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Ambident electrophilicity of 4-nitrobenzochalcogenadiazoles: Kinetic studies and structure-reactivity relationships

INTRODUCTION

In a previous work, we have reported on the first example of ambident electrophilic reactivity in Meisenheimer σ-complex formation. [START_REF] Gabsi | The ambident electrophilic behavior of 5-nitro-3-X-thiophenes in σ-complexation processes[END_REF] Thus, 2,4-dinitrothiophene 4a and 4-cyano-2-nitrothiophene 4b were found to react with para-Y-substituted phenoxide anions (Y = OMe, Me, H, Cl) to yield the σ-adducts 5 which are kinetically favored while the isomers 6 have a higher thermodynamic stability. The electrophilicity parameters of the C-3 and C-5 positions of the two thiophenes 4 have been determined according to Equation (1), where N and s are nucleophilespecific parameters, E is an electrophile parameter, and k is the second-order rate constant 2 : log (20 • C) = ( + ) .

(1)

Abstract

The kinetics of the reactions of 4-nitrobenzofurazane 1a, 4nitrobenzothiadiazole 1b, and 4-nitrobenzoselenadiazole 1c with a series of 4-Y-substituted phenoxide anions 2a-e (Y = OMe, Me, H, Cl, and CN)

in aqueous solution at 20 • C were investigated photometrically. The derived second-order rate constants (k 2 ) have been combined with the nucleophilicity parameters values of these series of anions 2a-e to determine the electrophilicity parameters E of electrophiles 1a-c according to the linear free-energy relationship (log k 2 )/s versus N. General reactivity of these electrophiles 1a-c is found to be fairly similar with E values ranging in -10.77 ± 0.61 < E < -7.53 ± 0.29.

The comparison with structurally related neutral electron-deficient heteroaromatic and aromatic compounds revealed that 1a-c are more reactive than 1,3,5-trinitrobenzene, as benchmark aromatic electrophile used in nucleophilic addition or substitution processes. The rate constants for the reactions of 4-nitrobenzochalcogenadiazoles 1a-c with some other nucleophiles were measured and found to agree with those calculated from Mayr's equation. Finally, analysis of the rate data in terms of the Brønsted approach reveals that 1a-c exhibits especially low intrinsic reactivity in σ-adducts 3 forming reactions. A recent investigation has shown that Mayr equation ( 1) can also be used to specifically assess the reactivity of the 4nitrobenzochalcogenadiazoles 1a-c at the C-7 position. A most significant feature to emerge from this work is that the comparison of the measured values of electrophilicity parameter E revealed the following reactivity order: 1a (E = -9.42) > 1c (E = -11.46) > 1b (E = -12.80).

K E Y W ORDS

In the present work, we further investigate the ambident electrophilic behavior of 1a-c with the primary objective of collecting quantitative information on the relative effects of the O, S, and Se atoms in the structures. We studied the reactivity of this series of electrophiles 1a-c at the C-5 position toward phenoxide anions 2a-e, 5-7 (Scheme 1, Table 1). We determined their electrophilicity parameters E and discussed it regarding the electrophilicity scale recently developed by Mayr. 8 Structure-reactivity relationships are also discussed, and it is shown that the σ-complexation reactions go through balanced transition states and are characterized by low intrinsic reactivity (log k o ) values.

EXPERIMENTAL

Materials

4-Nitrobenzochalcogenadiazoles 1a-c were prepared as previously reported. 9 Commercially (Aldrich products) available nitromethane, 4-methoxyphenol, 4-methylphenol, phenol, 4-chlorophenol, and 4cyanophenol were used as received.

In aqueous solutions, the nitromethane anion was generated by the treatment of the corresponding acids with NaOH. Stock solutions of the various 4-X-substituted phenoxide anions (X OMe, Me, H, Cl, and CN) 2a-e were prepared just before use by dissolving 1 equiv of phenol and 1 equiv of standardized NaOH solution.

Rate measurements

Kinetic measurements were performed on a conventional spectrophotometer (Shimadzu UV-visible model 1650).

The thermoelectrically temperature controlled cell holder (model TCC-240 A) was maintained at 20 ± 0.1 • C. All the reactions were carried out in triplicate under pseudo-firstorder conditions with a 4-nitrobenzochalcogenadiazoles 1a-c concentration of approximately 5 × 10 -5 mol L -1 and phenoxide anions 2a-e concentrations in the range 10 -4 to 5 × 10 -2 mol L -1 . Absorbance measurements were made at a range 323-335 nm (wavelength corresponding to the absorption maximum of the electrophiles 1a-c). The observed first-order rate constants, k obsd , were determined from the correlation ln (A ∞ -A t ) versus time, where A ∞ and A t are the values of equilibrium absorbance and the absorbance after time t, respectively. Measured first-order rate constants, k obsd , obtained at specific phenoxide anions concentrations are given for all substrates in Tables S1-S3 (Supporting Information), together with the derived second-order rate constants. Different phenoxide anion 2a-e concentrations were used to determine the secondorder rate constant (k 2 ) from the slope of the linear plot of k obsd versus [2a-e]. The kinetics constants measured were reproducible to within ±5%.

RESULTS AND DISCUSSION

Kinetics of the reactions of 4-nitrobenzochalcogenadiazoles with substituted phenoxide anions in H 2 O

The interactions of 4-nitrobenzochalcogenadiazoles 1a-c with phenoxide anions 2a-e have been shown by UVvisible spectrum to yield concurrently the isomeric complexes 3 and 7. In fact, under our experimental conditions, that is, at phenoxide anion concentrations less than about 10 -3 mol L -1 , the UV spectral measurements of the reaction of 1a (λ max = 335 nm) with phenoxide anion 2c revealed that the appearance of σ-adduct 7ac (λ max = 368 nm, attack at C-7 position) is preceded by the formation of a thermodynamically less stable species with an absorption maximum at 304 nm. This faster process may be reasonably associated with the formation of σ-adduct 3ac, which results from phenoxide anion addition at carbon C-5 of 1a. The It is interesting to note that the concurrent methoxide anion attack at the 5-and 7-carbons of 4-nitrobenzofurazan 1a has been reported by Terrier and coworkers. [START_REF] Terrier | Concurrent methoxide ion attack at the 5-and 7-carbons of 4-nitrobenzofurazan and 4nitrobenzofuraxan. A kinetic study in methanol[END_REF] In this case, the formation of the 5-methoxyl adduct 8 is also found to always precede that of the thermodynamically more stable 7-methoxyl isomer 9.

The kinetics of the reactions of this series of 4-nitrobenzochalcogenadiazoles 1a-c with the reference 4-Y-substituted phenoxide anions 2a-e in aqueous solution at 20 • C (Scheme 1, Table 1) were followed spectrophotometrically by measuring the decrease in the absorption at or close to the absorption maxima of the electrophiles 1, 335 nm (1a: X = O), 323 nm (1b: X = S), and 330 nm (1c: X = Se). All experiments were carried out under pseudo-first-order conditions with a 5 × 10 -5 mol L -1 of the electrophile 1 and a large excess (10 -4 to 5 × 10 -2 mol L -1 ) of the phenoxide anion 2. In all cases, only one relaxation process corresponding to the formation of the σ adducts 3 was observed under our experimental conditions (Figure 2), from which the pseudo-first-order rate constants (k obsd ) were obtained.

All the reactions studied followed a simple kinetic law given by Equation ( 2), where k 2 is the second-order rate constant for the formation of σ-adducts 3 and k-2 represent the first-order rate constant for the decomposition of σ-adducts 3. As expected, plots of k obsd versus the anion (2)

Effect of substituents on reactivity

Table 2 reveals that the second-order rate constants k 2 of phenoxide anions 2a-e attack on C-5 position of 4-nitrobenzoselenadiazole 1c is found to be seven-to eightfold greater than that of 4-nitrobenzothiadiazole 1b. The higher reactivity of selenophenic substrates toward nucleophilic reagents has been earlier reported by Terrier and coworkers. [START_REF] Terrier | Meisenheimer complexes. A kinetic analysis of the behavior of 2,4-dinitro-5methoxthiophene and -selenophene in methanol[END_REF] They have shown that the rate of methoxide ion attack on C-5 position of 2,4-dinitro-5-methoxyselenophene 10a is about 2.5-fold faster than on the same carbon of 2,4-dinitro-5-methoxythiophene 10b.

Thus, substituting the oxygen atom of the annelated ring of 4-nitrobenzofurazan 1a for a selenium or a sulfur atom clearly reduces the reactivity which decreases in the order 1a > 1c > 1b. For example, the ratio k 2 o /k 2 S and k 2 o /k 2 Se are equal to about 100 and 13, respectively, in the case of 4-methoxyphenoxide anion 2a. This result suggests that the reactivity decreases with decreasing the electronegativity of the heteroatom which decreases in the order O > Se > S. This is in agreement with the known relative nucleophilic reactivity of furan, thiophene, and selenophene. [START_REF] Dell'erba | Selenophene series. III (1). Substituent effect on the rate of reaction of various 2-bromo-3nitro-5-X-selenophenes with piperidine in ethanol[END_REF] We noted that going from Y = OMe to Y = CN resulted in a much larger decrease in the second-order rate constant k 2 . Such an effect would be consistent with the Hammett equation. [START_REF] Hammett | Reaction Rates, Equilibria and Mechanism[END_REF] The construction of Hammett plots of log k 2 versus σ p substituent constants 7 resulted in the linear relationships shown in 

Electrophilicity parameters E of 4-nitrobenzochalcogenadiazoles 1a-c

The nucleophilicity effect of phenoxide anion on reactivity is illustrated in Figure 5. As can be seen, the Mayr plots of (log k 2 )/s versus nucleophilicity N values of the phenoxide anions 2a-e (Ref. 5a) listed in Table 1 is well described by a linear free energy relationships with a slopes close to or greater than unity, indicating that the Equation (1) is applicable to the studied reactions. We have determined the electrophilicity parameters E values of 4nitrobenzochalcogenadiazoles 1a-c from the intercepts of these lines with the ordinate axis. nitrobenzoselenadiazole 1c, respectively. The ρ values are comparable to that reported for reactions, which have been suggested to proceed through a polar σ-complexation process, for example, ρ = -2.29 for reaction of 3-cyano-5nitrothiophene with parasubstituted phenoxide anions in aqueous solution at 20 • C (Ref. 1) and ρ = -1.84 to -1.75 for reactions of 2,6-dimethoxy-3,5-dinitropyridine with the same series of para-substituted phenoxide anions in aqueous solution at various temperatures. [START_REF] Mahdhaouii | Single electron transfer in σ-complexation reactions of 2,6-dimethoxy-3,5dinitropyridine with para-X-phenoxide anions in aqueous solution[END_REF] Figure 6 summarizes the electrophilicity parameters E and allows to compare these values with other neutral electron-deficient nitroaromatics and heteroaromatics, namely thiophenes 4, [START_REF] Gabsi | The ambident electrophilic behavior of 5-nitro-3-X-thiophenes in σ-complexation processes[END_REF] 4,6-dinitobenzofuroxan 11, [START_REF] Terrier | Ranking the reactivity of superelectrophilic heteroaromatics on the electrophilicity scale[END_REF] 1,3,5-trinitrobenzene 12, [START_REF] Terrier | Ranking the reactivity of superelectrophilic heteroaromatics on the electrophilicity scale[END_REF] and various cations such as 13, [START_REF] Mayr | π-nucleophilicity in carbon-carbon bond-forming reactions[END_REF] 14, [START_REF] Appel | Electrophilicities of benzaldehyde-derived iminium ions: quantification of the electrophilic activation of aldehydes by iminium formation[END_REF] and 15. [START_REF] Mayr | Reference scales for the characterization of cationic electrophiles and neutral nucleophiles[END_REF] As shown in Figure 6, the changes in the reactivity at C-5 or C-7 positions caused by the replacement of "O" by "Se" or "S" in 1a to give 1c (or 1a to give 1b) resulted F I G U R E 5 Plots of (log k2 (H2O, 20 • C))/s for the reactions of the 4-nitrobenzochalcogenadiazoles 1a-c with the reference 4-Y-phenoxide anions 2a-e versus their nucleophilicity parameters N. The identity of numbers is given in Tables 1 and2 [Color figure can be viewed at wileyonlinelibrary.com] in decreases of electrophilicity parameter E. The situation can be understood in terms of the electron-withdrawing effect of the annelated ring, which decreases in the order O > Se > S. [START_REF] Lakhdar | Nitrobenzoxadiazoles and related heterocycles: a relationship between aromaticity, superelectrophilicity and pericyclic reactivity[END_REF][START_REF] Deicha | Meisenheimer complexes from 4-nitro-2,1,3benzothiadiazole and 4-nitro-2,1,3-benzoselenadiazole. Kinetics in methanolic dimethyl sulfoxide[END_REF] Another interesting result is that electrophiles 1a, 1b, and 1c exhibits at C-5 position 1.89 ± 0.29, 2.03 ± 0.61, and 2.04 ± 0.30 E units higher than C-7 position, respectively. Similarly, comparison of the reactivity of 2,4-dinitrothiophene 4a and 4-cyano-2-nitrothiophene 4b shows that the C-3 position is approximately 2 orders of magnitude more electrophilic than the C-5 position. [START_REF] Gabsi | The ambident electrophilic behavior of 5-nitro-3-X-thiophenes in σ-complexation processes[END_REF] nitrobenzothiadiazole 1b (E = -10.77 ± 0.61), and 4-nitrobenzoselenadiazole 1c (E = -9.42 ± 0.30) displays an electrophilicity that compares well with that of the cations 13 (E = -7.76), 14 (E = -10.69), and 15 (E = -9.45), respectively.

Most importantly, the electrophilicity of the 4nitrobenzofurazan 1a (E = -7.53 ± 0.29) is found to approach that of 4,6-dinitrobenzoselenadiazole 16 (E = -7.40) [START_REF] Terrier | Modern Nucleophilic Aromatic Substitution[END_REF] , benzotriazole 17 (E = -7.63), 15,19 and 4-nitro-trifluoromethanebenzofuroxan 18 (E = -7.50) 24 compounds the general behavior of which are representative of a superelectrophilic rankings. [START_REF] Terrier | Ranking the reactivity of superelectrophilic heteroaromatics on the electrophilicity scale[END_REF][START_REF] Lakhdar | Nitrobenzoxadiazoles and related heterocycles: a relationship between aromaticity, superelectrophilicity and pericyclic reactivity[END_REF] On the other hand, the finding of E = -7.53 ± 0.29 for 4-nitrobenzofurazan 1a indicates that this heteroaromatic is approximately 2.5 order of magnitude less electrophilic than the E value of 4,6-dinitobenzofuroxan 11 (E = -5.06), the most superelectrophilic electrophiles known to date but, approximately 5.5 units higher than that for 1,3,5-trinitrobenzene 12 (E = -13.19), the common reference aromatic electrophile in nucleophilic addition processes. [START_REF] Buncel | Assessing the superelectrophilic dimension through σ-complexation, SNAr and Diels-Alder reactivity[END_REF][START_REF] Boubaker | An extremely highly electrophilic heteroaromatic structure: 4,6-dinitrotetrazolo[1,5a] pyridine[END_REF][START_REF] Makosza | Nucleophilic substitution of hydrogen in heterocyclic chemistry[END_REF] Also to be noted is that the carbon C-5 position of 4-nitrobenzofurazan 1a (E = -7.53 ± 0.29), 4-

Reactions with other nucleophiles

We confirm the applicability of the reactivity parameters E of the three 4-nitrobenzochalcogenadiazoles 1ac, by measuring the kinetics of the reactions of 1a and 1c with the hydroxide ion in 50% H 2 O-50% CH 3 CN, and the reaction of 1b with nitromethane anion in aqueous solution at 20 according to Equation (1) under the same experimental conditions from the previously published parameters N and s for these nucleophiles 25,26 and the electrophilicity parameters E of the three electrophiles 1a-e, it appeared that the values obtained for k 2,exp agrees nicely with that calculated, k 2,calcd . Interestingly, the k 2,exp /k 2,calcd ratios which measured the reactivity difference between experimental and predict second-order constants are generally in the range 10-100 for the polar organic reactions. [START_REF] Salah | Reactions of N1methyl-4-nitro-2,1,3-benzoselenadiazolium tetrafluoroborate with aliphatic and cyclic amines in acetonitrile: kinetic and structure-reactivity correlations[END_REF][START_REF] Chen | Ethenesulfonyl fluoride: the most perfect Michael acceptor ever found?[END_REF][START_REF] Allgäuer | Quantification and theoretical analysis of the electrophilicities of Michael acceptors[END_REF][START_REF] Azaiez | Reactivity of nitroalkyl anions addition to substituted benzylidenecyanoacetate: electrophilicity parameters and free energy relationships[END_REF][START_REF] Zhang | Exploration of the synthetic potential of electrophilic trifluoromethylthiolating and difluoromethylthiolating reagents[END_REF][START_REF] Dhahri | Kinetic of alkaline hydrolysis of p-substituted benzylidenemalonitrile in 50% aqueous acetonitrile[END_REF][START_REF] Follet | Structures, Lewis acidities, electrophilicities, and protecting group abilities of phenylfluorenylium and tritylium ions[END_REF][START_REF] Raissi | Kinetic studies on SNAr reactions of substituted benzofurazan derivatives: quantification of the electrophilic reactivities and effect of amine nature on reaction mechanism[END_REF] To account for this behavior, it was suggested that the 4-nitrobenzochalcogenadiazoles 1a-c can be used as reference electrophiles to predict the rates of their reactions with various nucleophiles.

On the other hand, the unknown pK a values for water addition to electrophiles 1a-c (Scheme 2) at the C-5 position have been estimated according to Equation (3). [START_REF] Terrier | Ranking the reactivity of superelectrophilic heteroaromatics on the electrophilicity scale[END_REF] In fact, from the reported E values, that is, -7.53 ± 0.29 for 1a, (3)

Brønsted behavior and transition state imbalances

Examination of the data in Tables 1 and2 reveals that the second-order rate constants (k 2 ) of the σ-complexation reactions are remarkably sensitive to the basicity effect of phenoxide anions 2a-e. In fact, satisfactory three parallel Brønsted straight lines, as shown in Figure 7 with a correlation coefficients > 0.99, are obtained on plotting log k 2 versus pK aH values of the conjugate acids of the anions 2a-e measured in aqueous solution. [START_REF] Moutiersg | Similar catalytic behaviour of oximate and phenoxide bases in the ionization of bis(2,4-dinitrophenyl)methane in 50% water-50% Me2SO. Revisiting the role of solvational imbalances in determining the nucleophilic reactivity of α-effect oximate bases. synthesis and theoretical approach[END_REF] Equations ( 4), ( 5) and ( 6), respectively, define the straight lines obtained in Figure 6 for electrophiles 1a, 1c, and 1b:

As can be seen, the slopes (β nuc ) of these lines remain constant for any given X substituent. This suggests that the transition state does not vary significantly with variation of the substituents on the electrophiles 1a-c. On the other hand, this observation suggests that any effect of substituent, which is going along with a change in the basicity of the phenoxide anion, modifies the nucleophilic reactivity ina similar way. More importantly, the value of β nuc associated with the changes of reactivity of phenoxide 2a-e is markedly greater than those determined with the σ-complexation reactions of these homogeneous family of electrophiles 1a-c by a given phenoxide anion 2, for example, α elc ≈ 0.41 (see Figure S4 in the Supporting Information). Such inequality between the Brønsted β nuc (variation of the pK aH of nucleophiles) and α ele (variation of the pK a of electrophiles) indicates that the σ-complexation of the three 4-nitrobenzochalcogenadiazoles 1a-c proceed through imbalanced transition state. 38-41 Thus, the values of I = β nuc -α el obtained in this study (Table 4), which measure the imbalance effect, suggest that our reactions are characterized by imbalanced transition state structures in which development of resonance and solvation at the aromatic ring of 4-nitrobenzochalcogenadiazoles 1a-c lags behind C O bond formation or lags behind charge transfer the phenoxide anion to these electrophiles 1a-c. [START_REF] Bernasconi | The principle of non-perfect synchronization[END_REF][START_REF] Bernasconi | Ambident electrophilicity of 4-nitrobenzochalcogenadiazoles: kinetic studies and structure-reactivity relationships[END_REF] Larger imbalance values have also been observed for nucleophilic addition to various electrophiles. [START_REF] Bernasconi | Nucleophilic addition to olefins. Large transition-state imbalances in the reaction of α-nitrostilbenes with amines[END_REF][START_REF] Bernasconi | High intrinsic rate constant and large imbalances in the thiolate ion addition to substituted αnitrostilbenes[END_REF][START_REF] Boubaker | Substituent effects on the reactions of aromatic triflones with para-X-anilines in methanol: low intrinsic reactivity and transition state imbalances[END_REF] The data in Table 4 are illustrative in this regard.

( ) = 0.9920 , (4) 

Intrinsic reactivity of 4-nitrobenzochalcogenadiazoles 1a-c

Using the definition of the intrinsic rate constant (k o ) developed by Marcus, 47-49 that is, k o = k when pK aH of nucleophile = pK a of electrophile, the intrinsic reactivity (log k o ) values for phenoxide anions 2a-e addition to 1a-c were readily determined from Equations ( 4)- (6). The log k o values are equal to -1.41 and -0.41 for 1a and 1c, respectively, but of 0.31 for the 4-nitrobenzofurazan 1b. We note that the log k o value for 1a reflects one the highest intrinsic barriers ever observed for the σ-complexation reactions. 30,46,50 On the other hand, the log k o values obtained in this work clearly indicates that the electronwithdrawing effect of the annelated ring, which decreases in the order O > Se > S, contributes very effectively to the resonance stabilization (see Structure I). This observation is significant since it confirms previous conclusion that our 
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F I G U R E 1

 1 Absorption spectra of 4-nitrobenzofurazan 1a and its 5-and 7-phenoxyl σ-adducts 3ac and 7ac in aqueous solution at 20 • C [Color figure can be viewed at wileyonlinelibrary.com] absorption spectra of 1a, 3ac, and 7ac are shown in Figure 1.

F I G U R E 2

 2 Plot of the absorbance at λmax = 330 nm versus time observed for the reaction of 4-nitrobenzoselenadiazole 1c (5 × 10 -5 mol L -1 ) with 4-methylphenoxide anion 2b in aqueous solution at 20 • C [Color figure can be viewed at wileyonlinelibrary.com]

F

  I G U R E 3 Influence of the concentration of the phenoxide anions 2a-c on the observed pseudo-first-order rate constants kobsd for addition to 4-nitrobenzothiadiazole 1b in aqueous solution at 20 • C [Color figure can be viewed at wileyonlinelibrary.com] concentration were linear (Figure 3), allowing a determination of the k 2 values from slopes. Table 2 summarizes the experimental values of the second-order rate constant (k 2 ): obsd = 2 [phenoxide anion] + -2.

TA B L E 2

 2 Summary of the second-order rate constants, k2, for the σ-complexation reactions of 4-nitrobenzochalcogenadiazoles 1a-c with reference nucleophiles 2a-e in aqueous solution at 20 • C k2 (mol -1 L s -1 ) 1a 1b 1c 2a (Y OMe) 31.65 (± 2.13) 3.19 (± 0.45) × 10 -1 2.55 (± 0.29) 2b (Y Me) 23.25 (± 1.56) 2.04 (± 0.40) × 10 -1 1.60 (± 0.15) 2c (Y H) 10.47 (± 0.76) 9.55 (± 0.95) × 10 -2 6.70 (± 0.56) × 10 -1 2d (Y Cl) 3.88 (± 0.35) 4.29 (± 0.71) × 10 -2 3.01 (± 0.38) × 10 -1 2e (Y CN) 3.55 (± 0.30) × 10 -1 2.78 (± 0.58) × 10 -3 2.24 (± 0.19) × 10 -2 Values of k2 are determined in this work from the slope of plots of kobsd -versus [phenoxide anion].

Figure 4 .

 4 Values of ρ = -2.12 ± 0.07 (r 2 = 0.9975), ρ = -2.19 ± 0.16 (r 2 = 0.9932), and ρ = -2.18 ± 0.08 (r 2 = 0.9961) were obtained for 4nitrobenzofurazan 1a, 4-nitrobenzothiadiazole 1b, and 4-F I G U R E 4 Hammett plots for reactions of 4nitrobenzochalcogenadiazoles 1a-c with 4-Y-substituted phenoxide anions (Y = OMe, Me, H, Cl, and CN) 2a-e in aqueous solution at 20 • C [Color figure can be viewed at wileyonlinelibrary.com]

48 F I G U R E 6

 486 Comparison of the electrophilicity parameters E of the C-5 and C-7 positions of the 4-nitrobenzochalcogenadiazoles 1a-c with other electrophiles [Color figure can be viewed at wileyonlinelibrary.com]

3 2 2

 322 Experimental (k2,exp) and calculated (k2,calcd) second-order rate constants for the reactions of 4-nitrobenzochalcogenadiazoles 1a-c with various nucleophiles at 20 • C Nucleophile k Mixtures of solvents given as (v/v). Abbreviations used for the solvents are AN (CH3CN) and W (H2O). a This work. b N and s values were taken from Ref. 25. c These rate constants were derived in this work from the slope of plots of kobsd versus [nucleophile] (see Figures S1-S3 in the Supporting Information). d Values calculated with Equation (1) from E, s, and N parameters listed in this table. e N and s values were taken from Ref. 26. S CH E ME 2 Reaction of water with the 4-nitrobenzochalcogenadiazoles 1a-c -9.42 ± 0.30 for 1c, and -10.77 ± 0.61 for 1b pK a values of 6.54 ± 0.44, 9.39 ± 0.45, and 11.43 ± 0.92 are thus obtained, respectively. Notably, the 4-nitrobenzofurazan 1a has been recognized to have superelectrophilic properties. 24,35-37 = -3.20 -0.662 p a .

  45 + (0.77 ± 0.03) paH = -7.86 + (0.79 ± 0.03) paH ( ) = 0.9938 ,

F I G U R E 7 4

 74 Brønsted plots for the reactions of the 4log 2 = -8.83 + (0.80 ± 0.06) p aH ( ) = 0.9954 . (6) nitrobenzochalcogenadiazoles 1a-c with the 4-Y-phenoxide anions 2a-e in aqueous solution at 20 • C. The identity of numbers is given in Tables 1 and 2 [Color figure can be viewed at wileyonlinelibrary.com] Values of βnuc, αele, and imbalances for some representative nucleophilic addition to electrophiles ± 0.03 0.39 ± 0.06 0.38 ± 0.03 This work The value of αele = 0.41 obtained in the present work has been determined for reaction of phenoxide anion 2a (Y = OMe) with the three 4nitrobenzochalcogenadiazoles 1a-c (see Figure S4 in the Supporting Information).

  Plot of log (ko) versus the electrophilicty E for the reactions of the 4-nitrobenzochalcogenadiazoles 1a-c with the 4-Yphenoxide anions 2a-e in aqueous solution at 20 • C [Color figure can be viewed at wileyonlinelibrary.com] σ-complexation reactions are associated with large imbalance transition states. More importantly, the intrinsic reactivity, log k o , values increase as the electrophilicity at the site C-5 of 1a-c decreases, for example, log k o increases from -1.41 to 0.31 as the parameter E decreases from -7.53 to -10.77. The effect of electrophilicity of 1a-c on the intrinsic reactivity is illustrated in Figure 8. As can be seen, the relationship between (log k o ) and E is linear and results in the following equation: 1a-c have been determined and compared with the reactivities of other electrophiles. On the other hand, we have demonstrated that Equation (1) predicts the rate constants of σ-complexation reactions of electrophiles 1a-c with the nitromethane anion and hydroxide ion within a factor of <26.37. The finding of a relatively larger I = β nuc -α elc values obtained in the present work is clearly consistent with significant imbalanced transition states. On the other hand, the increases in electrophilicity (E) observed on going from 1b to 1c to 1a are essentially the result of the corresponding decreases in the intrinsic reactivity (log k o ). Finally, our results provide a clear demonstration that the intrinsic reactivity (log k o ) values for the 4-nitrobenzochalcogenadiazoles 1a-c derived in aqueous solution are linearly related to their electrophilicity (E) values. OR CID Taoufik Boubaker https://orcid.org/0000-0003-3670-7828 R E F E R E N C E S
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log o = (-5. 35