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Abstract 

A novel thiourea derivative, 1-(3-bromophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (ANF-22) 

is synthesized and characterized by FTIR, FT-Raman and NMR spectroscopy experimentally and 

theoretically. A detailed conformational analysis of the title molecule has been conducted in 

order to locate the lowest energy geometry, which was further subjected to the detailed 

investigation of spectroscopic, reactive, degradation and docking studies by density functional 

theory (DFT) calculations and molecular dynamics (MD) simulations. Time dependent DFT 

(TD-DFT) calculations have been used also in order to simulate UV spectra and investigate 

charge transfer within molecule. Natural bond orbital analysis has been performed analyzing the 

charge delocalization and using HOMO and LUMO energies the electronic properties are 

analyzed. Molecular electrostatic potential map is used for the quantitative measurement of 

active sites in the molecule. In order to determine the locations possibly prone to electrophilic 

attacks we have calculated average local ionization energies and mapped them to the electron 

density surface. Further insight into the local reactivity properties have been obtained by 

calculation of Fukui functions, also mapped to the electron density surface. Possible degradation 

properties by the autoxidation mechanism have been assessed by calculations of bond 

dissociation energies for hydrogen abstraction. Atoms of title molecule with significant 

interactions with water molecules have been determined by calculations of radial distribution 

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

 

Keywords: Thiourea derivative; DFT; Local Ionization Energies (ALIE); Radial Distribution 

Functions (RDFs); Bond Dissociation Energies (BDE); Docking. 

 

1. Introduction 

Substituted thiourea derivatives have focused considerable attention due to their 

interesting pharmacological activities, including anticancer [1-3], antibacterial [1, 4, 5] and 

antiviral [6-8]. As the 5-HT2A receptor antagonists they produced a dose-dependent decrease in 

the number of DOI-evoked head-twitch responses and exerted both antinociceptive and 

anticonvulsant properties [5, 9-15]. On the other hand, it was well documented that thiourea-

based compounds endowed with weakly deactivating halogen substituents at meta-and/or para-
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position of the phenyl ring exerted considerable antimicrobial potency [1, 2]. The title 3-

bromophenyl derivative, as the bacterial topoisomerase IV inhibitor, exhibited so far the 

strongest activity against Gram-positive cocci among all evaluated 3-

(trifluoromethyl)phenylthioureas [1]. Inhibiting also the bacterial biofilm formation, had no 

impact on human normal cells viability and mortality [1]. Thiourea derivatives are versatile 

molecules which are capable of coordinating with metal ions and binding with biological targets 

to form stable complexes [2, 16, 17]. Oxygen, nitrogen and sulfur contribute in such bonding and 

increase the chances of thiourea derivatives binding with different biological receptors. The need 

for new chemotherapies for cancer and infectious diseases has motivated many researchers to use 

thiourea in combination with other moieties to design drugs for such diseases [18]. Imidazole is a 

versatile ring with paramount biological importance [19-22] which is evident from the fact that it 

constitutes skeleton of many commercial drugs like metronidazole (antimicrobial), imidazole 

(antifungal) drugs, cimetidine (histamine H2-receptor antagonist) and flumazenil (GABAA 

receptor antagonist). Imidazole polyamides constitute a highly active structural group which 

shows anti-cancerous properties by binding at DNA minor groove [23, 24]. Combining multiple 

pharmacophoric units into a single molecule has been a successful method to design new drug 

candidates in structure based drug design [25]. Thiourea and its derivatives are versatile 

precursor units in the synthesis of many useful heterocyclic compounds [26]. Vibrational 

spectroscopic studies of certain thiourea derivatives are reported in literature [27-29].  Many 

thiourea materials with good NLO effects have been designed and synthesized [30-35]. 

Pharmaceutical care products (PCCPs) are constantly polluting all types of water 

resources [36-38]. They are based on very stable biologically active molecules and their removal 

from the water is neither efficient nor economic with conventional water purification methods. A 

fine alternative is seen in the advanced oxidation processes which induce the degradation of the 

stable molecules [39-41].Forced degradation experiments are being conducted in order to detect 

intermediates and investigate their toxicities towards various aquatic organisms. However, forced 

degradation experiments are expensive and tedious tasks. Fortunately, there are clear correlations 

between degradation properties and quantities that are readily calculated by DFT and MD 

approaches and this allows efficient rationalization and optimization of experiments related to 

drug stability [42].  
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In this work, beside investigation of fundamental reactive properties, we have also 

calculated BDE values in order to initially assess the degradation possibilities by autoxidation. 

BDEs of the remaining single acyclic bonds have also been used in order to detect the weakest 

bonds and therefore molecule sites where the process of degradation could start. In the same time 

we have determined the atoms with significant interactions with water molecules by calculations 

of RDFs after MD simulations. 

2. Experimental and computational details 

2.1. The preparation of 1-(3-bromophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea 

A solution of starting 3-(trifluoromethyl)aniline (0.0031 mol, 0.50 g) in anhydrous 

acetonitrile (10 mL) was treated with 3-bromophenylisothiocyanate (0.0031 mol) and the 

mixture was stirred at room temperature for 12 h. Then solvent was removed on rotary 

evaporator. The residue was re-crystallized from acetonitrile and then purified by column 

chromatography (chloroform: methanol; 9.5:0.5 vol.). 

The IR spectrum was obtained on Perkin Elmer Spectrum 1000 spectrometer in KBr 

pellets. FT-Raman spectrum was obtained on a Nicolet 6700 FT-IR Spectrometer with NXR Ft-

Raman Module, solid sample, Ge detector, excitation wavelength: 1064 nm, power at  sample: 

maximum 150 mW, resolution: 2,0 cm-1, number of scans: 1064. NMR spectra (1H and 13C) for 

the compound were recorded on a 500MHz NMR Spectrometer (Bruker advance, Reinstetten, 

Germany) using deuteriated DMSO and methanol as the solvent. The chemical shift values 

(ppm) and coupling constants (J) are given in δ and Hz respectively. 

Yield 72%, white powder, m.p. 99-101 °C. 1H NMR (300 MHz, DMSO) δ: 10.34 (s, 1H, NH), 

10.31 (s, 1H, NH), 7.97 (s, 1H), 7.83 (m, 1H), 7.77 (d, 1H, J = 8.1 Hz), 7.57 (t, J = 7.95 Hz, 1H), 

7.52-7.43 (m, 2H), 7.37-7.28 (m, 2H). 13C NMR (75.4 MHz, DMSO) δ: 180.36 (C=S), 141.06, 

140.42, 130.87, 130.26, 130.02, 129.44 (q, J = 31.8 Hz), 127.98, 127.82, 126.56, 143.09, 124.65 

(q, J = 270.0 Hz), 121.38, 120.48. HRMS (ESI) calc. for C14H9BrF3N2S [M ‒ H] ‒: 372.9622, 

found: 372.9620. 

2.2. Computational details 

We have conducted detailed conformational analysis in order to obtain the lowest energy 

geometry of the ANF-22 molecule, which was further used for detailed investigation of 
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spectroscopic and reactive properties. Firstly, conformational analysis was conducted employing 

the MacroModel program [43], which yielded total of 98 structures. All of these structures have 

been geometrically optimized with Jaguar 9.0 program [44] at B3LYP/6-31G(d) level of theory 

to obtain the low energy conformations. Five of them with the lowest energies have been chosen 

and further they have been subjected to geometrical optimizations and frequency calculations at 

B3LYP/6-31G(d,p) level of theory, with increased integral accuracy and finer grid density. 

Frequency calculations yielded only positive frequencies, which assures that true ground states 

were located. Further, the lowest energy conformation of these five low energy conformations 

has been chosen for detailed calculations. 

For the lowest energy conformation Jaguar program was used for calculations of average 

local ionization energy (ALIE), Fukui functions and bond dissociation energies (BDE) with 

B3LYP exchange-correlation functional [45-49] and 6-311G++(d,p), 6-31+G(d) and 6-

311G(d,p) basis sets, respectively. Full linear response approach of time dependent density 

functional theory (TD-DFT) has been used with CAM-B3LYP [50] exchange-correlation 

functional and 6-31+G(d,p) basis sets. Desmond [46] program was employed for the MD 

simulations with OPLS 2005 force field [51] and within NPT ensemble class. Simulation time 

was set to 10 ns, while simple point charge (SPC) model [52] was used for the treatment of 

solvent. MacroModel, Jaguar and Desmond programs were used as implemented in Schrödinger 

Materials Science Suite 2015-4. The NLO analysis, NBO analysis, frontier molecular orbital 

analysis and MEP are done with the help of Gaussian software [53, 54] and Gaussview software 

[55]. The GAR2PED software [56] is adapted to read the outputs from the program Jaguar and 

the Potential energy distribution is calculated for the normal modes of vibrations of the title 

compound. A scaling factor value 0.9613 is applied for the theoretically obtained wave number 

to get better agreement with the experimental wave numbers. Charge transfer analysis has been 

done with Multiwfn program [57-60]. Electron density variation and C+/– functions have been 

visualized with VMD program [61-67], while Tachyon [68] ray tracing library, as implemented 

in VMD, was used for rendering of figures. 

3. Results and discussion 

In the following discussion, the phenyl rings, C11-C12-C13-C14-C15-C16 and C1-C2-

C3-C4-C5-C6 are designated as PhI and PhII, respectively. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 
 

3.1 Geometrical parameters 

Figure 1 contains geometrical structure of the lowest energy conformation of title 

molecule, which was chosen for the further investigations of reactive properties, while the five 

lowest energy conformations are provided in Figure S1 of supplementary materials.  

 

Figure 1. Geometry and numbering scheme of the lowest energy conformer of ANF-22 

Throughout the rest of the manuscript we will refer to this structure as ANF-22. The 

theoretically predicted geometrical parameters of the ANF-22 have been provided in Table S1 of 

the supplementary materials. 

In the title compound, the phenyl C-C bond lengths are in the ranges 1.4053-1.3910 Ǻ for 

PhI and 1.4008-1.3929 Ǻ for PhII and these bond lengths are in between the single and double 

bond values [69]. The C-N bond lengths of the title compound are, C11-N9 = 1.4145 Ǻ, C8-N9 = 

1.3798 Ǻ, C2-N7 = 1.4137 Ǻ and C8-N7 = 1.3667 Ǻ and these values are less than the normal C-

N bond length (1.48) and this shows that there is an effect of resonance in this regions of the 

molecule [70]. For the title compound, C-Br bond length is 1.9590Ǻ while the reported value is 

1.9644 [71]. The reported values of C-F bond lengths are in the range 1.3518-1.3642 Ǻ (DFT) 

and 1.3543-1.3607Ǻ (XRD) [72] and for the title compound the C-F bond lengths are, C18-F19 = 

1.3504Ǻ, C18-F20 = 1.3523Ǻ and C18-F21 = 1.3537 Ǻ. In the present case, the C-C-F and F-C-F 

angles are 111.8°, 112.0°, 111.5° and 107.6°, 106.8° which are in agreement with literature [72]. 

For the title compound N-H bond lengths are 1.0113Ǻ, 1.0132Ǻ which are in agreement with 
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literature [29]. For the title compound, the C-S bond length 1.6764Ǻ and this lies between the 

values of C-S single and double bonds and the reported value is 1.6636Ǻ [29]. 

At C15 position of the title compound, the bond angles, C14-C15-C16 = 122.3°, C14-C15-

Br17 = 119.1° and C16-C15-Br17 = 118.5° and the asymmetry in angles is due to the presence of 

electronegative bromine atom. Around C2 and C11 positions, the angles are, C1-C2-C3 = 119.7°, 

C1-C2-N7 = 123.5°, C3-C2-N7 = 116.7° and C12-C11-C16 = 119.7°, C12-C11-N9 = 118.6°, C16-C11-

N9 = 121.7° which shows the interaction between the phenyl rings and thiourea moiety. The 

interaction between the C-S group and N-H groups are revealed by the values of the angles 

around C8 and the angles are, N7-C8-N9 = 114.1°, N7-C8-S10 = 127.0° and N9-C8-S10 = 118.9°. 

Similarly the substitution of CF3 group changes the angles around C4 position which are C3-C4-

C5 = 120.5°, C3-C4-C18 = 119.6° and C5-C4-C18 = 119.8°. The thiourea moiety is tilted from the 

phenyl rings as is evident from the torsion angles, C3-C2-N7-C8 = 151.3°, C1-C2-N7-C8 = -31.9°, 

C16-C11-N9-C8 = -43.8° and C12-C11-N9-C8 = 139.3°. 

3.2 IR and Raman spectra 

Tables S2 and S3 of the supplementary materials contain the calculated scaled wave 

numbers, IR and Raman data of the two lowest energy conformation (ANF-22_17 and ANF-

22_8) respectively. Experimentally obtained IR and FT-Raman spectra have been provided in 

Figure 2. Computationally obtained IR spectra (Figure S4 of the supplementary materials), for 

comparison with experimentally obtained results, has been obtained by averaging IR spectra of 

the two lowest energy conformers and weighting respective spectra according to their total 

energies. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 
 

 

Figure 2. a) FT-Raman and b) FT-IR spectra of ANF-22 

 

According to literature the NH stretching and deformation modes are expected in the 

regions 3330-3450 cm-1 and 1400-1500, 450-600 cm-1 [73] and for the title compound, the NH 

stretching modes are observed at 3219 cm-1 in the Raman and at 3479, 3429 cm-1 theoretically. 

The deformation modes of the NH groups are observed at 1477, 512 cm-1 in the IR spectrum, 

1531, 530, 511 cm-1 in the Raman spectrum, while theoretically these modes were located at 

1529, 1479, 531, 509 cm-1 . In the present case the band at 730 cm-1 in the IR spectrum and 725 

cm-1 in the theoretically obtained spectrum is assigned as the C=S stretching mode [73-75], 

which is in agreement with literature [29,76]. The band at 650 cm-1 in the IR spectrum, 646 cm-1 

in the Raman spectrum and at 646 cm-1 in the theoretically obtained IR spectrum is assigned as 

C–Br stretching mode of the title compound [73, 75], which is in agreement with reported values 
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[77,78]. According to literature, the CF3 stretching modes are expected in the regions, 1300-1100 

cm-1 and in-plane and out-of-plane bending modes in the regions, 720-440, 470-260 cm-1 [73]. In 

the present case, the bands at 1140 cm-1 in the IR spectrum, 1170, 1128 cm-1 in the Raman 

spectrum and at 1170, 1145, 1055 cm-1 in the theoretical spectrum are assigned as the CF3 

stretching modes, which is in agreement with reported values [47]. 

For the title compound, the CF3 deformation modes are assigned at 552, 398, 313 cm-1 in 

the Raman spectrum and at 530, 511, 430, 297 cm-1 theoretically, which are in agreement with 

the reported values [72, 80]. For the title compound, the C-N stretching modes are assigned at 

1190 cm-1 in the IR  spectrum, 1304, 1228 cm-1 in the Raman spectrum and 1304, 1229, 1195 

and 1145 cm-1 theoretically, which agrees well with literature data [29]. 

For the title compound, the CH stretching modes of the phenyl rings are observed at 3040 

cm-1 in the IR spectrum, 3085 cm-1 in the Raman spectrum for PhI and at 3133, 3066 cm-1 in the 

IR spectrum, 3062, 3049 cm-1 in the Raman spectrum for PhII. According to DFT calculations 

these modes are located in the range between 3073 and 3104 cm–1.  

The ring breathing mode of the 1,3-disubstituted phenyl ring of the title compound is 

observed at 983 cm-1 in the Raman spectrum and at 973 theoretically, which is expected near 

1000 cm-1 according to literature [73, 81], while the and the reported value of the ring breathing 

mode is 1012 cm-1 [82]. 

 

3.3 NMR spectra 

The absolute isotropic chemical shielding was calculated by B3LYP/GIAO model [83] 

and numerical values of chemical shift δcalc = σcalc(TMS) - σcalc together with calculated values of  

σcalc(TMS), are given in Table S4.  

The protons of the phenyl rings I and II resonate in the ranges, 7.09-7.78 ppm and 7.03-

9.11 ppm theoretically  while the experimental values are, 7.32-7.83 and 7.47-7.97 ppm. The 

hydrogen atoms of amide groups in this compound appear at a higher chemical shift of 10.34, 

10.31 ppm experimentally while δcalc of the NH protons strongly deviate from the experimental 

data due to the high polarity of these bonds with values 7.25 and 7.00 ppm. For aromatic carbon 

atoms, the range of 13C NMR shifts are normally greater than 100 ppm [84, 85] and for the title 

compound, 13C NMR chemical shifts of the entire phenyl carbon atoms are greater than 100 ppm 
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as expected in literature. The predicted shifts lie in the ranges 120.75-144.49 ppm for PhI ring 

and 118.43-138.68 ppm for PhII ring, while the experimental shifts are respectively, 126.56-

143.09 and 120.48-140.42 ppm. The chemical shifts of carbon atoms C8 and C18 are 177.12, 

133.54 (predicted) and 180.36, 124.65 (experimentally) ppm. High chemical shift in the case of 

carbon atom C8 is due to the neighboring nitrogen and sulfur atoms. 

 

3.1. UV spectra and charge transfer based on TD-DFT calculations 

 

TD-DFT calculations have been done in order to predict UV spectra and the obtained 

results were compared with the experimentally obtained UV spectra. Also, the approach based 

on natural transition orbitals (NTO) [86] was used in order to investigate the topology of the 

most important excitations that principally dictate light absorption properties. Figure S3 of the 

supplementary materials contains comparison of theoretically and experimentally obtained UV 

spectra. 

Theoretically and experimentally obtained UV spectra are in good agreement and both 

indicate two absorption peaks. Difference of wavelength between theoretically and 

experimentally obtained UV spectra is 3 or 4 nm, which is very good agreement. The only 

significant difference can be concluded for the absorbance of the peak located at 260 nm, but it is 

important that predicted UV spectra also shows that the peak located at ~200 nm is higher than 

the peak located at ~260 nm.  

Further, electronic transitions have been checked. As in many cases, due to the size of 

ANF-22 molecule, TD-DFT calculations gave extensive list of orbital transitions. This makes 

identification of the most important electronic excitations practically impossible. However, by 

application of the natural transition orbitals (NTO) [86] approach this task was made possible. 

As opposed to the ordinary orbitals, NTOs consists of one (sometimes two or more) pair of 

orbitals. In the case of NTO concept, transition occurring from excited particle (occupied) to the 

empty hole (unoccupied) orbital [86]. The most important information (excitation energies, 

wavelength and oscillator strengths) on the first 20 excitations are summarized in Table 1, while 

in Figure 3 we have provided visualization of the frontier molecular orbitals and hole-particle 

orbitals of the second and ninth excitations. 
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Table 1. Information about the first 20 excitations of the ANF-22 compound 

Excitation # 
Excitation energy 

[eV] 
Wavelength 

[nm] 
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 energy of 4.11 eV and corresponds to the 

wavelength of 301 nm. According to the oscillator strength two the most important excitations 

are the second and the ninth excitation, with corresponding oscillator strengths of 0.5280 and 

0.2707, respectively. It is interesting that both of these two most important excitations are 

located at wavelengths that almost completely match the experimentally measured absorption 

peaks. Namely, second excitation is located at the wavelength of 264 nm which is matching with 

experimentally measured absorption peak, while the ninth excitation is located at the wavelength 

of 206 nm, which is very close to the experimentally measured value of 204 nm. In Figure 3 

NTOs of the frontier molecular orbitals and two the most important excitations have been 

provided. 
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Figure 3. a) HOMO and LUMO orbitals and hole/particle NTOs of the b) second and c) ninth 

excitation 
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The topology of orbitals presented in Figure 3 indicates that NTOs of the second 

excitation match very well with the frontier molecular orbitals, indicating the importance of this 

excitation for the light absorption. This is also reflected with the highest value of oscillator 

strength in the case of the second excitation. It can also be seen in Figure 3a that HOMO and 

LUMO are located at the sulfur atom, “hole” NTO of the second excitation is not located at 

sulfur atom, while “particle” NTO of the second excitation is located at the sulfur atom. When it 

comes to the light absorption, the importance of sulfur atom is reflected by the fact that “hole” 

NTO of the first pair of the ninth excitation is clearly located at sulfur atom.  

Charge transfer analysis for the lowest energy excitation based on the electron density 

difference has been performed by the Multiwfn program [57-60]. The method explained in 

reference [87], as generalized in three dimensions by creators of Multiwfn program, has been 

employed. According to the work [87] quantification of charge transfer can be described by the 

quantity known as charge transfer length (CT length). CT length is actually a distance between 

barycenters of C+ and C– functions, while details on C+ and C– functions can be checked in [87]. 

In this work barycenters of the C+ and C– functions have been calculated with Multiwfn program 

and visualized with VMD program. In Figure 4a electron density variation as a consequence of 

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

 

Figure 4. a) Electron density variation from ground to first excited state (green and blue colored 

areas denote positive and negative regions, respectively) of ANF-22 and b) barycenters of C+ 

(green) and C– (blue) functions for ANF-22 
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In Figure 4a an increase of electron density is marked with green color, while blue color 

denotes decrease of electron density as a consequence of the lowest energy excitation. It can be 

seen in Figure 4a that electron density variation after the first excitation is localized in relatively 

small molecule area containing sulfur atom, indicating that CT length could be low and that the 

aforementioned excitation is of locally excited (LE) type. However, the final judgment on this 

will be drawn after calculation of two more important parameters. In Figure 4b we will refer to 

the visualization of barycenters of positive and negative parts of C+ and C– functions. 

Result provided in Figure 4b indicates that CT length in case of the lowest energy 

excitation of ANF-22 equals to 1.461 Å, which is value somewhere in between the CT and LE 

types of excitation. Thus, we have decided to use Multiwfn program again and calculate the ∆r 

coefficient which, according to the paper [88], is useful when it comes to the identification of 

excitation type. As mentioned in reference [88], LE modes are characterized by ∆r value lower 

than 2.0 Å and it can be also stated that the lower the ∆r parameter is, the more likely is that the 

excitation is of local type (LE). A value of ∆r parameter in the case of ANF-22 is 2.71 Å, clearly 

indicating a CT excitation type. Just for case, we have also performed a calculation of distance 

between centroids of electrons and holes, which is yet another indicator of excitation types, 

which turned out to have high value of 2.79 Å, finally indicating that the first excitation is of CT 

type. 

 

3.4 Natural Bond Orbital Analysis 

Results regarding the NBO analysis have been summarized in Table S5 of the 

supplementary materials.The strong inter molecular hyper conjugative interactions are: C8-S10 

from N7 of n1(N7)→σ*( C8-S10) which increases the electron density 0.48220e that weakens the 

respective bonds C8-S10 leading to stabilization of 67.31 kJ/mol; N7-C8 from S10 of n2(S10)→σ*( 

N7-C8) which increases the electron density 0.06192e that weakens the respective bonds N7-C8 

leading to stabilization of 12.10 kJ/mol; C8-S10 from N9 of n1(N9)→σ*( C8-S10) which increases 

the electron density 0.48220e that weakens the respective bonds C8-S10 leading to stabilization of 

67.62kJ/mol; C18-F20 from F19 of n3(F19)→σ*(C18-F20) which increases the electron density 

0.10318e that weakens the respective bonds C18-F20 leading to stabilization of 12.73kJ/mol; C18-

F20 from F21 of n3(F21)→σ*( C18-F20) which increases the electron density 0.10318e that weakens 
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the respective bonds C18-F20 leading to stabilization of 11.23kJ/mol; C18-F19 from F20 of 

n3(F20)→σ*(C18-F19) which increases the electron density 0.10155e that weakens the respective 

bonds C18-F19 leading to stabilization of 12.60 kJ/mol; C15-C14 from Br17 of n3(Br17)→π*(C15-

C14) which increases the electron density 0.38276e that weakens the respective bonds C15-C14 

leading to stabilization of 9.88kJ/mol. The orbital with low occupation number are high energies 

are: n2(F19), n2(F21), n3(F20) with energies, -0.42241, -0.41665, -0.42228a.u and considerable p-

characters, 100, 99.82, 99.98% and low occupation numbers, 1.94864, 1.94826,1.93155 while 

the orbital with high occupation numbers and low energies are: n1(F19), n1(F21), n2(F20) with 

energies, -1.05684, -1.05749, -0.42300a.u.  and p-characters, 29.19, 28.40, 100% and occupation 

numbers, 1.98707, 1.98755, 1.94924.Thus, a very close to pure p-type lone pair orbital 

participates in the electron donation to the σ*( C8-S10) orbital for n1(N7)→σ*( C8-S10), σ*( N7-

C8) orbital for n2(S10)→σ*( N7-C8) ,σ*( C8-S10) orbital for n1(N9)→σ*( C8-S10), σ*( C18-

F20)orbital for n3(F19)→σ*( C18-F20), σ*( C18-F20)) orbital for n3(F21)→σ*( C18-F20), σ*( C18-F19) 

orbital for n3(F20)→σ*( C18-F19), π*( C15-C14) interactions in the compound.  

3.5 Nonlinear optical properties 

For the title compound, first hyperpolarizability and second hyperpolarizability are 

respectively, 2.5749× 10-30 and -20.985× 10-37esu and these values of the investigated molecule 

clearly reveal that they have nonlinear optical behavior with non-zero values. The reported value 

of the first hyperpolarizability of phenyl thiourea derivatives is 1.86 × 10-30esu [29] and the first 

hyperpolarizability of the title compound is 19.81 times that of the standard NLO material urea 

[89]. The C-N bond lengths in the title compound are in between a single and double bond and 

hence there is a extended π-electron delocalization over the thiourea group [90] which is 

responsible for the nonlinearity of the system.  

3.6 Frontier molecular orbital analysis 

HOMO and LUMO energy values are very important parameters for quantum chemistry 

and HOMO is the outermost orbital, tends to give electrons and act as an electron donor while 

the LUMO accepts electrons [91]. The HOMO-LUMO plot of the title compound is shown in 

Figure S4 of the supplementary materials. According the B3LYP/6-31G(d,p) method, the 

HOMO and LUMO energy values are –7.327eV and – 4.574eV. The ionization energy and 
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electron affinity can be expressed as: I= – EHOMO = 7.327, A = – ELUMO = 4.574eV [92]. The 

hardness η and chemical potential µ are given the following relations η = (I – A)/2 and µ = – 

(I+A)/2, where I and A are the first ionization potential and electron affinity of the chemical 

species [93]. For the title compound, HOMO-LUMO energy gap = 2.753eV, Ionization potential, 

I = 7.327eV, Electron affinity A= 4.574eV, global hardness η = 1.377eV, chemical potential µ = 

– 5.951eV, global electrophilicity index = µ2/2η = 12.859eV. 

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

In order to identify sites suitable for nucleophilic reactions or electrophilic attacks, the 

molecular electrostatic potential map of the title compound was calculated at the B3LYP/6-31G 

(6D, 7F) level and given in Figure 5a. 

The red and yellow color which indicates the negative regions of the molecule are 

electrophilic reactivity regions and blue color regions are positive which indicates the 

nucleophilic reactivity regions in the MEP plot [94-96]. For the title compound, the electrophilic 

regions are phenyl rings, CS group and nucleophilic regions are mainly NH groups.  

Sites of ANF-22 molecule that are possibly prone to electrophilic attacks in this work 

have been determined by calculations of ALIE values. This quantity was introduced by Sjoberg 

et al. [97, 98] and it is defined as sum of orbital energies weighted by the orbital densities 

according to the following equation: 

( ) ( )
( )∑=

i

ii

r

r
rI r

r

ρ
ερ

, (1) 

where ( )ri
r

ρ  represents the electronic density of the i-th molecular orbital at the point r
r

, iε  

represents the orbital energy and ( )rrρ  is the total electronic density function. This descriptor 

indicates the amount of energy needed for the removal of electrons from certain molecule places. 

The lower the ALIE is, electrons are easier removed. In this work ALIE values are mapped to the 

electron density surface and in such way obtained surface indicate molecule sites where electrons 

are least tightly bound, Figure 5b. 
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Figure 5. a) MEP and b) ALIE surface of the ANF-22 molecule 

 

It can be seen in Figure 5 that sulfur atom is certainly very important reactive center from the 

aspect of electrophilic attacks. In order to remove the electron from the area in the near vicinity 

of sulfur atom it is necessary to spend around 163 kcal/mol, according to the calculated ALIE 

descriptor. On the other side the highest values of ALIE descriptor are calculated in the near 

vicinity of fluorine atoms and these locations are molecule sites where electrons are tightly 

bound. In the near vicinity of fluorine atoms the ALIE values equals more than 382 kcal/mol. 

According to the results presented in Figure 5b, ANF-22 molecule is also characterized by 

formation of two intra-molecular non-covalent interactions, between atoms C16–H26 and 

between atoms S10–H22. Both of these non-covalent interactions have very similar strengths, 

0.014 electron/bohr3.  

Tracking the electron density changes as a consequence of addition or removal of charge 

allows one to additionally determine important reactive sites. This can be done by utilization of 

Fukui functions, which are in Jaguar program calculated in the finite difference approximation 

according to the following equations: 

( ) ( )( )
δ

ρρ δ rr
f

NN −=
+

+ , (2) 

( ) ( )( )
δ

ρρ δ rr
f

NN −=
−

− , (3)
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where N denotes the number of electrons in the reference state of the molecule and δ  represents 

the fraction of electron, which is set to be 0.01 [99]. 

Fukui f + and f – functions respectively indicate how electron density changes when 

certain amount of charge is added or removed. Therefore, these functions practically show where 

electron density increases and decreases when molecule acts as electrophile and nucleophile, 

respectively. In this work the representation of Fukui functions has been done by mapping of 

their values to the electron density surface, Figure 6. 

 

Figure 6. Fukui a) f+ and b) f– function of ANF22 

 

For the visualization of Fukui functions in Figure 6 the following color coding has been 

used. Namely, in the case of Fukui f + function presented in Figure 6a, purple color indicates 

molecule sites where electron density increases as a consequence of charge addition. On the 

other side, in the case of Fukui f – function presented in Figure 6b, red color indicates molecule 

sites where electron density decreases with the removal of charge. Results in Figure 6a again 

emphasize the reactive importance of sulfur atom. Besides sulfur atom, purple color is also 

located in the near vicinity of carbon atoms C12 and C14, indicating that these locations are the 

ones where electron density increases when ANF-22 molecule acts as an electrophile. On the 

other side, yellow to red color is delocalized practically over the whole molecule, indicating the 

decrease in the charge density when molecule acts as a nucleophile, except in the near vicinity of 

sulfur atom and carbon atom C8. 
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3.8 Degradation and reactive properties based on the autoxidation and hydrolysis 

As more and more pharmaceutical molecules are entering the water streams due to the 

overuse and improper handling, beside synthesis of new molecules it is also necessary to 

understand how they can be efficiently removed from the water [100,101]. 

Because strong correlation exists between degradation by autoxidation and BDEs, DFT 

calculations are very useful for the overall understanding of degradation properties of drugs 

[100-102]. On the other side understanding the interactions of drug molecules with water is also 

of great importance. In this case MD simulations can be particularly useful for the determination 

of molecule’s atoms with pronounced interaction with water molecules, which can be useful for 

the understanding of hydrolysis.  

Concerning the degradation by autoxidation it is useful to emphasize that this mechanism 

is closely related to the possibility for hydrogen atoms to be abstracted. If the BDE for hydrogen 

abstraction has the proper value, than that molecule location can be considered as probably 

suitable for the start of autoxidation process. It is also crucial to determine the proper interval of 

BDE values suitable for the C-H dissociation. From one side it is well known that all peroxy 

radicals have BDE in the range of 87–92 kcal/mol [101,103]. On the other side the study of 

Wright et al. [102] shows that BDE values in the interval between 75 to 85 kcal/mol indicate that 

molecule is highly prone to the autoxidation. Also, Gryn'ova et al. [104] stated that 

thermodynamic favorability of C–H bond dissociation probability is strongly favored for BDE 

values lower than 85 kcal/mol, disfavored for BDE values higher than 90 kcal/mol and 

questionable for BDE values between 85 to 90 kcal/mol. BDE values calculated for all single 

acyclic bonds are presented in Figure 7. 
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Figure 7. BDE for hydrogen abstraction in case of ANF-22 molecule 

 

Results presented in Figure 7 clearly indicate the high stability of the ANF-22 molecule. 

The lowest BDE value for the hydrogen abstraction is almost 92 kcal/mol. This indicates that the 

mentioned molecule is highly stable in the open air and in the presence of oxygen. BDE values 

for the remaining single acyclic bonds served us also to determine the weakest bonds and 

therefore the locations where the process of degradation could start. Thanks to the results in 

Figure 7, it can be concluded that the weakest bonds are the ones denoted with numbers 13 and 

14. BDE values in these two cases are around 70 kcal/mol and they clearly emphasize the 

importance of sulfur atom, which is in their close vicinity. 

In order to locate the atoms of ANF-22 molecule with relatively pronounced interactions 

with water molecules we have calculated RDFs after MD simulations. RDF, g(r), is the 

probability of finding a particle in the distance r from another particle [105]. RDFs of atoms with 

significant interactions with water molecules are presented in Figure 8.  
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Figure 8. RDFs of molecule ANF-22 

 

According to the profiles of RDFs in Figure 8 it can be seen that total of eight atoms have 

significant interactions with water molecules. Five of them are carbon atoms while the remaining 

ones are one sulfur, bromine and hydrogen atoms. Carbon atom with the highest g(r) values is 

atom C18, with corresponding g(r) value of almost 1.4. On the other side carbon atoms C6 and 

C13 have the shortest peak distances, located at around 3.5 Å. The most important RDF is 

calculated for hydrogen atom H27, which has the peak distance lower than 2 Å. Bromine and 

sulfur atoms have much higher maximal g(r) values, but their peak distances are located at 
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around 3.5 Å. The fact that sulfur atom and hydrogen atom H27 have very pronounced 

interactions with water could be very important because both of these two atoms are located in 

the near vicinity of the bond which is the weakest according to the BDE values, meaning that the 

hydrolysis could be of importance. 

3.10 Molecular docking 

The decahydroisoquinoline scaffold bearing a phenyl tetrazole is a GluK1 antagonist with 

potential as oral analgesics [106]. The aryl thiourea derivatives show antivulsant, antimicrobial 

and analgesic activity [107]. Thiourea derivatives exhibits their analgesic activity in mice 

(Musmusculus), and showed a better analgesic activity compared to Na-diclofenac [108]. High 

resolution crystal structure of decahydroisoquinoline antagonist was obtained from the RSCB 

protein data bank website with PDB ID: 4MF3. Using Auto Dock-Vina software [109] all 

molecular docking calculations was performed. All the docking protocol was prepared as 

reported in literature [110]. In Figure S5 of the supplementary materials, surface view of the 

docked ligand embedded in the catalytic site of decahydroisoquinoline antagonist has been 

visualized, while weak non-covalent interactions between the active site of the substrate and the 

ligand have been visualized in Figure S6 of the supplementary materials. Besides visualization of 

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

 

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

Mode Affinity 
(kcal/mol) 

Distance from best mode (Å) 
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 Glu15, Ser194 form halogen interactions with CF3. Glu14 shows π-anion 

interaction with phenyl ring and NH group and Tyr197 exhibit π-alkyl interaction with CF3. 
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Thanks to the indicated weak non-covalent interactions it can be concluded that the docked 

ligand forms a stable complex with decahydroisoquinoline antagonist with the highest binding 

affinity value of –7.1 kcal/mol. These results indicate that title compound could be considered as 

a lead compound for the development of new analgesic drug. 

 

4. Conclusion 

The detailed interpretation of the vibrational spectra of 1-(3-bromophenyl)-3-[3-

(trifluoromethyl)phenyl]thiourea have been carried out with the help of potential energy 

distribution. Excellent agreement for the calculated vibrational wave numbers with the 

experiment whenever available has been found. Detailed analysis of NBO, NMR, frontier 

molecular orbital analysis and MEP are reported. Thanks to the ALIE values sulfur atom is 

recognized to be possibly prone to electrophilic attacks. The importance of sulfur atom was 

confirmed by Fukui functions as well, which also recognized carbon atoms C14 and C16 as 

important reactive centers. Two intramolecular noncovalent interactions have been detected, with 

very similar strengths. From the aspect of TD-DFT calculations, the most important excitations 

have been identified while NTOs indicated the most important molecule areas for the light 

absorption. Detailed charge transfer analysis indicated that the first excitation is of CT type. The 

lowest BDE values for abstraction of hydrogen atoms are higher than 90 kcal/mol and it is hard 

to expect that this molecule is sensitive towards autoxidation. Sulfur atom and hydrogen atom 

H27 have pronounced interactions with water molecules, which could be meaningful since these 

two atoms are in the close vicinity of the bonds that are the weakest according to the BDEs. The 

docked title compound forms a stable complex with decahydroisoquinoline antagonist with a 

binding affinity value of –7.1 kcal/mol and can be a lead compound for developing new 

analgesic drug.  
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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.   

 

 


