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Abstract The Klopman-Peradejordi-Gómez formal QSAR equation was employed for searching quantitative 

relationships between the electronic structure of a group of 2,5‐disubstituted thiadiazoles and their in vivo 

anticonvulsant activity. The study was carried out within the Density Functional Theory at the B3lYP/6-31G(d,p) 

level with full geometry optimization. A statistically significant equation was obtained (n=14, adj-R
2
=0.93, 

F(4,9)=42.445 (p<0.00001), SD=0.06). The analysis of the equation allowed us to propose some interactions that 

should be useful in the design of new molecules with better in vivo anticonvulsant activity. 

Keywords Klopman-Peradejordi-Gómez QSAR method, KPG method, QSAR, anticonvulsant activity, 

2,5‐disubstituted thiadiazoles, dendity functional theory, local atomic reactivity indices, electronic structure, 

epilepsy 

Introduction 

Epilepsy is a disorder that affects the brain and causes frequent bursts of electrical activity in the brain (seizures) that 

provisionally affect how it works [1, 2]. Magiorkinis et al., in a paper about the history of epilepsy stated that “the 

first description of an epileptic seizure appears in a text from 2000 BCE written in the Akkadian language, used in 

the region of Mesopotamia” [3]. Also the authors cited the Edwin Smith surgical papyrus (from Ancient Egypt, 

dated 1700 BCE), the Hamurabbi code (1790 BCE) and The Sakikku (“All Diseases”, a Babylonian medical text 

dated 1067–1046 BCE), as sources mentioning epilepsy [3]. Later, epilepsy was considered in Ancient Greece as 

being “the sacred disease”. Let us remember that the Persian King Cambyses II, the hero Hercules, the great 

Socrates, Julius Caesar (dictator in perpetuity and not Emperor as Magiorkinis et al. stated) and possibly Platon, 

Empedocles, Ajax and the Sibyls were epileptics (there is no consensus regarding some names) [3]. For later 

historical aspects we refer the reader to Magiorkinis et al. article [3]. 

Following Pedley [4], “seizures are discrete epileptic events, the manifestations of transient, hypersynchronous, 

abnormal neuronal behavior… The particular features of any single seizure depend upon whether most or only apart 

of the cerebral cortex is involved from the beginning, the functions of the cortical areas where the seizures 
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originates, the subsequent pattern of spread of abnormal electrical discharge within the brain, and the extent to 

which subcortical and brainstem areas are engaged. Thus, seizures reflect a temporary physiological dysfunction of 

the brain which evolves during the ictus and resolves postictally”. Then, “epilepsy is a chronic disorder or, more 

accurately, group of chronic disorders, the indispensable feature of which is recurrent, unprovoked seizures. In a 

given patient with epilepsy, several different seizure types often coexist, and there may be variations in the pattern 

expressed by individual seizure types” [4]. 

In general, there is a surgical management and a non-surgical therapy for epilepsy. Epilepsy classification provides a 

framework for diagnosis [5]. As Wirrell states about the necessity of classification “epilepsy does not represent a 

single disorder, but rather is a collection of diverse conditions and syndromes which result in a lowered 

predisposition to unprovoked seizures. These disorders differ significantly in their response to specific therapies, 

their association with specific comorbidities, and their long‐ term seizure outcomes. Classification provides a 

scaffolding to help us organize these dive [5] disorders”. The International League Against Epilepsy (ILAE) 

presented a Classification of the Epilepsies in 2017 [5, 6]. 

About twenty antiseizure medications (ASM) are now approved in the USA for use in the treatment of epilepsy. We 

can cite carbamazepine, clonazepam, phenobarbital, phenytoin, cannabidiol and zonisamide as examples. Kanth, 

Clark and Britton clearly state that “selecting a particular ASM for a given patient requires consideration of several 

factors. These include seizure type, medical comorbidities, side-effect profile, concurrent medical therapies, drug–

drug interaction potential, gender, age, ease of use, clinical urgency, and cost” [7]. The necessity of new drugs for 

the treatment of epilepsy has led to the synthesis and testing of many families of molecules [8-28]. Usually, the 

anticonvulsant activity is determined by the maximal electroshock seizure (MES) in mice that identifies compounds 

which prevent seizure spread (also, the method of subcutaneous pentylenetetrazol-induced seizures in mice is used) 

[29, 30]. 

Recently a paper reporting MES results for a series of  2,5‐disubstituted thiadiazoles was published [21]. The 

authors also report data suggesting an involvement of benzodiazepine receptors in the anticonvulsant action of these 

chemicals. With the aim of providing more information about the electronic determinants regulating the 

anticonvulsant activity, we present here the resuts of a quantum-chemical study searching for formal quantitative 

relationships (FQSAR) between the electronic structure and anticonvulsant activities of the abovementioned 

compounds. 

 

Selection of biological data 

The selected molecules are a group of 2,5‐disubstituted thiadiazoles and were selected from a recent study [3]. Their 

general formula and biological activity are displayed, respectively, in Fig. 1 and Table 2. The anticonvulsant activity 

was determined by the maximal electroshock seizure method in mice. 
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Figure 1: General formula of 2,5‐disubstituted thiadiazoles 
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Table 1: 2,5‐disubstituted thiadiazoles and anticonvulsant activity 

Mol. R1 R2 R3 R4 R5 R6 log (ED50) 

(MES) 

1 H H H H H H 0.37 

2 H H CH3 H H H 0.53 

3 H H F H H H 0.50 

4 H H Cl H H H 0.55 

5 Br H H H H H 0.02 

6 H Cl Cl H H H 0.53 

7 H H H H OCH3 H 0.06 

8 H H CH3 H OCH3 H 0.56 

9 Br H H H OCH3 H 0.10 

10 H H Cl H Cl H 0.37 

11 H H F Cl H Cl -0.19 

12 H H H H NO2 H 0.06 

13 H H CH3 H NO2 H 0.39 

14 Br H H H NO2 H 0.47 

Figure 2 shows the histogram of frequencies for log (ED50) and Fig. 3 displays the Box-Whiskers plot of log(ED50) 

values with median and quartile values. 
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Figure 2: Histogram of frequencies for log(ED50) 
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Figure 3: Box-Whiskers plot of log(ED50) values 

We can see that no outliers or extremes exist in the data set. 

 

Models, methods and calculations 

The model 

The model to generate formal quantitative structure-activity relationships is based on the following master linear 

equation [31-42]: 

 
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 
                  (1) 

with a, b, ei, fi, si hi(m), ji(m), ri(m’), ti(m’), gi, ki, oi, zi and wi are constants to be determined, iDM
 is the mass of the 

drug, ρo is the orientational effect of the o-th substituent, jQ
 is the net charge of the atom j,

E

jS
and

N

jS
 are, 

respectively, the total atomic electrophilic and nucleophilic superdelocalizabilities of atom j,
( )jF m

and 
( )jF m

 

are respectively the electron populations (Fukui index) of the occupied (m) and vacant (m′) local molecular orbitals 

(OMs) localized on  atom j and
( )E

jS m
 is the electrophilic superdelocalizability of the local OM m localized on  
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atom j. The last terms, derived by one of the authors [37], are: j
 is the local atomic electronic chemical potential 

of  atom j, j
 is the local atomic hardness of the atom j, j

 is the local atomic electrophilicity of atom j, j
 is the 

local atomic softness of the atom j, 

max

jQ
j is the maximum amount of electronic charge that atom j can accept (they 

are not the indices from Density Functional Theory, having the same units that the global equivalents). The MOs 

having an asterisk (*) correspond to the Local Molecular Orbitals (LMO) of each atom. For atom p, the LMOs 

correspond to the subset of the molecule’s MOs having an electron population greater than 0.01e on p. In this study, 

we have considered the three highest occupied local MOs and the three lowest empty local MO of each atom. The 

index Z in the summations is defined below. Then, for a system of n molecules, we have n equations. The first 

condition that the system of equations 1 must met in order to be solved is that each equation must have the same 

number of terms. This condition is satisfied only by selecting and using only a group of atoms common to all the 

molecules. This group is called the common skeleton (see below) [41]. The number of atoms of this common 

skeleton defines the index Z of Eq. 1. The second condition is that we must have at least the same number of 

equations than the total number of indices of the common skeleton and the other terms of Eq. 1. For example if we 

have 20 atoms represented by 400 local atomic reactivity indices, we need at least 400 equations! Because of this 

reason, we used the linear multiple regression analysis (LMRA) to detect those indices associated with the variation 

of the values of the biological activity analyzed. The common skeleton used in this work is shown in figure 4. This 

method is called the Klopman-Peradejordi-Gómez (KPG) FQSAR method. 
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Figure 4: Common skeleton 

This skeleton is composed by 31 atoms. The X’s design the atoms of the substituents that are directly bonded to the 

skeleton. About 70 articles attest the success of this methodology applied to many different in vitro and in vivo 

molecular systems and several biological activities [43-53].  

 

Calculations 

The electronic structure of all molecules was calculated within the Density Functional Theory (DFT) at the 

B3LYP/6-31g(d,p) level after full geometry optimization. The Gaussian suite of programs was used [54]. All the 

information needed to compute the numerical values for the local atomic reactivity indices was obtained from the 

Gaussian results with the D-Cent-QSAR software [55]. All electron populations smaller than or equal to 0.01e are 

considered as being zero [37]. Negative electron populations appearing in Mulliken Population Analysis were 

corrected as usual [56]. Since the resolution of the system of linear equations is not possible because we have not 

enough molecules, we made use of Linear Multiple Regression Analysis (LMRA) techniques to find the best 

solution. For this case, a matrix containing the dependent variable (log(ED50) in this case) and the local atomic 

reactivity indices of all atoms of the common skeleton as independent variables was built The Statistica software 

was used for LMRA [57]. 
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Results 

The best equation obtained was: 

N

50 28 27 24

N

4

log(ED )=0.37+0.18S (LUMO)*+1.24F (HOMO-2)*-0.96F (LUMO+2)*+

+0.02S (LUMO+2)*
       (2) 

with n=14, adj-R
2
=0.93, F(4,9)=42.445 (p<0.00001) and SD=0.06. No outliers were detected and no residuals fall 

outside the ±2σ limits. Here, S28
N
(LUMO)* is the nucleophilic superdelocalizability of the lowest empty local 

molecular orbital (MO) of atom 28, F27(HOMO-2)* is the electron population of the third highest occupied local 

MO of atom 27, F24(LUMO+2)* is the electron population on the third lowest empty local MO of atom 24 and 

S4
N
(LUMO+2)* is the nucleophilic superdelocalizability of the third lowest empty MO of atom 4. 

Tables 2 and 3 show the beta coefficients, the results of the t-test for significance of coefficients and the matrix of 

squared correlation coefficients for the variables of Eq. 2. There are no significant internal correlations between 

independent variables (Table 3). Figure 5 displays the plot of observed vs. calculated values of log(ED50). 

Table 2: Beta coefficients and t-test for significance of coefficients in Eq. 2 

Variable Beta t(9) p-value 

S28
N
(LUMO)* 0.80 8.97 0.000009 

F27(HOMO-2)* 0.67 8.15 0.00002 

F24(LUMO+2)* -0.47 -5.83 0.0003 

S4
N
(LUMO+2)* 0.35 3.70 0.005 

 

Table 3: Matrix of squared correlation coefficients for the variables in Eq. 2 

 S28
N
(LUMO)* F27(HOMO-2)* F24(LUMO+2)* S4

N
(LUMO+2)* 

S28
N
(LUMO)* 1    

F27(HOMO-2)* 0.05 1   

F24(LUMO+2)* 0.11 0.00 1  

S4
N
(LUMO+2)* 0.25 0.15 0.10 1 
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Figure 5: Plot of predicted vs. observed log(ED50) values (Eq. 2). Dashed lines denote the 95% confidence interval. 

The associated statistical parameters of Eq. 2 indicate that this equation is statistically significant and that the 

variation of the numerical values of a group of four local atomic reactivity indices of atoms constituting the common 

skeleton explains about 93% of the variation of log(ED50). Figures 6, 7 and 8 show, respectively, the plot of 

predicted values vs. residuals scores, the plot of residual vs. deleted residuals and the normal probability plot of 

residuals. 
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Figure 6: Plot of predicted values vs. residuals scores 

Because the points do not show any kind of ordering or tendency, this plot supports the idea that the linear equation 

1 is an acceptable first approach to study the anticonvulsant activity of these molecules. 
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Figure 7: Plot of residual vs. deleted residuals 

In a very good equation, all points are inside the 95% confidence interval. In this case, we have one point outside the 

confidence interval, strongly suggesting that this molecule probably has additional interactions involving atoms that 

do not belong to the common skeleton. So far, we have not been able to design a method to identify these possible 

extra interactions. 
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Figure 8: Normal probability plot of residuals 

In Fig. 8, there is a lack of fitting and the data does not form a pattern around the straight line. Therefore, our use of 

a linear model is appropriate. Then, figures 6, 7 and 8 provide support to state that the linear equation 1 is a good 

first approximation to analyze the anticonvulsants activity. 

 

Local Molecular Orbitals 

If a local atomic reactivity index of an inner occupied local MO (i.e., (HOMO-1)* and/or (HOMO-2)*) or of a 

higher empty MO ((LUMO+1)* and/or (LUMO+2)*) appears in the equation, this means that the remaining of the 

upper occupied local MOs (if (HOMO-2)* appears, upper means (HOMO-1)* and (HOMO)*) or the remaining of 

the empty MOs (if (LUMO+1)* appears, lower means the (LUMO)*) also contribute to the interaction. Their 

absence in the equation only means that the variation of their numerical values does not account for the variation of 

the numerical value of the biological property. 

Table 4: The local MO structure of atoms 4, 24, 27 and 28 of equation 2 (see Fig. 4). Nomenclature: Molecule 

(HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)* - (LUMO)* (LUMO+1)* (LUMO+2)*. 

Mol. Atom 4 Atom 24 Atom 27 Atom 28 

1 (89) 86π88π89π- 

90π91π 92π 

87π88π89π- 

91π93π94π 

69σ76σ77σ- 

98σ99σ100σ 

75σ76σ78σ- 

98σ99σ100σ 

2 (93) 85π87σ93π-

94π95π97π 

89π90π92π-  

95π96π97π 

70σ79σ80σ-  

102σ103σ105σ 

77σ79σ82σ- 

102σ103σ105σ 

3 (93) 89π91π92π- 

94π95π96π 

90π91π92π- 

94π96π98π 

80σ81σ82σ- 

104σ105σ107σ 

80σ81σ82σ- 

 104σ105σ108σ 

4 (97) 93π96π97π-  

98π99π100π 

94π95π96π-  

99π102π103π 

83σ84σ85σ- 

108σ110σ111σ 

82σ83σ84σ- 

108σ110σ111σ 

5 (106) 104π105π106π-

107π108π109π 

104π105π106π-

109π110π112π 

91σ92σ93σ- 

117σ118σ119σ 

91σ92σ93σ- 

117σ118σ119σ 

6 (105) 102π104π105π-

106π107π108π 

103π104π105π-

109π110π112π 

82σ90σ91σ- 

116σ117σ118σ 

89σ90σ93σ- 

116σ117σ118σ 

7 (97) 92π95π96π-  94π95π97π-  87π95π97π- 81σ82σ85σ- 
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Discussion 

First, it is necessary to mention a very important point. The activity analyzed here was measured in vivo. In this 

case, drug molecules may go through multiple steps (for example, at the n-th step, molecules must cross a pore), 

some steps may have a complex mechanism (for example, to cross a pore, molecules must consecutively interact 

with j unknown sites). Therefore, it seems logical to state that a necessary condition to obtain good in vivo structure-

activity relationships is that all the stages and all the mechanisms within each stage must be the same for the entire 

group of molecules under study. This will allow the KPG method to yield good results. Note that this condition can 

be also applied to some in vitro studies such as anti-proliferative activities, carcinogenicity, etc. As the exact process 

explaining the in vivo anticonvulsant activity is not known, we are not able to assign the terms appearing in Eq. 1 to 

a specific step. However, this is not an obstacle to analyze the resulting equation. 

Table 2 shows that the importance of variables in Eq. 1 is S28
N
(LUMO)*> F27(HOMO-2)* >> F24(LUMO+2)*> 

S4
N
(LUMO+2)*. A high anticonvulsant activity is then associated with low numerical values for S28

N
(LUMO)*, low 

numerical values for F27(HOMO-2)*, high numerical values for F24(LUMO+2)* and low numerical values for 

S4
N
(LUMO+2)*. 

Atom 28 is the first atom of the substituent bonded to atom 23 (Fig. 4). Table 1 shows that it can be hydrogen or 

chlorine. It is important to mention that atom 23 does not appear in Eq. 1. Small numerical values for S28
N
(LUMO)* 

are associated with high anticonvulsant activity. This means that to obtain these small numerical values we must 

98π99π100π 99π101π102π 102π108π109π 107σ108σ109σ 

8 (101) 98π99π100π-

103π104π105π 

99π100π101π-

103π105π106π 

90π99π101π-

106π126σ127σ 

83σ86σ89σ-

110σ112σ113σ 

9 (114) 111π112π113π-

115π116π117π 

112π113π114π-

116π118π120π 

104π113π114π-

120π122π138σ 

96σ98σ100σ- 

124σ125σ127σ 

10 (105) 101π104π105π-

106π107π108π 

100π102π103π-

107π109π110π 

96π102π103π-

110π112π113π 

87σ88σ89σ-

112σ113σ114σ 

11 (109) 100π105π109π-

111π114π115π 

106π107π108π-

110π111π112π 

89σ90σ91σ-

116σ122σ124σ 

106π107π108π-

111π116π117π 

12 (100) 90π94σ100π-

102π103π105π 

95π96π99π-

101π102π103π 

88π89σ92π-

101π107π110π 

81σ82σ84σ-

110σ111σ112σ 

13 (104) 97σ98π104π-

106π107π108π 

99π100π103π-

105106π107π 

92σ95π96π-

105π110π111π 

85σ86σ88σ-

115σ117σ118σ 

14 (117) 114π116π117π-

119π120π121π 

111π112π113π-

118π119π120π 

105σ106σ108π-

118π124π126π 

96σ98σ99σ-

129σ131σ133σ 
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increase the (LUMO)28
*
 energy, making this atom a bad electron acceptor. We need to find an explanation for C23-

H28….X and C23-Cl28….X interactions.  For hydrogen, a possibility is the formation of a C23-H28…X (with X= 

O, N, S) weak hydrogen bond. Note that in the case of H substituents the local (HOMO)28
*
 and the local (LUMO)28

*
 

do not coincide with the molecular HOMO and LUMO and that all local MOs have a σ nature (Table 4). In the case 

of the chlorine substituent, the local (HOMO)28
*
 and the local (LUMO)28

*
 are energetically close to the molecule’s 

HOMO and LUMO and both have a π nature (Table 4). A possibility is that chlorine participates in a C23-Cl28…X 

interaction through its (HOMO)28
*
 (an halogen interaction). 

Atom 27 is the first atom of the substituent bonded to atom 22 (Fig. 4). Table 1 shows that it can be hydrogen, 

chlorine, nitro or methoxy. Small numerical values for F27(HOMO-2)* are associated with high anticonvulsant 

activity. Our working hypothesis states that in this case F27(HOMO-1)* and F27(HOMO)* must also have small 

numerical values. Then atom 27 should be a bad electron donor. For hydrogen substituents the local (HOMO)27* and 

(LUMO)27* have a σ nature and their energies are very far from the molecular HOMO and LUMO energies like in 

the previous case (Table 4). For the case of the hydrogen substituent, we may suggest that H27 is involved in a weak 

C22-H27…X (with X=O, N, S) hydrogen bond (see the case of atom 28 above). For the case of the oxygen atom of 

the methoxy substituents, the local (HOMO)27
*
 coincides with the molecular HOMO and has a π nature in all cases 

(Table 4).  The chlorine substituent has a π (HOMO)27
*
 that is energetically close to the molecular HOMO (Table 4). 

Also, in chlorine the (LUMO)27
*
 has a π nature but it is energetically far from the molecule’s LUMO (Table 4). For 

these cases, we suggest a second site for π-π interactions. The local frontier MOs of all the N atoms of the nitro 

substituents have a π nature (Table 4) and the local (HOMO)27* is energetically far from the molecular HOMO. The 

local (LUMO)27
*
 coincides with the molecular LUMO. For this case, we may suggest that there is a C22-N27…X 

interaction with X being an electron-rich center. 

Atom 24 is a carbon in ring C (Fig. 4). High numerical values for F24(LUMO+2)* are associated with high 

anticonvulsant activity. Our working hypothesis states that in this case F24(LUMO+1)* and F24(LUMO)* should 

have high numerical values. Table 4 shows that the three highest occupied local MOs and the three lowest empty 

local MOs have a π nature. The local frontier MOs are energetically close or coincide with the molecular HOMO 

and LUMO. This suggests that atom 24 should be interacting with an electron-rich center (an aromatic system, an 

anion, etc.).  

Atom 4 is a carbon in ring A (Fig. 4). Small numerical values for S4
N
(LUMO+2)* are associated with high 

anticonvulsant activity. Our working hypothesis states that in this case S4
N
(LUMO+1)* and S4

N
(LUMO)* should 

have also small numerical values. This means that atom 4 will not interact with electron-rich centers but with 

electron-deficient ones. Therefore, a fluorine atom or any other substituent extracting electron from atom 4 is 

suitable. All the suggestions are displayed in the partial 2D pharmacophore of Fig. 9. 

 
Figure 9: Partial 2D pharmacophore for in vivo anticonvulsant activity 

 

Conclusion 
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In summary, for a group of 2,5‐disubstituted thiadiazoles we found a statistically significant equation relating in vivo 

anticonvulsant activity to some local atomic reactivity indices belonging to a common skeleton. This equation 

allowed us to suggest possible interactions that should help to design and test more active molecules. 
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