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ABSTRACT 
 

We present a kinetic and theoretical study of nucleophilic addition reactions involving 2-

(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 1-oxide 1 with a series of 5-R-substituted 

indoles 2a-e (R = CN, Cl, H, Me and NH2) in acetonitrile at 20 °C. Single electron transfer 

(SET) mechanism was proposed and confirmed by the agreement between the rate constants 

(k) and the oxidation potentials (Ep
ox) of these series of indoles. Using Mayr's equation, the 

electrophilicity parameter (E) of 1 at C-7 position is derived and compared with the same 

parameter estimate using empirical equation E vs. pKa.  Density Functional Theory (DFT) 

calculations were performed to confirm the suggested reaction mechanisms and elucidate the 

origin of the electrophilic reactivity of 1. Notably, a linear correlation (R2 = 0.9957) between 

the experimental nucleophilicity (N) and the theoretical model of nucleophilicity (-1) 

determined in this work of various 5-R-substituted indoles has been obtained and discussed. 

 

 

Keywords : Kinetics / Benzotriazoles / Equation of  Mayr / Electrophilicity / Nucleophilicity 

/ Single Electron Transfer Mecanism / DFT Analysis. 
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1. Introduction 

In our previous research, we conducted a kinetic study on the reactions involving a series of 

electron-deficient aromatic and heteroaromatic substrates, such as 1,3,5-trinitrobenzene, 

nitrobenzofuroxans and nitrobenzofurazans, with a diverse range of nucleophiles (including 

pyrrole, indoles and enamines) (Lakhdar et al. 2006). Our findings revealed that the derived 

second-order rate constants (k, M-1 s-1) are effectively described by the linear-free energy 

relationship formulated by Mayr (Eq 1) (Mayr et al. 1994; Li et al. 2022; Hensinger et al. 

2023). In this equation,  sN and N represent nucleophile-specific parameters, and E is an 

electrophilicity parameter. 

log k (20 °C) = sN (E + N)        (1) 

It was further demonstrated that the resulting electrophilic reactivities conform to the 

correlation depicted by Eq. (2), (Lakhdar et al. 2006; Terrier et al. 2005) wherein pK OH

a
2 refers 

to the covalent hydration of this series of electrophiles. 

E = –3.20 – 0.662 pK OH

a
2            (2) 

To expand the applicability of eq (1), this paper present a study of the -complexation 

reactions of 2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 1-oxide 1 with a series of 5-R-

substituted indoles 2a-e in acetonitrile at 20 °C (Scheme 1). As observed, the validity of eq 

(2) is confirmed by comparing the electrophilicity parameter E of benzotriazole 1 obtained in 

this work with that estimated previously according eq (2). The basicity effect of indoles 2a-e 

and electronic effect of the substituent R on reactivity and mechanism have been examined 

and discussed based on linear free-energy relationships. Additionally, computational 

investigations at the density functional theory (DFT) level have been undertaken to discuss 

the proposed mechanism. On the other hand, the theoretical nucleophilicity (-1) pattern of a 

series of 5-R-substituted indoles, described in terms of Parr’s approach (Parr et al. 1999), is 

compared with the experimental nucleophilicity (N) measured using equation of Mayr 

(Lakhdar et al. 2006). 

https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Li/Le
https://chemistry-europe.onlinelibrary.wiley.com/authored-by/Hensinger/Magenta+J.
https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Fran%C3%A7ois++Terrier
https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
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Scheme 1. -complexation reactions of the 2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 

1-oxide 1 with indoles 2a-e in acetonitrile at 20 °C. 

 

2. Results and Discussion 

 

2.1. Structural studies of the -complexes 3a-e  

 

The UV-visible absorption spectrum of benzotriazole 1 exhibits a maximum at 404 nm in 

acetonitrile. Upon addition a dilute solution of indole 2a to a yellow solution of benzotriazole 

1 in acetonitrile, an orange solution is produced, displaying a new absorption band, peaking at 

478 nm and feauturing an isosbestic point at 435 nm (Figure 1). It is notewoirthy that 

benzotriazole 1 does not form a -adduct of C-1’ attack with any of the investigated indoles 

under the reaction conditions; only attack at C-7 is observed, resulting in the formation of the 

-adduct 3.  
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Figure 1.  Time dependence of the electronic absorption spectrum of benzotriazole 1-oxide 1 (2 x 10-4 

mol L-1) in the presence of 5-cyanoindole 2a (4 x 10-2 mol L-1) in acetonitrile at 20 °C.  
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To validate the experimental electrophilic reactivity at the C-7 position of the benzotriazole 1, 

we conducted calculations on the local electron spin densities (LESDs) (Ayachi et al. 2006)  

at various atomic sites of this electrophile 1. It is crucial to note that the determined relative 

values are highly significant, particularly in predicting nucleophilic attack sites. In this 

context, we have identified potential nucleophilic attack sites along with their DESDs. Our 

LSEDs results compiled in Table 1 reveal that within the considered benzotriazole, the C-7 

position exhibits a greater degree of electron localization (higher LSEDs value) compared to 

the electron localization at C-1’. This observation suggests a preference for nucleophilic 

attack at the C-7 center over the C-1’ center. 

 
Table 1. Calculated Milliken charges and local electron spin densities (LESDs) at various atomic sites 

of the electrophile 1 in acetonitrile. 
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Carbon Milliken Charges  LESDs  

5 0.067 −0.011 

7 0.158 0.030 

1’ 0.106 0.003 

 

Additionnally, we optimized the geometries of the thre proposed isomers, namely 3c, 4c, and 

5c (refer to Figure 2), to examine their optical UV-vis absorption spectra using the same 

calculation method as described earlier. The UV-vis optical absorption spectra of the anionic 

-complexes 3c, 4c and 5c are depected schematically in Figure 3. Notably, the simulated 

UV-vis optical absorption spectrum of σ-adduct 3a aligns with the experimental UV-vis 

absorption spectrum obtained from the investigation of the nucleophilic addition reaction of 

4,6-dinitrobenzotriazole 1-oxide 1 with indole, as discussed previously.  

In conclusion, B3LYP/6-311g(d,p) calculations indicate a preference for indole addition to 

benzotriazole through nucleophilic attack on the C-7 position rather than C-1’ position.  

https://onlinelibrary.wiley.com/authored-by/Ayachi/S.
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Figure 2. Structures of  the anionic -complexes 3c, 4c and 5c studied and the labeling of positions. 

 

 
Figure 3. Absorption spectra of benzotriazole 1 (3 x 10-5 M-1 s-1) and its adducts 3c, 4c and 5c 

in acetonitrile solution at 20 °C. 

 

 

2.2. Kinetic  Investigations: Reactions of Benzotriazole 1-oxide 1 

with Indoles 2a-e 

 

The reactions of the of 2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 1-oxide 1 with a 

series of 5-R-substituted indoles 2a-e were conducted in acetonitrile solution at 20 °C and 

monitored by UV-vis spectroscopy at or close to the absorption maximum of one of the 

resulting -adducts 3a-e (478 nm < λmax < 495 nm). Experiments were carried out by directly 

mixing a 3 x 10-5 mol L-1 solution of benzotriazole 1 with a large excess of indoles 2a-e (2 x 

10-3 to 3 x 10-1 mol L-1). In all cases, the apparent first-order rate constants (kobsd) were 

determined through the kinetic analyses described by Equation (3) (Terrier et al. 1993).   

         kobsd ]Indole[
k+k

kk
=

21

21

-

                                         (3) 
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When the relation k-1 << k2 is satisfied, Eq (3) is rewritten as Eq (4), suggesting that the kobsd 

is first order with respect to nucleophile concentration where k1 is the second-order rate 

constant for the indole  addition to the benzotriazole 1. In this regard, we note that Terrier and 

co-workers (Terrier et al. 1993) have studied the reactions of 4,6-dinitrobenzofuroxan with a 

series of 5-R-substituted indoles in various solvents. Their findings revealed that the initial 

nucleophile attack is also a rate-determining step. 

  kobsd = k1 [Indole]               (4) 

Plots of kobsd versus the concentrations of the indoles 2a-e resulted straight lines with slopes 

representing k1, as illustrated in Figure 4 for one example. These findings align with the 

expectations from Eq (4). The second-order rate constants  k1 are compiled  in Table 2. 

0

5

10

15

20

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35

5-CN-indole

5-Cl-indole

k
o

b
s

d
 x

 1
0

-5
 (

s
-1

)

[3-R-indole]  /  mol L
-1

k
obsd

 = 1.50 x 10
-3

 [2b]      

R
2
 = 0.9873

                                              

k
obsd

 = 6.98 x 10
-5

 [2c]      

R
2
 = 0.9828

                                              

 
Figure 4. Plots of the first-order rate constants kobsd vs. the concentration of indoles 2a and 2b in 

acetonitrile solution at 20 °C. 
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Table 2. Summary of second-order rate constants for addition reactions of 5-R-substituted indoles 2a-

e with benzotriazole 1 in acetonitrile solution at 20 °C.  

Nucleophile k1 (M
-1 s-1) a pKaH 

c 
Ep

ox d 

(V vs NHE) 
N / sN 

e 

2a

N

H

NC
 

6.98 x 10-5 −6.00 1.64 2.83 / 1.10 

2b

N

H

Cl
 

1.50 x 10-3 −4.53 1.30 4.42 / 1.10 

2c

N

H

H
 

8.91 x 10-2 

  1.97 x 10-2 b −3.46 1.10 5.55 / 1.09 f 

2d

N

H

Me
 

2.60 x 10-1 −3.30 0.94 6.00 / 1.10 

2e

N

H

H
2
N

 

2.43 −1.76 0.56 7.22 / 1.10 

 

aValues of k1 are determined in this work from the slope of plots of kobsd vs. [5-R-indole] in CH3CN.  

bValue of indole 2c is determined  in this work from the slope of plots of kobsd vs. [indole] in CH2Cl2.  

cpKa values for conjugated acid of 5-R-substituted indoles 2a-e in water taken from ref (Lakhdar et al. 2006). 
dEp

ox values for indole 2a-e in CH3CN solution were taken from ref (Jennings et al. 1997). 
eN and sN values in CH3CN were taken from ref (Lakhdar et al. 2006). 
fN and sN values of indole 2c in CH2Cl2 were taken from ref (Lakhdar et al. 2006). 
 

 

2.3. Effect of indole basicity and mechanism 
 

The direct relationship between the -complexation reaction of 4,6-dinitrobenzotriazole 1-

oxide 1 with 5-R-substituted indoles 2a-e is illustrated in Figure 5. In this Figure, the second-

order rate constant is plotted against the pKaH values of the conjugate acids of the indoles 2a-e 

in water (Lakhdar et al. 2006), as listed in Table 2. The linear correlation is mathematically 

represented by Equation (5), yielding a correlation coefficient of 0.9814. 

log k1 =  2.68 + 1.13 pKaH                                     (5) 

It is interesting to note that the βnuc value for the reactions of benzotriazole 1 (i.e., βnuc = 1.13) 

is notably higher than those reported for the -complexation reactions (Boubaker et al 2002 ; 

Gabsi et al. 2018; Buncel et al. 2010; Boubaker et al. 2023; El Guesmi et al. 2009; El Guesmi 

et al. 2010). As discussed by various authors, (Mahdhaoui et al. 2016; Jamaoui et al. 2013; 

https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
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Terrier et al. 2003; Raissi et al. 2017; Raissi et al. 2021; Hunter et al. 1995; El Guesmi et al. 

2013; Ben Salah et al. 2017) a large βnuc value align with a single electron transfer (SET) 

process. The analogous mechanism was previously postulated in the -complexation of 4-

nitrobenzofurazan 6 with 4-X-substituted phenoxide anions (X = OCH3, CH3, H and Cl) in 

aqueous solution by Ben Salah and co-works (Ben Salah et al. 2017). More recently, Slama 

and collaborators demostrated that nucleophilic aromatic substitution reactions (SNAr) of 2-

methoxy-3,5-dinitropyridine 7 with secondary cyclic amines in acetonitrile solution proceed 

through a mechanism involving an electron transfer of electrons (Slama et al. 2024) .  

N
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It appears that our -complexation reactions of 4,6-benzotriazole 1 with indoles 2 in CH3CN 

proceed via SET mechanism, as depicted in Scheme 2. In this mechanism, the formation of 

the -adducts 3a-e involves an initial (fast) electron-transfer from the indoles 2a-e to the 

electrophile 1, followed by a subsequent (slow) coupling of the resulting cation and anion 

radicals within the solvent cage. This process leads, to the formation of the zwitterionic -

complex ZH± (Terrier et al. 2013).  
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Scheme 2. Proposed mechanistic pathway for the reactions of benzotriazole 1-oxide 1 with indoles 

2a-e in acetonitrile at 20 °C.                                   

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=A.++Hunter
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Figure 5. Correlation of log k1 for the reactions of the 2-(2’,4’,6’-trinitrophenyl)-4,6-

dinitrobenzotriazole 1-oxide 1 with 5-R-substituted indoles 2 versus the pKaH values of their 

conjugated acids. 

 

To gain a better understanding of the formation process of the final -adduct, benzotriazole-

indole, we initially explored the feasibility of the synthetic reaction between the fundamental 

starting materials: benzotriazole 1 and indoles 2a-e using theoretical calculations through 

Density Functional Theory (DFT). This preliminary study aimed to optimize the 

geometrically stable structures in their ground states (S0), theoretically determine their 

associated molecular orbital energy levels (HOMO and LUMO), and identify which could 

function as the electrophile or nucleophile, essentially forming donor-acceptor pairs often 

referred to as a push-pull electron transfer system. In this context, we determined the density 

of states (DOS) spectra for the two geometries, as depicted in Figure 6 (a) and (b). 

The distribution of electronic states density (DOS) is evident, highlighting  difference 

between both sub-units. In Figure 6c, we have graphically depicted their electronic structures, 

illustrating all HOMO and LUMO band energy levels within the 0-10 eV energy range (with 

0 eV representing the vacuum level). The energy diagram (see Figure 6c), characterized by 

the tilting of the HOMO and LUMO levels, reveals that the indole exhibits relatively high-

lying highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energy levels compared to benzotriazole 1. 
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In other words, the combined structure implies the presence of a molecular system with an 

electron donor-acceptor (D/A) architecture. This configuration facilitates electron transfer 

during the coupling process. Previous studies have established that the electron donor acts as a 

nucleophile, while the electron acceptor group functions as an electrophile (Safi et al. 2023;  

Zhuo et al. 2012; Miar et al. 2021). Examining of the molecular orbitals (HOMO and LUMO) 

graphs reveals that the electrophilic moiety on the right, the trinitophenyl group, lacks 

electrons, indicating its high electron-accepting nature in the event of a nucleophilic reaction.  
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Figure 6. Density of States (DOS) diagrams, depected in (a) and (b) for the 1 and 2c compounds, 

respectively. Their corresponding energy band diagrams and contour plots of HOMO and LUMO are 

also given (c).  

 

This mechanistic proposal receives addional support from the observation that the plot of (log 

k1) vs the oxidation peak potentials Ep
OX values of the indoles radical cations measured in 

acetonitrile (Jennings et al. 1997) is linear (Figure 7), with a correlation coefficient of 0.9733.  



 12 

-5

-4

-3

-2

-1

0

1

2

0,4 0,6 0,8 1 1,2 1,4 1,6 1,8

E
p

OX
/ V

lo
g

 (
k

1
 /

 m
o

l-1
 L

 s
-1

)

log k
1
 = 3.23 - 4.41 E

p

OX

R
2
 = 0.9733

2a
2b

2d2e

2c

 
Figure 7. The influence of the oxidation peak potentials Ep

OX of 5-R-substituted indoles 2a-e on the 

rate constants of reactions of 2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 1-oxide 1 with these 

series of indoles 2 in CH3CN at 20 °C. The identity of points is given in Table 2. 

 

2.4. Quantification of electrophilicity E of  benzotriazole 1-oxide 1 

 

As shown in Table 2, the reactivity of the 4,6-dinitrobenzotriazole 1-oxide 1 with the 

reference nucleophiles 2a-e decreases as their nucleophilicity decreases. For example, k1 

decreases from 2.43 to 6.98 x 10-5 mol-1 L s-1 as the nucleophilicity parameter N of indole 

(Lakhdar et al. 2006) decreases from 7.22 to 2.83, respectively. This nucleophilicity-

dependent effect on reactivity is illustrated in Figure 8. A highly linear relationship is 

observed when plotting (log k1)/sN values against the nucleophilicity parameters N determined 

in acetonitrile of 5-R-substituted indoles 2a-e. This behavior confirms the applicability of 

Mayr’s approach to these -complexation reactions (Corral-Bautista et al. 2015; Necibi et al. 

2020; Justel et al. 2021; Ben Salah et al. 2020; Timofeeva et al. 2018; Rammah et al. 2021; 

Echaieb et al. 2014; Gabsi et al. 2016 Raissi et al. 2022). From the intercept of this line with 

the ordinate axis, the reactivity of electrophile 1 is derived (E = −6.87), which compares well 

to the previously reported value of −7.63 (Terrier et al. 2005). The latter was calculated using 

the correlation E = –3.20 – 0.662 pK
OH

a
2 (Terrier et al. 2005), with a pK

OH

a
2  value of 6.70 

associated with the covalent hydration of electrophile (Boubaker et al. 2002). More recently,  

https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Fran%C3%A7ois++Terrier
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Fran%C3%A7ois++Terrier
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a value of E = −5.97 has also been estimated by Rammah and co-workers (Rammah et al. 

2022) using both approach of Mayr and Parr.  
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Figure 8. Plot of the rate constants (log k1)/sN for the reaction of the of 2-(2’,4’,6’-trinitrophenyl)-4,6-

dinitrobenzotriazole 1-oxide 1 with the reference nucleophiles 2a-e versus their nucleophilicity 

parameters N in CH3CN or CH2Cl2 solution at 20 °C. 

 

Figure 9 compares the reactivity of the of 2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 

1-oxide 1 with other superelectrophiles, namely tetrazolopyridine 8, 4,6-dinitrobenzofuroxan 

9, 6-cyano-4-nitrobenzofuroxan 10, 4,6-dinitrobenzofurazan 11, and 2,4,6-trinitrobenzene 12 

(Terrier et al. 2005), along with superelectrophiles previously investigated by Mayr and co-

workers, such as 2-phenyl-1,3-dithianylium ion 13, (Mayr et al. 2003) and benzhydrylium ion 

14 (Ammer et al. 2012). Figure 9 reveals that the benzotriazole 1 (E = −6.87) exhibits 

electrohilicity comparable to 6-cyano-4-nitrobenzofuroxan 10 (E = −7.01) and 2-phenyl-1,3-

dithianylium ion 13 (E = −6.43), but is roughly 1.5 to 2 orders of magnitude less reactive than 

tetrazolopyridine 8 (E = −4.67), 4,6-dinitrobenzofuroxan 9 (E = −5.06), and 4,6-

dinitrobenzofurazan 11 (E = −5.46).  On the other hand, our electrophile 1 is 6.3 orders of 

magnitude more reactive than 2,4,6-trinitrobenzene 12 (E = −13.19), the conventional 

aromatic electrophile in nucleophilic addition or substitution processes (Buncel et al. 2010; 

Ayachi et al. 2020). As seen in Figure 9, the difference in reactivity between benzotriazole 1 

2d

N

H

Me
 

2b

N

H

Cl
 

2a

N

H

NC
 

2c

N

H

 

2e

N

H

H
2
N

 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Fran%C3%A7ois++Terrier
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and benzhydrylium ion (E = 8.02), the weakest known superelectrophiles to date, is 

approximately 15 units of E.  

Electrophilicity E

-6.87
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Figure 9. Comparison of the electrophilicity of 2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 1-

oxide 1 with those of other superelectrophiles reported by our laboratory and Mary’s team. 

 

2.5. Correlation between Nucleophilicity parameter (N)  

and global electrophilicity index (−) 
 

The primary focus of the present study was to establish and to explore a relationships 

between theoretical results and experimental data to predict the unknown nucleophilicity 

parameters (N) values of some 5-R-substituted indoles in acetonitrile solution. In this context, 

a theoretical study was conducted using density functional theory (DFT) to calculate the 

global nucleophilicity index (−) for the series of indoles 2a-e considered in the present 

study. This calculation followed the model developed by Parr and co-workers (Eq. (6)) (Parr 

et al. 1999).  

 − = 22                                                           () 

The electronic chemical potential () and chemical hardness () may be approached in terms 

of the one-electron energies HOMO and LUMO of the HOMO and LUMO frontier molecular 
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orbitals, respectively, according to the approximate expressions (7) and (8) (Parr and Pearson 

1983;  Parr and Yang 1989). The values of global nucleophilicity index (−) obtained in this 

manner are listed in Table 3 for the various indoles 2a-e      

           ≈ (HOMO + LUMO)/2                        (7) 

 ≈ (LUMO −  HOMO)                                   (8) 

Table 3. Values of HOMO, LUMO, , , and -1 for the substituted indoles 2a-e calculated in this work 

at the B3LYP/6-311g(d,p) level of theory in acetonitrile. 

5-R-indole HOMO (eV) LUMO (eV)  (eV)  (eV) -1 (eV-1) 

2a CN −6.216 −1.261 −3.7385 4.9550 0.709 

2b Cl −6.037 −0.855 −3.4460 5.1820 0.873 

2c H −5.827 −0.579 −3.2030 5.2480 1.023 

2d CH3 −5.778 −0.519 −3.1485 5.2590 1.061 

2e NH2 −5.289 −0.502 −2.8955 4.7870 1.142 

 

Analysis of the data summarized in Tables 2 and 3 revealed the exitence of a direct 

relationship between the nucleophilicity parameter N and the global nucleophilicity index − 

as shown in Figure 10. The linear dependence is described by Equation (9). Similar 

relationships between parameters N and − have also been reported by many authors (Raissi 

et al. 2023). The data in Table 4 serve as an illustration in this regard. 

        N  = −4.14 + 9.79 −            (R2 = 0.9957)                 (9) 
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Figure 10. Correlations between global nucleophilicity index (ω-1) calculated at B3LYP/6-311g(d,p) 

level for the 5-R-substituted indoles 2a-e listed in Table 3 and their experimentally determined 

nuleophilicities N. 

 

Table 4. Relationships N vs. ω−1 and correlation oefficients of some representative nuclepphiles in 

various solvents. 

Nucleophile Solvent 
Relationship  

(Correlation Coefficient) 
Ref 

N

H

O

N

H

N

H

 
Methanol 

N = 3.87ω−1 + 10.92 

(0.9964) 

Raissi  

et al. 2023 

N

O

N
bn

N N

 

Acetonitrile 
NTheo = 0.127 NExp + 1.96 

(0.98) 

Yao  

et al. 2022 

N

Ph

N

Ph

OTMS

Ph
Ph

N

N

Ph

O

bn

N

N

Ph

O

bn

 

Acetonitrile 
NTheo = 0.068NExp + 3.47 

(0.99) 

H H

NO
2

- CH
3

H

NO
2

- CH
3

CH
3

NO
2

-
 

Methanol 
N = − 2.427-1 + 16.649 

(0.9990) 

Necibi  

et al. 2023 

N
H

NH

NH
2

NH
2

NH
2

O

N
H

N
NH

NH
2

EtNH
2

 

Water 

 

NMayr = 9.09ω−1  +32.27 

(0.99)  
Using HF /6-31G (d) level of theory 

Chamorro 

et al. 2009 NMayr = 2.94ω−1 + 36.18 

(0.99)  
Using B3LYP/6-31G (d)  level of 

theory 

N
H  

Methanolic 

Acetonitrile 

Solutions 

N = 1.164ω−1 − 16.736 

(0.9988) 

Souissi  

et al. 2020 
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To evaluate the performance of the Equation (9), we recalculated the nucleophilicity 

parameter N of the three 5-R-substitutd indoles 2f-h (2f: X = OH, 2g: X = OCH3, and 2h: X = 

Br) whose experimental data are available (Lakhdar et al. 2006). We found that the predicted 

N values are consistent with the expected values reported in the literature as depicted in Table 

5. Note that, the global nucleophilicity -1 values have been calculated in acetonitrile by 

quantum chemical calculations at the B3LYP/6-311g(d,p) level of theory using Gaussian 09 

(See Table S2, Suporting Informtion,). This result indicates that equation (9) can successfully 

predict the values of other 5-R-substituted indoles from their known -1 values in acetonitrile 

solutions. 

Table 5. Experimental and theoretical nucleophilicity parameter N and global nucleophilicity -1 

values for the 5-R-substituted indoles 2f-h. 

5-R-substituted indole -1 (eV-1) a N 

2f

N

H

OH

 

1.069 
6.31b 

(6.44)c 

2g

N

H

CH3O

 

1.040 
6.02b 

(6.22)c 

2h

N

H

Br

 

0.873 
4.39b 

(4.38)c 

aValues determined in this work at the B3LYP/6-311g(d,p) level of theory in CH3CN.  

bValues calculated in this work from Eq. (9) in CH3CN.  

cN values in CH3CN were taken from ref (Lakhdar et al. 2006). 

 

2.6. Application: Nucleophile specific parameters N and sN of other unknown indoles 

 

Most importantly, correlation (9) can be serve as a reliable model for predicting the unknown 

nucleophilicity N values of several 5-R-substituted indoles. Based on this correlation, the N 

values of indole 2c, 5-fluoro-indole 2i, and 5-nitro-indole 2j have been evaluated using their 

-1 values calculated in the present work at the B3LYP/6-311g(d,p) level of theory (See Table 

6, and Table S2, Suporting Informtion).  

In order to quantify the nucleophile-specific slope parameters sN of indoles 2c, 2i and 2j we 

have studied the kinetics of their electrophilic heteroaromatic substitution reactions with the 

benzotriazole 1 in acetonitrile solution at 20 °C (See Table 6, and Figures S1 and S2, 

https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
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Supporting Information). The resulting second-order rate constants k1, were employed to 

evaluate the parameters sN of these indoles 2c, 2i and 2j according to the correlation equation 

log k  (20 °C) = sN (N + E), their N values previously predicted and the parameter E of 1. The 

detailed results are listed in Table 6. Also to be noted is that the parameters sN determined in 

the present work are of similar magnitude than those of the 5-R-substituted indoles (sN ≈ 1.10 

in acetonitrile) considered in this present work (Lakhdar et al. 2006). 

Table 6. Second-order rate constants k1 for the reactions of benzotriazole 1 with 5-R-substituted 

indoles 2c, 2i, and 2j and their ω−1, N, and sN parameters in acetonitrile solution at 20 °C.  

Electrophile Indole -1 (eV-1)a k1 (M
-1 s-1)b N c sN 

d 

+
N

N

N

NO
2

O

O
2
N

O
2
N

NO
2

O
2
N

1

E = -6.87

 

2c

N

H

 

1.023 8.91 x 10-2 5.87 1.05 

2i

N

H

F

 

0.913  4.80 x 10-3 4.80 1.12 

2j

N

H

O
2
N

 

0.391 1.76 x 10-8 −0.31 1.08 

aValues determined in this work at the B3LYP/6-311g(d,p) level of theory in CH3CN.  

bValues measured in this work from the slope of plots of kobsd vs. [5-R-indole] in CH3CN.  

cValues calculated in this work from Eq. (9) in CH3CN.  

dsN values calculated from Equation (1) using the E parameter of 1, the second-order rate constants k1 measured in this work, 

and the reactivity parameters N of  2c, 2i and 2j listed in this Table 6. 
 

 

3. Conclusion 

The electrophilic reactivity of 2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 1-oxide 1 

was determined by analyzing the kinetics of their reactions with a series of 5-R-substituted 

indoles 2a-e in acetonitrile or dichloromethane at 20 °C following Mayr’s approach. Detailed 

calculations were carried out to better understand the observed SET mechanism. Using 

density functional theory (DFT) and Parr’s approach, we deteremined the global 

nucleophilicity index -1 of ten 5-R-substituted indoles. On the other hand, N values of three 

indoles (R = OH, OCH3, and Br) were predicted based on the N vs. -1 correlation obtained in 

the present work, and the results aligned with those reported in the literature. Additionally, we 

also predicted the unknown nucleophile specific parameters N and sN of three new 5-R-

https://pubmed.ncbi.nlm.nih.gov/?term=Lakhdar+S&cauthor_id=17109534
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substituted indoles (R = NO2, F and H) in acetonitrile for the first time using Mayr’s equation 

and our N vs. -1 correlation. 

4. Experimental Section 

4.1. Materials 

All spectrophotometric measurements were conducted using a UV-1650 Shimadzu 

spectrophotometer equipped with a Peltier temperature controller (model TCC-240 A), 

capable of maintaining the temperature within 0.1 K.   

The 2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 1-oxide 1, was prepared as previously 

described (Vichard et al. 2001). All the 5-R-substituted indoles 2a-k are commercial products 

available of the highest quality (99.9%, extra dry) and were used as received. Acetonitrile 

(Aldrich, HPLC: 99.9%) of the highest quality was used without further purification. 

Dichloromethane was freshly distilled over CaH2 prior to use. (99.9%, extra dry) 

4.2. Kinetic Measurements  

All the reactions in the present study obeyed pseudo first-order kinetics in the presence of 

excess indole. The pseudo first-order rate constants (kobsd) were calculated using (Eq.10), 

where A∞ refers to the absorbance of the product 3 at the completion of the reaction, Ao refers 

to the absorbance at zero time, and At refers to the absorbance at time t. Plotting Ln(A∞-At) 

versus t yielded highly linear curves with correlation coefficients usually exceeding 0,98…. 

The measured first-order rate constants, kobsd, values and detailed reaction conditions are 

summarized in Table S1 in the Supporting Information. 

                 Ln (A∞ - At) = -kobsd t + Ln (A∞ - Ao)                   (10) 

4.3. Methods and Computational Aspects 

The molecular structures were optimized using the Gaussian 09 program (Frisch et al. 2009). 

Complete calculations in polar acetonitrile (CH3CN) were performed using the conductor-like 

polarizable continuum model (CPCM) (Mishra et al. 2016) and density functional theory 

(DFT) with the B3LYP (Becke three-parameter Lee-Yang-Parr) exchange-correlation 

functional (Becke 1993; Lee et al. 1988), in conjunction with the 6-311g(d,p) basis set. The 
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generated output files were utilized in the Gauss View (5.0.8) program (Govindarajan et al. 

2012). Based on the molecular optimized geometry, electronic properties, including highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy 

levels, were calculated. Time-dependent density functional theory (TD-DFT) was employed 

as a suitable framework for predicting the experimental UV-vis optical absorption spectrum 

of studied compound. Density of states (DOS) digrams were generated using Gaussum 

program (O’Boyle et al. 2007). 

Supporting Information Available  

Table S1. Concentrations and the measured rate constants, kobsd, for the individual kinetic 

experiments values for reactions for the reactions of the 2-(2’,4’,6’-trinitrophenyl)-4,6-

dinitrobenzotriazole 1-oxide 1 with a series of 5-R-substituted indoles 2a-e (R = CN, Cl, H, 

CH3 and NH2) in CH3CN or CH2Cl2 at 20 °C. 

Table S2. Values of HOMO, LUMO, , , and -1 for the 5-R-substituted indoles 2f-j 

calculated in this work at the B3LYP/6-311g(d,p) level of theory in CH3CN. 

Figure S1. Plot of the first-order rate constants kobsd vs. the concentration of 5-fluoro-indole 

2i in acetonitrile solution at 20 °C. 

Figure S2. Plot of the absorbance at λmax = 468 nm versus time observed for the reaction of 

2-(2’,4’,6’-trinitrophenyl)-4,6-dinitrobenzotriazole 1-oxide 1 (3 x 10-5) in the presence of 5-

nitro-indole 2j (1 mol L-1) in acetonitrile solution at 20 °C.  
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