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Abstract 

Benzothiazoles are organic compounds with multiple biological activities. Due to their biological interests, these are 

synthesized on a large scale at the industrial level and used in various fields. Their release into waters causes 

environmental problems which leads to public health problems. Finding solution which can help for their degradation 

become necessary.  

That is the reason why a theoretical study of the reactivity of five benzothiazole derivatives has been initiated in order 

to understand some aspect of their biodegradation.  

The calculations were carried out in gaseous and aqueous phase with B3LYP functional associated with bases 6-311G(d) 

and 6-31+G(d).  

The results revealed that the thione tautomer of the MBT derivative is more stable than the thiol form. These results are 

in agreement with previous experimental work which showed that the thiones forms in MBT metal complexes are the 

most stable. Moreover, the study of the reactivity based on the computation of the global indices of reactivity reveals 

that the benzothiazoles BT, OBT and MBT are the most reactive. The most electrophilic is BT and the least electrophilic 

is MTBT. In addition, the thermodynamic parameters and the energy barriers predict a possibility of coexistence of 

tautomers ol and one of OBT derivative. Fukui dual descriptors have shown that the carbon C2 of BT is the most 

electrophilic. In substituted derivatives, it is the C6 carbon that is the most electrophilic. N3 nitrogen remains the most 

nucleophilic site in all the studied molecules. 

Keywords: Benzothiazoles, DFT / B3LYP, tautomeric equilibrium, Fukui indices, tautomers 

1. Introduction 

Benzothiazole derivatives have a wide range of biological activities such as anticancer, analgesic, anti-inflammatory, 

antimicrobial, antimalarial, anticonvulsant  (Venkatesh & Pandeya, 2009) (Pritesh, Jagath et al., 2012) (Nadeem, 

Arpana et al., 2007) (Mishra, Gautam et al., 2010) (Hout, Azas et al., 2004). They are also used as fungicides (Helena, 

Tomáš et al., 1993) (Drotar, Burton et al., 1987). Some of them are vulcanizing agents in the pneumatic industry 

(Herrero, Borrull et al., 2014). They are used in large quantities in very different fields such as agriculture, detergent 

industry, paper industry, automotive industry and pharmaceutical industry (Herrero, Borrull et al., 2013) (Herrero, 

Borrull et al., 2014) (Speltini, Sturini et al., 2016) (Markiewicz, Björklund et al., 2017) Due to their varied applications, 

they are synthesized on a large scale at the industrial level. However, these high production of chemicals constitute a 

real environmental problem (Herrero, Borrull et al., 2014). They end up in the environment through several processes. 

Their discharge into runoff is likely to affect the functioning of ecosystems, posing a major environmental and public 

health problem.  

Studies have shown that most benzothiazole derivatives are classified as emerging organic pollutants (Hogenboom, Van 

& De Voogt, 2009) (Richardson & Ternes, 2011) (Richardson, 2012) (Farré, Pérez et al., 2008). In the search for a 

solution to the problem of environmental pollution caused by this type of pollutant, most of the work is focused on the 

degradation of these pollutants (Li F., Li X. & Hou, 2004) (De Wever & Verachtert, 1997) (Lagarde, Puetz et al., 2006) 

(Poulain, Mailhot et al., 2003) (Printz, Burauel & Fuhr, 1995). Certain derivatives such as 2-mercaptobenzothiazole 

(MBT) and 2-hydroxybenzothiazole (OBT) have been shown to be difficult to biodegrade (Lagarde, Puetz et al., 2006) 

((Printz, Burauel & Fuhr, 1995).  

https://www.sciencedirect.com/science/article/pii/S0960894X0700618X#!
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A theoretical study of the reactivity of these molecules is therefore necessary to help better understand the 

biodegradation process of these pollutants. For our study, we are interested in five benzothiazoles namely benzothiazole, 

2-aminobenzothiazole, 2-hydroxybenzothiazole, 2-mercaptobenzothiazole and 2-methylthiobenzothiazole (Figure 1). 

Interest for these benzothiazoles is motivated by the fact that these derivatives are commonly found in wastewater (De 

Wever & Verachtert, 1997) (Reemtsma, Fiehn et al., 1995) (Kloepfer, Gnirss et al., 2004). Also, studies have shown that 

derivatives studied to be among a family of benzothiazoles which are most toxic according to the Microtox test (Andrei, 

2006). In addition, MBT has a carcinogenic and dermatological allergenic activity (De Wever & Verachtert, 1994) 

(Adams & Warshaw, 2006) (Gold, Slone et al., 1993) (Whittaker, Gebhart et al., 2004). This work aims to study the 

reactivity of these derivatives in gas and aqueous phase. Precisely we did a theoretical calculation of thermodynamic 

energies and reactivity parameters. Benzothiazole (BT) mesomers are proposed from Fukui indices calculations. The 

tautomeric equilibrium and the relative stability of the tautomers of the ABT, OBT and MBT derivatives are also 

analyzed. 
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Figure 1. Structures of Benzothiazole Derivatives 

2. Material and Methods 

2.1 Calculation Level  

To carry out this work, the Density Functional Theory (DFT) method (Becke, 1997) (Bauernschmitt & Ahlrichs, 1996) 

with the functional B3LYP (Lee, Yang & Parr, 1988) (Becke, 1993)associated with the bases 6-311G (d) and 6-31G+(d, 

p) was used. The calculation software used is the Gaussian 09 (Frisch et al., 2013) quantum chemistry software. 

Thermodynamic energies were calculated from the ground state geometry of the optimized molecule at the 

B3LYP/6-311G(d) theory level. The benzothiazoles studied being commonly found in the aquatic environment, the 

calculations were carried out as well in gas phase as in aqueous phase at the temperature of 298.15 Kelvin and the 

pression of 1 atmosphere (1 atm). The Polarized Continuum Model (PCM) (Cancès, Mennucci, Tomasi, 1997) is taken 

as a solvation model. The optimization of molecular geometries is followed by calculations of vibration frequencies at 

the same level of theory. The proton affinities (PA) and Fukui functions were determined from  optimized geometry at 

B3LYP/6-31+G(d) level in order to take into account long-range interactions (Van der Waals forces), in the case of 

charged molecules (anion and cation) (Jensen, 2001) (Lehtola, 2015). 

2.2 Reaction Thermodynamic Paramaters  

Understanding the contributions of variations in energy to internal energy between reagents and products helps to 

characterize energetically a chemical reaction. The energy characterization of a quantity X is given by the relation 

below: 

∆𝑟𝑋 = ∑𝑋(𝑝𝑟𝑜𝑑𝑢𝑡𝑠) − ∑𝑋(𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)                                                                        (1) 

The thermodynamic parameters considered in this study are the reaction enthalpy (∆𝒓𝐇 
 ), free reaction enthalpy (∆𝒓𝐆 

 ), 

equilibrium constant and rate constant. These parameters are calculated from the following relationships: 

S

N
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∆𝒓𝐺 = ∑∆𝑓 𝐺 
 (𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠) −∑∆𝒇 𝐺(𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)                                                        (2) 

∆𝒓𝐻 = ∑∆𝑓 𝐻(𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠) −∑∆𝑓 𝐻(𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)                                                      (3) 

 =  
   

 
   (

∆𝐺 

𝑅 
)                                                                           (4) 

∆𝐺 = ∆𝐺(  ) − ∆𝐺(𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡)                                                                      (5) 

   =    
( ∆𝒓 ( )   ⁄ )                                                                        ( ) 

∆𝐺  is the free enthalpy of activation and ΔG (TS), the free enthalpy of the transition state. In this work, the equilibrium 

constants are determined at 298.15 K: 

2.3 Global and Local Indices Derived from Conceptual DFT 

Frontier Molecular Orbital Theory (FMO) is used to characterize the chemical reactivity of a compound (Fujimoto & 

Fukui, 1972). This theory foretell the excitation properties of a molecule. As a result, it constitutes quantum parameters 

for the determination of molecular reactivity (Michel, Jean-François et al., 2005) (Aihara, 1999). The smaller the energy 

gap between the energies of the HOMO and LUMO orbitals, the more reactive the molecule is. The condensed Fukui 

functions are obtained using the procedure based on the finite difference method (Christophe, André, Alejandro, 2005) 

(Bultinck, Dorien et al., 2011) (Melin, Ayers & Ortiz, 2007). The different values of the local descriptors are calculated 

from equations (7) and (8). 

𝑓𝑘
+ = 𝑞𝑘(𝑁 + 1) − 𝑞𝑘(𝑁)                                                                      (7) 

𝑓𝑘
 = 𝑞𝑘(𝑁) − 𝑞𝑘(𝑁 − 1)                                                                     (8) 

𝑞𝑘(𝑁): electron population of the atom k in the neutral molecule. 

𝑞𝑘(𝑁 + 1): electron population of the atom k in the anionic molecule. 

𝑞𝑘(𝑁 − 1): electron population of the atom k in the cationic molecule. 

The information contained in the two Fukui functions can be synthesized into a single function called dual descriptor. 

The expression of this function is given by equation (9). 

∆𝑓 = 𝑓𝑘
+ − 𝑓𝑘

                                                                                  (9) 

Δf is a function which represents the reactivity of the molecule. The positive or negative value of this function indicates 

respectively an electrophilic zone or a nucleophilic zone. 

The chemical potential μ measures the tendency of the electron cloud to escape from the molecule. This reactivity 

parameter can be expressed as a function of the ionization potential PI and the electronic affinity AE. It corresponds to 

the opposite of electronegativity χ as defined by Paulin and Mulliken (Parr, Donnelly et al., 1978) (Mulliken, 1934). 

𝜇 = − 
𝑃𝐼 + 𝐴𝐸

2
=  −𝜒                                                                         (10) 

The hardness ɳ, the softness S and the electrophilic index ω can be expressed as a function of the ionization potentials 

(PI) and proton affinity (AE) (Pearson, 1987) (Koopmans, 1934). 

𝜂 =
1

 
= (𝑃𝐼 − 𝐴𝐸)/2                                                                    (11) 

𝜔 =  
𝜇2

2𝜂
 =   

𝜒2

2𝜂
                                                                         (12) 

𝑃𝐼 = −𝐸𝐻𝑂𝑀𝑂 𝑒𝑡 𝐴𝐸 = − 𝐸𝐿𝑈𝑀𝑂                                                        (13) 

𝐸𝐻𝑂𝑀𝑂 and 𝐸𝐿𝑈𝑀𝑂 are respectively the energies of the HOMO and LUMO boundary molecular orbitals. 
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3. Results and Discussion 

3.1 Stability of Tautomers  

3.1.1 Tautomeric Equilibrium 

The tautomeric structures of the ABT, OBT and MBT derivatives and the tautomeric equilibrium that may exist between 

these molecules are shown in Figure 2. The values of the thermodynamic energies, energy gaps (ΔE), rate constants and 

the equilibrium constants of these tautomers is summarized in Table 1. ΔE is the electron energy difference between the 

HOMO and LUMO molecular orbitals. 
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Figure 2. Tautomeric equilibrium and tautomers structures 

Table 1. Energy parameters (kJ.mol-1), energy gap (eV), rate constants (s-1) and equilibrium constants of benzothiazoles 

ABT, OBT and MBT calculated at B3LYP/6-311G(d) level in aqueous phase 

The ABT-amine tautomer has a higher ΔE value than that obtained with the ABT-imine form. It is the same for the 

OBT-ol tautomer. The amine and ol forms of these molecules are therefore the most stable. The energy gap values 

obtained with the tautomers of the MBT derivative indicate a clear stability of the thione form. Our results are in 

agreement with those of Yoshida et al. These showed that in MBT metal complexes, thiones are the most stable 

(Yoshida, Yamasaki, Sawada, 1979).  

The values of the equilibrium constants k1 are small compared to those of k2 for the amine-imine and ol-one equilibria 

respectively in the ABT and the OBT. For these derivatives the reaction evolves in the direction number 2 (Figure 2.). 

This confirms the stability of the amine and ol tautomers with respect to the imine and one tautomers. In the case of the 

MBT derivative, the value of the rate constant k1 is larger than k2. The reaction should evolve in the direction 1. This 

indicates the stability of the thione tautomer with respect to the thiol tautomer.  

The reaction enthalpies analysis (ΔrH and ΔrG) showed that the ABT and OBT derivatives have positive values. These 

values reflect an exothermic and non-spontaneous reaction under the conditions of this study. These thermodynamic 

Compounds 

ABT OBT MBT 

ABT-amin

e 

ABT-imin

e 

OBT-ol OBT-one MBT-thiol MBT-thione 

ΔE 3.09 2.97 2.59 2.40 2.64 2.45 

Equilibrum 
amine imine

 
ol one

 thiol thione
 

∆𝑟𝐻 14.8 12.0 -11.9 

∆𝑟𝐺 9.8 7.1 -6,4 

 1 1.7 10-25 6.2 10-19 2.8 10-15 

 2 1.7 10-21 1.2 10-16 1.3 10-18 

Keq1 1.0 10-4 5.7 10-3 2.1 103 

Keq2 9.8 103 1.8 102 4.7 10-4 
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quantities are negative with the MBT derivative. Contrary to the ABT and OBT molecules, this reaction is endothermic 

and spontaneous with the MBT derivative. The values of the equilibrium constants are between 10-4 and 104. This shows 

that the studied systems are in a state of tautomeric equilibrium. These molecules can exist in tautomeric forms. 

3.1.2 Activation energies and geometrical parameters 

The calculated activation energies for these equilibria are represented in graphical forms (Figure 3). 

 

Figure 3. Activation energy (Ea1 and Ea2) calculated at the B3LYP/6-311G(d) theory level 

Ea1 and Ea2 are respectively the activation energies in direction 1 and 2 of the tautomeric equilibrium reaction (Figure 

2). At the tautomers amine and imine of benzothiazole ABT level, the required energetic barrier  to pass from the 

tautomer imine to tautomer amine  is about 11.5 kJ.mol-1 higher than that required in the opposite direction (Ea1 = 

40.88 kJ.mol-1) and Ea2 = 29.41 kJ mol-1). The same observation is made with the tautomers ol and one of the OBT 

derivative. The transition from ol tautomer to form one requires an energy barrier of 27.24 kJ.mol-1 and an energy of 

23.70 kJ mol-1 in the opposite direction. These values indicate a stability of the amine and ol tautomers with respect to 

the imine and one tautomers respectively. The difference between these two energy barriers (Ea1 and Ea2) in the case of 

benzothiazole OBT is 3.5 kJ.mol-1. This difference is small compared to that obtained with the derivative ABT (11.5 

kJ.mol-1). This assumes a coexistence of the two tautomers ol and one of the OBT derivative in the medium. In the case 

of the ABT derivative, a predominance of the amine tautomer in the medium can be expected. Contrary to 

benzothiazoles ABT and OBT, the energy barrier Ea1 is about 12.1 kJ.mol-1 lower than the Ea2 energy with thiols and 

thione tautomers of MBT. These results predict a predominance of the thione tautomer over the thiol tautomer. 

The passage from one tautomer to another necessarily passes through a state of transition. The structures of these 

different transition states are shown in Figure 4. We were interested in the bond lengths and valence angles of the atoms 

involved in the structural change during the transition from one tautomer to another. 
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The distances between the C2-N3 (1.36 Å) and C2-N10 (1.29 Å) atoms are closer to those obtained in ABT-imine. It 

would therefore be easier to obtain the geometry of the transition state from that of the ABT-imine tautomer. This fact 

can justify the less energetic passage of ABT-imine to ABT-amine. Also the valence angle formed by the three atoms N3, 

C2 and N10 in the tautomer ABT-amine (N3C2N10 = 124.4 °) is smaller than that formed by the same atoms in the 

ABT-imine (N3C2N10 = 130.7 °). The increase of this angle can lead to a rapprochement of the hydrogen atom (H) of the 

imine group (H-N10=C2) to the sulfur atom (S1). The rapprochement of these two atoms can produce a repulsive effect 

which would destabilize the ABT-imine tautomer. 

The transition state OBT (TS) presents an intermediate geometry between the OBT-ol and OBT-one tautomers. The 

C2=N3 bond in the transition state is lenghened by 0.04 Å in both OBT-ol tautomers and OBT-one. Similarly, the C2-O10 

bond in the transition state geometry OBT (TS) is shortened by 0.06 Å in these two molecules. These values indicate an 

intermediate geometry of the OBT (TS) located between that of the OBT-ol and the OBT-one. This can explain the 

small variation between the activation energies Ea1 and Ea2 (3.5 kJ.mol-1) and the possibility of coexistence of the two 

tautomers in the medium. In the case of the MBT derivative, the calculated geometric parameter values show that the 

MBT transition state (TS) has a geometry similar to that of the MBT-thiol tautomer. Which can be explained the passage 

MBT-thiol in MBT-thione less energetic. For this fact, an analysis of the stability of the different conformers of OBT-ol 

and MBT-thiol molecules was carried out using free enthalpies and energy gaps (Figure 5). 

MBT-thiol 
11120.94 Kcal.molf G

     

ΔE = 2.64 eV 

11118.88 Kcal.molf G
     

ΔE = 2.45 eV 

OBT-ol 
1797.97 Kcal.molf G

     

ΔE = 2.59 eV 

1794.75 Kcal.molf G
     

ΔE = 2.38 eV 

Figure 5. Structures of MBT and OBT benzothiazole conformers with their values of free enthalpies ( f G
 ) and 

energy gaps (ΔE) calculated at the B3LYP/6-311G (d) theory level 

The relative stability order of the conformers is established by comparing the values of the free enthalpies (
f G

 ). It 

emerges from this analysis that the conformers with the hydrogen atom (H) oriented towards the sulfur atom (S1) are the 

least stable. Also, the values of ΔE indicate that the same molecules are the most reactive. The possibility of electronic 

repulsion effect due to the electron-donor nature of the sulfur atom S1 can be an explanation for the destabilization of 

these conformers. Therefore, the orientation of the hydrogen atom (H) towards the sulfur atom (S1) could be justified by 

the instability of the ABT-imine tautomer. 

3.2 Reactivity Study  

The analysis of benzothiazole reactivity in this work is based on the determination of global reactivity indices and Fukui 

indices. 

3.2.1 Global Reactivity Indices  

The reactivity parameters which have been examined in the study of this benzothiazoles’ series are: chemical potential 

(μpot), hardness (ɳ), softness (S) and electrophilic index (ω). By taking into account the theory of the Frontier Molecular 

Orbitals (FMO) (Fujimoto. & Fukui, 1972) (Michel, Jean-François et al., 2005) (Aihara, 1999), the HOMO-LUMO 

energy gaps (ΔE) have been determined. This theory allows to foretell the reactivity of molecules. It states that the 

smaller the energy gap, the more reactive the molecule would be. The calculated values of concerned parameters are 

gathered in Table 2. 
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Table 2. Energy gaps (eV), chemical potential (eV), hardness (eV), softness (eV-1) and electrophile index (eV) 

calculated in aqueous phase at B3LYP/6-311G(d). 

 BT ABT OBT MBT MTBT 

∆𝐸 2.43 3.09 2.59 2.64 3.28 

µpot -2.97 -3.15 -2.96 -2.97 -2.94 

η 1.21 1.55 1.29 1.32 1.64 

S 0.82 0.65 0.77 0.76 0.61 

ω 3.64 3.20 3.39 3.35 2.63 

The value of the energy gap ΔE increases with the substituents in position 2 of the cycle. Which leads to the the 

decrease of the reactivity of benzothiazole (BT). The smallest values of ΔE are obtained with BT, OBT and MBT. These 

molecules are therefore the most reactive. The BT molecule with the lowest energy gap value (2.43 eV) remains the 

most reactive molecule. The ABT and MTBT derivatives are the least reactive. 

Chemical hardness (η) and overall softness (S) express the resistance of a molecular system to charge transfer. The 

values of this reactivity parameters of BT, OBT and MBT derivatives are the lowest. This molecules are the softest. The 

BT derivative is softer than the two others. The hydroxyl (OH) and thiol (SH) groups compared to the thiomethyl (CH3S) 

and amine (NH2) substituents at the position (2) of the benzothiazole ring increase the reactivity of benzothiazoles. The 

value of the electrophilic index (ω) of benzothiazole BT is the highest. Among the derivatives substituted in position 2, 

OBT and MBT derivatives have the highest electrophilic index values. The value of this reactivity index varies slightly 

from one derivative to another. These molecules therefore have an electrophilic character. They are susceptible to 

undergo a nucleophilic attack. Among the studied molecules, the most electrophilic is BT and the least one is MTBT. 

3.2.2. Fukui indices 

Previous works have shown that Liquid Chromatography (LC) coupled with Mass Spectrometry (MS) or 

High-Resolution Mass Spectrometry (HRMS) are the technics which must be chosen for the determination of 

benzothiazoles pollutants in wastewater (Salas, Borrull et al., 2016) ( Asimakopoulos, Ajibola, et al., 2013). The results 

of this work showed that benzothiazoles appear to be retained on the adsorbent through ionic interactions. The 

delocalization of the electron density of these molecules is able to stabilize the partial charges in order to interact with 

the ionic group of the adsorbent. Thus earlier works have proposed BT mesomers (Salas, Borrull et al., 2016) (Hanif, 

Muhammad et al., 2015). According to the results of these studies, it is important to determine the sites of interaction 

such as nucleophilic and electrophilic sites of these molecules. Calculations of Fukui indices are necessary for the 

determination of those interaction sites. The Fukui function analysis was performed using Hirschfeld populations (Roy, 

Pal & Hirao, 1999) on BT, OBT and MBT derivatives which are found to be the most reactive. The results of these 

calculations are summarized in Table 3. 

Table 3. Fukui indices calculated at B3LYP / 6-31+G (d) level 

Atoms 
BT OBT MBT 

f + f - ∆𝑓(𝑟) f + f - ∆𝑓(𝑟) f + f - ∆𝑓(𝑟) 

S1
 0.175 -0.105 0.28 0.152 -0.107 0.259 0.198 -0.095 0.293 

C2
 0.426 -0.027 0.453 0.057 -0.06 0.117 0.079 -0.024 0.103 

N3
 -0.085 0.225 -0.31 -0.085 0.193 -0.278 -0.089 0.169 -0.258 

C4
 0.176 -0.125 0.301 0.305 -0.091 0.396 0.209 -0.098 0.307 

C5
 -0.037 0.117 -0.154 -0.048 0.156 -0.204 -0.016 0.133 -0.149 

C6
 0.355 -0.064 0.419 0.321 -0.101 0.422 0.312 -0.081 0.393 

C7
 -0.019 0.107 -0.126 -0.02 0.139 -0.159 -0.026 0.131 -0.157 

C8
 -0.018 0.042 -0.060 0.065 0.075 -0.01 -0.081 0.015 -0.096 

C9
 -0.009 0.059 -0.068 0.063 0.026 0.037 0.038 -0.014 0.052 

A positive value of Δf (r) indicates an electrophilic site and a negative value reveals a nucleophilic site. In the 

unsubstituted molecule (BT), this reactivity parameter has a positive value for the atoms S1, C2, C4 and C6. These atoms 

are electrophilic sites. A nucleophilic attack would probably occur at these atoms. The decreasing order of priority of a 

nucleophilic attack is as follows: 
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C2 > C6  
> C4 

> S1 

The C2 atom is the most favourable site during a nucleophilic attack. This order may justify biodegradation from BT to 

OBT as the first step (De Wever, Vereecken et al., 1998) (Besse, Combourieu et al., 2001). This leads us to conclude that 

the electrophilic nature of the C2, C4 and C6 atoms is strongly implicated in the biodegradation of BT. The N3, C5, C7, C8 

and C9 atoms have negative Δf (r) values. They are therefore nucleophilic sites. The decreasing order of priority of an 

electrophilic attack is as follows: 

N3 > C5 > C7 > C9 > C8 

An electrophilic attack will be preferentially on the N3 atom. The nucleophilic and electrophilic sites of BT are shown in 

figure 6. 

S

N

 

Figure 6. Nucleophilic and electrophilic sites of benzothiazole (BT) given according to Fukui indices. Negative signs 

(red) represent nucleophilic sites, positive signs (blue) represent electrophilic sites 

As mentioned in previous work ( Salas, Borrull et al., 2016) (Asimakopoulos, Ajibola et al., 2013), the retention of these 

compounds on the adsorbent through ionic interactions is more important than the hydrophobic interactions. This fact 

can be explained by the ability of these molecules to go into several mesomeric forms. Mesomerie is used to describe 

the displacement of certain electrons in a molecule. The mesomeric effect is an important electronic effect in the 

reactivity of molecules with double bonds and p electrons (non-binding doublets). It characterizes the property of an 

atom or a functional group to yield or accept a doublet of electrons. 

The sites which are rich in terms of electron of the compound BT are the N3, C5, C7, C8 and C9 atoms and the poor ones 

are the S1, C2, C4 and C6 atoms. Considering these different sites, the delocalization of electrons in benzothiazole leads 

to five (5) mesomers (Figure 7). These mesomers are the fact of the delocalization of the free doublet (free electrons of 

the electronic structure) of the sulfur atom. 

The OBT and MBT derivatives have the same electrophilic and nucleophilic sites. The atoms, S1; C2; C4, C6, and C9 

have positive values of Δf (r) and C6 carbon has the highest value. A nucleophilic attack will probably occur at these 

atoms and preferentially at the level of C6 carbon. The N3, C5, C7 and C8 atoms have negative values of Δf (r) so these 

atoms are nucleophilic sites. The nitrogen N3 has the lowest value of Δf (r) and the maximum value of f--in the studied 

compounds. An electrophilic attack will be happen primarily on this atom (N3). The carbon C6 which is the most 

electrophilic site in these substituted molecules (OBT and MBT), has the greatest value of Δf (r). This leads us to 

conclude that this atom (C6) will be more reactive face to a nucleophilic attack in the OBT and MBT. In all the studied 

benzothiazoles, the N3 atom is the most nucleophilic site. A methylation reaction of the N3 nitrogen atom of these 

benzothiazole derivatives can be envisaged in the framework of the degradation process of these compounds. The 

carbon atoms C2, C4 and C6 of the benzene ring of the substituted derivatives have an electro-acceptor character. Work 

has shown that benzothiazoles BT, OBT and MBT are more reactive towards hydroxyl radicals. And the degradation of 

the OBT and MBT derivatives leads to hydroxylated compounds at the 6 position are majority. The hydroxylated 

compounds at the 4 position are in minority (Bahnmüller, Loi et al., 2015). The more pronounced electrophilic character 

of the atom C6 may justify this experimental observation. 
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Figure 7. Proposed benzothiazole mesomers 

4. Conclusion 

This work focused on the study of the stability, tautomeric equilibrium and reactivity of five benzothiazole derivatives 

by Density Functional Theory (DFT) method.  
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The results of this study showed that the thione tautomer of  MBT derivative is more stable than the thiol form. At this 

level, our results are in agreement with previous experimental work which showed that the thiones forms in MBT metal 

complexes are the most stable. The values of the equilibrium constants and rate constants showed the existence of a 

tautomeric equilibrium in the ABT, OBT and MBT derivatives. The thermodynamic data and the energy barriers 

calculated predict a possibility of coexistence of the tautomers ol and one of OBT derivative.  

The study of the reactivity based on the calculation of the global reactivity indices shows that the benzothiazoles BT, 

OBT and MBT are the most reactive. The studied molecules have an electrophilic character. The most electrophilic is 

BT and the least electrophilic is MTBT.  

The calculation of Fukui's functions permit to identify the interaction sites of these molecules. From these calculations, 

five mesomeric forms of benzothiazole BT have been proposed. These calculations have also shown that carbon C2 is 

the most electrophilic site of BT. In substituted derivatives, it is the carbon C6 which is the most electrophilic site. The 

electrophilic nature of these atoms could be a possible explanation for obtaining hydroxylated biodegradation products 

at these positions. N3 nitrogen remains the most nucleophilic site in all the studied molecules. An electrophilic attack of  

atom N3 in the biodegradation process of these compounds may be considered.  

The knowledge of the solubility in water and the acidity of these molecules is essential if we want to determine their 

behavior and final state in the aquatic environment. In this sense, we plan to determine the lipophilicity and acidity of 

these molecules from calculations of acidity constants (pKa) and partition coefficients (logP). 

References  

Adams, A. K., & Warshaw, E. M. (2006). Allergic contact dermatitis from mercapto compounds. Dermatitis : Contact, 

Atopic, Occupational, Drug, 17(2), 56-70. https:// doi.org/ 10.2310/6620.2006.05028 

Aihara, J. (1999). Reduced HOMO−LUMO Gap as an Index of Kinetic Stability for Polycyclic Aromatic Hydrocarbons. 

J. Phys. Chem. A., 103(37), 7487-7495. https://doi.org/10.1021/JP990092I 

Andrei, B. (2006). Photo-et biodégradation de dérivés du benzothiazole : étude en système combiné. Chimie analytique. 

Thèse de Université Blaise Pascal-Clermont-Ferrand II, 2006. Français. 

https://tel.archives-ouvertes.fr/tel-00713567/document 

Asimakopoulos, A. G., Ajibola, A., Kannan, K., & Thomaidis, N. S. (2013). Occurrence and removal efficiencies of 

benzotriazoles and benzothiazoles in a wastewater treatment plant in Greece. Sci. Total Environ. 452, 163-171. 

https://doi.org/10.1016/j.scitotenv.2013.02.041 

Bahnmüller, S., Loi, C. H., Linge, K. L., Gunten, Urs von, & Canonica, S. (2015). Degradation rates of benzotriazoles 

and benzothiazoles under UV-C irradiation and the advanced oxidation process UV/H2O2. Water Research, 74, 

143-154. https://doi.org/10.1016/j.watres.2014.12.039 

Bauernschmitt, R., & Ahlrichs, R. (1996). Stability analysis for solutions of the closed shell Kohn–Sham equation. The 

Journal of Chemical Physics, 104(22), 9047-9052. https://doi.org/10.1063/1.471637 

Becke, A. D. (1993). Density‐functional thermochemistry. III. The role of exact exchange. The Journal of Chemical 

Physics, 98(7), 5648–5652. https://doi.org/10.1063/1.464913 

Becke, A. D. (1997). Density-functional thermochemistry. V. Systematic optimization of exchange-correlation 

functionals. J. Chem. Phys,107(20), 8554-8560. https://doi.org/10.1063/1.475007 

Besse, P., Combourieu, B., Boyse, G., Sancelme, M., Wever, H. D., & Delor, Anne-Marie (2001). Long-Range 1H-15N 

Heteronuclear Shift Correlation at Natural Abundance: a Tool To Study Benzothiazole Biodegradation by Two 

Rhodococcus Strains. Applied and Environmental Microbiology, 67(4), 1412–1417. 

https://doi.org/10.1128/AEM.67.4.1412-1417.2001 

Bultinck, P., Dorien, C., Ayers, P. W., & Carbo-Dorca, R. (2011). The Fukui matrix: a simple approach to the analysis of 

the Fukui function and its positive character. Phys. Chem. Chem. Phys., 13(13), 6110-6115. 

https://doi.org/10.1039/c0cp02268c 

Cancès, E., Mennucci, B., & Tomasi, J. (1997). A new integral equation formalism for the polarizable continuum model: 

Theoretical background and applications to isotropic and anisotropic dielectrics. The Journal of Chemical Physics, 

107(8), 3032-3041. https://doi.org/10.1063/1.474659 

Christophe, M., André, G., & Alejandro, T. L. (2005). New Dual Descriptor for Chemical Reactivity. J. Phys. Chem. A, 

109 (1), 205-212. https://doi.org/10.1021/JP046577A 

De Wever, H., & Verachtert, H. (1994). 2-Mercaptobenzothiazole degradation in laboratory fed-batch systems. Appl. 

Microbiol. Biotechnol., 42(4), 623–630. https://doi.org/10.1007/BF00173930 

https://doi.org/10.1128/AEM.67.4.1412-1417.2001
https://doi.org/10.1007/BF00173930


http://ijc.ccsenet.org                      International Journal of Chemistry                         Vol. 11, No. 1; 2019 

93 

 

De Wever, H., & Verachtert, H. (1997). Biodegradation and toxicity of benzothiazoles. Water Research, 31(11), 

2673-2684. https://doi.org/10.1016/S0043-1354(97)00138-3 

De Wever, H., Vereecken, K. Stolz, A., & Verachtert, H. (1998). Initial transformations in the biodegradation of 

benzothiazoles by Rhodococcus isolates. Applied and Environmental Microbiology, 64(9), 3270-3274. 

https://aem.asm.org/content/64/9/3270.short 

Drotar, A., Burton, G. A., Tavernier, J. E., & Fall, R. (1987). Widespread occurrence of bacterial thiol 

methyltransferases and the biogenic emission of methylated sulfur gases. Applied and Environmental Microbiology, 

53(7), 1626-1631. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/3662509 

Farré, M. L., Pérez, S. et al. (2008). Fate and toxicity of emerging pollutants, their metabolites and transformation 

products in the aquatic environment. TrAC Trends in Analytical Chemistry, 27(11), 991-1007. 

https://doi.org/10.1016/j.trac.2008.09.010 

Frisch, M. J. et al. (2013). Gaussian 09, Revision D.01. Gaussian Inc., 1-20. https://doi.org/10.1159/000348293 

Fujimoto, H., & Fukui, K. (1972). Molecular Orbital Theory of Chemical Reactions. Advances in Quantum Chemistry, 

6, 177–201. https://doi.org/10.1016/S0065-3276(08)60545-6 

Gold, L. S., Slone, T. H. Stern, B. R., & Bernstein, L. (1993). Comparison of target organs of carcinogenicity for 

mutagenic and non-mutagenic chemicals. Mutation Research, 286(1), 75-100. 

https://doi.org/10.1016/0027-5107(93)90004-Y 

Hanif, S., Muhammad, U. Hussain, A., Rasool, N., Zubair, M., & Rana, U. A. (2015). Solubilization of Benzothiazole 

(BNZ) by micellar media of Sodium dodecyl sulphate and Cetyl trimethylammonium bromide. Journal of 

Molecular Liquids, 211, 7-14. https://doi.org/10.1016/j.molliq.2015.06.018 

Helena, B., Tomáš, K., Eva, S., & Anna, G. (1993). Anti-Candida activity of four antifungal benzothiazoles. FEMS 

Microbiology Letters, 112(3), 329-333. https://doi.org/10.1111/j.1574-6968.1993.tb06471.x 

Herrero, P., Borrull, F. Pocurull, E., & Marcé, R. M. (2014). An overview of analytical methods and occurrence of 

benzotriazoles, benzothiazoles and benzenesulfonamides in the environment. TrAC Trends in Analytical Chemistry, 

62, 46–55. https://doi.org/10.1016/J.TRAC.2014.06.017 

Herrero, P., Borrull, F., Pocurull, E., & Marcé, R. M. (2013). Efficient tandem solid-phase extraction and liquid 

chromatography-triple quadrupole mass spectrometry  method to determine polar benzotriazole, benzothiazole 

and benzenesulfonamide contaminants in environmental water samples. J. Chromatogr. A, 1309, 22-32. 

https://doi.org/10.1016/j.chroma.2013.08.018 

Hogenboom, A. C., Van, L. J. A., & De Voogt, P. (2009). Accurate mass screening and identification of emerging 

contaminants in environmental samples by liquid chromatography–hybrid linear ion trap Orbitrap mass 

spectrometry. J. Chromatogr.A, 1216(3), 510-519. https://doi.org/10.1016/j.chroma.2008.08.053 

Hout, S., Azas, N., Darque, A., & Robin, M. (2004). Activity of benzothiazoles and chemical derivatives on 

Plasmodium falciparum. Parasitology, 129(5), 525-535. https://doi.org/10.1017/S0031182004006031 

Jensen, F. (2001). Polarization consistent basis sets: Principles. J. Chem. Phys., 115(20), 9113-9125. 

https://doi.org/10.1063/1.1413524 

Kloepfer, A., Gnirss, R. Jekel, M., & Reemtsma, T. (2004). Occurrence of benzothiazoles in municipal wastewater and 

their fate in biological treatment. Water Science and Technology : A Journal of the International Association on 

Water Pollution Research, 50(5), 203-208. https://doi.org/10.2166/wst.2004.0329 

Koopmans, T. (1934). Über die Zuordnung von Wellenfunktionen und Eigenwerten zu den Einzelnen Elektronen Eines 

Atoms. Physica, 1(1-6), 104-113. https://doi.org/10.1016/S0031-8914(34)90011-2 

Lagarde, F., Puetz, T., Dressel, J., & Fuehr, F. (2006). Simultaneous Determination of Ethidimuron, Methabenzthiazuron, 

and Their Two Major Degradation Products in Soil. Journal of Agricultural and Food Chemistry, 54(20), 

7450-7459. https://doi.org/10.1021/jf061042v 

Lee, C., Yang, W., & Parr, R. G. (1988). Development of the Colle-Salvetti correlation-energy formula into a functional 

of the electron density. Physical Review B, 37(2), 785-789. https://doi.org/10.1103/PhysRevB.37.785 

Lehtola, S. (2015). Automatic algorithms for completeness-optimization of Gaussian basis sets. Journal of 

Computational Chemistry, 36(5), 335-347. https://doi.org/10.1002/jcc.23802 

Li, F. B., Li, X. Z., & Hou, M. F. (2004). FangbaiPhotocatalytic degradation of 2-mercaptobenzothiazole in aqueous 

La3+–TiO2 suspension for odor control. Applied Catalysis B: Environmental, 48(3), 185-194. 

https://doi.org/10.1016/j.trac.2008.09.010
https://doi.org/10.1016/0027-5107(93)90004-Y
https://doi.org/10.1111/j.1574-6968.1993.tb06471.x
https://doi.org/10.2166/wst.2004.0329


http://ijc.ccsenet.org                      International Journal of Chemistry                         Vol. 11, No. 1; 2019 

94 

 

https://doi.org/10.1016/j.apcatb.2003.10.003 

Markiewicz, A., Björklund, K., Eriksson, E., Kalmykova, Y., Strömvall, Ann-Margret, & Siopi, A. (2017). Emissions of 

organic pollutants from traffic and roads: priority pollutants selection and substance flow analysis. Sci. Total 

Environ. 580, 1162-1174. https://doi.org/10.1016/j.scitotenv.2016.12.074 

Melin, J., Ayers, P. W., & Ortiz, J. V. (2007). Removing Electrons Can Increase the Electron Density:  A Computational 

Study of Negative Fukui Functions. J. Phys. Chem. A, 111(40), 10017-10019. https://doi.org/10.1021/jp075573d 

Michel, B., Jean-François, M., Mario, L., & Gilles, D. (2005). A Theoretical, Spectroscopic, and Photophysical Study of 

2,7-Carbazolenevinylene-Based Conjugated Derivatives. J. Phys. Chem. A., 109(31), 6953-6959. 

https://doi.org/10.1021/JP051349H 

Mishra, A. K., Gautam, V., Gupta, A., Bansal, R., Bansal, P., Kumar, S., & Gupta, V. (2010). Synthesis and 

antimicrobial activity of some newer benzimidazole derivatives–an overview. Journal Pharmacy Research , 3(2), 

371-378. http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.736.9329&rep=rep1&type=pdf 

Mulliken, R. S. (1934). A New Electroaffinity Scale; Together with Data on Valence States and on Valence Ionization 

Potentials and Electron Affinities. J. Chem. Phys., 2(11), 782-793. https://doi.org/10.1063/1.1749394 

Nadeem, S., Arpana, R. Suroor, A. K., Mashooq, A. B., & Syed, E. H. (2007). Synthesis of benzothiazole 

semicarbazones as novel anticonvulsants—The role of hydrophobic domain. Bioorganic & Medicinal Chemistry 

Letters, 17(15), 4178-4182. https://doi.org/10.1016/j.bmcl.2007.05.048 

Parr, R. G., Donnelly, R. A., Levy, M., & Palke, W. E. (1978). Electronegativity: The density functional viewpoint. The 

Journal of Chemical Physics, 68(8), 3801-3807. https://doi.org/10.1063/1.436185 

Pearson, R. G. (1987). Recent advances in the concept of hard and soft acids and bases. J. Chem. Educ., 64(7), 561-567. 

https://doi.org/10.1021/ed064p561 

Poulain, L., Mailhot, G. Wong-Wah-Chung, P., & Bolte, M. (2003). Photodegradation of chlortoluron sensitised by 

iron(III) aquacomplexes. Journal of Photochemistry and Photobiology A: Chemistry, 159(1), 81–88. 

https://doi.org/10.1016/S1010-6030(03)00107-2 

Printz, H., Burauel, P., & Fuhr, F. (1995). Effect of organic amendment on degradation and formation of bound residues 

of methabenzthiazuron in soil under constant climatic conditions. Journal of Environmental Science and Health, 

Part B, 30(4), 435-456. https://doi.org/10.1080/03601239509372946 

Pritesh, P., Jagath, P. Nilesh, D., & Bhagirath, P. (2012). Recent Advance In Anti Inflammatory Activity of 

Benzothiazole Derivatives. Int. J. Drug Res. Tech., 2(2), 170-176. 

http://www.ijdrt.com/index.php/drug-research-and-technology/article/view/recent-advance-in-anti-inflammatory-a

ctivity-of-benzothiazole-derivatives 

Reemtsma, T., Fiehn, O. Kalnowski, G., & Jekel, M. (1995). Microbial Transformations and Biological Effects of 

Fungicide-Derived Benzothiazoles Determined in Industrial Wastewater. Environmental Science & Technology, 

29(2), 478-485. https://doi.org/10.1021/es00002a025 

Richardson, S. D. (2012). Environmental Mass Spectrometry: Emerging Contaminants and Current Issues. Analytical 

Chemistry, 84(2), 747-778. https://doi.org/10.1021/ac202903d 

Richardson, S. D., & Ternes, T. A. (2011). Water Analysis: Emerging Contaminants and Current Issues. Analytical 

Chemistry, 83(12), 4614-4648. https://doi.org/10.1021/ac200915r 

Roy, R. K., Pal, S., & Hirao, K. (1999). On non-negativity of Fukui function indices. J. Chem. Phys., 110(17), 

8236-8245. https://doi.org/10.1063/1.478792 

Salas, D., Borrull, F. Marcé, R. M., & Fontanals, N. (2016). Study of the retention of benzotriazoles, benzothiazoles and 

benzenesulfonamides in mixed-mode solid-phase extraction in environmental samples. Journal of 

Chromatography A, 1444, 21-31. https://doi.org/10.1016/j.chroma.2016.03.053 

Speltini, A., Sturini, M. Maraschi, F., Porta, A., & Profumo, A. (2016). Fast lowpressurized microwave-assisted 

extraction of benzotriazole, benzothiazole and benezenesulfonamide compounds from soil samples. Talanta 147, 

322-327. https://doi.org/10.1016/j.talanta.2015.09.074 

Venkatesh, P., & Pandeya, S. N. (2009). Synthesis, characterisation and anti-inflammatory activity of some 2-amino 

benzothiazole derivatives. International Journal of ChemTech Research, 1(4), 1354-1358. 

http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.608.7244 

Whittaker, M. H., Gebhart, A. M., Miller, T. C., & Hammer, F. (2004). Human health risk assessment of 

https://doi.org/10.1016/j.apcatb.2003.10.003


http://ijc.ccsenet.org                      International Journal of Chemistry                         Vol. 11, No. 1; 2019 

95 

 

2-mercaptobenzothiazole in drinking water. Toxicology and Industrial Health, 20(6-10), 149-163. 

https://doi.org/10.1191/0748233704th199oa 

Yoshida, T., Yamasaki, K., & Sawada, S. (1979). An X-ray photo-electron spectroscopic study of 

2-mercaptobenzothiezole metal complexes. Bull. Chem.-Soc. Jpn, 52, 2908-2912. 

https://doi.org/10.1246/bcsj.52.2908 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyrights 

Copyright for this article is retained by the author(s), with first publication rights granted to the journal. 

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


