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Abstract

A novel thiourea derivative, 1-(3-bromophenyl)-3{fBfluoromethyl)phenyl]thiourea (ANF-22)

is synthesized and characterized by FTIR, FT-RaamahNMR spectroscopy experimentally and
theoretically. A detailed conformational analysistiee title molecule has been conducted in
order to locate the lowest energy geometry, whicks viurther subjected to the detailed
investigation of spectroscopic, reactive, degramatand docking studies by density functional
theory (DFT) calculations and molecular dynamicsDjMsimulations. Time dependent DFT
(TD-DFT) calculations have been used also in otdesimulate UV spectra and investigate
charge transfer within molecule. Natural bond @ilbginalysis has been performed analyzing the
charge delocalization and using HOMO and LUMO emsrghe electronic properties are
analyzed. Molecular electrostatic potential mapused for the quantitative measurement of
active sites in the molecule. In order to deterntime locations possibly prone to electrophilic
attacks we have calculated average local ionizatioergies and mapped them to the electron
density surface. Further insight into the localcteéy properties have been obtained by
calculation of Fukui functions, also mapped to é¢textron density surface. Possible degradation
properties by the autoxidation mechanism have bassessed by calculations of bond
dissociation energies for hydrogen abstraction. mstoof title molecule with significant
interactions with water molecules have been detegthiby calculations of radial distribution

functions. The title compound can be a lead comgdandeveloping new analgesic drug.

Keywords: Thiourea derivative; DFT; Local lonization Enesgi(ALIE); Radial Distribution
Functions (RDFs); Bond Dissociation Energies (BOE)gking.

1. Introduction

Substituted thiourea derivatives have focused demnable attention due to their
interesting pharmacological activities, includingtieancer [1-3], antibacterial [1, 4, 5] and
antiviral [6-8]. As the 5-H7a receptor antagonists they produced a dose-depedderease in
the number of DOIl-evoked head-twitch responses ardrted both antinociceptive and
anticonvulsant properties [5, 9-15]. On the othand) it was well documented that thiourea-

based compounds endowed with weakly deactivatihggka substituents abetaand/orpara-
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position of the phenyl ring exerted considerabléinaicrobial potency [1, 2]. The title 3-
bromophenyl derivative, as the bacterial topois@ser |V inhibitor, exhibited so far the
strongest  activity = against  Gram-positive  cocci agwonall  evaluated @ 3-
(trifluoromethyl)phenylthioureas [1]. Inhibiting s the bacterial biofilm formation, had no
impact on human normal cells viability and mortalji]. Thiourea derivatives are versatile
molecules which are capable of coordinating withiahi®ns and binding with biological targets
to form stable complexes [2, 16, 17]. Oxygen, & and sulfur contribute in such bonding and
increase the chances of thiourea derivatives bgndith different biological receptors. The need
for new chemotherapies for cancer and infectiossaties has motivated many researchers to use
thiourea in combination with other moieties to desilrugs for such diseases [18]. Imidazole is a
versatile ring with paramount biological importarjt8-22] which is evident from the fact that it
constitutes skeleton of many commercial drugs hketronidazole (antimicrobial), imidazole
(antifungal) drugs, cimetidine (histaminey-Heceptor antagonist) and flumazenil (GABA
receptor antagonist). Imidazole polyamides constitu highly active structural group which
shows anti-cancerous properties by binding at DNAomgroove [23, 24]. Combining multiple
pharmacophoric units into a single molecule hasl@esuccessful method to design new drug
candidates in structure based drug design [25]odrka and its derivatives are versatile
precursor units in the synthesis of many usefuleroetclic compounds [26]. Vibrational
spectroscopic studies of certain thiourea deriestiare reported in literature [27-29]. Many
thiourea materials with good NLO effects have beesigned and synthesized [30-35].

Pharmaceutical care products (PCCPs) are constaatiyting all types of water
resources [36-38]. They are based on very stabledically active molecules and their removal
from the water is neither efficient nor economi¢hagéonventional water purification methods. A
fine alternative is seen in the advanced oxidapimtesses which induce the degradation of the
stable molecules [39-41].Forced degradation exparimare being conducted in order to detect
intermediates and investigate their toxicities tmgavarious aquatic organisms. However, forced
degradation experiments are expensive and tedislts.tFortunately, there are clear correlations
between degradation properties and quantities dhatreadily calculated by DFT and MD
approaches and this allows efficient rationalizatemd optimization of experiments related to
drug stability [42].



In this work, beside investigation of fundamentehgative properties, we have also
calculated BDE values in order to initially asséss degradation possibilities by autoxidation.
BDEs of the remaining single acyclic bonds have &leen used in order to detect the weakest
bonds and therefore molecule sites where the psarfedegradation could start. In the same time
we have determined the atoms with significant axtgons with water molecules by calculations

of RDFs after MD simulations.

2. Experimental and computational details
2.1. The preparation of 1-(3-bromophenyl)-3-[3f{garomethyl)phenyl]thiourea

A solution of starting 3-(trifluoromethyl)aniline0(©031 mol, 0.50 g) in anhydrous
acetonitrile (10 mL) was treated with 3-bromophé&uothiocyanate (0.0031 mol) and the
mixture was stirred at room temperature for 12 herl solvent was removed on rotary
evaporator. The residue was re-crystallized froratautrile and then purified by column
chromatography (chloroform: methanol; 9.5:0.5 vol.)

The IR spectrum was obtained on Perkin Elmer Spectt000 spectrometer in KBr
pellets. FT-Raman spectrum was obtained on a Nié31@0 FT-IR Spectrometer with NXR Ft-
Raman Module, solid sample, Ge detector, excitatvamelength: 1064 nm, power at sample:
maximum 150 mW, resolution: 2,0 émnumber of scans: 1064. NMR spectiid and**C) for
the compound were recorded on a 500MHz NMR SpeetemBruker advance, Reinstetten,
Germany) using deuteriated DMSO and methanol asstivent. The chemical shift values
(ppm) and coupling constants (J) are gived and Hz respectively.

Yield 72%, white powder, m.p. 99-101 °&4 NMR (300 MHz, DMSO): 10.34 (s, 1H, NH),
10.31 (s, 1H, NH), 7.97 (s, 1H), 7.83 (m, 1H), 7(@71H,J = 8.1 Hz), 7.57 (tJ = 7.95 Hz, 1H),
7.52-7.43 (m, 2H), 7.37-7.28 (m, 2HJC NMR (75.4 MHz, DMSOQY: 180.36 (C=S), 141.06,
140.42, 130.87, 130.26, 130.02, 129.44)(g,31.8 Hz), 127.98, 127.82, 126.56, 143.09, 124.65
(g, J = 270.0 Hz), 121.38, 120.48. HRMS (ESI) calc. ®gHoBrFN,S [M — H] : 372.9622,
found: 372.9620.

2.2.  Computational details

We have conducted detailed conformational analystsder to obtain the lowest energy

geometry of the ANF-22 molecule, which was furthesed for detailed investigation of
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spectroscopic and reactive properties. Firstlyfawonational analysis was conducted employing
the MacroModel program [43], which yielded total3# structures. All of these structures have
been geometrically optimized with Jaguar 9.0 progfd4] at B3LYP/6-31G(d) level of theory
to obtain the low energy conformations. Five ofmtheith the lowest energies have been chosen
and further they have been subjected to geomewahizations and frequency calculations at
B3LYP/6-31G(d,p) level of theory, with increasedegral accuracy and finer grid density.
Frequency calculations yielded only positive fretgies, which assures that true ground states
were located. Further, the lowest energy confownatif these five low energy conformations
has been chosen for detailed calculations.

For the lowest energy conformation Jaguar progra® used for calculations of average
local ionization energy (ALIE), Fukui functions armwbnd dissociation energies (BDE) with
B3LYP exchange-correlation functional [45-49] and3BLG++(d,p), 6-31+G(d) and 6-
311G(d,p) basis sets, respectively. Full lineapoase approach of time dependent density
functional theory (TD-DFT) has been used with CAMIEP [50] exchange-correlation
functional and 6-31+G(d,p) basis sets. Desmond p@i®jgram was employed for the MD
simulations with OPLS 2005 force field [51] and it NPT ensemble class. Simulation time
was set to 10 ns, while simple point charge (SPGJeh[52] was used for the treatment of
solvent. MacroModel, Jaguar and Desmond programme w&ed as implemented in Schrodinger
Materials Science Suite 2015-4. The NLO analysiBONanalysis, frontier molecular orbital
analysis and MEP are done with the help of Gaussiftware [53, 54] and Gaussview software
[55]. The GAR2PED software [56] is adapted to réael outputs from the program Jaguar and
the Potential energy distribution is calculated fioe normal modes of vibrations of the title
compound. A scaling factor value 0.9613 is appfadthe theoretically obtained wave number
to get better agreement with the experimental wavabers. Charge transfer analysis has been
done with Multiwfn program [57-60]. Electron dernsiariation andC,,.- functions have been
visualized with VMD program [61-67], while Tachy®®8] ray tracing library, as implemented

in VMD, was used for rendering of figures.

3. Results and discussion

In the following discussion, the phenyl rings, G112-C13-C14-C15-C16 and C1-C2-
C3-C4-C5-C6 are designated as Phl and Phll, raspbct



3.1 Geometrical parameters

Figure 1 contains geometrical structure of the kiwenergy conformation of title
molecule, which was chosen for the further invedians of reactive properties, while the five

lowest energy conformations are provided in Figsiteof supplementary materials.
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Figure 1. Geometry and numbering scheme of the lowest eregformer of ANF-22

Throughout the rest of the manuscript we will referthis structure as ANF-22. The
theoretically predicted geometrical parametersiefANF-22 have been provided in Table S1 of
the supplementary materials.

In the title compound, the phenyl C-C bond lengttesin the ranges 1.4053-1.394 Gor
Phl and 1.4008-1.3928 for Phll and these bond lengths are in betweersitngle and double
bond values [69]. The C-N bond lengths of the titbenpound are, &-Ng = 1.4145A, Cg-Ng =
1.3798A, C-N; = 1.4137A and G-N; = 1.3667A and these values are less than the normal C-
N bond length (1.48) and this shows that therenigeffect of resonance in this regions of the
molecule [70]. For the title compound, C-Br bonddth is 1.9594 while the reported value is
1.9644 [71]. The reported values of C-F bond lesgtre in the range 1.3518-1.36212(DFT)
and 1.3543-1.360¢ (XRD) [72] and for the title compound the C-F bdedgths are, -Fi9 =
1.35048, Cig-Fao = 1.352R and GgFor = 1.3537A. In the present case, the C-C-F and F-C-F
angles are 111.8°, 112.0°, 111.5° and 107.6°, 2@@¥&ch are in agreement with literature [72].
For the title compound N-H bond lengths are 1.08,18.0132 which are in agreement with



literature [29]. For the title compound, the C-Sh8dength 1.676M and this lies between the
values of C-S single and double bonds and the reghonlue is 1.6636 [29].

At Cy5 position of the title compound, the bond angles;@Gs-Cig = 122.3°, G4-Cyi5
Bri; = 119.1° and -Cy5-Bri; = 118.5° and the asymmetry in angles is due tgthsence of
electronegative bromine atom. Around &d G; positions, the angles are;-C,-C3 = 119.7°,
C1-Co-N7 = 123.5°, G-C,-N7 = 116.7° and §-C11-Ci6 = 119.7°, G»-C11-Ng = 118.6°, Gs-Cys-
Ng = 121.7° which shows the interaction between thengl rings and thiourea moiety. The
interaction between the C-S group and N-H groupgsravealed by the values of the angles
around G and the angles are,#Ts-Ng = 114.1°, N-Cg-S;0 = 127.0° and MCs-S;0 = 118.9°.
Similarly the substitution of GFgroup changes the angles aroundo@sition which are &€Cy-
Cs = 120.5°, G-C4-Cy3 = 119.6° and €C4-Cig = 119.8°. The thiourea moiety is tilted from the
phenyl rings as is evident from the torsion angl&sC,-N7-Cg = 151.3°, G-C,-N+-Cg = -31.9°,
C16-C11-Ng-Cg = -43.8° and &-C;1-Ng-Cg = 139.3°.

3.2 IR and Raman spectra

Tables S2 and S3 of the supplementary materialtaitothe calculated scaled wave
numbers, IR and Raman data of the two lowest eneogyormation (ANF-22_17 and ANF-
22_8) respectively. Experimentally obtained IR &ltRaman spectra have been provided in
Figure 2. Computationally obtained IR spectra (Feg84 of the supplementary materials), for
comparison with experimentally obtained results haen obtained by averaging IR spectra of
the two lowest energy conformers and weighting eespe spectra according to their total

energies.
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Figure2. a) FT-Raman and b) FT-IR spectra of ANF-22

According to literature the NH stretching and defation modes are expected in the
regions 3330-3450 cand 1400-1500, 450-600 &nji73] and for the title compound, the NH
stretching modes are observed at 3219 amthe Raman and at 3479, 3429 ctheoretically.
The deformation modes of the NH groups are obseatet77, 512 cihin the IR spectrum,
1531, 530, 511 cthin the Raman spectrum, while theoretically thesmles were located at
1529, 1479, 531, 509 ¢ In the present case the band at 730 @mthe IR spectrum and 725
cm® in the theoretically obtained spectrum is assigasdthe C=S stretching mode [73-75],
which is in agreement with literature [29,76]. Tiend at 650 cihin the IR spectrum, 646 ¢
in the Raman spectrum and at 646cim the theoretically obtained IR spectrum is assias

C-Br stretching mode of the title compound [73,, ¥djich is in agreement with reported values



[77,78]. According to literature, the gBtretching modes are expected in the regions,-1200
cm™ and in-plane and out-of-plane bending modes imggons, 720-440, 470-260 €nfi73]. In

the present case, the bands at 1140 amthe IR spectrum, 1170, 1128 ¢nin the Raman
spectrum and at 1170, 1145, 10557cin the theoretical spectrum are assigned as the CF
stretching modes, which is in agreement with reggbvalues [47].

For the title compound, the @Beformation modes are assigned at 552, 398, 31'3itm
the Raman spectrum and at 530, 511, 430, 297 tbeoretically, which are in agreement with
the reported values [72, 80]. For the title commhuhe C-N stretching modes are assigned at
1190 cnt' in the IR spectrum, 1304, 1228 ¢rin the Raman spectrum and 1304, 1229, 1195
and 1145 cni theoretically, which agrees well with literaturata [29].

For the title compound, the CH stretching modethefphenyl rings are observed at 3040
cm™ in the IR spectrum, 3085 ¢hin the Raman spectrum for Phl and at 3133, 3066 ionthe
IR spectrum, 3062, 3049 ¢hin the Raman spectrum for Phll. According to DFlcalations
these modes are located in the range between 3@73184 cri.

The ring breathing mode of the 1,3-disubstituteényt ring of the title compound is
observed at 983 chin the Raman spectrum and at 973 theoreticallyichvis expected near
1000 cm' according to literature [73, 81], while the ane tleported value of the ring breathing
mode is 1012 ch[82].

3.3 NMR spectra

The absolute isotropic chemical shielding was dated by B3LYP/GIAO model [83]
and numerical values of chemical sloffic = ccad TMS) - ocalc together with calculated values of
ccad TMS), are given in Table S4.

The protons of the phenyl rings | and 1l resonatéhe ranges, 7.09-7.78 ppm and 7.03-
9.11 ppm theoretically while the experimental eslare, 7.32-7.83 and 7.47-7.97 ppm. The
hydrogen atoms of amide groups in this compounceappt a higher chemical shift of 10.34,
10.31 ppm experimentally whil&,c of the NH protons strongly deviate from the exmemtal
data due to the high polarity of these bonds wélues 7.25 and 7.00 ppm. For aromatic carbon
atoms, the range d¢fC NMR shifts are normally greater than 100 ppm [B8], and for the title
compound*C NMR chemical shifts of the entire phenyl carboonss are greater than 100 ppm



as expected in literature. The predicted shiftdni¢he ranges 120.75-144.49 ppm for Phl ring
and 118.43-138.68 ppm for Phll ring, while the expental shifts are respectively, 126.56-
143.09 and 120.48-140.42 ppm. The chemical shfftsadbon atoms C8 and C18 are 177.12,
133.54 (predicted) and 180.36, 124.65 (experimbmtabm. High chemical shift in the case of

carbon atom C8 is due to the neighboring nitrogehsalfur atoms.

3.1. UV spectra and chargetransfer based on TD-DFT calculations

TD-DFT calculations have been done in order to iptedV spectra and the obtained
results were compared with the experimentally ole@iUV spectra. Also, the approach based
on natural transition orbitals (NTO) [86] was udadorder to investigate the topology of the
most important excitations that principally dictdight absorption properties. Figure S3 of the
supplementary materials contains comparison ofréteally and experimentally obtained UV
spectra.

Theoretically and experimentally obtained UV specire in good agreement and both
indicate two absorption peaks. Difference of wangth between theoretically and
experimentally obtained UV spectra is 3 or 4 nmjclwhs very good agreement. The only
significant difference can be concluded for theoalbance of the peak located at 260 nm, but it is
important that predicted UV spectra also shows timratpeak located at ~200 nm is higher than
the peak located at ~260 nm.

Further, electronic transitions have been checRedin many cases, due to the size of
ANF-22 molecule, TD-DFT calculations gave extendigé of orbital transitions. This makes
identification of the most important electronic gatons practically impossible. However, by
application of the natural transition orbitals (NJT[86] approach this task was made possible.
As opposed to the ordinary orbitals, NTOs considt®ne (sometimes two or more) pair of
orbitals. In the case of NTO concept, transitioousdng from excited particle (occupied) to the
empty hole (unoccupied) orbital [86]. The most imipot information (excitation energies,
wavelength and oscillator strengths) on the fiseRcitations are summarized in Table 1, while
in Figure 3 we have provided visualization of tihentier molecular orbitals and hole-particle
orbitals of the second and ninth excitations.
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Table 1. Information about the first 20 excitatiaishe ANF-22 compound

Excitation # Ex0|ta[t|e(2;1] energy WaE/nerIr(]e]ngth Oscillator strength
1 4.11 301.44 0.0038
2 4.70 263.95 0.5280
3 4.75 260.81 0.2456
4 5.03 246.36 0.0322
5 5.06 245.03 0.0424
6 5.59 221.97 0.0007
7 5.82 213.00 0.0435
8 5.93 209.09 0.0652
9 6.03 205.67 0.2707
10 6.07 204.37 0.0281
11 6.14 201.88 0.0423
12 6.16 201.26 0.0516
13 6.22 199.21 0.1248
14 6.27 197.82 0.0167
15 6.33 195.91 0.0271
16 6.35 195.30 0.0414
17 6.38 194.42 0.0107
18 6.43 192.74 0.0809
19 6.44 192.61 0.1328
20 6.48 191.32 0.0726

The lowest energy excitation occurs for the enafy#.11 eV and corresponds to the
wavelength of 301 nm. According to the oscillatbesgth two the most important excitations
are the second and the ninth excitation, with gmoading oscillator strengths of 0.5280 and
0.2707, respectively. It is interesting that bothtlmese two most important excitations are
located at wavelengths that almost completely m#tehexperimentally measured absorption
peaks. Namely, second excitation is located aiiénelength of 264 nm which is matching with
experimentally measured absorption peak, whilenthth excitation is located at the wavelength
of 206 nm, which is very close to the experimegtatieasured value of 204 nm. In Figure 3
NTOs of the frontier molecular orbitals and two thmst important excitations have been
provided.
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The topology of orbitals presented in Figure 3 dats that NTOs of the second
excitation match very well with the frontier moléauorbitals, indicating the importance of this
excitation for the light absorption. This is alseflected with the highest value of oscillator
strength in the case of the second excitationart also be seen in Figure 3a that HOMO and
LUMO are located at the sulfur atom, “hole” NTO thie second excitation is not located at
sulfur atom, while “particle” NTO of the second é@ation is located at the sulfur atom. When it
comes to the light absorption, the importance d¢fus@atom is reflected by the fact that “hole”
NTO of the first pair of the ninth excitation ieelly located at sulfur atom.

Charge transfer analysis for the lowest energytattan based on the electron density
difference has been performed by the Multiwfn papgr[57-60]. The method explained in
reference [87], as generalized in three dimensimnsreators of Multiwfn program, has been
employed. According to the work [87] quantificatioh charge transfer can be described by the
guantity known as charge transfer length (CT lenddT length is actually a distance between
barycenters o€, andC_ functions, while details o@. andC_ functions can be checked in [87].
In this work barycenters of th@. andC_ functions have been calculated with Multiwfn pragr
and visualized with VMD program. In Figure 4a eteotdensity variation as a consequence of

the first excitation has been visualized with VMBgram, using the isosurface value of 0.0015.

Figure4. a) Electron density variation from ground to fiescited state (green and blue colored
areas denote positive and negative regions, ragpbgtof ANF-22 and b) barycenters 6f
(green) andC_ (blue) functions for ANF-22
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In Figure 4a an increase of electron density iskewmwith green color, while blue color
denotes decrease of electron density as a consaxjoémhe lowest energy excitation. It can be
seen in Figure 4a that electron density variatiber dhe first excitation is localized in relatiyel
small molecule area containing sulfur atom, indigathat CT length could be low and that the
aforementioned excitation is of locally excited jLfgpe. However, the final judgment on this
will be drawn after calculation of two more importgparameters. In Figure 4b we will refer to
the visualization of barycenters of positive andatwe parts o€, andC_ functions.

Result provided in Figure 4b indicates that CT teno case of the lowest energy
excitation of ANF-22 equals to 1.461 A, which idueasomewhere in between the CT and LE
types of excitation. Thus, we have decided to usdtiMfn program again and calculate the
coefficient which, according to the paper [88]useful when it comes to the identification of
excitation type. As mentioned in reference [88], i&des are characterized Ay value lower
than 2.0 A and it can be also stated that the IdveAr parameter is, the more likely is that the
excitation is of local type (LE). A value ofr parameter in the case of ANF-22 is 2.71 A, clearly
indicating a CT excitation type. Just for case,hage also performed a calculation of distance
between centroids of electrons and holes, whickietsanother indicator of excitation types,

which turned out to have high value of 2.79 A, lijandicating that the first excitation is of CT
type.

3.4 Natural Bond Orbital Analysis

Results regarding the NBO analysis have been suinedarn Table S5 of the
supplementary materials.The strong inter molechigrer conjugative interactions ares-8io
from N; of m(N7) - o*( Cs-S10) Which increases the electron density 0.48220evtleakens the
respective bonds £S5, leading to stabilization of 67.31 kJ/moly#8g from S of n(Sy) — 0*(
N7-Cg) which increases the electron density 0.06192ewea@akens the respective bonds G
leading to stabilization of 12.10 kJ/mol3-G;0 from Ny of m(Ng) — 6*( Cg-S10) Which increases
the electron density 0.48220e that weakens theectigsp bonds &S, leading to stabilization of
67.62kJ/mol; Gz-Fo from Fg of ng(Fig) - 0*(C1e-F20) Which increases the electron density
0.10318e that weakens the respective bongd$4 leading to stabilization of 12.73kJ/mol; &
F2o from Ry 0f ny(F21) - o*( C1e-F20) Which increases the electron density 0.10318evtkakens
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the respective bondsi&£F, leading to stabilization of 11.23kJ/mol;;6F19 from Fy of
nz(F20) - 0*(C1s-F19) Which increases the electron density 0.10155evtleakens the respective
bonds Gg-Fi9 leading to stabilization of 12.60 kJ/mol3s6C;4 from Brz of ng(Bri7) —» n*(Cis
Ci4) Which increases the electron density 0.38276¢ wleakens the respective bondsg-Ci4
leading to stabilization of 9.88kJ/mol. The orbiath low occupation number are high energies
are: n(Fio), m(F21), s(F20) with energies, -0.42241, -0.41665, -0.42228adl @nsiderable p-
characters, 100, 99.82, 99.98% and low occupationbers, 1.94864, 1.94826,1.93155 while
the orbital with high occupation numbers and lovergres are: 1fFig), m(F21), m(F2) with
energies, -1.05684, -1.05749, -0.42300a.u. anugpacters, 29.19, 28.40, 100% and occupation
numbers, 1.98707, 1.98755, 1.94924.Thus, a vergeclo pure p-type lone pair orbital
participates in the electron donation to #té Cgs-S;0) orbital for n(N7) - 6*( Cs-S10), 0*( N7-

Cg) orbital for n(Si0) - 0*( N7-Cg) ,0*( Cg-S10) orbital for n(Ng) - o*( Cg-S10), 0*( Cis
Fao)orbital for ny(Fig) » 0*( Cug-F20), 6*( C1sF20)) orbital for ny(F21) — 6*( C1s-Fao), 0*( Cig-Fig)

orbital for ny(Fz0) - 0*( C1g-Frg), 7*( C15-Ci4) interactions in the compound.

3.5 Nonlinear optical properties

For the title compound, first hyperpolarizabilitynca second hyperpolarizability are
respectively, 2.5749x 18 and -20.985x I&esu and these values of the investigated molecule
clearly reveal that they have nonlinear opticaldwebr with non-zero values. The reported value
of the first hyperpolarizability of phenyl thiourerivatives is 1.86 x 1¥esu [29] and the first
hyperpolarizability of the title compound is 19.8hes that of the standard NLO material urea
[89]. The C-N bond lengths in the title compound ar between a single and double bond and
hence there is a extendedelectron delocalization over the thiourea grouP][®vhich is

responsible for the nonlinearity of the system.

3.6  Frontier molecular orbital analysis

HOMO and LUMO energy values are very important paggers for quantum chemistry
and HOMO is the outermost orbital, tends to givecebns and act as an electron donor while
the LUMO accepts electrons [91]. The HOMO-LUMO pdidtthe title compound is shown in
Figure S4 of the supplementary materials. According B3LYP/6-31G(d,p) method, the
HOMO and LUMO energy values are —7.327eV and —4E&Y%7 The ionization energy and
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electron affinity can be expressed &s:— Enomo = 7.327,A = —ELumo = 4.574eV [92]. The
hardness; and chemical potential are given the following relatiorg = (I — A)/2 andu = —
(I+A)/2, where | and A are the first ionization potaehtand electron affinity of the chemical
species [93]. For the title compound, HOMO-LUMO mgyegap = 2.753eV, lonization potential,
| = 7.327eV, Electron affinitp= 4.574eV, global hardnegs= 1.377eV, chemical potential=
—5.951eV, global electrophilicity index:Z/2y = 12.859eV.

3.7. MEP and ALIE surfaces, non-covalent interactiand Fukui functions

In order to identify sites suitable for nucleophitieactions or electrophilic attacks, the
molecular electrostatic potential map of the tatenpound was calculated at the B3LYP/6-31G
(6D, 7F) level and given in Figure 5a.

The red and yellow color which indicates the nagatiegions of the molecule are
electrophilic reactivity regions and blue color it are positive which indicates the
nucleophilic reactivity regions in the MEP plot [98]. For the title compound, the electrophilic
regions are phenyl rings, CS group and nucleopteljons are mainly NH groups.

Sites of ANF-22 molecule that are possibly pronestectrophilic attacks in this work
have been determined by calculations of ALIE validss quantity was introduced by Sjoberg
et al. [97, 98] and it is defined as sum of orbiakrgies weighted by the orbital densities
according to the following equation:

z(r):zigg‘frf', W

" r
wherep,(F) represents the electronic density of thtd molecular orbital at the point, ¢
represents the orbital energy ap(f) is the total electronic density function. This chistor

indicates the amount of energy needed for the rahaf\electrons from certain molecule places.
The lower the ALIE is, electrons are easier removthis work ALIE values are mapped to the
electron density surface and in such way obtainese indicate molecule sites where electrons

are least tightly bound, Figure 5b.
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-24.67 MEP [kcal/mol] 163.54 ALIE[
i | P

Figure5. a) MEP and b) ALIE surface of the ANF-22 molecule

44.96

kcal/mol] 382.70

It can be seen in Figure 5 that sulfur atom isately very important reactive center from the
aspect of electrophilic attacks. In order to remthes electron from the area in the near vicinity
of sulfur atom it is necessary to spend around Kd&8/mol, according to the calculated ALIE
descriptor. On the other side the highest valueAldE descriptor are calculated in the near
vicinity of fluorine atoms and these locations anelecule sites where electrons are tightly
bound. In the near vicinity of fluorine atoms th&IB values equals more than 382 kcal/mol.
According to the results presented in Figure 5b,FAM molecule is also characterized by
formation of two intra-molecular non-covalent irgetions, between atoms C16-H26 and
between atoms S10-H22. Both of these non-covalgetactions have very similar strengths,
0.014 electron/bofr

Tracking the electron density changes as a consegquef addition or removal of charge
allows one to additionally determine important teacsites. This can be done by utilization of
Fukui functions, which are in Jaguar program caiad in the finite difference approximation
according to the following equations:

fr= N+5(”)‘PN (”) 2)

o
=t @
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whereN denotes the number of electrons in the refererate sf the molecule and represents
the fraction of electron, which is set to be 0.99]]

Fukui f ¥ andf ~ functions respectively indicate how electron dgnshanges when
certain amount of charge is added or removed. Towerethese functions practically show where
electron density increases and decreases when uimlacts as electrophile and nucleophile,
respectively. In this work the representation okdiufunctions has been done by mapping of

their values to the electron density surface, FEdur
a) b)

Figure 6. Fukui a)f* and b)f” function of ANF22

For the visualization of Fukui functions in Figusahe following color coding has been
used. Namely, in the case of Fului function presented in Figure 6a, purple color ¢atks
molecule sites where electron density increasea esnsequence of charge addition. On the
other side, in the case of Fului function presented in Figure 6b, red color indésatnolecule
sites where electron density decreases with thevahof charge. Results in Figure 6a again
emphasize the reactive importance of sulfur atomsidies sulfur atom, purple color is also
located in the near vicinity of carbon atoms C18 @14, indicating that these locations are the
ones where electron density increases when ANF-@Raule acts as an electrophile. On the
other side, yellow to red color is delocalized picadly over the whole molecule, indicating the
decrease in the charge density when molecule a@sacleophile, except in the near vicinity of

sulfur atom and carbon atom C8.
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3.8  Degradation and reactive properties basedeautoxidation and hydrolysis

As more and more pharmaceutical molecules areipgténe water streams due to the
overuse and improper handling, beside synthesisesi molecules it is also necessary to
understand how they can be efficiently removed ftbenwater [100,101].

Because strong correlation exists between degodaly autoxidation and BDEs, DFT
calculations are very useful for the overall untierding of degradation properties of drugs
[100-102]. On the other side understanding theracteons of drug molecules with water is also
of great importance. In this case MD simulations lba particularly useful for the determination
of molecule’s atoms with pronounced interactionhwitater molecules, which can be useful for
the understanding of hydrolysis.

Concerning the degradation by autoxidation it isfuisto emphasize that this mechanism
is closely related to the possibility for hydrogeioms to be abstracted. If the BDE for hydrogen
abstraction has the proper value, than that maetadation can be considered as probably
suitable for the start of autoxidation processs klso crucial to determine the proper interval of
BDE values suitable for the C-H dissociation. Frone side it is well known that all peroxy
radicals have BDE in the range of 87-92 kcal/md@1[103]. On the other side the study of
Wright et al. [102] shows that BDE values in theemmal between 75 to 85 kcal/mol indicate that
molecule is highly prone to the autoxidation. AlsGryn'ova et al. [104] stated that
thermodynamic favorability of C—H bond dissociatiprobability is strongly favored for BDE
values lower than 85 kcal/mol, disfavored for BDBlues higher than 90 kcal/mol and
guestionable for BDE values between 85 to 90 kaal/®BDE values calculated for all single

acyclic bonds are presented in Figure 7.
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Bond BDE [kcal/mol]

1 111.92
2 118.94
3 119.50
-+ 118.06
5 91.83
6 95.78
7 119.13
8 117.69
9 119.29
10 116.16
11 93.36
12 107.05
13 69.63
14 70.60
15 89.29
16 73.06
17 113.94

Figure 7. BDE for hydrogen abstraction in case of ANF-22 ecale

Results presented in Figure 7 clearly indicatehtigh stability of the ANF-22 molecule.
The lowest BDE value for the hydrogen abstractgalimost 92 kcal/mol. This indicates that the
mentioned molecule is highly stable in the opernaainl in the presence of oxygen. BDE values
for the remaining single acyclic bonds served s db determine the weakest bonds and
therefore the locations where the process of degjad could start. Thanks to the results in
Figure 7, it can be concluded that the weakest $ame the ones denoted with numbers 13 and
14. BDE values in these two cases are around 70nkamaand they clearly emphasize the
importance of sulfur atom, which is in their clogeinity.

In order to locate the atoms of ANF-22 moleculehwilatively pronounced interactions
with water molecules we have calculated RDFs ai#» simulations. RDF,g(r), is the
probability of finding a particle in the distancé&rom another particle [105]. RDFs of atoms with

significant interactions with water molecules aresgented in Figure 8.
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a)

g(r)

b)

g

According to the profiles of RDFs in Figure 8 indae seen that total of eight atoms have
significant interactions with water molecules. Fofeéhem are carbon atoms while the remaining
ones are one sulfur, bromine and hydrogen atomdoGaatom with the highest g(r) values is
atom C18, with corresponding g(r) value of almogt On the other side carbon atoms C6 and
C13 have the shortest peak distances, locatedoanér3.5 A. The most important RDF is
calculated for hydrogen atom H27, which has thekpiistance lower than 2 A. Bromine and

sulfur atoms have much higher maximal g(r) valuag, their peak distances are located at

0.8 1
0.6 1
0.4 4

0.2 1

0.8 1
0.6 1
0.4+

0.2+

0.0+

—C4

—C6
C13

—CI5
Cl18

P S —————
= —

o

—SI10
—Brl7
H27
2
e - o ——

Al

Figure 8. RDFs of molecule ANF-22
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around 3.5 A. The fact that sulfur atom and hydroggom H27 have very pronounced
interactions with water could be very important dese both of these two atoms are located in
the near vicinity of the bond which is the weakastording to the BDE values, meaning that the

hydrolysis could be of importance.

3.10 Molecular docking

The decahydroisoquinoline scaffold bearing a phéstyazole is a GluK1 antagonist with
potential as oral analgesics [106]. The aryl theauderivatives show antivulsant, antimicrobial
and analgesic activity [107]. Thiourea derivativeshibits their analgesic activity in mice
(Musmusculus), and showed a better analgesic gcttempared to Na-diclofenac [108]. High
resolution crystal structure of decahydroisoqum®lantagonist was obtained from the RSCB
protein data bank website with PDB ID: 4MF3. UsiAgto Dock-Vina software [109] all
molecular docking calculations was performed. Ale tdocking protocol was prepared as
reported in literature [110]. In Figure S5 of thgpplementary materials, surface view of the
docked ligand embedded in the catalytic site ofallgdroisoquinoline antagonist has been
visualized, while weak non-covalent interactionsateen the active site of the substrate and the
ligand have been visualized in Figure S6 of thepRmpentary materials. Besides visualization of

the docked ligand in Table 2 we are providing infation about the binding affinities.

Table 2. The binding affinity values of the titlerapound to decahydroisoquinoline antagonist

Mode Affinity Distance from best mode (A

(kcal/mol) | RMSD L.b. | RMSD u.b.
1 -7.1 0.000 0.000
2 -6.9 6.513 8.313
3 —6.8 9.875 12.403
4 —6.8 5.823 8.679
5 —6.6 1.733 2.403
6 —6.6 8.656 11.089
7 —6.6 9.594 11.757
8 —6.6 11.973 13.842
9 —6.5 9.032 11.836

Amino acids Glul5, Ser194 form halogen interactiaith CF. Glul4 showstanion
interaction with phenyl ring and NH group and Tyri8xhibit realkyl interaction with CF3.
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Thanks to the indicated weak non-covalent inteoastiit can be concluded that the docked
ligand forms a stable complex with decahydroisoqglim@ antagonist with the highest binding
affinity value of —7.1 kcal/mol. These results icate that title compound could be considered as

a lead compound for the development of new anagksig.

4., Conclusion

The detailed interpretation of the vibrational dpecof 1-(3-bromophenyl)-3-[3-
(trifluoromethyl)phenyl]thiourea have been carriedt with the help of potential energy
distribution. Excellent agreement for the calcuateibrational wave numbers with the
experiment whenever available has been found. Bdtanalysis of NBO, NMR, frontier
molecular orbital analysis and MEP are reportedankis to the ALIE values sulfur atom is
recognized to be possibly prone to electrophiliacks. The importance of sulfur atom was
confirmed by Fukui functions as well, which als@agnized carbon atoms C14 and C16 as
important reactive centers. Two intramolecular ramMadent interactions have been detected, with
very similar strengths. From the aspect of TD-DFlcuglations, the most important excitations
have been identified while NTOs indicated the miagportant molecule areas for the light
absorption. Detailed charge transfer analysis atdut that the first excitation is of CT type. The
lowest BDE values for abstraction of hydrogen at@meshigher than 90 kcal/mol and it is hard
to expect that this molecule is sensitive towandg®xdation. Sulfur atom and hydrogen atom
H27 have pronounced interactions with water mokegulvhich could be meaningful since these
two atoms are in the close vicinity of the bondst ire the weakest according to the BDEs. The
docked title compound forms a stable complex widltadhydroisoquinoline antagonist with a
binding affinity value of —7.1 kcal/mol and can belead compound for developing new

analgesic drug.

Acknowledgments

Part of this work has been performed thanks tostipport received from Schrodinger Inc. Part
of this study was conducted within the projectspgufed by the Ministry of Education, Science
and Technological Development of Serbia, grant rersiWN171039, TR34019.

23



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

A. Bielenica, J. Stefeska, K. S¢pien, A. Napiorkowska, E. Augustynowicz-KofyeG.
Sanna, S. Madeddu, S. Boi, G. Giliberti, M. Wrzqddk Struga, Synthesis, cytotoxicity
and antimicrobial activity of thiourea derivativiesorporating 3-(trifluoromethyl)phenyl
moiety, Eur.J. Med. Chem. 101 (2015) 111-125.

S. Saeed, N. Rashid, P.G. Jones, M. Ali, R. d4dir§ Synthesis, characterization and
biological evaluation of some thiourea derivatiMesaring benzothiazole moiety as
potential antimicrobial and anticancer agents, BukMed. Chem. 45 (2010) 1323-1331.
R.M. Kumbhare, T. Dadmal, U. Kosurkar, V. SraithJ.V. Rao, Synthesis and ctyotoxic
evaluation of thiourea and N-bis-benzothiazole \dgives, a novel class of cytotoxic
agents, Bioorg. Med. Chem. Lett. 22 (2012) 453-455

A. Bielenica, K. Sgpien, A. Napiorkowska, E. Augustynowicz-KofgeS. Krukowski, M.
Wiodarczyk, M. Struga, Synthesis and antimicrobialctivity of4-chloro-3-
nitrophenylthiourea derivatives targeting bactetigde 1l topoisomerases, Chem. Biol.
Drug Des. 87(2016) 905-917.

J. Stefanska, D. Szulczyk, A.E. Koziol, B. Mstaw, E. Kedzierska, S. Fidecka, B.
Busonera, G. Sanna, G. Giliberti, P. La Colla, Mru§a, Disubstituted thiourea
derivatives and their activity on CNS, synthesid aiological evaluation, Eur. J. Med.
Chem. 55 (2012) 205-213.

0.J. D'Cruz, S. Qazi, S. Yiv, F.M. Uckun, A redwaginal microbicide containing the
rationally designed anti-HIV compound HI-443 (N'-{2-thiophene)ethyl]-N’-[2-(5-
bromopyridyl)Jthiourea]), Expert. Opin.Investig.yst 21 (2012) 265-279.

S. Karaky, S. GunizKucukguzel, I. Kugukguzel, E. De Cler€g, Pannecouque, G.
Andrei, R. Snoeck, F. Sahin, O.F. Bayrak, Synthemsviral and anticancer activity of
some novel thioureas derived from N-(4-nitro-2-phweyphenyl)-methanesulfonamide,
Eur. J. Med. Chem. 44 (2009) 3591-3595.

J.D. Bloom, R.G. Dushin, K.J. Curran, F. Donaht.B. Norton, E. Terefenko, T.R.
Jones, A.A. Ross, B. Feld, S.A. Lang, M.J. DiGranthiourea inhibitors of herpes
viruses. Part 2.N-benzyl-N-arylthiourea inhibitefsCMV, Bioorg. Med. Chem. Lett. 14
(2004) 3401-3406.

24



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

M. Struga, J. Kossakowski, E. Kedzierska, SdeEka, J. Stefska, Synthesis and
pharmacological activity of urea and thiourea  dmiixes of 4-
anatricyclo[5.2.2.0.(2,6)]undec-8-ene-3,5-dionee@h Pharm. Bull. (Tokyo), 55 (2007)
796-799.

A. Bielenica, E. Kedzierska, S. Fidecka, Halizynska, B. Miroslaw, A.E. Koziol,

J. Stefanska, S. Madeddu, G. Giliberti, G. SarvlaStruga, Synthesis, antimicrobial and
pharmacological evaluation of thiourea derivativafs 4H-1,2,4-triazole, Lett. Drug
Des.Discov. 12 (2015) 263-276.

A. Bielenica, E. Kdzierska, M. Kolhski, S. Kmiecik, A. Kolaski, F. Fiorino, B.
Severino, E. Magli, A. Corvino, |. Rossi, P. Masdlar A.E. Koziot, A. Sawczenko, M.
Struga, 5-HT2 receptor affinity, docking studiesd gsharmacological evaluation of a
series of 1,3-disubstituted thiourea derivativas, H. Med. Chem. 116 (2016) 173-186.
M. Struga, J. Kossakowski, A.E. Koziot, TslLE. kedzierska, S. Fidecka, Synthesis and
pharmacological activity of thiourea derivatives o0fl,7,8,9-tetramethyl-4-
azatricyclo[5.2.1.02.,6]dec-8-ene-3,4-dione, LBtlg.Des.Discov. 6 (2009) 445-450.
B.K. Kaymakgiglu, S. Rollas, E. Korgeez, F. Ariciglu, Synthesis biological evaluation
of new N-substituted-N-(3,5-di/1,3,5-trimethylpycde-4-yl)thiourea/urea derivatives,
Eur. J. Pharm. Sci. 26 (2005) 97-103.

S. Karakus, B. Kog¢yit-Kaymakcigzlu, H.Z. Toklu, F. Aricioglu, S. Rollas, Synthesis
and anticonvulsant activity of new  N-(Alkyl/substiéd aryl)-N’-[4-(5-
cyclohexylamino)1,3,4-thiadiazole-2-yl)phenyl]thieas, Arch. Pharm. (Weinheim). 342
(2009) 48-53.

M. Struga, S. Rosolowski, J. Kossakowski, tefé&hska, Synthesis and microbiological
activity of thiourea derivatives of 4-azatricycld@32.0(2,6)]Jundec-8-ene-3,5-dione, Arch.
Pharm. Res. 33(2010) 47-54.

S. Chen, G. Wu, H. Zeng, Preparation of higlinaicrobial activity thiourea chitosan-
Ag+ complex, Carbohydrate Polym. 60 (2005) 33-38.

H. Arslan, N. Duran, G. Borekci, C. KorayOz&, Akbay, Antimicrobial activity of
some thiourea derivatives and their nickel and eommmplexes, Molecules 14 (2009)
519-527.

25



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

N. Dolan, D.P. Gavin, A. Eshwika, K. Kavanagh McGinley, J.C. Stephens, Synthesis,
antibacterial and anti-MRSA activity, in vivo toXig and a structure activity relationship
study of a quinolinethiourea, Bioorg. Med. CherattL26 (2016) 630-635.

G.V. Sharma, A. Ramesh, A. Singh, G. SrikanthJayaram, D. Duscharia, J.H. Jun, R.
Ummani, S.V. Mlahotra, Imidazole derivatives shomti@ancer potentialby inducing
apoptosis and cellular senescence, Med. Chem. Can{@914) 1751-1760.

Q. Su, S. loannidis, C. Chuaqui, L. Almedia, Mimzhanov, G. Bebemitz, K. Bell, M.
Block, T. Howard, S. Huang, D. Huszar, J.A. ReedR&ard Costa, J. Shi, M. Su, M.
Ye, M. Zind, J. Med. Chem. 57 (2013) 144-158.

H.M. Alkahtani, A.Y. Abbas, S. Wang, Synthesand biological evaluation of
benzo[d]imidazole derivatives as potential antiemnagents, Bioorg. Med. Chem. Lett.
22 (2012) 1317-1321.

B. Narasimhan, D. Sharma, P. Kumar, Biologiogbortance of imidazole nucleus in the
new millenium, Med. Chem. Res. 20 (2011) 1119-1140.

D. Obinata, A. Ito, K. Fujiwara, K. Takavania, Ashikari, Y. Murata, K. Yamaguchi, T.
Urano, T. Fujimura, N. Fukuda, M. Soma, T. WatanaHe Nagase, S. Inoue, S.
Takahashi, Pyrrole imidazole polyamide targetetreak fusion sites in TMPRSS2 and
ERG gene fusion represses prostate tumor growthgeZasci. 105 (2014) 1272-1278.
Y.W. Han, T. Matsumoto, H. Yokota, G. Kashiw&gz H. Morinaga, T. Bando, Y.
Harada, H. Sugiyama, Binding of hairpin pyrrole danddazole polyamides to DNA:
relationship between torsion angle and associatite constants, Nucleic Acids Res. 40
(2012) 11510-11517.

J.A. War, S.K. Srivastava, S.D. SrivastavantBgsis and DNA binding study of
imidazole linked thiazolidinone, Luminescence (20d6i: 10.1002/bio.3156.

A.R. Katrizky, Advances in Heterocyclic Chemnjs Academic Press, New York, 1983.
W. Yang, W. Zhou, Z. Zhang, Structural and dpascopic study of N-2-fluorobenzoyl-
N-4-methoxyphenylthiourea, J. Mol. Struct. 828 (2D86-73.

H.M. Badawi, Structural stability, C-N interdnatations and vibrational spectral analysis
of non-planar phenylurea and phenylthiourea, Spelsim.Acta 72 (2009) 523-527.

C.Y. Panicker, H.T. Varghese, A. George, P.KIWiomas, FT-IR, FT-Raman and ab
initio studies of 1,3-diphenyl thiourea, Eur. J.e@h 1 (2010) 173-178.

26



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

N. Zhang, M.H. Jiang, D.R. Yuan, D. Xu, X.Tad, Z.S. Shao, The quality and
performance of the organometallic complex nonlinegtical material tri-allylthiourea
cadmium chloride (ATCC), J. Cryst. Growth 102 (19981-584.

P.M. Ushasree, R. Muralidharan, R. Jayavel RBmasamy, Growth of bis(thiourea)
cadmium chloride single crystals — a potential Nio@terial of organometallic complex,
J. Cryst. Growth, 218 (2000) 365-371.

M. Qussaid, P. Becker, C.C.Nedelec, Raman iafrdred spectra of bis(thioura)zinc
chloride, Zn[CS(NH)2].Cl, single crystal, Phys. Stat. Sol.(b) 207 (1998)-809.

H.O. Marcy, L.F. Warren, M.S. Webb, C.A. Ebbe6.P. Velsko, G.C. Kennedy, G.C.
Catella, Second harmonic generation in zinc trig(tea) sulfate, Appl. Opt. 31 (1992)
5051-5060.

K. Selvaraju, R. Valluvan, S. Kumararaman, @ifo and characterization of a new metal
organic crystal, potassium thiourea iodide, Mdtett. 60 (2006) 3130-3132.

K. Selvaraju, R. Valluvan, S. Kumararaman, éwnmetal organic crystal, potassium
thiourea chloride, Mater.Lett. 61 (2007) 751-753.

A. Golubovi, B. Abramové, M. Sepanowt, M. Grujié-Brojéin, S. J. Armakow, I.
Veljkovi¢, B. Babt, Z. Doktevi¢-Mitrovi¢, Z. Popowvt, Improved efficiency of sol-gel
synthesized mesoporous anatase nanopowders in cphlaligic degradation of
metoprolol, Mater. Res. Bull. 48 (2013) 1363-1371.

R. Ma, B. Wang, S.Lu, Y. Zhang, L. Yin, J. Hep S. Deng, Y. Wang, G. Yu,
Characterization of pharmaceutically active compmtsunn Dongiting Lake, China:
Occurrence, chiral profiling and environmental yiSki. Total Environ. 557 (2016) 268-
275.

S.J. Armakow, S. Armakové, N.L. Fincur, F. Sibul, D. Vione, J.P. Setsj, B.
Abramovi, Influence of electron acceptors on the kinetitsnetoprolol photocatalytic
degradation in Ti@ suspension: A combined experimental and theotesicaly, RSC
Advances 5 (2015) 54589-54604.

S.J. Armakou, M. Gruji¢-Brojéin, M. Sepanowt, S. Armakowé, A. Golubovi, B.
Babic, and B.F. Abramovi Efficiency of La-doped TiO 2 calcined at diffeten
temperatures in photocatalytic degradatiorg-dflockers. Arab. J. Chem. (2017) Article
in Press, https://doi.org/10.1016/j.arabjc.2017001.

27



[40]

[41]

[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

S. Armakové, S.J. Armakovi, and B.F. Abramov¥ Theoretical investigation of
loratadine reactivity in order to understand itgyreelation properties: DFT and MD
study. J. Mol. Mod. 22 (2016) 240.

B. Sureshkumar, Y.S. Mary, C.Y. Panicker, 8ma, S. Armakow, S.J. Armakon, C.
Van Alsenoy, and B. Narayana, Quinoline derivatiasspossible lead compounds for
anti-malarial drugs: Spectroscopic, DFT and MD gtutab. J. Chem. (2017) Article in
Press, https://doi.org/10.1016/j.arabjc.2017.07.006

P. Lienard, J. Gavartin, G. Boccardi, M. Meami Predicting drug substances
autoxidation, Pharm. Res. 32 (2015) 300-310.

Schrddinger Release 2015-4: MacroModel, Scimget, LLC, New York, NY, 2015.

A.D. Bochevarov, E. Harder, T.F. Hughes, Jd3Reenwood, D.A. Braden, D.M. Philipp,
D. Rinaldo, M.D. Halls, J. Zhang, R.A. Friesnergdar: A High performance Quantum

Chemistry Software Program with Strengths in Lifed aMaterials Sciences, Int. J.
Quantum Chem. 113 (2013) 2110-2142.

A.D. Becke, Density functional thermochemistiil. The role of exact exchange, J.
Chem. Phys. 98 (1993) 5648-5652.

D. Shivakumar, J. Williams, Y. Wu, W. Damm,Shelley, W. Sherman, Prediction of
absolute solvation free energies using moleculaathics free energy perturbation and
the OPLS force field, J. Chem. Theory Comput. 6.(AL509-1519.

Z. Guo, U. Mohanty, J. Noehre, T.K. Sawyer, Sfierman, G. Krilov, Probing the

helical structural stability of stapled p53 pepsid®lolecular dynamics simulations and
anlaysis, Chem. Biol. Drug Design 75 (2010) 348-35

K.J.Bowers, E.Chow, H.Xu, R.O.Dror, M.P.Eastwlp B.A.Gregersen, J.L.Klepeis,
I.Kolossvary, M.A.Moraes, F.D.Sacerdo8calable algorithms for molecular dynamics
simulations on commodity clusterin SC 2006 Conference, Proceedings of the
ACM/IEEE 2006. IEEE.

Schrodinger Release 2015-4: Desmond Molecular Dyceu@ystem, version 4.4, D. E.
Shaw Research, New York, NY, 2015. Maestro-Desinégrdperability Tools, version
4.4, Schrodinger, New York, NY, 202615.

28



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

T. Yanai, D.P. Tew, N.C. Handy, A new hybridchange—correlation functional using
the Coulomb-attenuating method (CAM-B3LYP), Chemy$ Lett. 393(2004) 51-57.
J.L. Banks, H.S. Beard, Y. Cao, A.E. Cho, Vnim, R. Farid, A.K. Felts, T.A. Halgren,
D.T. Mainz, J.R. Maple, R.Murphy, DM.Philipp, MP.pasky, LY.Zhang, BJ.Berne,
RA.Friesner, E.Gallicchio, RM.Lew, J. Comput. Ch&®.(2005) 1752-1780.
H.J.Berendsen, J.P.Postma, W.F.van Gunstdreermansinteraction models for water
in relation to protein hydrationin Intermolecular forces1981, Springer. p. 331-342.
Gaussian 09, Revision C.01, M.J. Frisch, GMcks, H.B. Schlegel, G.E. Scuseria,
M.A. Robb, J.R. Cheeseman, G. Scalmani, V. BarBnédJennucci, G.A. Petersson, H.
Nakatsuji, M. Caricato, X. Li, H.P. Hratchian, A.Emaylov, J. Bloino, G. Zheng, J.L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. FukudaHasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. VrevehA. Montgomery, Jr., J.E. Peralta,
F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brotherd\ KKudin, V.N. Staroverov, T. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. REndeC. Burant, S.S. lyengar, J.
Tomasi, M. Cossi, N. Rega, J.M. Millam, M. Klen&z.JKnox, J.B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R.E. StratmannyY&yev, A.J. Austin, R. Cammi,
C. Pomelli, J.W. Ochterski, R.L. Martin, K. MorokamV.G. Zakrzewski, G.A. Voth, P.
Salvador, J.J. Dannenberg, S. Dapprich, A.D. Dan@l. Farkas, J.B. Foresman, J.V.
Ortiz, J. Cioslowski, D.J. Fox, Gaussian, Inc., Mdgford CT, 2010.

J.B. Foresman, Pittsburg, PA, in: E. Frischl.JEExploring Chemistry with Electronic
Structure Methods: A Guide to Using Gaussian, 1996.

R. Dennington, T.Keith, J. Millam, Gaussviewyersion 5, Semichem Inc.,
ShawneeMission, KS, 2009.

J.M.L. Martin, C. Van Alsenoy, GAR2PED, a Prag to Obtain a Potential Energy

Distribution from a Gaussian Archive Record, Unsmr of Antwerp, Belgium, 2007.

T. Lu, F. Chen, Multiwfn: a multifunctional wafunction analyzer, J. Comput. Chem.
33(2012) 580-592.

T. Lu, F. Chen, Quantitative analysis of mallac surface based on improved Marching
Tetrahedra algorithm, J. Mol. Graph. Model. 38 (20314-323.

L. Tian, C. Feiwu, Calculation of molecularb@al composition, Acta Chim. Sinica 69
(2011) 2393-2406.

29



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]

[70]

M. Xiao, T. Lu, Generalized Charge DecompasitiAnalysis (GCDA) Method, J. Adv.
Phys. Chem. 4 (2015) 111-124 (in Chinese)

W. Humphrey, A. Dalke, K. Schulten, VMD: viduaolecular dynamics J. Mol. Graph.
14 (1996) 33-38.

J.E. Stone, J. Gullingsrud, K. Schulteh.system for interactive molecular dynamics
simulation in Proceedings of the 2001 symposium on Interactiveg8iphics 2001.
ACM.

J. Eargle, D. Wright, Z. Luthey-Schulten, Mple Alignment of protein structures and
sequences for VMD,Bioinformatics 22 (2006) 504-506.

D. Frishman, P. Argos, Knowleddmsed protein secondary structure assignment,
Proteins. 23 (1995) 566-579.

V. Amitabh, J. Frederick, P. Brooks, W.V. Whig Linearly Scalable Computation of
Smooth Molecular Surfaces IEEE Computer Graphics and Applicatiori®©94.

M.F. Sanner, AJ. Olson, J.-C. Spehnieast and robust computation of molecular
surfaces in Proceedings of the eleventh annual symposium orpG@tional geometry
1995. ACM.

R. Sharma, M. Zeller, V.I. Pavlovic, T.S. HepZ. Lo, S. Chu, Y. Zhao, J.C. Phillips, K.
Schulten, Speech/gesture interface to a visual-atingp environment, IEEE Comput.
Graph. 20 (2000) 29-37.

J.E. StoneAn efficient library for parallel ray tracing andnamation.1998.

A.S. El-Azab, K. Jalaja, A.A.M. Abdel-Aziz, M. Al-Obaid, Y.S. Mary, C.Y. Panicker,
C. Van Alsenoy, Spectroscopic analysis (FT-IR, FArRn and NMR) and molecular
docking study of 2-ethyl-(4-oxo0-3-phenethyl-3,4ytihoquinazolin-2-ylthi)-acetate, J.
Mol. Struct. 1119 (2016) 451-461.

R.T. Ulahannan, C.Y. Panicker, H.T. Varghd®eMusiol, J. Jampilek, C. Van Alsenoy,
J.A. War, A.A. Al-Saadi, Vibrational spectroscopied molecular docking study of (2E)-
N-(4-chloro-2-ox0-1,2-dihydroquinolin-3-yl)-3-phelpyop-2-enamide, Spectrochim.
Acta 151 (2015) 335-349.

30



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

J.B. Bhagyasree, J. Samuel, H.T. Varghese, BaYiicker, M. Arisoy, O. Tempiz-Arpaci,
Synthesis, FT-IR investigations and computatonal st 5-[(4-bromophenyl)acetamido]-
2-(4-tert-butylphenyl)benzoxazole, SpectrochimtaAtl5 (2013) 79-91.

Y.S. Mary, C.Y. Panicker, T.S. Yamuna, M.Sd&gowda, H.S. Yathirajan, A.A. Al-
Saadi, C. Van Alsenoy, Theoretical investigationgle molecular structure, vibrational
spectra, HOMO-LUMO and NBO analysis of 9-[3-(dimd#mino) propyl]-2-trifluoro-
methyl-9H-thioxanthen-9-ol, Spectrochim. Acta 12014) 491-501.

N.P.G. Roeges, A Guide to the Complete Intetigdtion of Infrared Spectra of Organic
Structures, John Wiley and Sons Inc., New York,4199

N.B. Colthup, L.H. Daly, S.E. Wiberly, Introdtion of Infrared and Raman
Spectroscopy, Academic Press, New York, 1975.

G. Socrates, Infrared Characteristic GroupgEeancies, John Wiley and Sons, New York,
1981.

S. Nigam, M.M. Patel, A. Ray, Normal coordi@eanalysis and CNDO/II calculations of
isonitrosopropiohenone (propiophenone oxime) andetnicarbazone and
thiosemicarbazone derivatives, synthesis and ctaraation of their metal complexes, J.
Phys. Chem. Solids, 61 (2000) 1389-1398.

R.T. Ulahannan, C.Y. Panicker, H.T. VarghdeMusiol, J. Jampilek, C. Van Alsenoy,
J.A. War, S.K. Srivastava, Molecular structure, IRT-FT-Raman,NBO, HOMO and
LUMO, MEP, NLO and molecular docking study of 2-J{&(2-
bromophenyl)ethenyl]quinoline-6-carboxylic acid,e8pochim. Acta 151 (2015) 184-
197.

H.T. Varghese, C.Y. Panicker, K.M. Pillai, Y.8lary, K. Raju, T.K. Manojkumar, A.
Bielenca, C. Van Alsenoy, Spectroscopic investayatiand computational study of 4-(3-
bromophenyl)-4-azatricyclo[5.2.2.0.2,6]Jundevane&itione, Spectrochim. Acta 76
(2010) 513-522.

K.C. Mariamma, H.T. Varghese, C.Y. PanickerJghn, J. Vinsova, C. Van Alsenoy,
Vibrational spectroscopic investigations and corapanal study of 5-chloro-2-[4-
(trifluoromethyl)phenylcarbamoyl]phenyl acetatepestrochim. Acta 112 (2013) 161-
168.

31



[80]

[81]

[82]

[83]

[84]

[85]

[86]
[87]

[88]

[89]

[90]

T. Joseph, H.T. Varghese, C.Y. Panicker, K.swéAnathan, M. Dolezal, T.K.
Manojkumar, C. Van Alsenoy, Vibrational spectroscopinvestigations and
computational study of 5-tert-butyl-N-(4-trifluorathylphenyl)pyrazine-2-carboxamide,
Spectrochim. Acta 113 (2013) 203-214.

G. Varsanyi, Assignments of Vibrational Spaatf Seven Hundred Benzene Derivatives,
Wiley, New York, 1974.

R. Renjith, Y.S. Mary, C.Y. Panicker, HWVarghese, M. Pakosinska-Parys, C. Van
Alsenoy, A.A. Al-Saadi, Spectroscopic (FT-IR, FTRan) investigations and quantum
chemical calculations of 1,7,8,9-tetrachloro-10¢l®ethoxy-4-{3-[4-(3-
methoxyphenyl)piperazin-1-yl]propyl]-4-azatricyctop. 1.5 |dec-8-ene-3,5-dione,
Spectrochim. Acta 129 (2014) 438-450.

K. Wolinski, J.F. Hinton, P. Pulay, Efficiemnplementation of the gauge independent
atomic orbital method for NMR chemical shift caltibns, J. Am. Chem. Soc. 112
(1990) 8251-8260.

S. Ahmad, S. Mathew, P.K. Verma, Laser Ramad &T-infrared spectra of 3,5-
dinitrobenzoic acid, Indian J. Pure Appl. Phys(B892) 764-765.

Z. Liu, Y. Qu, M. Tan, H. Zhu, 5-bromosalicgliacid, ActaCryst.E60 (2004) 01310-
01311.

R.L. Martin, Natural transition orbitals, Jn€m. Phys. 118(2003) 4775-4777.

T. Le Bahers, C. Adamo, I. Ciofini, A qualite¢ index of spatial extent in charge-
transfer excitations, J. Chem. Theory. Comput. Z{(2@498-2506.

C.A. Guido, P. Cortona, B. Mennucci, C. Adantn the metric of charge transfer
molecular excitations: a simple chemical descripdortChem. Theory. Comput. 9(2013)
3118-3126.

C. Adant, M. Dupuis, J.L. Bredas, Ab initioduof the nonlinearopticalproperties of
urea : Electron correlation and dispersion effddis,J. Quantum. Chem. 56 (1995) 497-
507.

E. Koscien, J. Sanetra, E. Gondek, B. Jarbgz Kityk. J. Ebothe, A.V. Kityk, Optical
poling effect and optical absorption of cyan, etlyboxyl and tert-butyl derivatives of
1H-pyrazolo[3,4]quinoline, experiment and quantumeroical simulations, Spectrochim.
Acta 61 (2005) 1933-1938.

32



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

G. Gece, The use of quantum chemical methodsoirosion sciences, Corros. Sci. 50
(2008) 2981-2922.

S.H.R. Sebastian, M.A. Al-Alshaikh, A.A. El-Eam, C.Y. Panicker, J. Zitko, M.

Dolezal, C. Van Alsenoy, Spectroscopic, quantummubal studies, Fukui functions, in
vitro antiviral activity and molecular docking ofchloro-N-(3-nitrophenyl)pyrazine-2-
carboxamide, J. Mol. Struct. 1119 (2016) 188-199.

R.G. Parr, R.G. Pearson, Absolute hardnessnpamion parameter to absolute
electronegativity, J. Am. Chem. Soc. 105 (1983)2¢3%61.

E. Scrocco, J. Tomasi, Electronic moleculan&ure, reactivity and intermolecular
forces, an euristic interpretation by means oftebstatic molecular potentials, Adv.
Quantum Chem. 11 (1978) 115-193.

F.J. Luque, J.M. Lopez, M. Orosco, Perspeatineslectrostatic interactions of a solute
with a continuum, a direct utilization of ab initisolecular potentials for the prevision of
solvent effects, Theor. Chem. Acc. 103 (2000) 348-3

N. Okulik, A.H. Jubert, Theoretical analysistbe reactive sites of non-steroidal anti-
inflammatory drugs, Internet Electron. J. Mol. D&42005) 17-30.

P. Sjoberg, J.S. Murray, T. Brinck, P. PolitzAverage local ionization energies on the
molecular surfaces of aromatic systems as guideshémical reactivity, Canadian J.
Chem. 68 (1990) 1440-1443.

P. Politzer, F. AbtAwwad, J.S. Murray, Comparison of density functiceyad Haratree-
Fock average local ionization energies on moleauaiaces, Int. J. Quantum Chem. 69
(1998) 607-613.

A. Michalak, F. De Proft, P. Geerlings, R. B\ahjski, Fukui functions from the relaxed
Kohn-Sham orbitals, J. Phys. Chem. A103 (1999) 7B2-

M.Li, Organic chemistry of drug degradatio?012: Royal Society of Chemistry.

T. Andersson, A. Broo, E. Evertsson, Predictof drug candidates sensitivity toward
autoxidation: computational estimation of C-H digation energies of carbon centered
radicals, J. Pharm. Sci. 103 (2014) 1949-1955.

J.S. Wright, H. Shadnia, L.L. Chepelev, Sisbiof carbon centered radicals, effect of
functional groups on the energetic of additioomafiecular oxygen, J. Comput. Chem. 30
(2009) 1016-1026.

33



[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Y-R.Luo, Handbook of bond dissociation energies in orgarampounds 2002: CRC
press.

G.Gryn'ova, J.L.Hodgson, M.L.Coote, Revisinthe mechanism of polymer
autooxidation, Org. Biomol. Chem. 9 (2011) 480-490.

R.V. Vaz, J.R. Gomes, C.M. Silva, Moleculgndmics simulation of diffusion
coefficients and structural properties of ketomesupercritical C@at infinite dilution, J.
Supercritic. Fluids 107 (2016) 630-638.

J.A. Martinez-Perez, S. lyengar, H.E. Shannbon Bleakman, A. Alt, D.K. Clawson,
B.M. Arnold, M.G. Bell, T.J. Bleisch, A.M. Castanig. Del Prado, E. Dominguez, A.M.
Escribano, S.A. Filla, K.H. Ho, K.J. Hudziak, C.Bones, A. Mateo, B.M. Mathes, E.L.
Mattiuz, A.M. Ogden, R.M. Simmons, D.R. Stack, R¥ratford, M.A. Winter, Z. Wu,
P.L. Ornstein, GluK1 antagonists from 6-(tetrazgilenyl decahydroisoquinoline
derivatives, in vitro profile and in vivo analgesfficacy, Bioorg. Med. ChemLett. 23
(2013) 6463-6466.

A. Gupta, P. Mishra, S. K. Kashaw, V. Jat&ynthesis, anticonvulsant, antimicrobial
and analgestic activity of novel 1,2,4-dithiazolegjian J. Pharm. Sci. 70 (2008) 535-
538.

V. Alagarsamy, G. Murugananthan, R. Venkapestmal, Synthesis , analgestic, anti-
inflammatory and antibacterial activities of someovel 2-methyl-3-substituted
quinazolin-4-(3H)-ones, Biol. Pharm. Bull. 26 (20Q311-1714.

O. Trott, A. J. Olson, AutoDockVina: Improgrthe speed and accuracy of docking with
a new scoring function, efficient optimization amdiltithreading, J. Comput. Chem. 31
(2010) 455-461.

B. Kramer, M. Rarey, T. Lengauer, Evaluatiohthe FlexX incremental construction
algorithm for protein ligand docking, PROTEINS: \&i. Funct.Genet. 37 (1999) 228-
241.

34



Highlights
* A new thiourea derivative has been synthetized and investigated

» Experimental spectroscopic characterization has been compared with DFT
calculations

» Global and local reactivity and charge transfer properties have been investigated
» Docking study suggests the title compound could act as an analgesic drug.



