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 Using a regioselectivity descriptor known as Fukui indices, this theoretical study examines the 
reactivity of cycloaddition processes of benzamide (PhCONH2) and chlorocarbonylsulfenyl 
chloride (ClCOSCl) at the level of base 6-311 G (d. p) by use of the DFT approach. Therefore, 
the attack of the sulfur atom on nitrogen and carbon on oxygen is kinetically more preferred than 
the assault of the sulfur atom on oxygen and carbon on nitrogen, as we have observed from our 
study. The electrophilic Δω difference between chlorocarbonylsulfenyl chloride and benzamide 
is 1.3726 eV. This indicates that the reaction under investigation has a polar nature (Δω > 1). on 
oxygen and carbon on nitrogen, as we have observed from our study. We have also studied the 
stereoselectivity and feasibility of these reactions from a thermodynamic and orbital point of 
view. The transition states of this reaction have been determined. 
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1. Introduction  
 

Aromatic heterocycles are the cornerstone of contemporary organic synthesis and are highly valued instruments in the 
production of agrochemicals, organic materials, and medications in both scholarly and commercial contexts 1-6. 

Isothiazoles are an important class of sulfur-containing five-membered aromatic heterocyclic, widely used in crop 
protection products and chemical synthesis 7. The isothiazole ring can also be used to construct a wide variety of bioactive 
chemicals; for example, compounds with anti-poliovirus action have been created 8. In addition, promising compounds for 
the treatment of Parkinson's disease have been discovered 9, as well as derivatives that could treat diabetes 10 and cancer 11. 

In addition, a thorough review of the literature on metal-organic hybrid complexes is presented, including practical 
applications and results of these hybrid complexes as catalysts for cross-linking reactions in aqueous and hydroalcoholic 
environments (also known as “green chemistry”) 12. 

The aim of the current work is to determine the reactivity of the cycloaddition reaction between benzamide and 
chlorocarbonylsulfenyl chloride to produce 1, 3, 4-oxathiazole-2-ones, an isothiazole derivative. The research uses a 
sophisticated computational technique, in particular density functional theory (DFT), which is the most relevant approach 
in quantum chemistry and allows a precise theoretical study of the electronic structure at the 6-311G (d, p) basis level. 

As a first step, we therefore carried out a number of calculations to examining the reactivity of benzamide and 
chlorocarbonylsulfenyl chloride using quantum mechanical calculations at the DFT level (B3LYP), utilizing global and 
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local chemical reactivity descriptors. These descriptors shed light on the charge transfer between the molecules of 
benzamide and chlorocarbonylsulfenyl chloride and offer crucial information on the electrical structure. Subsequently, more 
sophisticated calculations were carried out to rationalize the reaction studied in this study (Fig. 1) from the point of view of 
transition state theory (TST) and thermodynamics, including the determination of the variations in reaction energy ΔEr, 
reaction enthalpy (ΔHr), reaction free enthalpy (ΔGr), ZPE (“zero-point energy”) and entropy variation (ΔSr). 

 

Fig. 1. Geometric structures of the studied molecules 

2. Calculation methods 

In the field of quantum chemistry, chemical phenomena are explained using deductive reasoning using the principles of 
quantum mechanics. DFT is one of the most often utilized techniques in quantum computing. Important details about the 
stability of molecular structure and reactivity are provided by this approach 13–17. 

An essential notion in the Conceptual Density Functional Theory (DFT) framework is electronegativity, which is the 
first derivative of energy (E) relative to the total amount of electrons N. The following connection 18 illustrates how Parr 
and Pearson demonstrated that the second derivative of energy is equivalent to the negative of the chemical potential μ. 
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The second derivative of energy E with respect to N is called apparent hardness, another important parameter for 
understanding structure and reactivity, is given by the following formula19: 
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Parr and al defines the electrophilic index as 20-24:  ω = μ2

2η
 

When the system exchanges an electronic charge, ΔN, with the environment, this index measures the energy stabilization 
that occurs. This characteristic describes a molecule's electrophilic power and electron-absorbing tendency. There have been 
numerous significant attempts to define an inherent nucleophilic index as a theoretical quantity. The empirical nucleophilic 
index is defined by the following equation in accordance with the Kohn-Sham scheme 22-26: 

N =  EHOMO(Nu) − EHOMO(TCE) 
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Tetracyanoethylene (TCE) is taken as a reference because of its lower HOMO energy in a large series of molecules. In 
this scale, the nucleophilicity index of TCE is EHOMO (TCE) = -0.335198. Hartree calculated with DFT-B3LYP/6-311G (d, 
p). Another way of obtaining information on the charge transfer process and measurements on the binding property of atoms 
is through the fraction of electron transferred (ΔN), this parameter can be obtained by applying the formula20,27: 

∆𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 = −
𝜇𝜇
𝜂𝜂

 

To predict the local (site) reactivity (selectivity) of a chemical species, other local reactivity descriptors have also been 
proposed, such as Parr functions (Pk), local nucleophilicity condensed at atom k (Nk) and local electrophilicity index 
condensed at atom k (ωk). These parameters are given respectively by the equations 28,29: 

𝑁𝑁𝑘𝑘− = 𝑁𝑁.𝑃𝑃𝑘𝑘− 

𝜔𝜔𝑘𝑘
+ = 𝜔𝜔.𝑃𝑃𝑘𝑘+ 

3. Results and discussions 
 

3.1. Geometry and optimized structures of the studied molecules 
 

      To determine the most stable conformation of each component, we first optimized the molecular structures of the 
chemicals used as reactants in the reaction described in Fig. 1. We used the B3LYP/6-311G (d, p) gas-phase model to 
further optimize the optimal conformation, then, using the self-consistent reaction field approach and the polarizable 
continuum model (PCM) with a dielectric constant of 78.39, solvent effects were taken into consideration (Fig. 2). These 
molecules all have geometries optimized for the singlet spin state, with no symmetry restrictions. A Hessian calculation 
was performed with Gaussian software to determine all stationary points as minima (no imaginary frequencies). 

                                    

PhCONH2        ClCOSCl 
Fig. 2. Optimized structures of the reactive molecules studied 

3.2. Prediction of electrophilic/nucleophilic character of reagents 
 
All of the electronic characteristics of the reactive molecules were computed at B3LYP/6-311G (d, p) levels while 

accounting for the solvent's influence using the self-consistent reaction field technique and the polarisable continuous model 
(PCM), which has a dielectric constant of 78.39. Table 1 provides a summary of the outcomes. 
 
Table 1. Electronic properties of the molecules studied calculated at the level B3LYP/6-311G (d, p) 
 

Molecule HOMO 
(eV) LUMO (eV) µ (eV) 𝜂𝜂 (eV) 𝛚𝛚 (eV) N (eV) 𝜟𝜟Nmax 

ClCOSCl -7.96 -3.05 -5.55 9.18 1.68 1.15 1.12 
PhCONH2 -7.30 -1.52 -4.37 9.70 0.98 1.81 0.76 

 
In the case of the reaction between PhCONH2 and ClCOSCl , the chemical electron potential of PhCONH2 (μ = -4.37 eV) 

is higher than that of ClCOSCl (μ = -5.55 eV), indicating that electron transfer will take place from PhCONH2 to ClCOSCl, 
this result is well confirmed by the high value of the nucleophilicity of molecule PhCONH2 (N = 1.81 eV) . On the other 
hand, the overall electrophilic index of PhCONH2 (ω = 0.98 eV) is lower than that of the reagent ClCOSCl (ω = 1.68 eV), 
meaning that the reagent ClCOSCl behaves as an electrophile, while PhCONH2 behaves as a nucleophile. 

 
To demonstrate the polar nature of the reactions and the donor (nucleophilic) or acceptor  (electrophilic) characteristics 

of the reagents. We computed the reagents' HOMO/LUMO energy differences and electrophilicity variations (Table 2). 
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Table 2. Electrophilique Difference of the reactants Δω 

Reagents �𝑬𝑬𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳PhCONH2 − 𝑬𝑬𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂� �𝑬𝑬𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 − 𝑬𝑬𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯PhCONH2� Δω (eV) 

PhCONH2    +    ClCOSCL 10.4 8.5 1.9 
 

The difference between the electrophilic indices of the two reagents being greater than 1 (Δω>1) means that the reaction 
studied is polar in nature, as indicated by their predicted value of 1.9 eV (Table 2) 30. 

 
3.3. Molecular electrostatic potential 
 

       Electrostatic interactions in a variety of chemical systems are typically represented by the molecular electrostatic 
potential (MEP). Using the optimized DFT-B3LYP/6-311G (d, p) geometry, the MEP for ClCOSCl and PhCONH2 was 
calculated. The surface map produced is shown in Fig. 3. A color code is used in this graph to indicate electrostatic potential 
values. Red highlights the highest negative potential and indicates areas likely to be subject to electrophilic attack. On the 
other hand, regions with the highest positive charge are shown in dark blue, indicating where nucleophiles prefer to attack. 
As can be seen in, the intermediate color gradient changes from red to orange, yellow, green and blue. The limits set for the 
PhCONH2 and ClCOSCl molecules are -4.676e-2 and -3.632e-2 (deepest red) and 4.676e-2 and 3.632e-2 (deepest blue).  

In the case of the PhCONH2 molecule, the most negative electrostatic potential is mainly found around the oxygen 
atom, while positive potentials are located near the nitrogen atom. For the ClCOSCl molecule, the positive and negative 
potentials are located on the oxygen and carbon atoms respectively. In summary, the MEP indicates a probable electrophilic 
attack on the oxygen atom of PhCONH2 by the carbon atom of the ClCOSCl molecule. Conversely, a strong nucleophilic 
attack is anticipated on the nitrogen atom of PhCONH2 by the sulfur atom of ClCOSCl.  
 

  
 

Fig. 3. Mapping the electrostatic potential around the four molecules 

3.4. Prediction of the local reactivity of reagents 
 

     The Fukui and Parr functions of the PhCONH2 and ClCOSCl molecules were evaluated to better understand their 
reactivity and their electron donor and acceptor characteristics. These functions,  𝑓𝑓+ and 𝑝𝑝𝑘𝑘+, show the electrophilic 
behaviors and  𝑓𝑓− and 𝑝𝑝𝑘𝑘− the nucleophilic behaviors of the molecules. Fig. 4 shows a graphical analysis of the Fukui 
indices, while Table 3 summarizes the values of the Parr functions. Fig. 4 show the electrophilic nature of ClCOSCl and the 
nucleophilic character of the PhCONH2 molecule. At the same time, the indices of local electrophilicity and local 
nucleophilicity are considered to be among the best parameters for qualifying and predicting the reactivity and 
regioselectivity of a molecule in terms of chemical bonding. It occurs between the most electrophilic sites (indicated by the 
highest w+ value) and the most nucleophilic sites (indicated by the highest 𝑁𝑁− value) of the molecules that come into 
contact with each other. 

A detailed examination of Fig. 4 reveals that the O13, C1 and C9 atoms of the PhCONH2 molecule will be the preferred 
sites for electrophilic attack, while the N14 nitrogen atom will be the favored site for nucleophilic attack. Similarly, the 
nucleophilic and electrophilic centers of the ClCOSCl molecule are mainly located in the sulfur (S4) and chlorine (Cl4) 
atoms. These two atoms each play a dual role in reactions based on electron transfer. The results presented in Table 2 
confirm these conclusions. Indeed, According to Table 2, significant values of 0.20, 0.21, and 0.19, respectively, are found 
for the 𝒑𝒑𝒌𝒌− function on the O13, C1, and C9 atoms. Furthermore, the nitrogen atom (N14) has a significant value of 0.21 for 
the 𝒑𝒑𝒌𝒌+ function. This analysis clearly shows that the electrophilic centre of the PhCONH2 molecule is centred around the 
nitrogen atom, while the nucleophilic centres are the O13, C1, and C9 atoms. The πC=N bond is highly polar, and polar 
bonds are excellent electron pair acceptors (electrophiles), due to electron delocalization in the conjugated molecules. This 
mesomeric effect gives the nitrogen atom a partial positive charge. The most favorable interaction between PhCONH2 and 
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ClCOSCl occurs between the (O13) and (N14) atoms of PhCONH2 (possessing a high 𝑁𝑁−  value) and the (Cl3) and (S4) 
atoms of ClCOSCl (high w+ value). 

Table 3. Local electrophilic and nucleophilic power of the atoms of PhCONH2 and ClCOSCl obtained by a calculation of 
the Fukui indices 

 
molecule 

 
atom 

Hirshfeld index 
𝒑𝒑𝒌𝒌+ 𝒑𝒑𝒌𝒌− w+ N- 

 
 
 
 

𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐇𝐇𝟐𝟐 

1 C 0.00 0.21 0.00 0.38 
2 C 0.04 0.10 0.04 0.19 
3 C 0.05 0.09 0.04 0.17 
4 C 0.17 0.12 0.17 0.22 
5 C 0.17 0.01 0.17 0.03 
7 C 0.04 0.00 0.04 0.00 
9 C 0.02 0.19 0.02 0.34 

13 O 0.26 0.20 0.26 0.36 
14 N 0.21 0.04 0.21 0.08 

 
 

𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 

1 C -0.02 0.11 -0.04 0.13 
2 O 0.23 0.04 0.38 0.05 
3 Cl 0.00 0.10 0.00 0.12 
4 S 0.53 0.37 0.90 0.43 
5 Cl 0.25 0.35 0.43 0.41 

 

                         

Fig. 4. PhCONH2 compound's simulated Fukui indices, f− (left) and f+ (right) 

                                                     

Fig. 5. ClCOSCl compound's simulated Fukui indices, f− (left) and f+ (right) 

3.5. Thermodynamic analysis 

      We have examined the possibility of reactions between PhCONH2 and ClCOSCl, involving electron transfer between 
the reactive molecules, from the point of view of frontier orbital theory. We plan to use the thermodynamic technique in 
this section to gather more information on this reaction and provide an explanation for the resulting majority and minority 
products. In this regard, we have computed the changes in reaction energy ∆𝐸𝐸𝑟𝑟, enthalpy of reaction ∆𝐻𝐻𝑟𝑟 , free enthalpy of 
reaction ∆𝐺𝐺𝑟𝑟, 𝑍𝑍𝑍𝑍𝑍𝑍 ("zero-point energy"), thermal energy Δ𝑄𝑄𝑟𝑟  variation and entropy change ∆𝑆𝑆𝑟𝑟 that correspond to reactions 
I and II under standard temperature and pressure circumstances (T = 298.15 K; P = 1 atm). 

Reactions I and II appear spontaneously thermodynamically favorable, and both reactions are exothermic, as shown in 
Table 4. All changes in the free enthalpy of reaction ΔGr and the change in thermal energy are negative. Furthermore, since 
the predicted thermochemical properties of reaction I are more valuable than those of reaction II, we find that reaction I is 
the thermodynamically preferred reaction. In reaction II, the entropy change is negative, suggesting an increase in order, 
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while for reaction II, the value is positive, indicating a decrease in order. This conclusion indicates that there are more moles 
of product 1 than product 2, which explains the increase in entropy of the system in reaction I, indicating that reaction I is 
preferred to reaction II. 

Table 4. Calculated values (𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾.𝑚𝑚𝑚𝑚𝑚𝑚−1) of reaction energy changes and 𝑍𝑍𝑍𝑍𝑍𝑍  (Δ𝐸𝐸𝑟𝑟 + 𝑍𝑍𝑍𝑍𝑍𝑍), reaction free enthalpy 
changes  Δ𝐺𝐺𝑟𝑟 , reaction enthalpy changes Δ𝐻𝐻𝑟𝑟 , thermal energy ΔQr variation and the entropy variation ΔSr (cal. mol-1K-1) 
 

Reactions 𝚫𝚫𝑬𝑬𝒓𝒓 + 𝒁𝒁𝒁𝒁𝒁𝒁 𝚫𝚫𝑯𝑯𝒓𝒓 𝚫𝚫𝑮𝑮𝒓𝒓 𝚫𝚫𝑸𝑸𝒓𝒓 𝚫𝚫𝑺𝑺𝒓𝒓 
Reaction (I) -5.9 -5.8 -6.9 -4.1 3.6 
Reaction (II) -2.5 -2.6 -1.9 -4.0 -2.1 

  

3.6. Analysis of the potential energy surface 

The geometries of both the ground state and transition state have been completely optimized using the DFT (B3LYP) 
method with the 6-311G (d, p) basis set, which is accessible within the Gaussian software. Frequency calculations were 
conducted for these geometries, with the transition state exhibiting an imaginary frequency that corresponds to the reaction 
coordinate. The structure and normal mode vibrations have been visualized using GaussView 6. 

To highlight the type of nucleophilic attack on the sulfur and carbon atoms of ClCOSCl on the nitrogen and oxygen 
atoms of PhCONH2, we determined the energies of the reactants, the products, and the transition states, as well as the energy 
of the reaction between PhCONH2 and ClCOSCl. Fig. 6 shows the energy profile of the reaction between PhCONH2 and 
ClCOSCl. The potential energy surface indicates that the energy of the transition state corresponding to the attack of the 
sulfur and carbon atoms on the nitrogen and oxygen, respectively, is lower than the energy of the transition state 
corresponding to the attack of sulfur and carbon on oxygen and nitrogen, respectively (Fig. 6). The activation energies 
corresponding to the two modes of attack are Ea=9.3 kcal/mol for TS1 and Ea=25.5 kcal/mol for TS2 . Thus, the attack of 
the sulfur atom on nitrogen and carbon on oxygen is kinetically more favorable than the attack of sulfur on oxygen and 
carbon on nitrogen (Table 5). 

The thermochemical functions of the reactions (ΔH, ΔS and ΔG) were obtained from thermochemical calculations and 
are reported in Table 5. As can be seen, the Gibbs free energy barrier for the formation of TS in reaction 1 is 60.2 kcal mol-

1, while the calculated value in reaction 2 is 61.6 kcal mol-1 which reflects the stability of product 1 compared to product 2. 

 
Fig. 6. Energy profile for the  reaction studied  

 
 

Table 5. Calculated kinetic and activation parameters at 298.15K corresponding to the formation of the two products 
calculated by the DFT method B3LYP/6-311G (d. p) 

 
ΔH 

(kcal/mol) 

ΔG 

(kcal/mol) 
ΔS  

(cal/mol.k) 

ΔE  

(kcal/mol) 
Ea  

(kcal/mol) 

Reaction I 96.8 60.2 124.9 96.8 9.3 
Reaction II 97.6 61.6 120.7 97.0 25.5 

      The two transition state structures optimized by DFT B3LYP/6-311G (d. p) that are involved in the two reactions are 
shown in Fig. 7. 

https://en.wikipedia.org/wiki/Thermal_energy
https://en.wikipedia.org/wiki/Thermal_energy
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  TS1       TS2 

Fig.7. Structures of the transition states obtained by DFT B3LYP/6-311G (d. p) involved in the reactions studied 
 

3.7. NBO Analysis 
 

     The analysis of natural bonding orbitals (NBO) provides an effective method for studying intramolecular interactions, 
rehybridization, and the delocalization of electronic density within a molecule. It is also used to evaluate different types of 
donor-acceptor interactions and their stabilization energies. 

In the context of NBO analysis, the focus is on donor-acceptor interactions, specifically bond-antibond relationships, 
by evaluating all potential interactions between "occupied" Lewis-type NBOs (acting as donors) and "unoccupied" non-
Lewis NBOs (serving as acceptors). The energies associated with these interactions are subsequently calculated using 
second-order perturbation theory. These interactions, which contribute to stabilization, are termed "delocalization" 
corrections to the natural Lewis structure. 

Table 6. Second order perturbation theory analysis of the Fock matrix in NBO basis in products 1 and 2. 

Molecule Donor Type ED/e Acceptor Type ED/e E(2) E(j)-E(i) E(i, j) 

Product 1 

C2-C3 π 1.63800 C1-N14 π* 0.25498 26.91 0.23 0.072 
C2-C3 π 1.63800 C4-C7 π* 0.28972 20.16 0.28 0.069 
C2-C3 π 1.63800 C5-C9 π* 0.31710 18.40 0.28 0.065 
C4-C7 π 1.65915 C2-C3 π* 0.38457 19.73 0.27 0.066 
C4-C7 π 1.65915 C5-C9 π* 0.31710 21.36 0.28 0.069 
C5-C9 π 1.98049 C2-C3 π* 0.38457 18.72 0.28 0.066 
O13 Lp(2) 1.76056 C1-N14 π* 0.25498 32.73 0.33 0.093 
O13 Lp(2) 1.76056 C15-O16 σ* 0.30085 36.67 0.31 0.096 
N14 Lp(1) 1.93402 C1-O13 σ* 0.07335 12.10 0.69 0.089 
O16 Lp(2) 1.77352 O13-C15 σ* 0.13751 35.17 0.5 0.123 
O16 Lp(2) 1.77352 C15-S17 σ* 0.16520 39.08 0.33 0.103 
S17 Lp(2) 1.78175 C15-O16 σ* 0.30085 26.82 0.22 0.070 

C1-N14 π 1.95746 C2-C3 π* 0.38457 42.63 0.05 0.072 
O13-C15 σ 1.98560 C1-O13 σ* 0.07335 44.44 0.01 0.061 

Product 2 

C1-N14 π 1.82198 C15-O16 π* 0.30819 34.67 0.32 0.097 
C2-C3 π 1.62055 C1-N14 π* 0.33876 31.06 0.23 0.076 
C2-C3 π 1.62055 C4-C7 π* 0.01539 20.39 0.28 0.070 
C2-C3 π 1.62055 C5-C9 π* 0.01705 17.88 0.28 0.064 
C4-C7 π 1.64784 C2-C3 π* 0.38966 19.30 0.27 0.065 
C4-C7 π 1.64784 C5-C9 π* 0.01705 22.13 0.28 0.070 
C5-C9 π 1.63036 C2-C3 π* 0.38966 24.09 0.27 0.073 
C5-C9 π 1.63036 C4-C7 π* 0.01539 17.93 0.28 0.065 
O13 π 1.99979 C1-N14 π* 0.33876 44.52 0.31 0.109 
N14 Lp(1) 1.82946 C1-O13 σ* 0.07281 15.79 0.62 0.091 
N14 Lp(1) 1.82946 C15-S17 σ* 0.31408 20.45 0.35 0.079 
O16 Lp(2) 1.74880 N14-C15 σ* 0.06464 16.15 0.70 0.100 
O16 Lp(2) 1.74880 C15-S17 σ* 0.31408 66.06 0.20 0.121 
S17 Lp(1) 1.99015 C15-O16 σ* 0.30819 14.26 0.23 0.054 

 

The NBO calculations were conducted utilizing the DFT - B3LYP/6-311G (d, p) methodology. The details regarding 
the occupation and energies of orbitals i and j, as well as the E(2) values for Lp(1), Lp(2), and the transitions from bond to 
antibond (σ/π → σ*/π*), are summarized in Table 6. For molecule 1, the interaction Lp(2) (O16) → σ** (O13-C15) resulted 
in a maximum ΔEij of 36.26 kcal/mol. In contrast, for molecule 2, the interaction Lp(2) (O16) → σ* (C15-S17) yielded a 
maximum ΔEij of 49.18 kcal/mol. Additionally, the transitions from bonding to antibonding states (σ/π → σ*/π*) played a 
crucial role in the structural stability, with maximum contributions of 24.23 kcal/mol and 34.67 kcal/mol for the π (C2-C3) 
→ π* (C1-N14) and π (C1-N14) → π* (C15-O16) interactions in products 1 and 2, respectively. Furthermore, the 
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polarization of the NBO bond and the corresponding changes in hybridization resulting from the formation of the complexes 
are examined. The percentage variations observed in the title compound are presented in Table 6. 

The data presented in Table 7 indicates that the hybrid orbital O13 in the σ (O13-C15) bond exhibits 35.11% s-character 
and 64.81% p-character, corresponding to an sp².⁵⁷ hybridization. The π (C2-C3) bond, characterized by a purely p-character 
hybrid orbital, functions as the electron donor, while the π* (C1-N14) antibond serves as the electron acceptor [π (C2-C3) 
→ π* (C1-N14)], facilitating a charge transfer quantified at 24.23 kcal/mol for product 1. 

In the case of product 2, a significant charge transfer is noted from the π (C1-N14) bond, which also possesses a pure 
p-character hybrid orbital, to the π* (C15-O16) antibond, with a measured value of 29.11 kcal/mol. Furthermore, the hybrid 
C1 in the σ (C1-N14) bond demonstrates 35.55% s-character and 64.37% p-character, corresponding to an sp¹.⁸¹ hybrid 
orbital. 

 
Table 7. Selected NBO results showing formation of Lewis and non-Lewis orbitals for products 1 and 2 by using the DFT 
method with 6-311G (d, p) basis set. 

  % %s %p H.O 

Product 1 

C2-C3 
π C 53.49 0.00 99.98 p 

C 46.51 0.00 99.95 p 

σ C 51.56 35.08 64.88 sp1.85 
C 48.44 35.34 64.62 sp1.83 

C4-C7 
π C 48.74 0.00 99.95 P 

C 51.26 0.00 99.95 P 

σ C 49.69 36.40 63.56 sp1.75 
C 50.31 36.10 63.86 sp1.77 

C5-C9 
π C 50.81 0.00 99.96 P 

C 49.19 0.00 99.95 P 

σ C 49.94 36.05 63.91 sp1.77 
C 50.06 36.07 63.89 sp1.77 

C1-N14 

π C 37.92 0.00 99.77 P 
N 62.08 0.00 99.81 P 

σ C 41.05 35.11 64.81 sp1.85 
N 58.95 42.70 57.19 sp1.43 

O13-C15 σ O 69.62 28.01 71.92 sp2.57 
C 30.38 29.24 70.47 sp2.41 

Product 2 

C1-N14 
π C 34.35 0.00 99.72 P 

N 65.65 0.00 99.83 P 

σ C 40.92 35.55 64.37 sp1.81 
N 59.08 38.76 61.14 sp1.58 

C2-C3 
π C 54.32 0.00 99.99 P 

C 45.68 0.00 99.95 P 

σ C 51.53 35.07 64.89 sp1.85 
C 48.47 35.29 64.67 sp1.83 

C4-C7 
π C 48.13 0.00 99.95 P 

C 51.87 0.00 99.95 P 

σ C 61.60 28.64 71.31 sp2.49 
C 49.73 36.04 63.91 sp1.77 

C5-C9 
π C 51.35 0.00 99.96 P 

C 48.65 0.00 99.95 P 

σ C 50.06 35.94 64.02 sp1.78 
C 49.94 36.03 63.93 sp1.77 

 
3.8. Nonlinear optical properties 

Properties such as the total dipole moment (μtot), total polarizability (αtot), and total first hyperpolarizability (βtot) are 
intrinsically linked to nonlinear optical (NLO) characteristics. The density functional theory (DFT) approach employed in 
this study has demonstrated its efficacy in analyzing organic materials exhibiting NLO properties. The values we have 
obtained are compiled in Table 8. 

The findings suggest that the dipole moment for product 2, measured at 4.9 D, surpasses that of product 1, which 
implies that product 2 possesses greater stability relative to product 1.  

Moreover, the analysis shows that the dipolar polarizability tensor values for both products are equivalent, indicating 
that they exhibit the same chemical reactivity. 
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The total first hyperpolarizability (βtot) is determined to be 46.7 D for product 1 and 70.3 D for product 2. This indicates 
that product 2 experiences enhanced electron delocalization and charge transfer, leading to a more pronounced β response 
compared to product 1. 
 
Table 8. Electric dipole moment µ, polarizability α and first hyperpolarizability (β) for products 1 and 2 in (Debye) 
 

 Parameters Product 1 Product 2 

Electric dipole moment 

µx -3.3 -4.4 
µy -0.7 -1.9 
µz 0.0 0.0 
µtot 3.4 4.9 

polarizability 

αxx -71.3 -71.9 
αyy -75.4 -74.9 
αzz -77.1 -77.4 
αxz -0.0 -0.0 
αyz -0.0 -0.0 
αxy -5.7 -7.1 
αtot -74.6 -74.7 

hyperpolarizability 

βxxx -43.9 -56.4 
βxyy -18.0 -20.3 
βxzz 16.9 15.0 
βyyy 4.4 -7.5 
βxxy -20.5 -24.2 
βyzz 3.8 1.3 
βzzz 0.0 0.0 
βxxz -0.0 -0.0 
βyyz -0.0 0.0 
βx -45.1 -61.9 
βy -12.3 -33.4 
βz -0.0 -0.0 
βtot 46.7 70.3 

 

4. Conclusion 

In this work, we have demonstrated by DFT method via the standard 6-311G (d, p) basis and the B3LYP functional, the 
calculation of global indices shows that PhCONH2 acts as nucleophilic donor and ClCOSCl serves as electrophilic acceptor. 
The difference in electrophilicity is significant, so were talking about a polar process. The reaction to form product 1 is 
highly exothermic, which shows that this reaction is more favored because the product formed are stable and their formation 
releases energy, unlike product 2. The results also show that product 1 obtained by addition of the PhCONH2 molecule to 
the ClCOSCl molecule is more stable and thermodynamically more favorable than product 2. The PhCONH2 molecule has 
an oxygen atom as its nucleophilic center, while the ClCOSCl molecule has active centers in sulfur and chlorine atoms. 
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