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Abstract

The vibrational spectra and corresponding vibraioassignments of 2-(3-methoxy-4-
hydroxyphenyl)benzothiazole is reported. Singlestay XRD data of the title compound is
reported and the orientation of methoxy groupisdo nitrogen atom of the thiazole ring. The
phenyl ring breathing modes of the title compoumd assigned at 1042 and 731 tm
theoretically. The charge transfer within the malecis studied using frontier molecular
orbital analysis. The chemical reactivity descniptare calculated theoretically. The NMR
spectral data predicted theoretically are in gogieement with the experimental data. The
strong negative region spread over the phenyl ringsogen atom and oxygen atom of the
hydroxyl group in the MEP plot is due to the immemr®njugative and hyper conjugative
resonance charge delocalizationneélectrons. Molecule sites prone to electrophitiacks
have been determined by analysis of ALIE surfaedsle Fukui functions provided further
insight into the local reactivity properties ofdimolecule. Autoxidation properties have been
investigated by calculation of bond dissociatiorergies (BDEsS) of hydrogen abstraction,
while BDEs of the rest of the single acyclic bomgse valuable for the further investigation
of degradation properties. Calculation of radiatrlbution functions was performed in order

to determine which atoms of the title molecule hgvenounced interactions with water
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molecules. The title compound forms a stable compligh aryl hydrocarbon receptor and
can be a lead compound for developing new anti-tusineg. Antimicrobial properties of the
titte compound was screened against one bactarlalre Escherchia coliand four fungal
cultures viz.,, Aspergillus niger,Pencillum chrysogenum, Saccharomyces cereviaiae
Rhyzopus stolonifer
Keywords. DFT; Thiazole; ALIE; RDF; BDE; molecular docking.
1 I ntroduction

Benzothiazole derivatives are of biologically aetiveterocyclics with luminescence
property. It is used as a starting material fortsgais of larger, usually bioactive structures.
2-substituted benzothiazoles are now of great estedue to their pharmacological and
optical activities. The luciferase enzyme usedature for bioluminescence is constituted by
benzothiazole fragments. Some benzothiazole derdéstand its complexes belong to a class
of organic luminescent materials, which are usedlwescent brighteners as well as in
organic light emitting diodes [1-3]. Furthermoreeyhattracted attention as two-photon
absorption chromophores, liquid crystals, photodemting materials and flurophores [4-6].
Incorporation of a thiazole subunit into large aalizedn-electron systems enhances the
hyperpolarizability and good candidates for thepldig of large non-linear responses and
hence benzothiazoles are excellent nonlinear dptidaromophores [7, 8]. The
pharmacological activity includes antitumor, antifjal, antioxidant and photo sensitizing
properties [9-12]. These compounds may be usefdluasescent tracers for detectirfig
amyloid in Alzheimer’'s brains [13]. The vibrationapectroscopic studies of certain
phenothiazine derivatives are reported by the astymup [14, 15].

Scientific community is strongly devoted to theestigation of economic and efficient
degradation mechanisms for the pharmaceutical ptedbased on biologically active
molecules. Namely, this type of the compounds heentslowly entering environment and
represents great threat to the aquatic organismfar$harmaceuticals have been detected in
all types of water [16-18], while conventional gization procedures are not adequate for
their removal. In this regard advanced oxidatioocpsses are seen as alternative approaches
for improved degradation of mentioned class of conmals [19-21].

Detailed investigation of degradation propertiesaie molecule is time consuming and
tedious procedure in which all degradation interaited should be detected and confirmed.
Herein, DFT calculations coupled with molecular d@yncs simulations are of great help
because they enable one to obtain initial inforaraton the degradation properties by

relatively inexpensive computational experimentsn€etely, two aspects of degradation
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can be initially assessed by mentioned computdtierperiments; by calculation of bond
dissociation energies one is able to predict wileeeprocess of autoxidation could happen,
while MD simulations allow one to see which molecatoms are under significant influence
of solvent molecules (most frequently water molesyl In this work we have been calculated
BDEs for all single acyclic bonds and calculatediah distribution functions after MD
simulations in order to investigated the oxida@wel hydrolysis aspects of degradation of the
title molecule [22,23].
2. Experimental details
2.1  Synthesisof benzothiazole ligand

Equimolar mixture of NaHS§X1.25 g, 0.012 M) and vanillin (1.82 g, 0.012 M¢ne
refluxed in ethanol (15 mL) for 15-20 minutes. the mixture o-aminothiophenol (1.25 g,
0.01 M) was added and continued to reflux for 4-50n slow cooling, colorless crystalline
compound formed was filtered, washed with watescryestallized from ethanol and dried
over fused CaGl M.P. 171°C. The solution state spectrum in methams recorded on a
Spectro UV-Vis Double Beam UVD-3500 spectrometemfrared spectrum (Fig.S1-
supporting material) was recorded on a Thermo MicAVATAR 370 DTGS model FT-IR
spectrophotometer in the range 4000-400"aming KBr pellets. The FT-Raman spectrum
(Fig.S2-supporting material) was recorded on a BruRFs 100/s, Germany, with an
excitation wave length 1064 nm.
2.2 DART-mass spectral studies

DART-MS spectrum (Fig.S3-supporting material) [24f the compound was

recorded on a JEOL-AccuTOF DART JMS-TIOOLC masscspeneter having TOF mass
analyzer and DART (Direct Analysis in Real Timeusze at the Central Drug Research
Institute, Lucknow, India. The molecular ion pealobserved at m/z 258.08 and [M+Hils
a less intense peak at m/z 259.08.
2.3. Crystal structure

The title compound (ORTEP diagram Fig.S4-suppgrtiraterial) crystallizes into an
orthorhombic lattice with space group;P2;. In the thiazole ring of benzothiazole, thg-C
N5 bond length of 1.297(2§ is similar to that of typical C=N bond. The othmmd lengths
are intermediate between ideal values of correspgndingle and double bonds giving
evidence for extendeddelocalization throughout the entire molecule [ZB}je molecule as
a whole adopt almost planar conformation but fer shght tilt of vanillyl ring as evidenced
by the torsion angle of -4.7(2)torresponding to the MC;;-C12-Cyi9 plane and -4.1(3)°

corresponding to the,®C11-C12-Cig plane. The torsion anglessSCi1-C12-Cig and Ns-Cis-
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C12Cy3 have values of 176.15(13)° and 175.01(17)° respdygt The orientation of
methoxy group is cis to M of thiazole ring. The unit cell packing of théeicompound
viewed down ‘a and b’ axis is shown in Fig.S5(suipg material).

The unit cell of the crystal consists of a setfafir molecules held together by
hydrogen bonding involving £-Hoo...Nos forming a zig-zag chain, which forms the
repeating unit of the packing in the crystal latidn addition to hydrogen bonding there is a
bifurcated interaction between;&H,, of one molecule with @ (2.432A) and ky-0,;
(2.194A). The assemblage of moleculéa O—H...N hydrogen bonding, C-H...O short
contact and C-H.x interaction constitute supra-molecular net wofke overall packing in
two-dimension is affected by the offset alignmehnheighboring layers by a weak C-Hr..
interaction between ...H,22324(2.795 A). Details of the data collection conditicand the
parameters of the refinement process of 2-(3-metdelydroxyphenyl)benzothiazole are
given in Table S1 (supporting material).

24 Fluorescent Properties

It has been proved that benzothiazoles exhibihgttaminescence in solution and in
solid state, due to the presence of electron-watlvdrg hetero aromatic ring incorporating
with the n-conjugated system and electron donating chromash{8, 26]. The emission
spectrum measured in methanolic solution at 298thaacterized by a broad band centered
at 408 nm, upon excitation at 285 nm.

3. Computational details

The molecular geometry optimization, hyperpolariliids, NBO analysis [27] for the
isolated gas phase of the title compound in theigtostate are calculated by the density
functional using B3LYP/6-311++G(d) (5D, 7F) [28]evel of theory using Gaussian09
software [29]. The vibrational assignments wereiedrout on the basis of potential energy
distribution analysis using GAR2PED program [30¢ avith the aid of Gaussview software
[31]. A scaling factor of 0.9613 [32] is uniformpplied for the calculated theoretical wave
numbers. The optimized geometrical parameters{Jaj.the title compound with XRD data
are given in Table S2 (supporting material).

Average local ionization energies (ALIE) have bemiculated and mapped to the
electron density surfaces using the Jaguar 9.0gB3jram, as implemented in Schrédinger
Materials Science Suite 2015-4 [34]. Same prograas wsed for the calculation of Fukui
functions and bond dissociation energies (BDE) lbfsmgle acyclic bonds. In all DFT
calculations performed with Jaguar a B3LYP [35]extge-correlation functional has been
used with 6-311++G(d,p) basis set for ALIE surfa@e1+G(d) for Fukui functions and 6-
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311G(d,p) for BDEs. Radial distribution functionR¥F) have been calculated after MD

simulations performed with Desmond [36-39] prograisp as implemented in Schrédinger
Materials Science Suite 2015-4. OPLS 2005 force f0] with NPT ensemble class were

used with pressure set to 1.0325 bar and temperai800 K. Simulation time was 5 ns with

cut-off radius of 12 A. NVT ensemble class was useitie first 100 ps of simulation in order

to relax the system. Modeled system consisted eftitle molecule in cubic box with ~3000

water molecules, where solvent was treated witlplmoint charge (SPC) model [41]. To

detect and investigate intramolecular noncovaletgractionsthe method of Johnson was
used [42, 43].

4. Results and discussion

In the following discussions, tri-substituted an@®-&ubstituted phenyl rings and
thiazole rings are designated as Phl, Phll and RieHpectively.
4.1  Geometrical parameters

The C-C bond lengths (DFT/XRD) in the phenyl rings in the ranges 1.4105-
1.3828/1.4023-1.3798for Phl and 1.4139-1.3878/1.4003-1.3A5r Phll whereas the C-C
bond length for benzene is 1.39@344]. For the title compound, the C-O bond lengths
(DFT/XRD) are GOy = 1.3574/1.3498, Cig0p = 1.3718/1.3628 and GO =
1.4233/1.413& which are in agreement with reported values [4%le C-S bond lengths
(DFT/XRD) of the title compound are 1.7894/1.7812nd 1.7502/1.7332 while the
reported values are 1.7822/1.76802 1.7782/1.753& [46] and 1.7627/1.7389
1.7799/1.7384 [47]. The C=N bond lengths (DFT/XRD) of the titeompound are
1.2972/1.297& and 1.3803/1.3872 which are in agreement with literature [14, 15].

The bond angles (DFT/XRD) at;Cand G, positions are respectively £C11-Nos =
124.2/1.24.7°, &-C11-Sps = 121.3/120.2°, b-C11-Spg = 114.6/115.2° and &C1Ch1 =
122.6/122.1°, @-Cy1-Cjg = 119.1/119.2°, -C1>-Cyy = 118.4/119.0° and this reveals the
interaction between the phenyl rings and the théagpoup. Similarly at ¢ position the
bond angles (DFT/XRD) are1&Ci5-Cig9 = 120.4/120.2°, C17-C18-4= 113.7/114.6° and
Ci190Ci1g0g6 = 125.9/125.2° and this asymmetry in angles retbal hydrogen bonding
between the OH group and methoxy group. The torargies between the phenyl rings and
thiazole are nearly 180.0° which show the thiazolg is planar with respect to the phenyl
rings.

4.2 IR and Raman spectra
The calculated scaled wave numbers, observed IBsband assignments of the title

compound are given in Table 1.



According to literature, the C-O-C stretching modes expected in the region 1200-
850 cm' [48, 49]. As expected, the C-O-C stretching maatesassigned at 1144, 1018tm
theoretically for the title compound and experinadigt bands are observed in the IR
spectrum at 1015 chmand 1019 cf in the Raman spectrum which are in agreementthith
literature [50]. EI-Azab et al. [51] reported theGEC stretching vibrations at 951 &nin the
IR spectrum, 1201, 980, 915 ¢nin the Raman spectrum and at 1198, 1009, 978, R,
848 cmi' theoretically for tri-methoxy phenyl derivativéEhe CH; vibrations of the methoxy
group are expected in the ranges, 3050-2900 (stretching modes), 1500-1400 ¢rand
1200-1100 crt (deformation modes) [48, 52] and in the preserstecthese modes are
assigned at 3027, 2970, 2908 tifstretching) and 1460, 1450, 1437, 1185, 1136'cm
(deformation modes) theoretically. Experimentalg bands observed at 3002, 2972, 2920
cm* (stretching) and 1458, 1190 ¢nfdeformation) in the IR spectrum and at 3003, 2970
2905 cnt (stretching) and 1190, 1132 énfdeformation) are assigned as thesGHtetching
and deformation modes.

The OH stretching vibration is expected in the mB§80 + 200 cfh[48] and for the
titte compound the O-H stretching vibration is gasid at 3587 crhtheoretically. The in-
plane OH deformation mode is assigned at 1367 inthe IR spectrum, 1362 ¢hrin the
Raman spectrum and at 1359 theoretically for the title compound which is egfesl in
the range 1400-1480 ¢hi48]. The C-O stretching mode of the hydroxyl gvaf the title
compound is assigned at 1229 ttheoretically which is expected in the range 11260
cm® [48, 50, 52, 53]. Benzon et al. [54] reported @t¢ deformation mode at 1406 ¢nand
C-O stretching mode at 1212 (IR), 1228 (Raman)artR29 crit theoretically for hydroxyl
group.

For the title compound, the PED analysis givesGh#l stretching mode at 1467 ¢m
and C-N stretching mode at 1219 tiheoretically as expected [48] and Benzon et5] [
reported value this mode at 1515tin the IR spectrum, 1520 ¢hin the Raman spectrum,
1517 cni theoretically. The C-S stretching modes of tHe tbmpound are assigned at 759,
660 cm' theoretically and experimentally bands are obskme756, 665 cihin the IR
spectrum and at 756, 658 ¢rin the Raman spectrum as expected [48]. The repalues
of the CS stretching vibrations are 770, 663'¢@FT) and 770 c (IR) [51].

For phenyl derivatives, the C-H stretching modesexpected above 3000 ¢rfy8]
and PED analysis gives the C-H stretching mode30@8, 3075, 3055 cifor Phl and at
3072, 3066, 3055, 3044 chior Phil. Experimentally these modes are obsente2D96 crit
in the IR spectrum and at 3097, 3063, 3038'cm the Raman spectrum. Phenyl ring
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stretching modes are assigned at 1585, 1361 @R), 1585 crit (Raman), 1583, 1579,
1406, 1359, 1261 cm(DFT) for Phl and at 1533, 1420, 1293 tifiR), 1565, 1532, 1434,
1420, 1301 ci (Raman), 1569, 1537, 1433, 1412, 1295'¢@FT) for Phll, as expected in
literature [48, 53]. In ortho-di-substitution theng breathing mode of the phenyl ring has
three frequency intervals, 1100-1130 t(both substituent are heavy), 1020-1070"done
of them is heavy while the other is light) 630-788* (both of them are light) [53]. In the
present case, the ring breathing mode of the rinigj i® assigned at 1044 ¢hin the IR
spectrum, 1038 cthin the Raman spectrum and at 1042 dimeoretically as expected [48,
53]. For ortho substituted phenyl ring the ringathéing mode is reported at 1041 tifi55]
and at 1086, 1011 chtheoretically [56] and at 1020 ¢htheoretically [57]. In the case of
tri-substituted benzenes, with mixed substitudm, ing breathing mode is expected in the
range 600-750 cth[53] and in the present case, the PED analysis tiie ring breathing
mode at 731 cih (DFT) for the tri-substituted phenyl ring and antas observed in the
Raman spectrum at 729 @mThe ring breathing mode of tri-substituted pherigly is
reported at 738 cthby Mary et al. [58] and at 742 ¢hby Panicker et al. [59]. The in-plane
CH bending modes of the phenyl rings are assigmearétically at 1277, 1170, 1108 ¢rfor
Phl ring and at 1248, 1140, 1102, 1042 cfor Phll ring, which are expected above 1000
cm* [48] and experimentally bands are observed at 12604, 1044 ciin the IR spectrum
and 1279, 1246, 1168, 1038 ¢nn the Raman spectrum. The out-of-plane CH bending
modes are assigned theoretically at 895, 858, #9bfor Phl and at 930, 897, 818, 731tm
for Phll as expected [48]. The corresponding expental IR bands are 931, 896, 855 and
816 cm' and Raman bands are 788, 729'cifhe ring in-plane and out-of-plane deformation
modes are also identified and assigned (Table d)maost of the modes are not pure, but
contains significant contributions from other modéso.
4.3 NMR spectra

The absolute isotropic chemical shielding was dated by B3LYP/GIAO model
[60] and relative chemical shifts were then estedaby using the corresponding TMS
shielding: ocac (TMS) calculated in advance at the same theoldgeal as this paper and
numerical values of chemical shiffyic = 6cad TMS) - ocalc together with calculated values of
ocad TMS), are given in Table S3 (supporting materi@ih)e protons of the phenyl rings | and
Il resonate in the ranges, 8.2669-7.2017 ppm a2ti08-7.7007 ppm theoretically and 6.99-
7.72 and 7.35-8.03 ppm experimentally [61]. Thewdation of the double bond electrons in
a secondary magnetic field accounts for the foromatf magnetic anisotropy. Therefore,
predicted chemical shifts of the hydrogen atomghef CH groups are 4.3016, 4.4693,
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4.3017 ppm while the experimental shift is 4.08 pdine chemical shifts of the hydrogen
atom with the hydroxyl OH is 5.6147 (predicted) @&@d5 ppm (experimentally). The —OgH
protons show a slight downward shift to 4.08 ppre tuthe withdrawal of electron density
by adjacent OH group [62]. The OH peak of the tdtenpound is observed at 6.05 ppm.
Due to the combined resonance and inductive etiteOH and -OCH groups in the title
compound, H20 peak is observed as a singlet atpp@#2and H16 and H14 are observed as
doublets at 7.53 and 6.99 ppm, respectively.

For aromatic carbon atoms, the range*af NMR shifts are normally greater than
100 ppm [63, 64] and for the title compouni; NMR chemical shifts of the entire phenyl
carbon atoms are greater than 100 ppm as expecliéerature. The predicted shifts lie in the
ranges 148.2968-109.9095 ppm for Phl ring and B&BA21.4295 ppm for Phll ring. The
corresponding experimental values are 154.09-10&02%hl and 146.95-121.52 ppm for
Phll. The predicted chemical shift of carbon atenthie CH group is 59.6262 ppm and in
the thiazole group is 171.2414 ppm while the expenital values are 56.21 and 168.13 ppm.
For the carbon atoms,;Cthe high chemical shift is due to the neighbommigogen and
sulfur atoms.Thé®C NMR spectra provide direct information about d@bon skeleton of
the molecule. The thiazolyl carbon atom C11 resori®8.13 ppm. This is due to the
conjugative effect of adjacent N and S of benzaibie moiety. The C17 of the title
compound resonate at a lower field at 154.09 ppentduhe influence of OH group and C18
resonate at 148.53 due to the presence of {edlp.
4.4  Natural Bond Orbital analysis

The important hyper-conjugative interactions afgi-Sys from Nps of ny(Nos)—
0*(C11-S28), Ci1g-Ci9 from Oy Of np(O26) =T (C18-Ci1g), Ci5-Ci7 from Gz of my(O27)—
(C15-C17) and Gi-Nos from Sg of mpy(Szg)—1¥(C11-N2s) with electron densities, 0.11002,
0.35686, 0.02096, 0.33010e and stabilization easydi9.61, 24.24, 26.97 and 20.88 kJ/mol.

The NBO analysis also describes the bonding imseof the natural hybrid orbital;
the orbital with higher energies, 100% p-charackew occupation number arex(Q.g),
ny(Oz7) and n(S) with energies, -0.32812, -0.31776 and -0.25532and occupation
numbers, 1.87549, 1.86681 and 1.72982. While thHmtabrwith lower energies, high
occupation numbers arei(@,5), m(0,7) and n(Syg) with energies, -0.56899, -0.574104 and -
0.66221a.u. and p-characters, 57.87, 54.24 andb®lahd occupation numbers, 1.96151,
1.97859 and 1.98027. Thus, a very close to purg@-tone pair orbital participates in the
electron donation to the;N2s5)—0*(C11-Spg), Me(O26)—T0(C18-C1g), Mp(O27)—T1*(C15-Cy7),



and n(S;g)—1*(C11-N2s) interactions in the compound. The results abelltged in Tables
S4 and S5 (supporting material).
45  Electronic absorption spectrum

In order to understand the electronic transitiond @-(3-methoxy-4-
hydroxyphenyl)benzothiazole, TD-DFT calculation etectronic absorption spectrum in
vacuum was performed. The absorption spectra @mcgcompounds stem from the ground-
to-excited state vibrational transition of elecgoifhe intense band in the UV range of the
electronic absorption spectrum is observed at 38 which is indicating the presence of
chromophoric —OCkland auxochromic —OH entity in the compound. Theutated seven
lowest-energy transitions of the molecule from TBIDmethod and the observed electronic
transitions are listed in Table 2. While in the estmental UV spectrum, the bands duer{o
©* transitions of benzo chromophore are observe2R@tnm and at 285 nm assignedtio*
transition of substituted phenyl ring and the leveyelength (> 300 nm) band observed at 328
nm has been attributed tathtransitions of thiazole ring and OH chromophore.
4.6  Nonlinear Optical properties

The use of organic materials in optoelectronics inaseased dramatically and the
increasing volume of information processing and @amication in continuing to be a big
challenge in the modern technology [65]. To find tionlinear optical response of the title
compound, the nonlinear optical parameters sugioksizability, the first and second order
hyperpolarizability of the title compound are cd&tad using B3LYP/6-31G(d,p) (6D, 7F)
basis set level. For the title compound, polaritgbiand first hyperpolarizability are
3.234x10% esu and 19.674x18 esu and the first hyperpolarizability is 151.3#%ds that of
the standard NLO material urea [66] and the fisgierpolarizability is comparable with that
of similar derivatives [14,15]. Second hyperpdalility of the title compound is calculated
by using the equatiopn= 1/5[ xox + ¥ yyyy TV 2222+ 27 wyy + 27wzt 2V yyzg  and  the
value is -13.986x1% esu.
4.7  Frontier molecular orbital analysis

The highest occupied molecular orbital and the kKiweoccupied molecular orbital
plot of the title compound calculated at the B3L&BL1++G(d) (5D, 7F) is given in Fig.S6
(supporting material). HOMO and LUMO and their pedjpes are used to explain several
types of reactions and for predicting the most treacposition in conjugated systems
[67].The energy values of HOMO and LUMO and thergpegap reflect the biological

activity of a molecule and a molecule having a $raaérgy gap is more polarisable and is



generally associated with a high chemical reagt&itd low kinetic stability [68, 69]. HOMO
is the outer orbital containing electrons and tetiodgive these electrons as an electron donor
and hence the ionization potential is directly tedato the energy of the HOMO while the
LUMO can accept electrons and the LUMO energyisdtliy related to electron affinity [70,
71]. From Fig.S6, the HOMO-LUMO plot, it is veryeer that the HOMO is localized over
the entire molecule except the methoxy group, wihiéee LUMO is over the entire molecule
except the methyl group and there is a possibdftgharge transfer in the system through
these regions. For the title compoundiofso = -7.885 eV, kEymo = -5.168 eV and the
HOMO-LUMO energy gap = 2.717 eV. lonization potahtil, electron affinity, A,
electronegativity,y, global hardnessy, chemical potential, p and global electrophilicity
index, o, [72] were calculated using the equations, lgoWo = 7.885, A= -Eymo = 5.168y
= -(EqomotELumo)/2 = 6.5265 eVn= =(I-A)/2 = 1.3585 eV, p = -(I+A)/2 = -6.5265 e\né
o = P%2n = 15.677 eV.
4.8 Molecular Electrostatic Potential surface

The iso-surfaces of the electrostatic potential gegeerated at B3SLYP/6-311++G(d)
(5D, 7F) level of theory is mapped onto the tot@iceon density of the molecule and is
depicted in Fig. S7 (supporting material). Molecwdiectrostatic potential surface of the title
compound has strong negative region spread ovettéeyl rings, nitrogen atom and oxygen
atom of the hydroxyl group due to the immense agatjive and hyper conjugative resonance
charge delocalization of-electrons. All the unperturbed hydrogen atomsaasociated with
positive electrostatic potential especially theroggn atom of the hydroxyl group.
4.9  ALIE surfaces, non-covalent interactions and Fukui functions

To determine which molecule areas are prone tdrefgulic attacks it is better to use
ALIE than MEP surfaces. In particular, ALIE showe tlocations where electrons are least
tightly bound and therefore most easily removedis Timportant quantum molecular
descriptor is defined as sum defined as a sum lmfabrenergies weighted by the orbital
densities [43, 73]:

1)

wherep, (F) represents the electronic density of il molecular orbital at the point, &,

represents the orbital energy amxﬂF) is the total electronic density function. ALIE tise

most useful when its values are mapped to thereledensity surface, Fig.2.
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It can be seen in Fig.2 that red color is signiftba distributed over the whole title
molecule. Beside benzene rings, red color is lacetehe near vicinity of nitrogen atom N25
and sulfur atom S28, designating these atoms asihiypgprone to electrophilic attacks.
Beside these, near vicinity of hydrogen atom H2%haracterized by purple color which
indicates that at this location electron are thestntightly bound. Hydrogen atom H29 and
oxygen atom O27 are seen as reaction centers by $vH&ce as well. One intra-molecular
non-covalent interaction has been detected in #e® ©f title molecule and it is located
between atoms H29 and O26.

Besides ALIE surface, further insight into the loosactivity properties of investigated
molecule can be obtained by Fukui functions. Fuloctions indicate how electron density
changes with the addition or removal of the chalfgine charge is added it is useful to track
where electron density increased. On the otherititie charge is removed than it is useful
to track where electron density decreased. Thiaoise by the so called andf functions,

which are in Jaguar defined in the finite differerapproximation as following:
¢ (") -p" (1))

5 ) (2)
f—:(pN_J(r)a_pN(r)), (3)

where N denotes the number of electrons in the referenate sif the molecule and
represents the fraction of electron, which is sebé 0.01 [74]. Values of Fukdi andf
functions have been mapped to electron densityaserf

In case off" function purple color is the positive color andslitows locations where
electron density increases after the addition afrgd. In case df function red color is the
negative color and it shows locations where electtensity decreases after the removal of
charge. Representative Fukui functions are predeintd-ig.3. Results presented in Fig.3a
indicate that with the addition of charge, electdamsity increases in the near vicinity of the
carbon atoms C13, C19 and C4 and also in the dasgra@gen atom N25, and sulfur atom
S28. Beside these atoms, possible reaction ceatmwrding to the Fukui~ function is
carbon atom C10, as red color in Fig.3b indicated in the near vicinity of this atom
electron density decreases with the removal ofgghar
410 Reactive propertiesbased on autoxidation and hydrolysis

DFT calculations and molecular dynamics simulatiaze be very useful to
investigate degradation properties with respedwo main mechanisms: autoxidation and

hydrolysis. Information about the autoxidation ¢enobtained by calculation of BDES, while
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information about the influence of hydrolysis metisen can be obtained by calculations of
RDF after MD simulations.

Concerning the process of autoxidation, if the bgen abstraction at certain location
is possible with proper BDE values, then autoxwmatiprocess can start there. The
prerequisite for the autoxidation process is tlebpy radical of pharmaceutical can abstract
hydrogen from another pharmaceutical molecule [T&ncretely, if the BDE value for
hydrogen abstraction from pharmaceutical molecslevithin 87 kcal/mol to 92 kcal/mal,
than its location can be considered as possibldingalocation for the autoxidation.
Mentioned interval is consequence of the fact #éiigberoxy radicals have similar mentioned
BDE values, practically independent of chemicalraumding [75, 76]. According to the
study of Wright et al. [78] it can be stated th&Bvalues from 75 to 85kcal/mol are the
ones for which the pharmaceutical molecules arentbst sensitive towards autoxidation.
Values lower than 70-75 kcal/mol, are not suitdbteautoxidation process [75, 77]. BDEs of
all single acyclic bonds of the title molecule héeen calculated and presented in Fig.4.

According to the obtained results only one BDE ealar the hydrogen abstraction
can be considered as possibly appropriate for tbeegs of the autoxidation. That is the bond
denoted with number 9 and is referring to the alstitsn of hydrogen atom belonging to OH
group. The calculated BDE value in this case isiialo88kcal/mol and is not indicating the
highest sensitivity towards autoxidation. On thkeotside the lowest BDE value for some
single acyclic bond was calculated in the caseomidbdenoted with number 13, connecting
the oxygen atom with methyl group. Its BDE valugust 55.60kcal/mol and is suggesting
that degradation could start here as this bondeisvieakest to break.

After the analysis of the results based on the Miuktions it can be concluded that
autoxidation is not likely to happen in the case@rbgen atom H29. Namely, RDEg(r),
represents the probability of finding a particletive distance from another particle [78].
Sharp peak profile and short distance of RDF cumdicate significant interactions with
water molecules, Fig.5.

According to the results presented in Fig.5 it t@nseen that precisely the most
pronounced interactions with water molecules hadrdgen atom H29, with peak distance
shorter than 2 A. This means that processes ofolygis and autoxidation could compete at
this location and since BDE value for abstractidntros hydrogen atom is higher than
85kcal/mol, it can be concluded that autoxidatisacpss is not likely to happen. On the
other side, beside H29, oxygen atom O27 also hasopnced interactions with water, with

peak g(r) value of almost 1.4. Other non-carbormatavith significant RDF profiles are
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atoms H16, O26 and S28. Carbon atoms with reprasemtRDF profiles are C8, C15, C17
and C21. According to the RDF parameters the mipgiortant carbon atom is C21,
belonging to the methyl group. Its peak distancldsted at around 3.5A, while peak g(r)
value is almost 1.6, the highest of all atoms. Tiesult indicate that hydrolysis could be
important degradation mechanism in the case & titblecule because mentioned carbon
atom C21 is involved in the bond denoted with nunit® which is the weakest bond of all,
as shown by BDE values.
411 Molecular docking

Based on the structure of a compound, PASS (Prediof Activity Spectra) [79] is
an online tool which predicts different types oftidtes. PASS analysis of the title
compound predicts activities given in the Table(S#&pporting material), aryl hydrocarbon
receptor activity with probability to be active (Paalue of 0.767. The benzothiazole
derivatives have exhibited interesting biologicaliaties and attracting continuing interest
for further molecular exploration as useful antwanagents [80, 81]. The literatures enhance
the antitumor activity of aryl hydrocarbon recepkukasawa [82, 83]. Thus we choose aryl
hydrocarbon receptor is used as target for dockindy. High resolution crystal structure of
aryl hydrocarbon receptor was downloaded from tiSR protein data bank website with
PDB ID: 4xt2 and all molecular docking calculationsre performed on Auto Dock-Vina
software [84]. The 3D crystal structure of aryl hychrbon receptor was obtained from
RCSB Protein Data Bank and the protein was prep#@rediocking by removing the co-
crystallized ligands, waters and co-factors. TheoADock Tools (ADT) graphical user
interface was used to calculate Kollman charges @widr hydrogen’s. The ligand was
prepared for docking by minimizing its energy atLB®/6-311++G(d) (5D, 7F) level of
theory and partial charges were calculated by &msggr method. The active site of the
enzyme was defined to include residues of the acsite within the grid size of
40Ax40Ax40A. The most popular algorithm, Lamarcki@enetic Algorithm (LGA)
available in Autodock was employed for dockinhe docking protocol was tested by
extracting co-crystallized inhibitor from the pristeand then docking the same. The docking
protocol predicted the same conformation as wasepitein the crystal structure with RMSD
value well within the reliable range of 2A [85]. Aimgst the docked conformations, one
which binds well at the active site was analyzeddietailed interactions in Discovery Studio
Visualizer 4.0 software. The ligand binds at thévacsite of the substrate by weak non-
covalent interactions and these interactions apéctésl in Fig.S8 (supporting material) and

Fig.6. Amino acids Glu320, Thr243 forms H-bond widi group, phenyl ring respectively.
13



Thr324 formsrett stacked interaction with phenyl and thiazole ringsu239 showstalkyl
interactions with phenyl ring. The docked ligandrnis a stable complex with aryl
hydrocarbon receptor (Fig.7) and got a bindingnéifivalue of -6.7kcal/mol (Table 3). Thus
the title compound can be a lead compound for dgwed new anti-tumor drug.
412 Antimicrobial studies

The title compound was screened against one balctriture Escherchia coliand
four fungal culturesviz.,, Aspergillus niger, Pencillum chrysogenum, Saccharomyces
cerevisiaeand Rhyzopus stoloniferThe antimicrobial properties were determined bg t
standard disc diffusion method [86]. The viable tbaal cells were swabbed onto MHA
plates and fungal spores onto RBA plates. The comg® were dissolved in chloroform to a
final concentration of 0.1%. The petri-plates wereubated for 24 h for bacterial cultures
and 76 h for fungal cultures. The activity of tbempounds was counted by measuring
diameter of the inhibition zone in millimeters. stesubstances which produce a zone of
inhibition of 9 mm diameters or more are regardedpasitive,i.e. having constructive
antimicrobial activity, while in those cases whémne diameter is below 9 mm, the bacteria
are resistant to the sample tested and the sampéad to have no antimicrobial activity. The
compound exhibits wide spectrum of activity agaiBstherchiacoli with an inhibition
zone of 34mm. Also it have inhibition zone agaiftyzopus stolonife(10mm),
Saccharomyces cerevisig8mm) andPencillum chrysogenuni3mm) and no inhibition
zone againsAspergillus niger
5. Conclusion

A novel thiazole derivative, 2-(3-methoxy-4-hydrgkenyl)benzothiazole is
synthesized and single crystal XRD, FT-IR, FT-RamBivIR and UV-Vis spectra are
reported. The observed experimental and theoreti@ale numbers were assigned using
potential energy distribution. The calculated getioal parameters are in agreement with
the XRD values. The nonlinear optical properties analyzed theoretically and the title
compound is good object for further studies sirfte hiyperpolarizability values are high.
Beside carbon atoms of benzene rings, nitrogen &t@fand sulfur atom S8 are recognized
by ALIE surfaces as potentially vulnerable to elephilic attacks. Atoms important from the
aspect of local reactivity could also be carbomet@4, C13, C19 and nitrogen atom N25, as
shown by Fukui functions. BDE values show that fmeraof one hydrogen atom, H29, could
be suitable for the process of autoxidation, buttenother side the same atom and adjacent

atoms, 026 and 027, have the most pronounced atitema with water of all atoms of title
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molecule, so processes of autoxidation and hydsoipest likely compete at this location. It

is also very important to emphasize the influentevater molecules to carbon atom C21.

This atom is involved in the weakest bond, as shbwitalculated BDE values, indicating

that mechanism of hydrolysis could be very impdrfan the degradation of title molecule.

From molecular docking studies amino acids Glu320243 forms H-bond with OH group,

phenyl ring respectively; Thr324 formst stacked interaction with phenyl and thiazole

rings; Leu239 showstalkyl interactions with phenyl ring. Antimicrobiatudies of the
compound show that there is a wide spectrum ovwidigtagainstEscherchiacoli with an
inhibition zone of 34mm.
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Figure Captions

Fig.1 Optimized geometry of 2-(3-methoxy-4-hydrokgpyl)benzothiazole

Fig.2 Representative ALIE surface of 2-(3-methoxlgyiroxyphenyl)benzothiazole

molecule

Fig.3 Representative Fukui functionsfaand b)f

Fig.4 BDE* of all single acyclic bonds of 2-(3-met#ty-4-hydroxyphenyl)benzothiazole

molecule: *BDE for hydrogen abstraction are givemad color, while BDE for the rest of

the single acyclic bonds are given in blue color

Fig.5 RDFs of atoms with significant interactionghwwvater

Fig.6 Interactive plot of ligand and receptor ane H-bond surface shown

Fig.7 Surface view of the docked ligand embeddatiencatalytic site of aryl hydrocarbon
receptor
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Tablel

Calculated scaled wave numbers, observed IR, Raman bands and assignments

B3LYP/6-311++G(d) (5D, 7F) IR Raman Assignments®

v(cmY)IRI RA v(cm)v(ecm™) -

3587 126.11 167.86 - - vOH(100)

3098 4.48 21.79 3096 3097 vCHI(99)

3075 6.67 178.06 - - vCHI(69)

3072 19.75 27753 - VCHI1(99)

3066 24.08 151.39 - 3063 vCHI1(99)

3055 14.06 51.92 - wCHI(37), vCHII(62)

3055 3.69 132.00 . wCHI(62), vCHII(32)

3044 129 47.43 . 3038 VCHII(95)

3027 25.53 144.06 3002 3003 vCH3(99)

2970 31.39 34.86 2972 2970 vCH3(100)

2908 40.39 131.84 2920 2905 vCH3(100)

1583 31.38 334.09 1585 1585 vPhI(61), SCHI(18)

1579 5827 472.90 - vPhI(48), vPhiI(18)

1569 17.02 288.35 . 1565 VPhI1(58), vPhi(17)

1537 5.00 65.66 1533 1532 VPhII(65), CHII(18)

1499 86.04 1862.83 1490 - vC=N(23), vCC(14), vPhiI(16),
5CHI(15)

1467 238.41 1485.61 - 1470 vC=N(56), vPhI(18)

1460 134.35 143.76 1458 - 6CH3(81)

1450 10.67 13.88 - 5CH3(97)

1437 1592 4.94 S 5CH4(66), vPhl1(12)

1433 3.92 144.93 . 1434 S5CHII(12), vPhi1(41)

1412 34.28 398.25 1420 1420 SdCHII(22), vPhll(47)

1406 11757 392.80 - vPhI(40), 5CH3(11), SCHI(14)

1359 54.15 9.76 1361 1362 d0OH(45), vPhli(46)

1295 15.90 15.76 1293 1301 VPhII(75), SCHII(10)

1277 037 58.81 ; 1278 5CHI(50), VCN(12), vPhiI(19)



1261 159.47 0.33 - - vPhI(53), vCN(17), vPhi1(14)

1248  260.09 209.09 1250 1246 vCO(13), SCHI(15), SCHII(46)

1229 107.81 37.25 - - vCO(44), 3Phi(16), SOH(11)

1219 19.77 422,06 - - vCN(48), SCHII(14)

1185 71.91 12.73 1190 1190 5CH3(49), SCHI(11)

1170 146.78 392.25 - 1168 SOH(11), SCHI(42), vCC(11),
vPhI(15)

1144 16.79 25.87 - - vCO(36), SCH3(13), SCHI(17)

1140 2.15 6.87 - - SCHI1(68), vPhl1(19)

1136 0.56 2.34 - 1132 5CH4(93)

1108 41.26 23.14 1114 - SCHI(41), vPhi(15)

1102 5.83 126.03 - - SCHI1(45), vPhl1(22)

1042 13.02 127.07 1044 1038 SCHI1(39), vPhil(41)

1018 37.65 9.66 1015 1019 vCO(50), 3PhI(19)

999  11.67 60.20 - - vPhl1(20), yCHII(21), 5Phil1(27)

979 2278 2.76 973 - SPhl11(36), vCO(12), vPhi(18)

930 001 0.04 931 - yCHI11(89)

897 2.08 0.06 8% - yCHI11(89)

895 1.08 0.57 8% - yCHI(82), Pl (10)

864 26.46 0.32 861 - 5PhII(25), 5Phi11(19), TPhi(32)

858 23.50 0.08 855 - yCHI(72), tPhI(13)

818 1.05 0.06 816 - yCHI1(90)

807 8.3 38.39 - 802 5Phl(36), vCO(14)

790 23.83 0.04 - 788 yCHI(72)

759  50.22 22.74 756 756 vCS(35), vPhl (24)

731 6238 1.29 - 729 yCHI1(44), vPhl (45)

708 055 0.85 710 710 Phi(52), yCO(36)

694 1971 0.30 69 - tPhlI(53), yCHI1(34)

689 0.83 20.26 - - 5Phl1(44), vCS(16), vPhl1(15)

660 51.92 2.86 665 658 vCS(40), 5CC(23), 5Phl1I(13)

626 4.48 9,51 630 633 SPhI1(21), 5Phi(34), 5Phil1(15)
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0.04
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2.00
0.11
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5.35
0.06
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16.12
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1.09
0.45
3.02

1.06
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1.15
0.98
0.48
1.55
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243
1.60
0.54
0.60
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560

533
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415

561
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439
424

274
250

188

yCC(50), tPhll1(18), tPhI(17)
tPhll1(18), tPhll(21), tPhl(21),
yCC(15)

dPhlI(31), 8Phi(17), 3CO(14),
dPhII(13)

dCO(47), 5PhI(25)

tPhll(35), tPhill(14), tCC(13),
Phl(13)

dPhI(33), 6CO(21), 5PhilI(17)
dPhIII(47), 3PhlI(17)
tPhl(48), yCO(41)

TOH(94)

tPhl1(64), 5Phll(21)

yCC(17), 6CO(12), 5Phll(22),
dPhI1(18)

yCO(24), TPhl1(24), tPhl(30),
tPhil1(11)

dCO(47), 5PhI(14), 5Phll(17)
7Phl(20), tCH3(20), TPhl1(19),
yCC(14), yCO(12)

dCO(51), 6CC(22)

dPhI(29), 5PhI1(34)
tCH3(50), TPhl(12), 5Phl1(15)
Phl(22), tCH3(13), 8Phll(12),
Phl(27)

tPhll1(32), tPhll(40)
3CO(56), 6CC(12)

tPhl(47), 5Phl1(17), TPhl11(15)
3CC(80)

1CO(70), TCH3(25)

yCC(57), tPhl(22)



21 0.87 0.61 - - 1CH3(81)
%-stretching; 8-in-plane deformation; y-out-of -plane deformation; t-torsion; Phi-tri-substituted

phenyl ring; Phil-1,2-substituted phenyl ring; Phili-thiazole ring.



Table2
Calculated electronic absorption spectrum of 2-(3-methoxy-4-
hydroxyphenyl)benzothiazole using TD-DFT/ B3LY P/6-311++G(d) (5D, 7F)

Excitation Cl expansion Energy(eV) Wavelength Oscillator
- coefficient - (nm) calc Strength (f)
Excited State 1

67—68 0.69121 3.8982 318.06 0.6348
Excited State 2

66— 68 0.64849 4.3170 287.20 0.0807
Excited State 3

67—70 0.44576 5.3444 231.99 0.1341
Excited State 4

66—70 0.47312 5.7582 215.32 0.1017
Excited State 5

62—68 0.44513 6.1335 202.14 0.1396
Excited State 6

64—69 0.34631 6.2531 198.28 0.0871
Excited State 7

66—72 0.36635 6.6268 187.09 0.3019




Table 3

The binding affinity values of different poses béttitle

compound predicted by AutodockVina.

Mode Affinity (kcal/mol)

Distance from best mod&)(

RMSD I.b. RMSD u.b.

-6.7
-6.6
-6.2
-6.2
-6.1
-6.0
-5.9
-5.9
-4.9

© 00 N o o A~ W DN P

0.000 0.000
3.696 6.831
12.672 14.192
18.286 20.864
3.605 7.934
20.296 22.468
9.664 12.121
9.463 11.953

21.409 23.518




ACCEPTED MANUSCRIPT

Fig.1 Optimized geometry of 2-(3-methoxy-4-hydroxyphenyl)benzothiazole



198.41 ALIE [kcal/mol] 382.04
[ B

face of 2-(3-methoxy-4-hydroxyphenyl)benzothiazole molecule



Fig.3 Representative Fukui functions a) f* and b) f-
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Bond BDE [kcal/mol]

1 117.11
2 116.66
3 116.52
+ 117.74
5 116.02
6
7
8
9

118.67
119.14
101.88
88.26
10 115.44
11 116.13
12 99.94
13 55.60

Fig.4 BDE* of all single acyclic bonds of 2-(3-methoxy-4-hydroxyphenyl)benzothiazole
molecule: *BDE for hydrogen abstraction are given in red color, while BDE for the rest of the
single acyclic bonds are given in blue color
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Fig.5 RDFs of atoms with significant interactions with water
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H-Bonds
Donor

Acceptor I

Fig.6 Interactive plot of ligand and receptor and the H-bond surface shown
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Fig.7 Surface view of the docked ligand embedded in the catalytic site of aryl hydrocarbon receptor



Highlights

* A novel thiazole derivative is synthesized and single crystal XRD is reported

* Therecorded FT-IR and FT-Raman spectrawere interpreted in detail with the aid of DFT
and PED analysis

» Local reactivity properties are investigated by ALIE surfaces and Fukui functions

» Bond dissociation energies are calcul ated to predict the possible degradation properties

» Docking studies predict that the title compound can be alead compound for developing
anti-tumor drug



