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Abstract
A set of density functional theory (DFT) calculations were performed on 2-carboxamide-1,4-
di-N-oxide  quinoxaline (2CdNOQ) derivatives. The optimized structure of these compounds 
in three forms was obtained. Some electronic parameters including dipole moment (µ), 
ionization potential (I), electron affinity (A), LUMO energy (εLUMO), HOMO energy (εHOMO), 
electronegativity (χ), hardness (η), electrophilicity (ω), and differences between HOMO and 
LUMO energies (εLUMO–εHOMO), for the most stable conformer, were calculated. Quantitative 
structure–activity relationship (QSAR) models of the biological activity (IC50) of these 
compounds were established using the calculated quantum mechanical descriptors. Also, the 
first, second, total, and mean N-O bond dissociation enthalpies were also obtained theoretically 
and were correlated to reported experimental inhibition.
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 Introduction

Tuberculosis (TB) is a respiratory transmitted 

disease affecting nearly 32% of the world’s 

population, more than any other infectious 

disease. TB is caused by Mycobacterium 

Tuberculosis (M.Tbc) and the statistics indicate 

that 1.6 million people throughout the world die 

from Tuberculosis [1].In addition, the statistics 

showed that an estimated 8.8 million new cases 

emerged in 2005; 34% of these cases occurred 

in the South-East Asia region [1]. One-third of 

the population is infected with M. Tuberculosis 

and the World Health Organization (WHO) 

estimates that within the next 20 years about 
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30 million people will be infected with the 

bacillus [2]. The development of resistance 

by M. tuberculosis to commonly used anti-

tuberculosis drugs, the increasing incidences of 

disease in immuno-compromised patients, and 

longer durations of therapy, highlights the need 

for new drugs to extend the range of effective 

TB treatment options [3]. One of five lead 

compound series which were identified and are 

currently been pursued under the Tuberculosis 

Antimicrobial Acquisition and Coordinating 

Facility (TAACF) program is the series 

of quinoxaline 1,4-di-N-oxide derivatives 

[4]. Quinoxaline derivatives are a class of 

compounds that show very interesting biological 

properties and the interest in these compounds 

is growing within the field of medicinal 

chemistry. Specifically, 2-carboxamide-1,4-

di-N-oxide-Quinoxaline derivatives (Figure 

1) even improve the biological results shown 

by their reduced analogues and are endowed 

with antiviral, anticancer, antibacterial and 

antiprotozoal activities [5-9]. In addition, 

it is observed that the absence of the two 

N-oxide groups generally led to the loss of the 

antimycobacterial activity [8, 10]. 
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Figure 1.General structure of 2-carboxamide-1,4-di-N-oxide  quinoxaline (2CdNOQ) derivatives.

Nowadays, an alternative way for overcoming 

the absence of experimental measurements 

for biological systems is based on the ability 

to formulate quantitative structure–activity 

relationships (QSARs) [11, 12]. QSAR is a 

mathematical representation of biological 

activity in terms of structural descriptors 

of a series of homologue molecules [13-

18]. The main objective of QSAR is to look 

for new molecules with required properties 

using chemical intuition and experience 

transformed into a mathematically quantified 

and computerized form [18]. Thus QSAR 

methodology saves resources and expedites 

the process of development of new molecules 

and drugs [19,20]. Success of QSAR in the 

development of new drug molecules and 

prediction of toxicity of molecules is highly 

appreciable [13-18]. Quantum chemical 

descriptors have extensively been used in 

QSAR studies in biochemistry. 

This study was performed using density 

functional theory (DFT) method for 

modeling and estimating TB inhibition 

by 2-carboxamide-1, 4-di-N-oxide-

Quinoxalinederivatives (2CdNOQ). The first 

is to build QSAR linear regression models 

using DFT-based descriptors and to correlate 
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and predict the inhibition constant (IC50) for a 

diverse set of 2-carboxamide-1, 4-di-N-oxide-

Quinoxaline compounds. The IC50 values of 

compounds were taken from study [21]. This 

study has employed DFT method using B3LYP 

hybrid functional together with 6- 31+G 

(d) basis set to calculate various quantum 

mechanical descriptors and correlated them 

using the reported experimental inhibition 

constants employing multi linear regression 

models. In addition, the N-O bond strength of 

2-carboxamide-1,4-di-N-oxide-Quinoxaline 

derivatives measured by the N-O bond 

dissociation enthalpies (BDEs) is initially 

investigated by DFT calculation. Also, in this 

study, was correlated N-O BDEs to reported 

experimental inhibition constants. 

Theory and computational details

Several important molecular properties such 

as chemical hardness (η) and electronegativity 

(χ) have been defined based on the density 

functional theory [22-25] calculations. 

Chemical hardness, has been used as a tool to 

understand the chemical reactivity and some 

other properties of a molecular system, has 

been shown that stability of molecules is related 

to its chemical hardness [26]. The concept of 

electronegativity has been introduced as the 

power of an atom in a molecule to attract 

electrons onto itself [27]. Chemical hardness 

(η), and electronegativity (χ) are defined as 

follows [22-25, 28]:

(1)  
2

2
( )

1
2 V r

E
N

η
 ∂

=  ∂ 

(2)   
( )V r

E
N

χ ∂ = −  ∂ 

Where E and V(r) are electronic energy and 

external potential of an N-electron system, 

respectively. Using Koopmans’ theorem 

for closed-shell molecules, η and χ can be 

redefined as 

 (3)  ( ) ( )1 1
2 2LUMO HOMO I Aη ε ε≈ − + ≈ −

(4)    ( ) ( )1 1
2 2HOMO LUMO I Aχ ε ε≈ − ≈ − +

         I ≈ - εHOMOA= εLUMO   

Where I and A are the ionization potential and 

electron affinity of the molecules, respectively. 

I characterize the susceptibility of a molecule, 

whereas A refers to the capability of a ligand 

to accept precisely one electron from a donor. 

Electrophilicity (ω) has been proposed as a 

measure of lowering of energy due to maximal 

electron flow between the donor and the 

acceptor [24]. It can be defined as:

 (6)   
2

2
χω
η

= −

This study has also included HOMO–

LUMO energy gap as a quantum mechanical 

descriptor. There are numerous applications 

of HOMO–LUMO energy gap in establishing 

a correlation between the chemical structure 



M. R. Talei Bavil Olyai et al., J. Appl. Chem. Res., 9, 4, 47-61 (2015)50

and the biological activity. It is well known 

that the polarity of a molecule is important 

for various physicochemical properties. The 

dipole moment (µ) thus is the most obvious 

and the most widely used quantity to describe 

the polarity of a molecule. 

Computational details 

In the first step of calculations, conformational 

analysis of 2CdNOQ was performed to 

determine the most stable conformer. For 

all the molecules studied, calculations were 

performed using the Gaussian 03 quantum 

chemistry package [29]. Initial geometry 

optimizations were carried out with the 

molecular mechanics (MM) method, using 

the MM+ force fields. The lowest energy 

conformation of the molecules obtained by 

the MM method were further optimized by the 

DFT [30] method by employing Becke’s three-

parameter hybrid functional (B3LYP) [31] and 

the 6-31+G (d) basis set. In the calculations, 

the dipole moment (in debye) of the molecules 

was directly extracted from the Gaussian 03 

output file. The HOMO and LUMO values 

taken as molecular orbital coefficients (in a.u.) 

from the output of Gaussian 03 calculation 

were converted into energy (in eV). Rest of 

the descriptors was obtained using Eqs. (3) – 

(6). The N–O BDE is the calculated enthalpy 

change from the hemolytic bond dissociation 

reaction: 

(7)   ( ) ( ) ( )R N O g R N g O g− − → − +� �

The mean N-O bond dissociation enthalpy of 

2CdNOQ is half of the enthalpy of the following 

reaction:

O-N-R-N-O (g)→N-R-N(g) + 2O(g)             (8)

The bond dissociation energy of the N-O bond 

is computed from the heat formation at 298.15 

K of the species involved in the dissociation, 

i.e.,

EBDE= ∆fH
0
298,R-N+ ∆fH

0
298,O - ∆fH

0
298,R-N-O         (9)

Results and discussion

Conformational stability of 2CdNOQ

Since the exact crystal structures of these 

compounds are not available at present, the 

optimized structures can to assist. We can be 

said that each of 2CdNOQ derivatives has three 

staggered conformers (Figure 2). 
  

2CdNOQ-a
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2CdNOQ-b
 

2CdNOQ-c

Figure 2. The B3LYP/6-31+G(d) optimized geometric 
structures for the three conformers of 2CdNOQ 

molecule (R1=R2=H).

The B3LYP/6-31+G (d) optimized geometries 

of these conformers are given in Figure 2 for 

R1=R2=H. The IC50 values of the studied 

compounds were taken from Ref. [21] and 

are listed in Table 1. Also, the calculated total 

electronic energies of each quinoxaline in three 

forms are presented in this Table. It is evident 

that 2CdNOQ-c conformer is the most stable 

form (structure with lowest energy). Among 

reasons of the stability of this conformer 

(Figure 3), we can express intramolecular 

hydrogen bond, according to the data in Table 

2. Therefore, in the present work we will focus 

only in this form of 2CdNOQ molecule to 

defined molecular structure and assignment of 

N-O bond dissociation enthalpies (BDEs).

Geometrical structure

The initial task for the calculation was to 

determine the optimized geometries of the title 

compounds. The optimized structural for some 

geometrical parameters of 2CdNOQ calculated 

by the DFT-B3LYP level with 6-31+G(d) as the 

basis sets are listed in Table 3, in accordance with 

the atom numbering scheme of the c conformer 

shown in Figure 2. The DFT data show that 

the C–C bond length is 1.373–1.524 Å. In the 

case of C–H bonds, C10–H4 of 2CdNOQ is the 

longest, whereas the C6–H6 and C3–H7 bonds 

are the shortest, and the rest fall in the range of 

1.081–1.097 Å. In addition, N1–O1, N2–O2 

and C9–O3 bonds in 2CdNOQ have lengths of 

1.296, 1.283, and 1.231 Å, respectively. 
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Table 1. Biological results of the anti-tuberculous screening and calculated energies.

Compounds R1 R2 anti-tubercular activity Eelec/kJ.mol-1

IC50/µM

1-a H H 4.91 -2748141.86

1-b H H 4.91 -2748146.66

1-c H H 4.91 -2748161.93

2-a H Cl 1.1 -3954804.20

2-b H Cl 1.1 -3954808.44

2-c H Cl 1.1 -3954823.57

3-a H OCH3 18.87 -3048831.18

3-b H OCH3 18.87 -3048835.94

3-c H OCH3 18.87 -3048851.22

4-a H CH3 8.35 -2851375.96

4-b H CH3 8.35 -2851380.56

4-c H CH3 8.35 -2851396.15

5-a H F 2.83 -3008696.51

5-b H F 2.83 -3008700.57

5-c H F 2.83 -3008715.99

6-a H CF3 0.81 -3633083.90

6-b H CF3 0.81 -3633087.83

6-c H CF3 0.81 -3633102.97
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Figure 3. General structure of 2CdNOQ with atoms numbering.
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Table 2. Geometrical data relevant to formation intramolecular hydrogen bond in 2CdNOQ-c.

parameter 1 2 3 4 5 6

Bond length (Å)

O3…H2 2.255 2.253 2.253 2.261 2.264 2.261

O1…H1 1.912 1.907 1.889 1.901 1.915 1.923

O2…H3 2.439 2.430 2.427 2.427 2.432 2.432

Bond angle (°)

O3…H2–C12 114.61 114.16 113.93 113.72 113.69 113.81

H2…O3–C9 92.82 93.13 93.18 92.76 92.57 92.68

H1…O1–N1 100.72 100.97 101.06 100.92 100.61 100.76

O1…H1–N3 128.37 128.52 129.13 128.90 128.23 127.82

H3…O2–N2 81.10 81.19 81.26 81.28 81.21 81.13

O2…H3–C12 88.89 89.49 89.73 89.66 89.47 89.42

Table 3.Geometrical data of 2CdNOQ.

parameter 1 2 3 4 5 6

Bond length (Å)

C1–R1 1.086 1.085 1.084 1.087 1.085 1.086

C2–R2 1.086 1.750 1.358 1.509 1.352 1.509

N1–O1 1.296 1.295 1.297 1.297 1.296 1.293

N1–C7 1.361 1.362 1.361 1.362 1.362 1.362

N2–O2 1.283 1.283 1.284 1.284 1.283 1.283

N2–C8 1.361 1.362 1.360 1.362 1.362 1.363

C9–N3 1.353 1.352 1.353 1.353 1.352 1.352

C9–O3 1.231 1.231 1.232 1.231 1.231 1.231

N3–H1 1.019 1.019 1.020 1.020 1.019 1.019

N3–C10 1.465 1.467 1.465 1.464 1.466 1.466

Bond angle (°)

C4-N1-C7 119.26 119.18 119.31 119.27 119.18 119.09

C5-N2-C8 119.78 119.72 119.71 119.71 119.74 119.66

C7-C9-O3 119.33 119.31 119.49 119.35 119.18 119.11

C8-C12-H2 111.88 111.82 111.79 111.84 111.83 111.88

C8-C12-H3 108.54 108.54 108.56 108.53 108.56 108.51

O3-C9-N3 123.85 123.76 123.66 123.82 123.96 123.96

C9-N3-H1 115.69 115.96 115.63 115.56 115.82 116.05

O1-N1-C7 122.91 123.08 123.13 122.88 123.09 123.02

O2-N2-C8 121.08 121.17 121.15 121.10 121.16 121.21

C9-N3-C10 120.74 120.49 120.47 120.72 120.75 120.72

Dihedral angle (°)

O1-N1-C7-C9 7.31 7.16 6.99 7.35 7.50 7.48

N1-C7-C9-O3 144.63 145.50 146.03 145.12 144.57 144.62

O2-N2-C8-C12 2.38 2.50 2.57 2.51 2.43 2.49

C8-C7-C9-O3 -32.43 -31.59 -31.21 -31.84 -32.30 -32.24

O3-C9-N3-C10 -5.21 -5.02 -5.27 -5.47 -5.22 -4.91

O3-C9-N3-H1 -160.80 -161.00 -160.68 -160.82 -161.01 -161.16
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Table 3.Geometrical data of 2CdNOQ.
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N2–C8 1.361 1.362 1.360 1.362 1.362 1.363
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C9–O3 1.231 1.231 1.232 1.231 1.231 1.231
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Dihedral angle (°)

O1-N1-C7-C9 7.31 7.16 6.99 7.35 7.50 7.48

N1-C7-C9-O3 144.63 145.50 146.03 145.12 144.57 144.62
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In 2CdNOQ, the calculated values of the 

C–C–C angles for the benzene ring are 

around the typical hexagonal angle of 120, 

in contrast to the quinoxaline ring, in which 

the substitution leads to some changes in the 

bond angles. C5–N2–C8 and C4–N1–C7 in 

2CdNOQ show an obvious deviation from 120.  

The benzene ring and quinoxaline moiety are 

essentially planar, as evident in the dihedral 

angles of C5–C4–N1–C7 and C6–C5–N2–C8 

are 177.466 and 178.947 for 2CdNOQ. 

Descriptors of molecule and QSAR 

Biological activity is the result of chosen 

molecular species interacting with a biological 

entity. In clinical studies, human organism 

represents biological entity and in pre-clinical 

trials, it is the experimental animals (in vivo) 

or experimental models (in vitro). Biological 

activity depends on the nature of compound 

(structure and physicochemical properties), 

biological entity (species, sex, age, etc.) and 

mode of treatment (dose, route, etc.) [32].

The biological activities can be defined and 

determined in organism, organ/tissue and 

cellular and molecular levels [32]. Approaches 

to evaluate the compounds with analogous 

activity are conceptually based on the idea that 
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significant similarities in molecular structure 

and properties are responsible for the same 

biological activity. However, structure and 

activity can be obtained in many different 

ways/sources and it is difficult to generate 

general molecular representations that capture 

structure–activity relationships for various 

sets of molecules. Since there are several 

descriptors employed to build structure–

activity relationship (QSAR), the selection of 

appropriate descriptors for such generalized 

QSAR model is a vast task and in general a 

large number of descriptors are to be used to 

get a satisfactory correlation. In order to obtain 

a generalized model for QSAR, the structure–

activity relationship has been developed in 

the present work for 2-carboxamide-1,4-di-N-

oxide-Quinoxaline derivatives with the help 

of conceptually descriptors, such as εHOMO, 

εLUMO, dipole moment, energy, electrophilicity, 

ionization potential, hardness and etc. The 

negative coefficient of µ indicates that the 

higher the dipole moment, the greater is the 

activity. The dipole moment is a measure 

of the molecular polarity, which seems to 

have an important effect on the activity of 

2CdNOQ. According to QSAR model, χ has 

the highest positive coefficients; highlighting 

the fact that strength of molecular association 

by charge transfer plays an important role 

between 2CdNOQ molecules and the receptor 

TB isozyme. According to Eq. 5.I equal 

to -εHOMO and the electron affinity A is the 

εLUMO. This shows that the energies of the 

frontier molecular orbital (HOMO) affect the 

inhibition activity. εHOMO is responsible for 

the formation of charge transfer in a chemical 

reaction and characterizes the susceptibility of 

the molecule towards attack by electrophiles. 

In much, the same role εLUMO also characterizes 

the susceptibility of the molecule, but towards 

attack by nucleophiles. It may be said that due 

to the existence of εHOMO or εLUMO in obtained 

model, charge transfer between 2CdNOQ 

molecules and the receptor TB is a dominant 

factor for modeling the inhibition activity in 

QSAR. The quantum mechanical descriptors, 

which were used to build QSAR models, 

presented in Table 4. Relationship between 

the calculated descriptors of 2CdNOQ 

and biological activities, QSAR, has been 

presented in Figure 3. It is clear from Figure 

3 that the descriptors exhibit linear correlation 

with the biological activities. In this regard 

electron affinity (A) is used as a descriptor to 

understand the toxicity. 
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Table 4.DFT-based calculated molecular descriptors and predicted inhibition activities of quinoxaline
compounds.

IC50, observed inhibition constant (µM); µ, dipole moment (debye); ƐLUMO, energy ofLUMO (eV); ƐHOMO,

energy of HOMO (eV);ƐL- ƐH, energy difference between HOMO and LUMO (eV); I, ionization potential(eV);

A, electron affinity(eV); χ, electronegativity (eV); η,chemical hardness (eV); ω,electrophilicity (eV)

compound
µ ƐHOMO ƐLUMO ƐL- ƐH I A χ η ω IC50/µM

1 3.87 -6.18 -3.03 3.15 6.18 -3.03 -1.57 4.61 -0.27 4.91

2 2.54 -6.33 -3.22 3.12 6.33 -3.22 -1.56 4.77 -0.25 1.1

3 5.09 -6.03 -2.93 3.09 6.03 -2.93 -1.55 4.48 -0.27 18.87

4 4.48 -6.11 -2.94 3.17 6.11 -2.94 -1.58 4.52 -0.28 8.35

5 2.42 -6.33 -3.21 3.13 6.33 -3.21 -1.56 4.77 -0.26 2.83

6 2.16 -6.49 -3.38 3.11 6.49 -3.38 -1.56 4.93 -0.25 0.81

Plot of observed IC50 versus calculated µ Plot of observed IC50 versus calculated ƐHOMO

Plot of observed IC50 versus calculated ƐLUMO Plot of observed IC50 versus calculated I
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Plot of observed IC50 versus calculated A Plot of observed IC50 versus calculated η

Figure 4. The linear regression between observed inhibition constant (IC50) and DFT-based calculated
molecular descriptors of title compounds.

y = 30.414x + 100.96

R² = 0.6251

-5

0

5

10

15

20

-3.50 -3.25 -3.00 -2.75 -2.50

IC
5

0

electron affinity

y = -32.568x + 158.6

R² = 0.6867

-5

0

5

10

15

20

4.40 4.60 4.80 5.00

IC
5

0

chemical hardness

N-O BDE calculation

The N–O BDE is defined as the enthalpy 

change of the dissociation reaction in the 

gas phase at 298.15 K and 1 atm. 2CdNOQ 

has two different N–O bonds, one closer 

to the methyl group, and the other closer to 

the carboxamide group. Due to the different 

chemical neighborhoods, these bonds are 

expected to have different strengths and 

dissociation energies. Consequently, the N–O 

BDE may be described in terms of the first, 

second, total, and mean N–O BDE values.  

In this study, the first, second, total, and mean 

N-O BDE of 2CdNOQ are calculated in 

B3LYP/6-31+G(d) level of theory. The first 

N–O BDE is the energy required to break the 

weakest bonds in the di-N-oxide compound to 

yield the corresponding N-oxide. The second 

N–O BDE is the energy required to break the 

bond in the N-oxide compound to yield the 

parent quinoxaline. The total N–O BDE and 

the mean N–O BDE are the sum and mean 

of the former two dissociation enthalpies, 

respectively. 

The calculated values for the BDE of 2CdNOQ 

are schematically depicted in Figure 5. The 

dissociation of the N(1)-O(1) bond, which is 

closer to the branched chain, occurred easily 

than the N(2)-O(2) bond and yielded a first 

N-O BDE value of 545.05 kJ mol-1 (Figure 

5). Second N–O BDE, the energy required to 

remove the O(2) atom was 551.13 kJ mol-1, 

almost 6 kJ mol-1 higher than the first N-O 

BDE. 

The corresponding value of the total and mean 

N-O BDE was 1105.04 and 552.52 kJ mol-1, 

respectively. N-O BDEs for this molecule 

presented in Table 5. Also, exist linear 

regression between calculated N-O BDEs to 

reported experimental inhibition constants, 

according to Figure 5.
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Figure 5. First, second, total and mean N–O BDEs for 2CdNOQs were computed at the B3LYP/6-31+G(d) level 
of theory.

Table 5. DFT-based calculated N-O BDEs of title compounds.

compound ΔHN-O(1) ΔHN-O(2) ΔHN-O(1), N-O(2) IC50/µM

1 546.53 551.76 1106.71 4.91

2 544.16 550.30 1103.03 1.1

3 544.98 553.15 1108.69 18.87

4 547.33 552.35 1107.71 8.35

5 544.23 550.66 1103.42 2.83

6 543.10 548.58 1100.65 0.81

IC50, observed inhibition constant (µM);ΔHN-O(1) , N1– O1 BDE (kJ mol-1
); ΔHN-O(2) , N2– O2 BDE (kJ mol-1);

ΔHN-O(1), N-O(2) , N1– O1 and N2– O2 BDE (kJ mol-1).

Plot of observed IC50 versus calculatedΔHN-O(2) Plot of observed IC50 versus calculatedΔHN-O(1), N-O(2)

Figure 6. The linear regression betweenobservedinhibition constant (IC50) and DFT-based calculated N-O
BDEs of title compounds.
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Conclusion

In this study, the most stable conformer of 

2-carboxamide-1,4-di-N-oxide-Quinoxaline 

molecule were obtained and used to calculate 

of  quantum mechanical descriptor of 2CdNOQ 

derivatives at the DFT/B3LYP/6-31+G (d) 

level of the theory. The DFT-based descriptors 

were applied to drive the QSAR models by 

which the calculated quantum mechanical 

parameters were correlated to activity of 

compounds taken from the literature [21]. The 

inhibition activity is highly influenced by the 

polarity of the molecules. The authors believe 

that the models introduced in this study can 

be used to estimate the inhibition activity of 

novel 2CdNOQ compounds of this series, 

prior to synthesis by calculating the descriptors 

involved in these equations. Moreover, the first, 

second, total, and mean N-O bond dissociation 

enthalpies (BDEs) were obtained theoretically. 

The predicted values based on 6-31+G(d) were 

545.05, 551.13, 1105.04, and 552.51 kJ mol-

1, respectively. Also, exist linear regression 

between calculated N-O BDEs to reported 

experimental inhibition constants.
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