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Theoretical investigation of the chemoselectivity and synchronously pyrazole ring 

formation mechanism fromethoxymethylenemalononitrileand hydrazine hydrate in 

the gas and solvent phases: DFT, meta-GGA studies and NBO analysis 

H. Sabet-Sarvestani, H. Eshghi, M. Bakavoli, M. Izadyar*and M. Rahimizadeh 

 

 

Abstract: In this work, structural and kinetic aspects of pyrazole (P) ring formation by reaction of ethoxymethylenemalononitrile (R1) and 

hydrazine hydrate (R2) have been studied in the gas and solvent phases, theoretically. Two major possible mechanisms have been considered. One 

of them has been initiated by nucleophilic attack of nitrogen atom of R2 to carbon atom of C=C double bond of R1 (Route 1) and the other has been 

started by nucleophilic attack of nitrogen atom of R2 to carbon atom of cyanide group in R1 (Route 2). In order to investigate the solvent effect on 

the reaction mechanism, all possible paths were reconsidered in methanol as the solvent. Obtained results show that the most probable path is route 

2 in the gas and solvent phases. Theoretical studies show that chemoselectivity of nucleophilic attack of nitrogen atom in the gas phase is similar to 

the solvent. Solvent is able to decrease the barrier energy of the rate determining step and enforce the reaction to be proceeded through subroute 5 of 

route 2. 
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1. Introduction 

Pyrazoles belong to the most important heterocycles containing nitrogen. They are classified as alkaloids, although they are rare 

in nature. The first natural pyrazole, 1-pyrazolyl-alanine, was isolated from seeds of watermelons.1 Pyrazole derivatives have attracted 

considerable interest because of their long history of applications in pharmaceuticals and agrochemicals.2 A systematic investigation 

of this class of heterocyclic lead revealed that pyrazole containing pharmacoactive agents play an important role in medicinal 

chemistry. The prevalence of pyrazole cores in biologically active molecules has stimulated the need for elegant and efficient ways 

to make these heterocyclic lead.3 Because of their widespread biological activities, synthesis of pyrazole derivatives is the subject of 

many research studies. These compounds are reported to possess significant antitumor,4 antimicrobial,5 anti-Inflammatory,6 antiviral,7 

and anticonvulsant8 activities.9-10 

Numerous precursors have been used for the synthesis of pyrazole derivatives. For example, the reaction of β-alkoxyvinyl 

trichloromethyl ketones with hydrazine hydrochloride leads to ethyl pyrazolecarboxylates.11 The reaction of diethyl 

ethoxymethylenemalonate with various hydrazine derivatives afforded the 5-hydroxypyrazole-4-carboxylates.12in addition the 

reaction of dimethyl dithiomalonate with methyl hydrazine gave 1-methylpyrazole.13 However, syntheses of the pyrazole derivatives 

have been reported by other precursors such as ethyl ethoxymethylenecyanoacetate,14 acetylenedicarboxylates15 and many other 

compounds.16-17 

Ethoxymethylenemalononitrile is another precursor, which gives 5-aminopyrazole-4-carbonitrile in the presence of hydrazine 

hydrate.18The objective of this study is to provide a theoretical prediction of the kinetic and activation parameters for this reaction. It 

is also important to elucidate the molecular mechanism associated with this reaction in order to find out a precise idea of the reaction 

pathway. Experimentally, the reaction has been done in methanol as solvent. For better analysis of the solvent effect, our theoretical 

studies have been done in solvent and gas phases. 

2. Computational details 

The structures corresponding to the reactants, transition states and the products for the reaction of pyrazole formation were 

optimized, using the Gaussian 03 computational package19 with DFT method as implemented in the computational package. 

Optimized geometries of the stationary points on the potential energy diagrams were performed using Becke’s three-parameter hybrid 

exchanges functional with the correlation functional of Lee, Yang and Parr (B3LYP) level of theory. The 6-311++G (d,p) basis set 

which includes a set of d and p-type polarization functions on non-hydrogen and hydrogen atoms, respectively, was used in these 

calculations. Single point energy calculations on the optimized structures have been done using the meta-GGA functional of 

MPWB95. 20-25 
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The synchronous transit-guided quasi-Newton (STQN) method as implemented by Schlegel et al.26 was used to locate the TSs. 

The intrinsic reaction coordinate (IRC) method27 was also applied in order to check and obtain the profiles connecting the TSs to the 

two associated minima of the proposed mechanisms. 

Vibrational frequencies of the points along the reaction paths were determined to provide an estimation of the zero point vibrational 

energies (ZPVEs). These calculations verified the nature of the stationary points as minima with real frequencies and the TSs with 

only one imaginary frequency. Enthalpy, entropy and Gibbs free energy of the reactions were evaluated from the B3LYP data at 

298.15K.  

Natural bond orbital (NBO) analysis, as suggested by Reed et al.28,29was applied to determine the charge changes in the reaction 

of pyrazole formation. 

Since the solvent-solute interactions are more considerable in the solution, the conductor like polarizable continuum model 

(CPCM), was applied for calculation of Gibbs free energy of solvation.30 

3. Results and discussions 

Figure 1 shows the overall reaction. The final product (P) is obtained after two nucleophilic attacks of nitrogen atoms of R2 

(Hydrazine) to R1 (Ethoxymethylenemalononitrile) and elimination of ethanol molecule. 

 

 

Figure 1. Overall reaction of pyrazole ring formation. 

 

 

There are eight tautomer isomers for the final product. The corresponding structures for these isomers and calculated total energies 

in the gas and solvent phases have been reported in table 1. According to their relative energy, tautomer isomer 8 is the preferred 

structure for the final product.   

 

Table 1. Probable tautomer isomers and their relative Gibbs free energies in the gas phase. 

tautomer 
isomers 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
7 

 
8 

Gas phase 

∆G(kcal.mol-1) 

 

-0.9 

 

-4.4 -12.8 

 

-14.8 

 

 

-16.6 

 

-18.5 

 

-37.2 

 

 

-39.6 

 

Solvent phase 

∆G(kcal.mol-1) 
10.9 3.8 -6.9 -11.4 -7.8 -8.9 -31.3 -33.0 
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Figure 2. Atom numbering for reactants 1 and 2. 

In this research, nucleophilic attack of nitrogen atom and hydrogen transfer has been considered, simultaneously. Two possible 

mechanisms can be proposed for the synthesis of pyrazole (P). Figure 3 shows the first mechanism. It has been initiated by nucleophilic 

attack of nitrogen atom 17 of R2 to carbon atom 6 of R1. N17-H20 bond has been cleaved while C3-H20 bond has been formed, 

simultaneously (for atom numbering see figure 2). Figure 3 shows the most probable intermediates for route1. 

 

 

Figure 3. Possible intermediates for route 1. 

 

In the second mechanism, cyanide group of R1 has been involved in the reaction. The reaction is initiated by nucleophilic attack 

of nitrogen atom 17 to carbon atom 4; N17-H20 bond has been broken and N5-H20 bond has been evolved, simultaneously. Figure 4 

shows all possible intermediates for route 2. 
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Figure 4. Possible intermediates and TSs for route 2. 

 

 

 

Intermediates 7 and 2 are common in two proposed routes and they have tow chiral centers. Therefore, different stereoisomers 

and different energy levels are recognizable. Table 2 shows these diastereomers and their relative energies in the gas phase. Calculated 

∆G values for the most stable stereoisomers of the intermediates 2 and 7 are -4.2 and -12.0 kcal.mol-1, respectively. Therefore, the 

most stable configuration of the stereoisomers have been considered in the overall pathway of the reaction.  

 

 

Table 2.  Diastereomers and relative energy levels of intermediates 7 and 2.  

 

 Diastereomers of intermediate 2 

Absolute 

Configuration 
(3R,4R) and (3S,4S) (3S,4R) and (3R,4S) 

∆G(kcal.mol-1) -2.7 -4.2 

 Diastereomers  of intermediate 7 

Absolute 

Configuration 
(3R,4R) and (3S,4S) (3S,4R) and (3R,4S) 

∆G(kcal.mol-1) -10.6 -12.0 
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Route 1(r1) 

There are three possibilities for the reaction progress through the route 1, after inter1 (r1) formation. The first probability leds to 

inter2 (r1) formation, nitrogen atom 16 get involved nucleophilic attack to carbon atom 4, N16-H19 bond has been cleaved and N5-H19 

bond has been formed, simultaneously. The second probability is the elimination of ethanol molecule, yielding inter3 (r1). During 

this process, C3-H20 and C6-O8Et bonds have been cleaved, EtO8-H20 bond has been formed and single C3-C6 bond has been converted 

to double bond, simultaneously. Third probability is the elimination of ethanol molecule, yielding inter4 (r1). Instead of C3-H20 bond 

breakage, N17-H21 and C6-O8Et bonds have been broken, EtO8-H21 bond has been formed and C6-N17 bond order has been increased. 

The corresponding subroutes which includes inter3 (r1) and inter4 (r1) are known as subroute 3 (blue lines in the potential energy 

diagrams) and subroute 2 (red lines in the potential energy diagrams), respectively. Also, four subroutes which have been formed 

from inter2 (r1) are known as subroute 1 (black lines), 4 (violet lines), 5 (orange lines) and 6 (green lines). 

 Route1 is followed through the subroutes 2 and 3. In this process, due to the nucleophilic attack of nitrogen atom 16 of inter3 

(r1) to carbon atom 4 within N16-H19 bond breaking and N5-H19 bond formation, inter5 (r1) is formed. inter4 (r1) has been turned in 

to inter6 (r1) by the same way. The aromatic product has been formed through [1, 3] hydrogen shift of inter5 (r1). During this 

process, N16-H18 bond is cleaved while N5-H18 bond is formed. inter9 (r1) has been formed through another [1,3] hydrogen shift of 

inter6 (r1).During this process C3-H20 bond is cleaved, while N5-H20 bond is formed and one aromatic intermediate is obtained. Since 

the relative Gibbs free energy of inter9 (r1) is higher than the final product (P), [1,5] hydrogen shift is happen. Therefore N16-H18 

bond is broken and N17-H18 is formed. 

 On the other hand, Route 1 can be continued through the inter2 (r1). Two overall processes have been considered for the final 

product (P) formation from inter2 (r1). One of them is ethanol molecule elimination and the other is hydrogen shift. If ethanol 

elimination is considered as the first process, inter6 (r1) and inter5 (r1) will be produced from inter2 (r1). inter5 (r1) is formed by 

C6-O8Et and C3-H20 bonds cleavage, while EtO8-H20 bond is formed and C3-C6 single bond order is increased. Then the final product 

(P) has been formed from inter5 (r1) by [1,3]-hydrogen shift of H18 from N16 to N5 . As the same way, inter6 (r1) is formed from C6-

O8Et and N17-H21 bonds breaking, while EtO8-H21 bond is formed and N17-C6 single bond order is increased. Final product (P) is 

obtained by two hydrogen shifts from the Inter6 (r1). One of them is [1,3]-hydrogen shift of H20 from C3 to N5 atoms, yeilding inter9 

(r1) and the other is [1,5]-hydrogen shift of H18 from N16 to N17 atoms. However if the hydrogen shift is considered as the first step, 

inter7 (r1) and inter8 (r1) will be formed from the inter2 (r1). Inter7 (r1) is formed from [1,3]-hydrogen shift of H18 atom from N16 

to N5 atoms, followed by ethanol elimination from inter7 (r1). Inter8 (r1) and inter9 (r1) are obtained by [1,3]-hydrogen shift of 

H20 atom from C3 to N5 and ethanol elimination from inter8 (r1), respectively. Finally, the final product (P) has been obtained from 

[1,5]-hydrogen shift of H18 atom from N16 to N17.     

 

Route2 (r2) 

After nucleophilic attack of nitrogen atom 17 to carbon atom 4 and inter1 (r2) formation, two Probabilities have been considered 

for this route. Inter2 (r2) is formed after nucleophilic attack of N16 to C6, N16-H19 bond has been broken, double C6-C3 bond has been 

converted to single bond and C3-H19 bond has been formed. Continuation of the route 2 from the inter1 (r2) is the same as route 1. 

On the other hand, inter3 (r2) is formed by [1,3] hydrogen shift from N17 to N5. Through this process N17-H21 bond has been broken, 

N5-H21 bond has been formed and single N17-C4 bond order has been increased. After this stage, inter7 (r2) is formed by nucleophilic 

attack of N16 to C6 and H19 transfer to C3 atom. N16-H19 bond has been cleaved, C3-H19 bond has been formed and double C3-C6 bond 

order has been decreased. Finally, C3-H19 and C6-O8Et bonds have been broken and EtO8-H19 bond has been formed and the final 

product has been produced by ethanol elimination. It is worth noting that both routes share some common intermediates. inter2 (r1), 

inter5 (r1), inter6 (r1), inter7 (r1), inter8 (r1) and inter9 (r1) is equal to inter2 (r2), inter6 (r2), inter4 (r2), inter7 (r2), inter5 

(r2) and inter8 (r2), respectively. Table 3 shows ∆G≠ for the rate determining steps (Rds) of all subroutes.  
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Gas phase studies 

Table 1(S) and Table 2(S) show the ZPVE-corrected total energies and relative Gibbs free energy of intermediates, product, and 

imaginary frequencies for the TSs for two routes in the gas phase, respectively. Cartesian coordinates of the structures have been 

included in the Supplementary data section. Figures 5 and 6 show the potential energy diagram depicted according to the relative 

Gibbs free energy of the species involved in two routes. Table 3 shows ∆G≠ for the rate determining steps of all subroutes. 

 

Table 3.Gibbs free energy of activation for the rate determining steps (Rds) in all of subroutes in the gas phase at the 

B3LYP level. 

Gas phase 

Route 1 Route 2 

Subroutes Steps of subroute 
∆G≠ of 

Rds(kcal.mol-1) 
Subroutes Steps of subroutes 

∆G≠ of 

Rds(kcal.mol-1) 

1(Black 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS8(r1), inter8(r1), 

TS12(r1), inter9(r1), 

TS15(r1), P 

59.0 
1(Blue 

lines) 

R, TS1 (r2), inter1 (r2), 

TS3 (r2), inter3 (r2), 

TS8(r2), inter7 (r2), 

TS12(r2), P 

55.0 

2(Red lines) 

R, TS1(r1), 

inter1(r1),TS4(r1), inter4 

(r1), TS6(r1), inter6 (r1), 

TS11(r1), Inter9 (r1), 

TS15(r1), P 

66.1 
2(Red 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS5(r2), 

inter5(r2), TS10(r2), 

inter8 (r2), TS13(r2), P 

 

59.4 

3(Blue lines) 

R, TS1(r1), inter1(r1), 

TS3(r1), inter3(r1), 

TS5(r1), inter5(r1), 

TS14(r1), P 

72.6 
3(Green 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS4(r2), 

inter4 (r2), TS9(r2), 

inter8(r2), TS13(r2), P 

59.4 

4(Violet 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS7(r1), inter6(r1), 

TS11(r1), inter9 (r1), 

TS15(r1), P 

58.4 
4(Violet 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS6(r2), 

inter6(r2), TS11(r2), P 

59.4 

5(Orange 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS9(r1), inter7(r1), 

TS13(r1), P 

58.4 
5(Orange 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS7(r2), 

inter7(r2), TS12(r2), P 

59.4 

6(Green 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS10(r1), inter5(r1), 

TS14(r1), P 

58.4 
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Figure 5. Potential energy diagram, according to the relative Gibbs free energy of the species involved in route1 in the gas phase. 
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Figure 6. Potential energy diagram, according to the relative Gibbs free energy of the species involved in route 2 in the gas phase.
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Simon and Goodman reported geometry optimization and frequency calculation by hybrid GGA functionals, (e.g. 

B3LYP), followed by a single-point calculation using a hybrid meta-GGA functional,gives reasonably good results 

compared with transition states optimized with the more expensive hybrid meta-GGA functionals.31Therefore, to develop 

more accurate and validity of the obtained results for final reaction paths analysis, single point energy calculations on the 

optimized structures have been done by meta-GGA functional at the MPWB95/6-311++G(d,p) level. Tables 5(S) and 6(S) 

show the total and relative energies of the intermediates, product and TSs for two routes. Table 4 shows ∆E≠ of rate 

determining steps in all of subroutes by this method in the gas phase. 

 

Table 4. ∆E≠ for the rate determining steps of all the subroutes in the gas phase at the MPWB95 level. 

Gas phase 

Route1 Route2 

Subroutes Steps of subroute 
∆E≠  of 

Rds(kcal.mol-1) 
Subroutes Steps of subroutes 

∆E≠  of 

Rds(kcal.mol-1) 

1(Black lines) 

R, TS1(r1), inter1(r1), 

TS2(r1),inter2(r1),TS8(r1), 

inter8 (r1),TS12(r1), 

inter9 (r1),TS15(r1),P 

62.0 
1(Blue 

line) 

R, TS1(r2), inter1(r2), 

TS3(r2), inter3(r2), 

TS8(r2), inter7 (r2), 

TS12(r2), P 

49.0 

2(Red lines) 

R, TS1(r1), 

inter1(r1),TS4(r1) 

,inter4(r1),TS6(r1), 

inter6(r1),TS11(r1), 

inter9(r1),TS15(r1),P 

62.6 
2(Red 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS5(r2), 

inter5(r2), TS10(r2), 

 inter8 (r2), TS13(r2), P 

 

62.0 

3(Blue lines) 

R, TS1(r1), 

inter1(r1),TS3(r1),inter3(r1)

,TS5(r1),inter5(r1), 

TS14(r1),P 

65.5 
3(Green 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS4(r2), inter4 

(r2), TS9(r2), inter8 (r2), 

TS13(r2), P 

60.6 

4(Violet 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1),inter2(r1),TS7(r1), 

inter6(r1),TS11(r1),inter9 

(r1),TS15(r1),P 

60.6 
4(Violet 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS6(r2), 

 inter6 (r2), TS11(r2), P 

79.0 

5(Orange 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1),inter2(r1),TS9(r1), 

inter7(r1),TS13(r1),P 
57.1 

5(Orange 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS7(r2),  

inter7(r2), TS12(r2), P 

54.2 

6(Green 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS10(r1), inter5(r1), 

TS14(r1), P 

79.0 

   

 

 

At the B3LYP level, subroutes 2 and 3 of the route 1 have larger ∆G≠ for the rate determining step than the other subroutes 

and other subroutes of two routes have nearly equal ∆G≠ of Rds, exceptionally subroute 1 of route 2,. On the other hand, at 

the MPWB95 level, ∆E≠ of Rds for subroute 1 is lower than the other subroutes of two routes, significantly. Therefore, both 

levels of calculations have similar results and it is confirmed that subroute 1 of route 2 (blue line in the potential energy 

diagrams) is the probable pathway for overall reaction in the gas phase. Since methanol is applied as solvent, investigation 

of the solvent effects on all of the intermediates and TSs is important.  
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Solvent phase studies 

Experimentally, the reaction has been done in methanol as the solvent. Therefore the solvent effects have been 

investigated during all of intermediates and TSs on the potential energy diagram. Table 3(S) and Table 4(S) show the ZPVE-

corrected total energies and relative Gibbs free energies of the intermediates, product and imaginary vibrational frequencies 

for the TSs in the solvent phase, respectively. Tables 5 and 6 show ∆G≠ and ∆E≠   of the rate determining steps for all 

subroutes in methanol, respectively. Since it has been reported the use of hybrid GGA functionals in the geometry 

optimization step and the Gibbs free energy correction terms followed by single-point energy evaluation using meta-GGA 

functional, offers a good compromise between accuracy and computational cost 31, single-point energy evaluation using 

meta-GGA functional is applied for recognition the most probable pathway for overall reaction.  

 

Table 5. Gibbs free energy of activation for the rate determining steps (Rds) of all subroutes in the solvent phase at the 

B3LYP level. 

Solvent phase 

Route1 Route2 

Subroutes Steps of subroute 
∆G≠of 

Rds(kcal.mol-1) 
Subroutes Steps of subroutes 

∆G≠of 

Rds(kcal.mol-1) 

1(Black 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS8(r1), inter8 (r1), 

TS12(r1), inter9 (r1), 

TS15(r1), P 

56.2 
1(Blue 

lines) 

R, TS1(r2), inter1(r2), 

TS3(r2), inter3(r2), 

TS8(r2), inter7 (r2), 

TS12(r2), P 

56.4 

 

2(Red lines) 

R, TS1(r1), 

inter1(r1),TS4(r1), inter4 

(r1), TS6(r1), inter6 (r1), 

TS11(r1), inter9 (r1), 

TS15(r1), P 

62.2 
2(Red 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS5(r2), 

inter5(r2), TS10(r2), 

inter8 (r2), TS13(r2), P 

 

56.4 

 

3(Blue 

lines) 

R, TS1(r1), inter1(r1), 

TS3(r1), inter3(r1), 

TS5(r1), inter5(r1), 

TS14(r1), P 

66.7 

 

3(Green 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS4(r2), 

inter4 (r2), TS9(r2), 

inter8 (r2), TS13(r2), P 

56.4 

4(Violet 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS7(r1), inter6 (r1), 

TS11(r1), inter9 (r1), 

TS15(r1), P 

56.1 
4(Violet 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS6(r2), 

inter6 (r2), TS11(r2), P 

56.4 

 

5(Orange 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS9(r1), inter7 (r1), 

TS13(r1), P 

54.9 
5(Orange 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS7(r2), 

inter7 (r2), TS12(r2), P 

56.4 

6(Green 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS10(r1), inter5(r1), 

TS14(r1), P 

54.9 
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Figure 7. Potential energy diagram, according to the relative Gibbs free energy of the species involved in route1 in the solvent phase. 
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Figure 8. Potential energy diagram, according to the relative Gibbs free energy of the species involved in route 2 in the solvent phase.
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     Table 7(S) and Table 8(S) show the total energies and relative energies of intermediates, product and TSs for two 

routes in the solvent phase. Table 6 shows ∆E≠ for the rate determining steps in all of subroutes in the solvent phase. Reaction 

paths following by the reactants through routes 1 and 2 in the gas and methanol phases have been depicted in Figures 1(S)-

4(S). 

 

Table 6.Calculated ∆E≠for the rate determining steps of all the subroutes in the solvent phase at the MPWB95 level. 

Solvent phase 

Route 1 Route 2 

Subroutes Steps of subroute 
∆E≠  of Rds 

(kcal.mol-1) 
Subroutes Steps of subroutes 

∆E≠  of Rds 

(kcal.mol-1) 

1(Black lines) 

R, TS1(r1), inter1(r1), 

TS2(r1),inter2(r1), 

TS8(r1),inter8(r1), 

TS12(r1),inter9(r1), 

TS15(r1),P 

66.0 1(Blue lines) 

R, TS1(r2), inter1(r2), 

TS3(r2), inter3(r2), 

TS8(r2), inter7 (r2), 

TS12(r2), P 

49.3 

2(Red lines) 

R, TS1(r1), 

inter1(r1),TS4(r1), 

inter4 (r1),TS6(r1), 

inter6 (r1),TS11(r1), 

inter9 (r1),TS15(r1),P 

61.0 2(Red lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS5(r2), 

inter5(r2), TS10(r2), 

inter8 (r2), TS13(r2), P 

 

61.0 

3(Blue lines) 

R, TS1(r1), 

inter1(r1),TS3(r1), 

inter3(r1),TS5(r1), 

inter5(r1),TS14(r1),P 

67.1 3(Green lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS4(r2), 

inter4 (r2), TS9(r2), 

inter8 (r2), TS13(r2), P 

60.1 

4(Violet 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1),inter2(r1), 

TS7(r1),inter6(r1), 

TS11(r1),inter9(r1), 

TS15(r1),P 

66.0 4(Violet lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS6(r2), 

inter6 (r2), TS11(r2), P 

77.6 

5(Orange 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1),inter2(r1), 

TS9(r1),inter7(r1), 

TS13(r1),P 

66.0 
5(Orange 

lines) 

R, TS1(r2), 

inter1(r2),TS2(r2), 

inter2(r2), TS7(r2), 

inter7 (r2), TS12(r2), P 

44.5 

6(Green 

lines) 

R, TS1(r1), inter1(r1), 

TS2(r1), inter2(r1), 

TS10(r1), inter5(r1), 

TS14(r1), P 

77.6 

   

 

At the B3LYP level, all subroutes of two routes have nearly similar ∆G≠ of Rds, exceptionally,  subroutes 2 and 3 of the 

route 1(high ∆G≠ of Rds). Considering the MPWB95 calculations, it can be seen that subroutes 1 and 5 of the route 2 have 

low ∆E≠ for the rate determining steps. Therefore, B3LYP and MPWB95 data comparison shows that subroutes 1 and 5 of 

the route 2 are the probable pathways for the overall reaction. Since subroute 5 has lower ∆E≠ of the Rds, this subroute can 

be considered as the most probable soubroute for the overall reaction.  
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NBO analysis              

Delocalization of electron density between occupied Lewis type (bonds or lone pairs) NBO orbitals and formally 

unoccupied (anti-bonds and Rydbergs) non Lewis NBO orbitals corresponds to a stabilizing donor–acceptor interaction.32-

33The energy of these interactions can be estimated by second order perturbation theory. Table 7 shows the energies of 

donor–acceptor interactions for the Reactants and TS1 (r2) in the gas and solvent phases. According to this table, the energy 

difference for the Reactants and TS1 (r2) in solvent phase is higher than the gas phase. Interactions of lone pair of N5 with 

σ*N17-H21 and σ*C3-C4 are the most important interaction because it has been increased more than other interactions. 

Therefore, in the rate determining step of the reaction, solvent molecules have remarkable effect in the barrier energy 

reduction of TS1 (r2). 

 

 

Table 7. Electron delocalization energies (E2) in the rate determining step of the reaction in gas and solvent phases at the B3LYP level (kcal.mol-1) 

Gas phase   Solvent phase 

Donor Acceptor Reactants Ts1(r2) Donor Acceptor Reactants Ts1(r2) 

πC3-C6 π*C1-N2 21.7 19.1 πC3-C6 π*C1-N2 25.0 23.5 

πC3-C6 π*C4-N5 20.5 12.2 πC3-C6 π*C4-N5 23.5 15.6 

πC4-C5 π*C3-N6 - 10.9 LP N2 RY*C1 18.1 18.4 

LP N2 RY*C1 17.8 17.7 LP N2 σ*C1-C3 11.0 11.1 

LP N2 σ*C1-C3 11.5 11.8 LP N5 RY*C4 18.5 14.3 

LP N5 σ*C3-C4 11.3 25.9 LP N5 σ*C3-C4 10.6 24.8 

LP N5 RY*C4 18.1 12.7 LP N2 RY*C4 - 12.1 

LP N5 σ*C4-N17 - 40.7 LP N5 σ*C4-N17 - 31.2 

LP N5 σ* N17-H21 - 94.3 LP N5 σ*N17-H21 - 103.4 

LP O8 π*C3-C6 45.0 32.4 LP O8 π*C3-C6 50.5 40.4 

π*C3-C6 π*C1-N2 11.0 10.4 π*C3-C6 π*C1-N2 13.0 14.1 

π*C3-C6 π*C4-N5 11.2 10.8 π*C3-C6 π*C4-N5 13.0 16.8 

σ*C4-N17 σ* N16-N17 - 10.0 σ*C4-N17 σ* N16-N17 - 15.0 

        

Total 168.1 308.9 Total 183.2 340.7 

ΔE delocalization 140.8 ΔE delocalization 157.5 

 

Conclusion 

A computational study on the kinetics and mechanism of ethoxymethylenemalononitrile (R1) and hydrazine hydrate 

(R2) reaction has been performed in two media. The reaction can be initiated by nucleophilic attack of nitrogen atom of R2 

to carbon atom of C=C double bond of R1 or to cyanide group of R2. CPCM calculations in methanol phase showed that 

solvent molecules have noticeable effect on the Gibbs free energy of activation and relative Gibbs free energy of species. 

Nucleophilic attack of nitrogen atom of R1 to carbon atom of cyanide group of R2 is the most probable pathway in the gas 

and solvent phases. The calculated activation energies are too high for a process which takes place under conventional 

experimental conditions. It may indicate that solvent molecules or a second substrate molecule is playing an explicit role in 

the reaction mechanism, but this possibility is beyond the scope of this study.  
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Supplementary Material 

Optimized structures of the TSs have been included in the Supplementary data section. Supplementary data associated 

with this article can be found, in the online version, at.... 
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Chemoselectivity of nucleophilic attack of nitrogen atom has been changed in the presence of the solvent due 
to rds changes.  
 

Page 17 of 17 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


