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Abstract

:

The ability for density functional theory with the B3LYP functional with the lanl2dz basis set to predict the 1st (Wave 1) and 2nd (Wave 2) reductions of the diazine ring in a series of thirty-seven (37) 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives in dimethylformamide was examined. The B3LYP/lanl2dz method had a strong correlation and low correlation to the experimental potentials for Wave 1 and Wave 2, respectively. There are nine identifiable analogs based on similarities of structure. The predicted reduction potentials for the derivatives of each analog generally fit the modified Hammett equation. The B3LYP/lanl2dz method is shown to be useful in accurately predicting the Wave 1 potentials for quinoxaline-di-N-oxide derivatives. For derivatives with assessable anti-tuberculosis activity, the predicted Wave 1 potentials have a similar correlation with the bioactivity when compared to the experimental wave 1 potentials.
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1. Introduction


Over the last several decades, scientists have been investigating quinoxaline derivatives for a variety of medical applications. Quinoxaline derivatives have been found to have medicinal effects including anti-cancer, anti-trypanosomal, anti-microbial and anti-viral activities [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]. The biomechanisms for the medicinal applications is not known but is often linked to the ease of reduction of the quinoxaline derivatives [6,17,18]. In 2011, Crawford et. al. studied the electrochemical properties of a series of thirty-seven (37) 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives shown in Table 1 [18]. The ease of reduction was compared to the molecular structure, and it was observed that the addition of an electron-withdrawing group resulted in a positive shift for the reduction potential. Likewise, the addition of an electron-donating group resulted in a negative shift in the reduction potential. The thirty-seven derivatives can be assigned to nine analogs based on similarities in structure. The anti-tuberculosis activities of the derivatives were measured and compared to the ease of reduction. The two analogs containing benzyl (compounds 1–5) and 2-phenylethyl (compounds 6–12) were previously found to have significant anti-tuberculosis activity. For these derivates, Crawford et al. demonstrated an exponential correlation between the anti-tuberculosis activity and the ease of reduction for this subset of derivatives [18].



The common correlation between bioactivity and ease of reduction has made cyclic voltammetry a common analytical technique to study quinoxaline derivatives [6,17,18,19,20,21]. We have proposed that simple computational methods provide a powerful tool allowing for the prediction of the electrochemical properties of quinoxaline derivatives. Furthermore, the ability to accurately predict the electrochemical properties could become a powerful tool to help synthetic chemists design potential derivatives. As a proposed tool for synthetic chemists, we are looking for the fastest reliable computational methods. Several computational studies have investigated the HOMO/LUMO gap in small organic molecules [20,22,23,24,25,26]. Additionally, studies have investigated electronic properties, thermodynamic properties, effects of substitutions, and polymerization of quinoxalines [20,24,27,28].



In our previous studies, we investigated twenty 3-aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide derivatives that demonstrated varying degrees of cytotoxic activity [29,30]. Voltametric methods were used to measure the electrochemical properties of the 20 quinoxaline derivatives in dimethylformamide (DMF) [30]. All but one of the first reductions of the n-oxide derivatives (Wave 1) were found to be reversible or quasireversible, while the second reductions (Wave 2) were found to be irreversible. There was good correlation between molecular structure and the reduction potential of these derivatives. Surprisingly, no correlation was found between the ease of reduction and the cytotoxic activity for the twenty 3-aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide derivatives studied [30]. We also tested the ability of DFT: B3LYP/6-31G [29], DFT: B3LYP/lanl2dz [29] and DFT: B3LYP/cc-pVTZ (unpublished) [31] to predict the electrochemical properties for the same twenty 3-aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide derivatives. For all basis sets, a strong correlation with similar R2 values and standard error was found between the predicted and experimental potentials for wave 1 when considering the sixteen derivatives without a nitro functional group. The main advantage of DFT: B3LYP/cc-pVTZ was the ability to predict wave 1 for four (4) derivatives with a nitro functional group. None of the methods were able to accurately predict the wave 2 or nitro wave reductions.



In this study, we investigate the ability for Density Functional Theory (DFT) [32] calculation at the B3LYP/lanl2dz level of theory to accurately predict the 1st (Wave 1) and 2nd (Wave 2) reduction potentials for the diazine ring for the thirty-seven (37) 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives from the 2011 Crawford study [18]. The DFT: B3LYP/lanl2dz level of theory was used as none of the current derivatives contain a nitro functional group. The correlation between the DFT: B3LYP/lanl2dz predicted potentials and the anti-tuberculosis activity and compared the results to the correlation of the experimental potentials.
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Table 1. The parent structure of the 1,4-di-N-oxide quinoxaline-2-carboxamide derivative and the list of the R, R7, and R6 substituents [18,33].
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Compounds Code

	
R

	
R7/R6






	
1

	
Benzyl

	
CH3/H




	
2

	
Cl/H




	
3

	
Cl/Cl




	
4

	
F/H




	
5

	
CF3/H




	
6

	
2-Phenylethyl

	
H/H




	
7

	
CH3/H




	
8

	
Cl/H




	
9

	
Cl/Cl




	
10

	
CF3/H




	
11

	
F/H




	
12

	
F/F




	
13

	
p-Methoxybenzyl

	
H/H




	
14

	
CH3/H




	
15

	
Cl/H




	
16

	
p-Trifluoromethylbenzyl

	
H/H




	
17

	
CH3/H




	
18

	
Cl/H




	
19

	
p-Chlorobenzyl

	
H/H




	
20

	
CH3/H




	
21

	
Cl/H




	
22

	
Cl/Cl




	
23

	
p-Bromobenzyl

	
H/H




	
24

	
CH3/H




	
24

	
Cl/H




	
26

	
Cl/Cl




	
27

	
p-Methylbenzyl

	
H/H




	
28

	
CH3/H




	
29

	
Cl/H




	
30

	
2,2-Diphenylethel

	
H/H




	
31

	
CH3/H




	
32

	
Cl/H




	
33

	
Cl/Cl




	
34

	
Benzo[d] [1,3]

dioxol-5-ylmethyl

	
H/H




	
35

	
CH3/H




	
36

	
Cl/H




	
37

	
Cl/Cl












2. Materials and Methods


2.1. Drawing the Derivatives


The molecular structures for the 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives were drawn using GaussView 5 [34]. For each derivative, three structures were drawn including the original neutral molecule, the anion product from the first N-oxide reduction (Wave 1), and the dianion product from the second N-oxide reduction (Wave 2). Figure 1 shows 2D structures created with ChemDraw for the three individual structures for Compound 20 (Table 1). The original neutral molecule is shown in Figure 1a. The anion product structures for the product of wave 1 had the radical attached to the carbon adjacent to the amide group (Figure 1b). The dianion product from wave 2 is shown in Figure 1c.




2.2. DFT Reduction Potential Predictions


All density functional theory (DFT) with the B3LYP functional and the lanl2dz basis set [35,36] calculations were carried out in Gaussian 09 [37] following the procedure outlined in our previous papers [29,30]. All the Gaussian 09 settings remained the default settings unless explicitly indicated. Each structure was optimized in the gas phase using the lanl2dz basis set to find the most stable configuration with the lowest energy (   E  o p t    ). Next, a frequency calculation was run from the optimized structures to determine the thermal correction factor (   E  T h e r m a l    ) needed to correct for thermal artifacts. The energy of the structure in the gas phase (   E g   ) was determined by combining the    E  o p t     and    E  T h e r m a l     according to Equation (1).


   E g  =  E  o p t   +  E  T h e r m a l    



(1)







The change in Gibbs Free Energy from the reduction of the derivative is found by comparing the energy of the structures in gas phase before and after the reduction of the derivative. For wave 1, the change in Gibbs Free Energy (  Δ  G  r e d , w a v e 1  g    )     is the difference between the energy of the anion (   E  g , a   )     and neutral forms (   E  g , n   )     of the derivative (Equation (2)).


  Δ  G  r e d , w a v e 1  g    =  E  g , a   −  E  g , n    



(2)







Energy calculations were run from the optimized structures in the gas phase in the solvent N, N-dimethylformamide (DMF) to find the solvated energy (   E  s o l v    ). The default solvent in Gaussian 09 is the Integral equation formalism variant of the Polarizable Continuum Model (IEFPCM) [38,39,40]. The Gibbs Free Energy of Solvation was found by subtracting    E g    from    E  s o l v     (Equation (3)).


  Δ  G  s o l v   =  E  s o l v   −  E g   



(3)







Figure 2 shows the thermodynamic cycle used to calculate the change in Gibbs Free energy associated with the reduction wave 1 and wave 2,   Δ  G  r e d ,   w a v e 1   s o l v       and   Δ  G  r e d ,   w a v e 2   s o l v      , respectively. For wave 1,   Δ  G  r e d ,   w a v e 1   s o l v       is calculated from   Δ  G  s o l v , n    ,   Δ  G  s o l v , a     and   Δ  G  r e d ,   w a v e 1  g      according to equation 4 where n is the neutral and a is the anion form of the derivative.


  Δ  G  r e d , w a v e 1   s o l v     = − Δ  G  s o l v , n   + Δ  G  r e d , w a v e 1  g    + Δ  G  s o l v , a    



(4)







The change in Gibbs Free energy   Δ  G  r e d , w a v e 1   s o l v       is converted to a half-cell reduction potential (   ε  r e d , w a v e 1    ) using Equation (5),


   ε  r e d , w a v e 1   =   − Δ  G  r e d , w a v e 1   s o l v       n F    



(5)




where n is the number of electrons transferred and F is Faraday’s constant (96,485 C/mole). Computational values for the ferrocene (Fc) and ferrocenium (Fc+) ion reference system have been previously calculated [22] and were used in this study. The cell reduction potentials (   ε  c e l l   )    were calculated by comparing the half-cell reduction potentials of the derivative and the Fc/Fc+ reference system (Equation (6)).


   ε  c e l l   =  ε  r e d , w a v e 1   −  ε  F c / F c +    



(6)




lastly, the reduction potential was modified to set the ferrocene/ferrocenium reference system to zero   (  ε  c e l l  ′  )   by subtracting 0.7 V, the difference between the ferrocene/ferrocenium reference system and the standard hydrogen electron in DMF (Equation (7)).


   ε  c e l l  ′  =  ε  c e l l   + 0.72   V  



(7)









3. Results and Discussion


3.1. Computational Raw Chemical Potentials


The B3LYP/lanl2dz predicted half-cell reduction potentials for the 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives are shown in Table 2. The calculated reduction potentials were within the expected range. The appearance of the neutral and anion structures of the compounds appeared as expected. The dianion structures of some chlorine or Br containing derives is observed to have C−Cl or C−Br bond lengthening. For the derivatives with C−Cl bond lengthening, the C−Cl of the dianion was found to be between 1.87 Å and 1.89 Å. The derivatives with C−Br bond lengthening the C-Br in the dianion structure was between 2.05 Å and 2.3 Å.



The optimized dianion structure of Compound 20 is shown in Figure 3. The C−Cl bond was missing, indicating that the chlorine atom had moved far enough away from the derivative that GaussView 5 [34] no longer draws the Cl as bonded. The C−Cl bond distance increases as the compound is reduced. After optimization the C-Cl bond length was found to be 1.76 Å, 1.837 Å, and 1.87 Å for the Compound 20 derivative, after wave 1, and after wave 2, respectively. This result was not totally unexpected, since we observed a the C−Cl bonding lengthening and even Cl atom dissociating from pyrazine in molecule E4 in our previous study [29]. In the 2019 study, the DFT: B3LYP/lanl2dz the C−Cl distance was found to be 1.81 Å, 1.83 Å, and 1.91 Å for the E4 before reduction, after wave 1, and after wave 2, respectively. The effect was more pronounced with the DFT: B3LYP/6-31g. The C−Cl distance was 1.81 Å, 1.84 Å, and 10.9 Å for the original E4 before reduction, after wave 1, and after wave 2, respectively [29]. Since the lengthening of the C−Cl bond is seen in more than one study across different quinoxaline analogs, this could indicate a real structural change. Given the electron withdrawing nature of chlorine, it is not unreasonable to think some C−Cl bond lengthening may occur as the molecule is reduced and has an increased electron density on the chlorine atom.




3.2. Computationally Predicted Electrochemical Cell Reaction Potentials


The calculated and experimental electrochemical cell potentials (   ε  c e l l    ) versus Fc/Fc+ with the Fc/Fc+ potential set to zero are shown in Table 3. The comparison of the calculated electrochemical cell potentials (   ε  c e l l  ′   ) with the ferrocene/ferrocenium electrode (Fc/Fc+) reduction potential adjusted to zero for wave 1 is between −1.1261 and −1.5159 V but for wave 2 is in a lower range, from −2.3236 to −3.3491 V (Table 3).




3.3. Comparison to Experimental Reduction Potentials


To investigate any correlation between calculated and experimental data, two diagrams based on the electrochemical cell potentials (   ε  c e l l  ′   ) were plotted for both wave 1 and wave 2. Figure 4a is a comparison between the experimental [18] and calculated electrochemical potentials for wave 1. The wave 1 slope has a value of 1.16 ± 0.09 (slope ± standard error of slope) and has an R2 value of 0.831, indicating a significant correlation between the calculated and experimental data. However, the slope value is greater than 1 meaning that the computational values are changing in response to the chemical differences more than the experimental values. Additionally, we observed that calculated values are more positive than the experimental values. In Table 3, the calculated electrochemical cell potentials (   ε  c e l l  ′   ) for wave 1 lie in the range of −1.12 and −1.52 V. In contrast, the experimental values ranged from −1.211 to −1.658 V [18].



Figure 4b is a comparison between the experimental [18] and calculated electrochemical potentials for wave 2. The wave 2 comparison has a slope of 1.5 ± 0.5 (slope ± standard error of slope) and an R2 value of 0.285, indicating little to no correlation between the experimental and computational waves to electrochemical potentials. For wave 2, we observed that the calculated electrochemical cell potentials (   ε  c e l l  ′   ) were significantly more negative than the experimental values (Table 3). The calculated electrochemical cell potentials (   ε  c e l l  ′   ) for wave 2 lie in the range −2.30 V to −3.36 V. In contrast, the experimental values ranged from −1.391 V to −1.91 V [18].



The inability for DFT: B3LYP/lanl2dz to predict the electrochemical potentials for wave 2 was also observed in our previous study [29]. We have also tested the ability for DFT: B3LYP/cc-pVTZ to predict the electrochemical potentials for the twenty (20) 3-aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide derivatives from our 2019 study (unpublished) [31]. The DFT calculations with the higher B3LYP/cc-pVTZ level of theory is also unable to accurately predict the wave 2 electrochemical potentials. Given the combination of our studies on both sets of derivatives, we hypothesize that the inability to predict the wave 2 potentials is an indication that there are likely other structural changes during reduction. It would be expected that the addition of the second electron leads a highly reactive species that could react with solvent, an electrolyte, or another quinoxaline molecule. Unfortunately, structural changes during reduction were not investigated by the experimentalists.




3.4. Comparison to the Modified Hammett Equation


The Hammett Equation is used to model the impact of the substitution of hydrogens with electron withdrawing or electron donating groups on the reaction constant for the reduction of the aromatic ring system [41]. The predicted Wave 1 potentials generally fits the modified Hammett equation for the different homologous series. The modified Hammett equation (Equation (8)) shows the relationship between change in electrochemical potentials   Δ  ε  c e l l     with    ρ  π R    , the reaction constant, and    σ x   , the polar inductive electronic substituent constant. It is recommended to use the average of the para position polar inductive substituent constant,    σ  p − x    , and the meta position polar inductive substituent constant,    σ  m − x    , for quinoxalines,    1 2     σ  p − x   +  σ  m − x       [42]. The Hammett constants are listed in Table 4.


  Δ  ε  c e l l   =  ρ  π R   ∗  σ x   



(8)







The derivatives within each analog generally fit the modified Hammett equation. Figure 5 shows the comparison between the Hammett constant    1 2     σ  p − x   +  σ  m − x       [41] and the electrochemical potentials. This analysis was repeated for all the analogs. For the DFT: B3LYP/lanl2dz predicted electrochemical potentials, the R2 values range between 0.8873 and 0.9972 for series with at least four (4) derivatives. Although the qualitative trend is observed for the series with three derivatives, the R2 was not calculated due to a lack of data points. The correlation between DFT: B3LYP/lanl2dz predicted wave 2 electrochemical potentials and the Hammett constants [41] weakens drastically when compared to wave 1. Compounds 6–12 have a R2 of 0.950 (Figure 5) for wave 1 but only an R2 = 0.502 for wave 2 (not shown). This correlation decrease is not observed with the experimental data [18] as the wave 2 R2 remains >0.9.




3.5. Comparison to Experimental Anti-Tuberculosis Data


In 2011, Crawford et al. used IC90 and CC50 assays to quantify the anti-tuberculosis activity of these compounds [18]. The IC90 was defined as a reduction in fluorescence of 90% compared to a control against M. tuberculosis H37Rv (ATCC 27294) using the Microplate Alamar Blue Assay. Compounds with IC90  ≤  10 μg/mL were considered “active” for anti-tuberculosis activity and evaluated with the CC50 assay. The CC50 was determined using the VERO cell cytotoxicity assay. A selectivity index (SI) value was found by dividing CC50 by IC90 and SI values  ≥ 10 were recommended for further anti-tuberculosis activity testing. The thirty-seven (37) derivatives were assigned to nine (9) analogs based on their structures and attached R-group. For two of the analogs (Compounds 1–5 and Compounds 6–12), all the derivatives were considered “active.” For these 12 compounds, a correlation was observed between the ease of reduction and the anti-tuberculosis activity [18].



Figure 6 shows the comparison of predicted and experimental potentials [18] with the measured anti-tuberculosis activity [18]. In Figure 6a, the predicted and experimental potentials are plotted versus log(IC90). The R2 values are determined to be 0.6 and 0.7 respectively, demonstrating that there is a moderate exponential correlation between the ease of reduction and the IC90. The correlation between predicted ease of reduction and IC90 suggests that DFT: B3LYP/lanl2dz can moderately predict anti-tuberculous activity for some derivates with new R6/R7 variations. Figure 6b shows comparison of the predicted and experimental potentials and the selectivity index (SI). The R2 values are determined to be 0.2 and 0.4 respectively, demonstrating that there is low correlation between the ease of reduction and the selectivity index. The SI values are reported as a range. The range is necessary as SI is a ratio of CC50 and IC90. The CC50 values are reported versus a concentration maximum [18]. The CC50 values are listed as >100 for Compounds 1–8 and 11 [18]. Given the lower certainty of the SI values, it is not surprising that there is less correlation with the ease of reduction.



While it is likely that the ease of reduction is important for the mechanism for reaction for the quinoxaline derivatives through the formation of the free radical in wave 1 [18], an expectation for a “perfect” correlation between ease of reduction and activity would be unrealistic. For in vivo systems, additional factors including solubility, membrane permeability, absorption, stereochemistry, and active site binding will play a role in observed anti-tuberculosis activity.





4. Conclusions


For the 1st n-oxide reduction (wave 1), the DFT: B3LYP/lanl2dz calculations were able to predict the electrochemical properties for thirty-seven 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives with good agreement to the experimental electrochemical potentials. The correlation was improved over our original study of twenty 3-aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide derivatives that includes some derivatives with a nitro group [29]. The lanl2dz basis set is a useful computational tool for making a first-level prediction for electrochemical properties for quinoxaline 1,4-di-N-oxide derivatives without attached nitro-groups. The predicted wave 1 electrochemical potentials had a moderate exponential correlation to the experimental IC90 values similar to the experimental potentials. This correlation suggests that DFT: B3LYP/lanl2dz predictions of the wave 1 electrochemical potentials could moderately predict new R6/R7 derivates with anti-tuberculosis activity.
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Figure 1. The molecular structures of Compound 20 [18] in (a) neutral, (b) the anion product from the 1st N-oxide reduction (Wave 1), and (c) the dianion product from the 2nd N-oxide reduction (Wave 2) drawn with ChemDraw [33]. 
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Figure 2. The thermodynamic cycle used to calculate the electrochemical cell potentials for wave 1 and wave 2. 
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Figure 3. The carbon—chlorine bond length increases to 1.87 Å for Compound 20 during the optimization of the dianion species. Chemical structure created in GaussView 5 [34] and optimized in Gaussian 09 [37]. Carbon is shown in grey, hydrogen in white, nitrogen in blue, oxygen in red, and chlorine in green. 
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Figure 4. Comparison of computational electrochemical cell potentials vs. experimental electrochemical cell potentials [18] for (a) wave 1, and (b) wave 2. 
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Figure 5. Comparison of the Hammett constant    1 2     σ  p − x   +  σ  m − x       [41] vs computationally predicted and experimental [18] electrochemical wave 1 cell potentials. 






Figure 5. Comparison of the Hammett constant    1 2     σ  p − x   +  σ  m − x       [41] vs computationally predicted and experimental [18] electrochemical wave 1 cell potentials.



[image: Compounds 03 00007 g005]







[image: Compounds 03 00007 g006 550] 





Figure 6. Comparison of computationally predicted and experimental electrochemical cell potentials [18] vs. anti-tuberculosis activity for compounds 1–12 [18]. (a) logIC90 vs wave 1 and (b) SI vs wave 1. 
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Table 2. The predicted half-cell reduction potentials for the 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives calculated using Gaussian 09 at the DFT: B3LYP/lanl2dz level of theory [32,37].
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	Compounds
	Wave 1 Half-Cell Potentials (V)
	Wave 2 Half-Cell Potentials (V)





	1
	3.34
	2.17



	2
	3.54
	1.75 *



	3
	3.65
	2.49



	4
	3.52
	2.35



	5
	3.66
	2.47



	6
	3.37
	2.19



	7
	3.27
	1.47



	8
	3.51
	1.67 *



	9
	3.63
	2.48



	10
	3.64
	2.46



	11
	3.50
	1.65



	12
	3.60
	2.43



	13
	3.37
	2.15



	14
	3.32
	1.49



	15
	3.52
	2.33 *



	16
	3.42
	2.13



	17
	3.37
	2.11



	18
	3.57
	2.35



	19
	3.40
	1.48 *



	20
	3.34
	1.45 *



	21
	3.55
	1.73 *



	22
	3.68
	1.89



	23
	3.40
	1.70 *



	24
	3.34
	1.70 *



	25
	3.55
	2.24 *



	26
	3.67
	2.46



	27
	3.38
	2.19



	28
	3.32
	1.50



	29
	3.52
	2.36 *



	30
	3.38
	1.43



	31
	3.34
	1.48



	32
	3.53
	1.65 *



	33
	3.65
	2.40



	34
	3.40
	2.18



	35
	3.33
	2.16



	36
	3.54
	1.73 *



	37
	3.66
	2.48







* C−Cl bond length > 1.87 Å or C−Br bond length > 2.0 Å.
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Table 3. The DFT: B3LYP/lanl2dz-predicted electrochemical potential, experimental [18] electrochemical cell potentials, and anti-tuberculosis activities [18] for the 1,4-di-N-oxide quinoxaline-2-carboxamide derivatives.
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Compounds

	
DFT Predicted

	
Experimental [18]

	
Anti-Tuberculosis Activity [18]




	
   Wave   1    ε  c e l l  ′     (V)

	
   Wave   2    ε  c e l l  ′     (V)

	
   Wave   1    ε  c e l l  ′     (V)

	
   Wave   2    ε  c e l l  ′     (V)

	
IC90 (μg/mL)

	
SI






	
1

	
−1.46

	
−2.63

	
−1.658

	
−1.91

	
4.21

	
>23.77




	
2

	
−1.26

	
−3.05 *

	
−1.482

	
−1.786

	
0.43

	
>230.94




	
3

	
−1.14

	
−2.30

	
−1.211

	
−1.391

	
<0.2

	
>500




	
4

	
−1.27

	
−2.44

	
−1.517

	
−1.642

	
1.52

	
>65.7




	
5

	
−1.13

	
−2.32

	
−1.414

	
−1.516

	
0.41

	
>246.3




	
6

	
−1.43

	
−2.60

	
−1.625

	
−1.848

	
3.05

	
>32.81




	
7

	
−1.52

	
−3.32

	
−1.649

	
−1.907

	
8.62

	
>11.6




	
8

	
−1.28

	
−3.12 *

	
−1.525

	
−1.72

	
<0.2

	
>500




	
9

	
−1.16

	
−2.31

	
−1.387

	
−1.557

	
<0.19

	
>153.84




	
10

	
−1.16

	
−2.33

	
−1.439

	
−1.543

	
1.153

	
>26.02




	
11

	
−1.29

	
−3.14

	
−1.551

	
−1.696

	
0.504

	
>198.41




	
12

	
−1.19

	
−2.37

	
−1.485

	
−1.664

	
0.517

	
>58.03




	
13

	
−1.42

	
−2.65

	
−1.598

	
−1.866

	
2.85

	
>10.54




	
14

	
−1.47

	
−3.30

	
−1.618

	
−1.876

	
8.9

	
>3.37




	
15

	
−1.27

	
−2.46 *

	
−1.489

	
−1.79

	
----

	
----




	
16

	
−1.37

	
−2.66

	
−1.594

	
−1.9

	
16.81

	
----




	
17

	
−1.42

	
−2.68

	
−1.599

	
−1.9

	
>100

	
----




	
18

	
−1.22

	
−2.44

	
−1.46

	
−1.778

	
6.13

	
----




	
19

	
−1.39

	
−3.32 *

	
−1.53

	
−1.738

	
11.04

	
>6.52




	
20

	
−1.45

	
−3.34 *

	
−1.57

	
−1.798

	
14.56

	
----




	
21

	
−1.24

	
−3.07 *

	
−1.47

	
−1.737

	
29.68

	
----




	
22

	
−1.12

	
−2.90

	
−1.374

	
−1.582

	
51.86

	
----




	
23

	
−1.39

	
−3.09 *

	
−1.54

	
−1.795

	
15.61

	
----




	
24

	
−1.45

	
−3.09 *

	
−1.58

	
−1.806

	
78.22

	
----




	
25

	
−1.24

	
−2.56 *

	
−1.445

	
−1.685

	
5.33

	
>7.5




	
26

	
−1.12

	
−2.34

	
−1.363

	
−1.564

	
6.92

	
>5.78




	
27

	
−1.42

	
−2.61

	
−1.58

	
−1.798

	
6.76

	
>5.92




	
28

	
−1.48

	
−3.30

	
−1.59

	
−1.809

	
99.91

	
----




	
29

	
−1.27

	
−2.43

	
−1.489

	
−1.787

	
32.04

	
----




	
30

	
−1.42

	
−3.36

	
−1.591

	
−1.855

	
15.99

	
----




	
31

	
−1.45

	
−3.32

	
−1.64

	
−1.87

	
16.79

	
----




	
32

	
−1.27

	
−3.14 *

	
−1.491

	
−1.802

	
60.43

	
----




	
33

	
−1.15

	
−2.39

	
−1.41

	
−1.531

	
66.54

	
----




	
34

	
−1.40

	
−2.61

	
−1.611

	
−1.854

	
22.75

	
----




	
35

	
−1.46

	
−2.63

	
−1.624

	
−1.887

	
13.22

	
----




	
36

	
−1.25

	
−3.06 *

	
−1.488

	
−1.76

	
6.99

	
>5.72




	
37

	
−1.13

	
−2.31

	
−1.403

	
−1.525

	
34.92

	
----








* C−Cl bond length > 1.87 Å or C−Br bond length > 2.0 Å.
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Table 4. Hammett substituent constants [41].
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	Compound
	R7/R6
	     σ  p − x      
	     σ  m − x      
	     1 2     σ  p − x   +  σ  m − x        





	6
	H/H
	0
	0
	0



	7
	CH3/H
	−0.17
	−0.07
	−0.12



	8
	Cl/H
	0.23
	0.37
	0.30



	9
	Cl/Cl
	0.46
	0.74
	0.60



	10
	CF3/H
	0.55
	0.41
	0.48



	11
	F/H
	0.06
	0.34
	0.20



	12
	F/F
	0.12
	0.68
	0.40
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