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Abstract: Our research focuses on the synthesis of 1,2,3-triazoles through 1,3-dipolar cycloaddition 
involving arylazides, acyclic active methylene compounds. The reaction demonstrates high effi-
ciency when conducted in the presence of morpholine, resulting in 100% regioselectivity towards a 
single isomer. A theoretical study of this reaction can be conducted to gain insights into its mecha-
nism and provide valuable information for its optimization. The study involves the use of compu-
tational methods, such as Density Functional Theory (DFT), to calculate the structures, energies, and 
properties of the reactants, intermediates, transition states, and products involved in the reaction. 
The calculations were performed using the Gaussian09 program with the DFT-D3/B3LYP-GD3BJ 
method. 
Keywords: triazoles; 1,3-dipolar cycloaddition; arylazides; active methylene compounds; regiose-
lectivity; conceptual DFT; transition state theory 
 

1. Introduction 
Heterocyclic chemistry constitutes a vast and important field in organic synthesis. 

Heterocycles exist naturally in essential molecules such as nucleic acids or certain alka-
loids. Synthetic heterocycles are widely used for various applications (dyes, herbicides, 
insecticides, materials...) and particularly in the synthesis of bioactive molecules. 

Among heterocyclic compounds, triazolic derivatives hold a significant position. 
They are applied as pharmaceuticals, cytostatics [1–3], antivirals [4], and anti-prolifera-
tives [5], as well as γ-aminobutyric acid antagonists [6]. They are used as intermediates in 
antibiotic synthesis [7], antihistamine preparations [8], and chemiluminescent com-
pounds [9]. They also exhibit inhibitory activity against tuberculosis mycobacteria [10] 
and HIV-1 protease [11]. 

1,2,3-triazole derivatives are also applied as insecticides [12], fungicides [13], plant 
growth regulators [14], antimicrobials [15] and corrosion inhibitors [16]. Triazoles also 
possess complexing properties and serve as excellent ligands for transition metals [17]. 
Consequently, in the last two decades, the chemistry of 1,2,3-triazole derivatives has been 
intensively developed. Numerous publications are dedicated to the development of new 
synthesis methods and the improvement of existing ones [18–20]. The use of “one-pot” 
reactions allows for reduced reaction time and number of steps, decreased pollution, and 
minimized cost [21–24]. 

One of the key properties of a molecule is the study of its chemical reactivity. Indeed, 
predicting reactivity facilitates and guides experimentalists in their syntheses. Therefore, 
many theoretical methods based on the principles of quantum mechanics are currently 
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employed [25]. In this study, we will attempt to determine the reaction mechanism and 
regioselectivity of the 1,3-dipolar cycloaddition through DFT theoretical calculations, 
starting from an active aliphatic and cyclic methylene compound in the presence of mor-
pholine (Scheme 1). We have chosen the reaction between para-nitrophenyl azide and 
ethyl acetoacetate. 

 
Scheme 1. Domino reactions of acetylacetone compounds with 4-nitrophenyl azide in the presence 
of morpholine. 

2. Methodology of Calculations 
Static ab initio calculations were performed using the Gaussian09 program [26], at 

the DFT⎯D3 level with the B3LYP−GD3BJ functional. Dispersion forces were taken into 
account [27,28], for exchange and correlation functions using the 6-31G(d, p) basis set [29]. 
Each identified transition state (TS) was confirmed by calculating the intrinsic reaction 
coordinate (IRC). The solvent effect, diethyl ether identical to the experimental solvent, 
was implicitly considered in our calculations using the polarizable continuum model of 
the integral equation formalism (IEFPCM) [30]. The values of enthalpies, entropies, and 
Gibbs free energies in diethyl ether were calculated using standard statistical thermody-
namics at 298 °C and 1 atm [31]. The electronic structures of stationary points were ana-
lyzed using the natural bond orbital (NBO) method [32,33]. The analysis of the reactivity 
of the studied reactants depends on chemical indices calculated from the energies of the 
frontier molecular orbitals LUMO and HOMO. 

3. Results and Discussion 
3.1. Prediction of the Relative Reactivity of the Reactants 

Due to the existence of two enol forms in pentane-dicarbonyl (acetylacetones) and 
cyclohexane-dicarbonyl (1,3-cyclohexanedione), as well as the presence of the morpholine 
base that plays a role in the tautomeric equilibrium, we started by studying the reactivity 
indices for all reactants with and without morpholine for acetylacetones and 1,3-cyclohex-
anedione in keto and enol forms (E or Z configuration) (see Figure 1). In order to highlight 
the donor (nucleophile) or acceptor (electrophile) character of the reactants, we calculated 
the HOMO/LUMO energy gaps of the reactants, electronic chemical potentials μ, hard-
ness η, electrophilicity index ω, and nucleophilicity index N (Table 1). 
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4-nitrophenyl azide (E)-4-hydroxy-3-penten-2-one (Z)-4-hydroxy-3-penten-2-one 

   

Acetylacetone 
(Z)-4-hydroxy-3-penten-2-one + 

Morpholine 
(E)-4-hydroxy-3-penten-2-one + 

Morpholine 

Figure 1. Configurations for all possible reactant combinations with and without morpholine for 
acetylacetones in the keto and enol forms (E or Z configuration). 

The results show that the energy gaps ELUMO(4-nitrophenyl azide) ⎯ EHOMO(n = 
2–6) are lower than the energy gaps EHOMO(4-nitrophenyl azide) ⎯ ELUMO(n = 2–6) 
indicating that 4-nitrophenyl azide behaves as an electrophile, while the other reactants 
(n = 2–6) behave as nucleophiles. 

Table 1. HOMO/LUMO energies (a.u.), electronic chemical potentials μ, hardness η, electrophilicity 
index ω, and nucleophilicity index N for the reactants with and without morpholine for acety-
lacetones in keto and enol forms (E or Z configuration). 

n  LUMO HOMO 
HOMO * 
−LUMO 

LUMO * 
−HOMO μ (u.a.) η (eV) ω (eV) N (eV) 

1 4-nitrophenyl azide −0.116 −0.263 0.195 0.107 −0.190 0.147 3.341 2.019 

2 (Z)-4-hydroxy-3-penten-2-one + 
Morpholine −0.068 −0.224 0.217 0.122 −0.146 0.156 1.856 3.092 

3 (E)-4-hydroxy-3-penten-2-one + 
Morpholine −0.051 −0.241 0.223 0.125 −0.146 0.190 1.523 2.616 

4 (E)-4-hydroxy-3-penten-2-one −0.054 −0.256 0.202 0.139 −0.155 0.201 1.626 2.220 
5 (Z)-4-hydroxy-3-penten-2-one −0.061 −0.256 0.199 0.152 −0.158 0.195 1.751 2.216 
6 Acetylacetone −0.064 −0.268 0.195 0.107 −0.166 0.205 1.832 1.875 

* LUMO and HOMO of 4-nitrophenyl azide. 

According to Table 1, it is also observed that the addition of morpholine reduces the 
gap for pentane-dicarbonyl, with the Z configuration for pentane-dicarbonyl being more 
reactive compared to the E isomer. This is further confirmed by the calculation of the over-
all hardness, which decreases with the addition of the base, making the carbonyl less hard 
and more reactive. 

Indeed, 4-nitrophenyl azide has the highest electrophilicity index (ω = 3.341 eV) and 
the lowest nucleophilicity index (N = 2.019 eV). Furthermore, the electronic potential of 4-
nitrophenyl azide (μ = −0.146 a.u.) is lower than that of the 5 carbonyls, indicating that 
electron transfer will occur from the carbonyl to 4-nitrophenyl azide. 
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It is also observed that the electrophilic character is reduced by the presence of the 
base in the carbonyls, and vice versa for the nucleophilic character, which increases with 
the presence of the base. 

In conclusion, 4-nitrophenyl azide acts as an electrophile, while the 5 carbonyls act 
as nucleophiles. 

3.2. DFT Study of the Domino Reactions of Acetylacetone Compounds with 4-Nitrophenyl Azide 
The thermal reactions between acetylacetone compounds 2 and 4-nitrophenyl azide 

1 are domino processes that involve three consecutive reactions (Scheme 1): 
A. Tautomeric equilibrium between acetylacetone compounds 2 and their enol forms 

4. 
B. 1,3-dipolar cycloaddition (13DC) reaction between the enol compounds 4 and 4-ni-

trophenyl azide 1, resulting in the formation of 4,5-dihydro-1,2,3-triazoles 5. 
C. Dehydration process facilitated by the morpholine base to yield the final 1,2,3-tria-

zoles 7 (see Scheme 2). 
The first reaction in this domino process is a tautomeric equilibrium between the keto 

and enol forms of the carbonyl compounds 2. The enols 2’ can adopt an E or Z configura-
tion at the C-C double bond (see Figure 1). The Z isomers without morpholine have an 
energy of −3.16 kcal/mol (Z), which is more stable than their corresponding E isomers (7.96 
kcal/mol). The addition of morpholine stabilizes the E isomer due to the formation of an 
intramolecular hydrogen bond in the E isomers, and slightly destabilizes the Z isomer, 
but the Z isomer remains more stable than the E isomer (Table 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 2. The two regioisomers obtained from the domino reaction of 4-nitrophenyl azide 1 with 
(Z)-4-hydroxy-3-penten-2-one 2’ and Morpholine 3. 
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Table 2. Relative energy B3LYP/6-311++G(d,p) of the enol form for both Z and E isomers without 
and with morpholine. 

Reactants ΔE (kcal/mol) Reactants ΔE (kcal/mol) 
Acetylacetone + Morpholine 0.00 Acetylacetone 0.00 

(Z)-4-hydroxy-3-penten-2-one + Morpholine −0.99 (Z)-4-hydroxy-3-penten-2-one −3.63 
(E)-4-hydroxy-3-penten-2-one + Morpholine 0.75 (E)-4-hydroxy-3-penten-2-one 7.96 

In the context of the 1,3-dipolar cycloaddition (13DC) reaction between the enols 2’ 
and 4-nitrophenyl azide 1, two regioisomers can form due to the asymmetry of these com-
pounds. These regioisomers are associated with the approach of nitrogen N1 of 4-nitro-
phenyl azide 1 to the carbon atoms C5 or C4 of the enols 2’. They are respectively referred 
to as (a) and (b) (see Scheme 2). 

To understand the regioselectivity of this reaction, it is important to study the mech-
anism of the two isomers. 

Regioisomer (a): In this case, nitrogen N1 of 4-nitrophenyl azide 1 attacks carbon C5 
of the enol 2’. This mechanism may be favored if carbon C5 of the enol has a higher elec-
tron density or better steric accessibility for nitrogen N1. 

Regioisomer (b): Here, nitrogen N1 of 4-nitrophenyl azide 1 attacks carbon C4 of the 
enol 2’. This mechanism may be favored if carbon C4 of the enol has a higher electron 
density or better steric accessibility for nitrogen N1. 

According to the Natural Bond Orbital (NBO) values in the transition state of the 1,3-
dipolar cycloaddition reaction, the NBO value for the formation of the N1-C4 bond in the 
transition state of regioisomer (a) is 1.12. And for the formation of the N1-C5 bond in the 
transition state of regioisomer (b), it is 6.19. These NBO values indicate that the formation 
of the N1-C5 bond is more favorable than the formation of the N1-C4 bond in the transi-
tion state. Therefore, regioisomer (b) is favored over regioisomer (a). 

In this case, the higher NBO value for the formation of the N1-C5 bond suggests bet-
ter stability and a higher probability of forming this isomer (b) compared to isomer (a). 

According to the data provided in Table 3 and Figure 2, the activation energies for 
the 13DC reactions between the enols 2’ and 4-nitrophenyl azide are lower for regioisomer 
(b) compared to regioisomer (a). For the transition state TS1b associated with regioisomer 
(b), the activation energy ΔG  is 18.09 kcal/mol. And for regioisomer (a), the activation 
energy ΔG  is 26.52 kcal/mol. 

Table 3. Relative energy, free energy, activation energy, and free energy of activation for the domino 
reaction of 4-nitrophenyl azide 1 with (Z)-4-hydroxy-3-penten-2-one 2’ and Morpholine 3. 

  
𝚫𝐄 

(𝐤𝐜𝐚𝐥. 𝐦𝐨𝐥𝐞 𝟏) 
𝚫𝑮 

(𝐤𝐜𝐚𝐥. 𝐦𝐨𝐥𝐞 𝟏) 
𝚫𝑬  

(𝐤𝐜𝐚𝐥. 𝐦𝐨𝐥𝐞 𝟏) 
𝚫𝐆  

(𝐤𝐜𝐚𝐥. 𝐦𝐨𝐥𝐞 𝟏) 
 Reactant 0.00 0.00 

10.85 12.54 
Enolization 

TS1 10.85 12.54 
MIN1 2.55 3.81 

26.21 
18.17 

26.52 
18.09 

Cycloaddition 

TS2a 
TS2b 

28.76 
20.72 

30.33 
21.90 

MIN2a 
MIN2b 

−10.92 
−11.51 

−8.65 
−9.42 11.77 

17.1 
24.68 
18.33 

Dehydration 

TS3a 
TS3b 

0.85 
5.59 

16.03 
8.91 

Product-a 
Product-b 

−38.14 
−42.20 

−27.53 
−29.90   
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Figure 2. shows the transition states corresponding to the two regioisomers of the 1,3-dipolar cy-
cloaddition reaction between the enols 2’ and 4-nitrophenyl azide in the presence of morpholine. 

These activation energy values indicate that regioisomer (b) is kinetically favored 
over regioisomer (a). In other words, the 1,3-dipolar cycloaddition reaction between the 
enols 2’ and 4-nitrophenyl azide has a lower energy barrier and is more likely to occur 
with regioisomer (b). 

The final step of this domino process is the dehydration of the cycloadducts 7 and 7’ 
in the presence of morpholine. This dehydration occurs in three steps: 
A. Deprotonation of carbon atom C5: Morpholine will deprotonate the carbon atom C5 

of the cycloadduct, creating a carbanion on this carbon atom. 
B. Protonation of the ketone oxygen: The ketone oxygen in the cycloadduct will be pro-

tonated, usually by a proton from morpholine itself. This step will stabilize the neg-
ative charge formed during deprotonation. 

C. Elimination of a water molecule and formation of the C5=C4 double bond: Under 
dehydration conditions, a water molecule will be eliminated. This elimination reac-
tion will lead to the formation of a double bond between the carbon atoms C5 and 
C4 of the cycloadduct (see Scheme 2). 
From Figure 3, it can be observed that the water elimination step is kinetically more 

favored for isomer (b) than for isomer (a). This means that the dehydration reaction occurs 
more rapidly for isomer (b) than for isomer (a). Additionally, it can be noted that the tria-
zole product formed from isomer (b) is thermodynamically more stable than the one 
formed from isomer (a). 

 
Figure 3. Energy profile of the domino reaction between 4-nitrophenyl azide 1, (z)-4-hydroxy-3-
penten-2-one 2’, and morpholine 3. 

4. Conclusions 
The DFT theoretical investigation shows that the reaction proceeds effectively with 

morpholine as a catalyst, resulting in 100% regioselectivity towards a specific isomer. This 
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method offers a significant advantage as it enables a practical one-step synthesis of a wide 
range of mono-, bi-, or tricyclic 1,2,3-triazoles using readily accessible active methylene 
compounds. 

Regarding triazoles 7 and 7’, a DFT calculation study was conducted to compare var-
ious approaches involving dipole/dipolarophile interactions. The study involved calculat-
ing the energies associated with different transition states. 
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