion method of KirbyBauer.Determination
the of norrinhibitory and minimum inhibitory concentrations of
the activecompounds via Broth microdilution method

A Attempt t o d e @activitynrelatienship lofethe s t r u
obtained compounds.



3. Results and discussion

3.1. Synthesis, istation  and  structural
characterization of QAS

Synthesis and isolation FAS

The quaternary ammonium salts in the present dissertation are
synthesized by a modified Menshutkin method applied to aromatic
N-heterocyclic compoundsS¢heme ). Quaternizations thought to
occurs bya Sy2 mechanism, thuseaction ratas influencedmainly by

the concentration of reagents, the typ{ic/aprofc) and the polarity of

the solvent used, the stehimdrancdn the substrate and nucleophile and
the strength of the leavingaup in the substratdhesynthesis of QAS

is generallyconducted irpolar aprotic solvestsuch asacetonitrileor
1,2-dichloroethangwhich 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 containiran electroracceptor group
(C=0) were used as substratése presence afarbonyl grougavors
thecleavagef the Xi C bond (X = B, I') andthereforethe easier attack

of the nucleophileHowever, he presence oalogen derivatives in the
procedurerequres the reaction to be carried out in an inert medium
(argon), due to the possibility of a hydrolysis process.

o O
R1
}R1 \N}
Br +
Br

Acetonitrile

\ ”
§ N+ or 1) 80°C, Ar, 6 - 24 h.
2) washing with solvent
3) recrystallization
|_R2 +
N_R2

Schemel. Schenatic diagram for the synthesi§ quaternary ammonium salts

The dher reaction conditions are=mperature close to the boiling point
of the solvent anadonstant stirringA sign of a reactionbetween the
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starting compounds most often @olor changef the reaction solution,

and due to the good solubility of the starting materials in thesohezht,

the formation of a precipitate is often observed. The end of the
quaternization process wamnfirmed by thin layer chromatography
(TLC) in ethyl acetate, dichfomethananhethanol systemst is possible

that the reaction solution does not form acypiate, it remains clear. In
such cases the "precipitate” is obtained after the solutignslowly
evaporated at room temperature. As a consequence of the "slow"
evaporation, it is possible to obtasinglecrystak of the respective
product after a fewdays. The resulting crude product was filtered and
washed with solvent to remowmreacted starting reagents. In ctse
washing with solvent was insufficient the compounds were
recrystallizedrom hotsolution ofvarious lowboiling solvents (acetone,
methanol, acetonitrile) in order to purify and obtain crystals large enough
to determine the crystal structum QAS by singlecrystal X-ray
diffraction analysis (SCXRD). The purity and molecular structure of the
obtained compound were proved mainly byH and *C NMR
spectroscopy and PowderrAy diffraction analysis (PXRD) and by
additional measurement dfie melting pointoy Differential Scanning
Calorimetry (DSC).Only compounds witthigh purity (>95%) were
testedfor antibacterial propertiesThe designations of all synthesized
QASs, as well as the final yields after the purification steps are presented
in Table 1.

Table 1. Designatios of the synthesizedjuaternary ammonium salts and the
final yields after the purification stages. QAS derivatives of 4,4bipyridine
(3) the preparation of a mon@r bissubstituted product, is presentadth
additionalsuffixesa andb.

1 2 3
— | Yield Yield Yield
CN@N % 7N % NQ_@N %
o R W la 70 | 2a | 75 3ab 60
o
o B W W 1b 69 | 2b | 61 | 3ba3bb | of
[¢]
C| g 1 61
" 1c 77 2c 69 3ca, 3ch** '
5
d Br Vo . . . .
4 N I | 2d 57 | |




h
B’}Q%H Th* 62 | 2n | 55 i i

/ 1i* i 2i | 70 i i
o (0]
o
REEY, . . - -
m 1j 66 2j 58 [ [
K| - —m——- 1k 65 2k 80 T T

| Br/\© 1I* i T i 3la*, 3lb* i

T no synthesis performed or no pure prodsitolated
* crystal structure only§CXRDanalysis)
** molecular structure only (NMR spectroscopy)

Determination of purity and molecular structure of QAS

Powder Xray diffraction (PXRD) analysis and owémensional 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 saltscé&the diffraction
pattern of severalompound (phases) is a sum of thiéfraction patterns

of each of thecompound constituting the mixture, powder-rdy
diffraction analysis is an extremely convenient, fast anddestructive
method for qualitative ssessment of the contamination of a product.
After dryingof the precipitates obtained in the synthesis, a sanadlunt

of the latter was @undin an agate mortar to a particle size between 5
and 25 & m agindlecpydtatsiticenccuvetta charaerized by

low background noise. The obtained diffractograms of the products
(precipitatey were compared with the diffractograms of the starting
compoundsas well as with the diffractograms albsted after solving the
crystal structures ofQAS. As an exarmle, Figure 1 shows the
diffractograms of the -pyrrolidino pyridine derivative 1a and the
corresponding starting reagents 4-pyrrolidino pyridine (1) and
2-bromoacetophenone (a), as well as the diffraction patterdaof
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generated by the singtwystal Xray diffraction analysis. The
comparison of thaliffracting patternsclearly shows that there is no
overlap of the peaks of reagenfis ( pur pl @, r eeamn,d 0)
product (a, r e whjch is’évidencef the presencef a new phase.

In addition, his phase ishe desied onebecause its diffraction peaks
completelyover |l ap with the peaks of t h
generated by theinglecrystalX-ray diffraction analysis ofa

® PXRD uaxogen npoaykT (a)
———— PXRD - cteauHeHne 1a
——4&#—— SCXRD - cbeaunenue 1a
——&—— PXRD u3sxogen npoaykT (1)

- . - . * - v

— LuLJ_UM‘L}ULL.A«U‘{JMM@MM

Laggines]

Intensity [a.u.]

— - ;‘KI R /\,‘. - )l adl JN A SVALA S —— A
5 10 % 20 25 30 36 40 45 E

26 ()

Figure 1. Comparison between the powder diffraction pattern of compéand
(red, y), the calcul ated pocwstadXraydi f fr
diffraction analysis ofla( b | u e ,thodedf theastading materialk (purple,
g)anda( green, 0) .

In some cases, although a new phase was obtained, the overlapping of
the diffractograms from the singteystal and powder Xay diffraction
analysis wasincomplete Figure 2a), and in other cases the
diffractograms were totally differenfigure 2b). In thosecasesas well

as in the situations of an amorphous produay. (eompound1h),
additional researclwvas requiredo prove theisolation of thedesired
product. Additional studies were performed in solution using- one
dimensional and twdimensionaNMR techniquesFigure 3 shows the
proton ¢H) NMR spectra of compoundsa and2g. 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 arealn somecass, it was necessary to use tdimensional
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Figure 2. Examples of a) the presence of additional peaks when comparing the
diffractograms of monocrystalline and powdefra§ diffraction analysis of
compound2a and b) a complete discrepancy between the diffractograms of
monocrystalline and powder-bay diffraction analysis of compourid.

techniques suchs NOESY, HSQC and HMBC, that are able to give
information about the proximity in space between neighbdmyagogen
atoms, the direct carbeggroton bond, and the interactiofietween
carbonand hydrogen atoms that are separdigdwvo, three and even
four bonds Thecombined use of Xay diffraction analyzes and various
onedimensional and twdimensional NMR techniquesjadepossible
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the determination ahe molecular and crystatructures, as well as the
high purity of all obtained QAS The comparative powder diffraction
patterns, as well as the proton NMR spectra of akratbhmpoundsare
placed in theSupporting informatiosection of the dissertation.

Crystal structure solution and refinement of QAS

Singlecrystak of the correspondin@AS derivatives of quinoline, 4
pyrrolidino pyridine and 4,4ipyridine were obtained in three ways: (1)
extracted directly from the resulting precipitate, (2) after slow
evaporation of the clear acetorgrsolutionat room temperature$ °

C) or (3) by hot recrystallization from various low boiling solveAtser
careful inspection, sufficiently large samples vgitheof about 0.100.5
mm in all directions, without cracks and adhesioese selectedThe
selectd crystals were glued to glass capillaries using adamaponent
adhesive mixture rotrapped in lops using a crgprotective solution
(Paratone). After what the crystalgere mounted on the goniometric
head of thesinglecrystal X-ray diffractometeri Figure 4. Data on the
intensities and coordinates of théfraction peaks were collected on a
singlecrystal diffractometer Agilent SupernovaDual equipped with
Atlas CCD detector andperating with Mo and CX-ray radiation( & =
0.71073 A and 1.54184 A), asellv as on a Bruker D8 Venture
di ffractometer equipped with a Ph
3.0 microfocus MKU r adi ati on. Dhuding - pr oc
determination of the unitcell, indexing and measurement of the
intensities of the diffraction p&a, correction for geometric effects
(Lorentz effect and polarization), absorptiatorrection (Multi-Scan
method, SMABS), scaling and mergingf the data and an initial
assessment of thepacegroup of symmetryi summarized under the
name Data Reduction, waachievedwith the CrysAlisPré andbr
APEX3* software The crystal structures GFAS were solved with direct
methods (Shel¥$ or Intrinsic phasing (ShelX) and refined with a
full-matrix least squares metitb on F2
(ShelxL’) integrated in the Ole®&oftware All heteroatoms$ C, N, O,
Br, I'T includingtheatomsof thesolventwere successfully locatécbm
the electron densitynapand wereefinedanisotropically. The hydrogen
atoms attached to the corresglingparentcarbon atonwereplaced at
calculated positions, at idealized distanceoading to a certain scheme
(U(eq) = 1.2 for CHaromaticT 0.93 A, Ci Himethyienei 0.97 A and U(eq) =

9



1.5 for O Hmemy T 0.96 A). Hydrogen atoms attached to heteroatoms
other than carbowerelocatedfrom the electron density map amgre
refinedisotropically. Images of the molecules in the asymmetric unit of
the crystal structures dPAS were made with the program ORTEP
Images related to hydrogen bonds, thil@eensional packaging of
molecules, etc. are generated with the Mer@ayd Olex2 programs.

Figure 4.View of thesinglecrystak of a portion of the Quaternary ammonium
saltsmountedon the goniometric head of teenglecrystaldiffractometer.

In the present dissertation a total of 25 new crystal structures of 4
pyrrolidino pyridine @4-PP), quinoline QN) and 4,4bipyridine BPY)
QAS were reported mainly in the form of brominetsébnly 1k and2k

i iodine saltg. The presentedQASs most often crystallize in the
monoclinic crystal system in spagroups §G) P2./n (1b, 1g, 1k, 2g,
2k), C2/c (3ab, 3ba, 3la and3Ib) andP2i/c (1c, 1¢ 1f, 2b, 2c, 2d and

2j) and lessrequently in theorthorhombic & P2:2:2; (18 2aand3ca)
andPna2; (2f) and the triclinicSG P-1 (1i, 1j, 2h, 2i and3bb). Some
QASs crystallize as hydrates or solvates (acetonitrile or methanol
molecules) The ®lvent moleculehiavepredominantlya cavity filling
role,but in thecaseof theBPY derivatives, water molecules are involved
in the stabilization othe crystal structures througthain ofhydrogen
bondinginteractionsORTEPviews of the molecules in the asymmetric

10



unit of the crystal structures ebmeof the4-PP QAS are presented on
Figure 5.

Figure 5. ORTEP views of the molecules in the asymmetric unit (ASU) of
compounds a}a, b)1b, c) 1c, d) 1e e)1f and e)lgwith appropriate numbering
schemeTheatomic displacement parametetisefmal ellipsoidsof the atoms

are represented with a 50% probability. Hydrogen atoms are represented as
spheres of arbitrary radius

QAS can bedescribedas composed of two main fragmentsN-
heterocycle andramatic substituent (radicalgonnected by shot 2-
oxoethyl(i CH2I C(=O)i) bridge. In general, the two aromatic fragments
in the QAS molecules are relatively planar withhomtmean square
deviation(RMSD)from the ideal plane 8.150 A. There are exceptions,
such as the pyrrolidine fivmmemberednoiety, which has &half-chair"
conformation leading to a positional disorder in some of 4P
derivatives. Another example isompoundslg and 2g, whose
benzodioxepindragment has ditwisted boab conformation.Focusing
on the molecular characteristics 4fPP, QN and BPY QAS, their
molecules contain mainly strong electraccepting functional groups
(such as CO, NGO, and weaker electredonatinggroups (such asioO
CHs and tert-butyl). Therefore,the formation of strong hydrogen
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bondinginteractions is imossible. The mly possibility for stabilization

of the crystal structures is through intermolecudandinginteractions
with the halogen anions (Br and Ipr weak GHL LL O 4dnd
interactions involving Ckor CH groupdrom thealiphatic or aromatic
systems. These sigmptions are confirmed by the study of the three
dimensional padkg of molecules in the crystal structures4ePP, QN
and BPY QAS, which reveals a network of strong H---X halogen
bonding interactions witibond lengths ranging between 2.828 A
(for 4-PP) and close contacts ofl Bmethylene - X and G Haromatic -+ X type

(X =Br and I). Along with the mentionetlalogen interactions, weaker
CiH---O interactions are observebetweenthe methylene and/
aromatic hydrogen atoms and i@C and C=0 functional
groupsstructural fragments ibf and1g. These weak contacts lead to the
formation of specifidR?(10) andR-*(8)!*12 motifs (R = ring,Figure 6a,

b). Compound1k, containing only 4yrrolidino pyridine and butyl
fragments, stabilizes its crys&dructure by long chains ofi Glmethylene - -
and @ Haromatic -+ intermoleculabondinginteractions formingC,}(6)'
12motifs (C = chainFigure 6¢). Weak (noc oval ent )

b e t w eekectronfich aromatic nuclei are also observed ia thystal
structures of SOm@ A S . These iwetad&amrbe bhserveds
between aromatidng of the same and different typadare the reason
for the specific threglimensional arrangement of QAS molecules

(Figure 7).
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Figure 6. Network of ntermolecular halogemondinginteractiongpresentn the
crystal structures of a)g, b) 1f and c)1k. The talogenbondinginteractions
form specific R?*(8), RA(10) and C;}(6) motifs'®!?2, Hydrogen atoms are
presented in light green for bettgsualization.
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