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Abstract: The N-alkylation reaction of N-benzoyl 5-(aminomethyl)tetrazole (5-AMT) with benzyl
bromide was carried out in the presence of K2CO3 as a base. Two separable regioisomers were
obtained, thus their purification led to determine the proportion of each of them, and their structures
were attributed essentially based on 1H and 13C NMR spectroscopy in addition to the elemental
analysis and MS data. In order to confirm the results obtained at the synthesis level, a computational
study was carried out by application of density functional theory (DFT) using the Becke three-
parameter hybrid exchange functional and the Lee-Yang-Parr correlation functional (B3LYP).
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1. Introduction

Tetrazole and its derivatives have attracted much attention because of their unique
structure and applications in numerous fields. Tetrazole is associated with different biologi-
cal activities, such as antibacterial [1], anticancer [2], antifungal [3,4], anti-inflammatory [5],
antimalarial [6], antitubercular [7] and antiviral [8]. Indicatively, tetrazole derivatives
are investigated both as potential explosives and as rocket propellant components based
on their high energy properties [9,10]; Moreover, tetrazoles, due to their high number of
nitrogen atoms, could serve as an environmentally benign component of gas generators
with a high burn rate and relative stability [11].

The isosteric similarities of tetrazole and carboxylate anions have been provided
by computational evidence [12] but over the past decades, it has as well been estab-
lished that 5-substituted 1H-tetrazoles are effective (bio)isosteres of the carboxylic acid
functionality [13,14]. The acidity of N-H is similar to that of O-H at physiological pH, both
exhibits planar structures, tetrazoles being more lipophilic; key factor when crossing cell
membranes; than the corresponding carboxylic analogs [15,16].

It exists in two tautomeric forms, 1H- and 2H-form (Scheme 1), in which the 1H-
form is more stable and predominant in solution, while the 2H-form is more stable in the
gas phase [17,18]. Tetrazole has the highest ionization potential (11.3 eV) and the dipole
moment in dioxane is 5.15 D. Tetrazole is acidic in nature and its pKa of 4.89 is comparable
to acetic acid (pKa 4.76).
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Scheme 1. Tautomerism of Tetrazole Derivatives.

Understanding the changes and mechanisms of reactions during a chemical reaction
is not easy. For this reason, quantum and theoretical chemistry is important to examine the
molecular reactivity of organic compounds whether “products or reactants”. The synthesis
of natural chemical compounds increasingly uses theoretical and computational chemistry
approaches to understand structural and energetic molecular phenomena [19]. Density
Functional Theory (DFT) provides a fruitful framework for exploring a conceptual theory
of chemical reactivity [20–22].

The objective of this work is to study the N-alkylation reaction of N-benzoyl 5-
(aminomethyl)-tetrazole (5-AMT) with benzyl bromide in an alkaline medium. The struc-
tures of the regioisomers obtained were assigned essentially on basis of (1H and 13C) NMR
spectroscopy in addition to the elemental analysis and MS data. We have also presented
theoretical justifications for the N-alkylation of (5-AMT) with benzyl bromide observed
experimentally. In this sense, we have examined the nucleophility, electrophility and
electrostatic potential (ESP) of the reagents used. As well as the stability and reactivity of
the products found.

2. Materials and Methods

Melting points were determined with an Electrothermal melting point apparatus and
are uncorrected. NMR spectra (1H, 13C) were recorded on a Bruker AM 300 (operating
at 300.13 MHz for 1H, and at 75.47 MHz for 13C) spectrometer (Cité d’Innovation, Fez,
Morocco). NMR data are listed in ppm and are reported relative to tetramethylsilane;
residual solvent peaks being used as internal standard and coupling constants (J) are given
in hertz. TLC analyses were carried out on 0.25 mm thick precoated silica gel plates (Merck
Fertigplatten Kieselgel 60F254) and spots were visualized under UV light or by exposure
to vaporized iodine. Mass spectra were recorded on a PolarisQ Ion Trap GC/MS Mass
Spectrometer (Cité d’Innovation, Fez, Morocco). Elemental analyses were done in Central
Service of Analysis at Rabat.

To a solution of 10 mmol of N-((tetrazol-5-yl)methyl)benzamide (5-AMT) and 25 mL of
anhydrous acetone, 11 mmol of K2CO3 were added under stirring for 15 min, then 10 mmol
of benzyl bromide were added. The reaction mixture was stirred at room temperature for
2 h. After the reaction, the solvent was evaporated and the obtained residue was taken up
in ethyl acetate, washed into the water three times. Organic layers were combined, dried
with Na2SO4, evaporated and purified by column chromatography on silica gel (eluent:
ether/hexane: 3/2). Yield = 74%.

N-((1-benzyl-1H-tetrazol-5-yl)methyl)benzamide (1,5-AMT): white solid; m.p. = 104–
106 ◦C; Ratio of 1H-regioisomer = 45%; Rf = 0.48 (ether). δH(ppm, DMSO, 300.13 MHz): 4.81
(2H, -CH2-Tet, d, J = 5.70); 5.75 (2H, -CH2-Ph, s); 7.26–7.82 (10Harom, m); 9.28 (1H, -NH-CO,
t, J = 5.70). δC(ppm, DMSO, 75.47 MHz): 33.02 (-CH2-Tet); 50.41 (-CH2-Ph); 127.77–135.02
(12Carom); 153.87 (-Cq(Tet)); 167.12(COamide). MS-EI: [M + 1]+ = 294. Elemental analysis:
Calcd.: C 65.52, H 5.12, N 23.89; Found: C 65.08, H 5.31, N 23.45.

N-((2-benzyl-2H-tetrazol-5-yl)methyl)benzamide (2,5-AMT): white solid; m.p. = 88–90 ◦C;
Ratio of 2H-regioisomer = 55%; Rf = 0.58 (ether). δH(ppm, DMSO, 300.13 MHz): 4.71 (2H,
-CH2-Tet, d, J = 5.70); 5.90 (2H, -CH2-Ph, s); 7.33–7.88 (10Harom, m); 9.19 (1H, -NH-CO, t,
J = 5.70). δC(ppm, DMSO, 75.47 MHz): 34.96 (-CH2-Tet); 56.29 (-CH2-Ph); 127.76–134.60
(12Carom); 164.94 (-Cq(Tet)); 166.69 (COamide). MS-EI: [M + 1]+ = 294. Elemental analysis:
Calcd.: C 65.52, H 5.12, N 23.89; Found: C 65.87, H 5.29, N 23.29.
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3. Results

Generally, organic reactions are classified as nonpolar or polar; this depends on the
overall electronic nature of the bond break and/or the bond formed during the reaction.
The nucleophilic or electrophilic power of a molecule is obviously linked to its capacity
to exchange electron density with a reaction. So the protocol for understanding this
chemical mechanism requires taking into consideration the electronic structure of the
system, which could only be possible with quantum description. With the application
of theoretical chemistry based on quantum mechanics, it is possible to obtain several
theoretical parameters such as electronic parameters (Electrostatic potential, orbital energies
(Lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO)), Energy gap (energy difference between ELUMO and EHOMO), electrophilicity,
nucleophilicity . . . ), energy parameters (enthalpy of formation).

The HOMO and LUMO energies found can be used for the calculation of other
parameters related to the stability of the molecule such as the electronic chemical potential
(µ), the chemical softness (S), the chemical hardness (η), the electrophilicity index (ω) and
nucleophilicity index (N). These can be calculated as follows:

-Electronic Chemical Potential [23]:

(µ) = −(χ) = (EHOMO + ELUMO)/2 (1)

-Chemical Hardness:

(η) = (ELUMO − EHOMO) (2)

-Electrophilicity Index:

(ω) = µ2/2η (3)

And molecular softness [24]:

(S) = 1/2η (4)

-The nucleophilicity index N is referenced to the HOMO energy of tetracyanoethylene
(TCE) [25]:

N = EHOMO (Nu) − EHOMO (TCE) (5)

The molecules studied were created using Gaussian View software version 5.0.8. The
optimization of the geometry and the quantum parameters found were carried out in the
aqueous phase using Gaussian 09 software [26]. The solvent effect is treated based on the
IEFPCM model (Integral Equation Formalism Polarizable Continuum Model) using water
as solvent [27].

DFT calculations were carried out using the Becke three-parameter hybrid exchange
functional and the Lee-Yang-Parr correlation functional (B3LYP) together with 6-31G (d)
basis [28,29]. All calculations are done in the aqueous phase.

4. Discussion
4.1. Experimental

The compound 5-AMT was obtained in high yield [30]. However, the control of its
purity by the Thin-Layer Chromatography (TLC) showed that there was only a very thin
trail, which proved that the 5-AMT in the form of an inseparable mixture of two tautomeric
forms 1H and 2H. In order to have an idea on the ratio of each resulting regioisomers from
its N-alkylation, we performed this reaction with benzyl bromide in the presence of K2CO3
as base (Scheme 2).
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Scheme 2. N-alkylation strategy of 5-AMT.

After reaction, the control of the crude product by TLC showed the appearance of
two distant spots between them, which easily led to the separation of these two formed
regioisomers by column chromatography of silica gel to determine the ratio of each of
them.

The structures of the 5-AMT (Figure 1) and two regioisomers 1,5-AMT and 2,5-AMT
will be definitively established on the basis of the study of the NMR spectra (1H, 13C) of
the two obtained compounds (Figures 2 and 3).

Figure 1. 1H (A) and 13C NMR (B) spectra of 5-AMT.
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Figure 2. 1H NMR spectra, (A) of 1,5-AMT and (B) of 2,5-AMT.

In the case of the derivative (1,5-AMT), the benzene ring is located just below the rest
of the molecule, which will influence the environment of the methylene protons -CH2-Tet as
well as the amide proton -NH-CO, hence its contribution to modifying their local magnetic
fields.

It is, therefore, a weak magnetic anisotropy near the benzene ring, resulting from the
electronic current, which associated with the delocalization of the electrons (π), on either
side of the plane of the benzene ring. This translates to a light deshielding of these protons
-CH2-Tet and -NH-CO. On the other hand, the two methylene protons -CH2-Ph are this time
deshielding in the case of the derivative (2,5-AMT) thanks to their more electronegative
environment.

The 1H NMR spectrum of the derivative (1,5-AMT) shows a doublet at 4.81 ppm
attributed to the methylene protons -CH2-Tet (J = 5.70247 Hz) and a triplet at 9.29 ppm
corresponding to the amide proton -NH-CO (J = 5.70247 Hz) (Table 1). Likewise, the 1H
NMR spectrum of the derivative (2,5-AMT) also presents a doublet at 4.71 ppm attributed
to the methylene protons -CH2-Tet (J = 5.70247 Hz) and a triplet at 9.19 ppm corresponding
to the amide proton -NH-CO (J = 5.70247 Hz).

Table 1. 1H Chemical shift assignments (in ppm) and coupling constants (in Hz) in 1,5- and 2,5-AMTs
derivatives (DMSO-d6).

1,5-AMT 2,5-AMT

−CH2-Tet 4.81 (J = 5.70247) 4.71 (J = 5.70247)

−CH2-Ph 5.75 5.90

−NH-CO 9.29 (J = 5.70247) 9.19 (J = 5.70247)
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According to the measured values of the coupling constant (J) in all cases and to the
multiplicity of the signals, the protons −CH2-Tet and −NH-CO are coupled in the case of
the two derivatives.

Since the chemical shifts of these two types of protons are slightly influenced by the
phenomenon of anisotropy due to the precession cone of the aromatic cycle in the case
of 1,5-AMT, the coupling constant (J) remains unchanged, which shows again that the
spin-spin coupling is independent of the applied magnetic field.

Figure 3. 13C NMR spectra, (A) of 1,5-AMT and (B) of 2,5-AMT.

The 13C NMR spectra of the two derivatives 1,5-AMT and 2,5-AMT respectively
present, inter alia, the signals corresponding to the tetrazole’s carbon -Cq(Tet) at 153.87 ppm
and 164.94 ppm (Table 2). In general, the Cq signal of tetrazoles is deshielded by about 9.2–
12.2 ppm in 2,5-disubstituted derivatives relative to the corresponding 1,5-disubstituted
derivatives [31,32]. Hence, regioisomers’ structures 1,5-AMT and 2,5-AMT have been well
proposed. After purification on a silica gel column, the two regioisomers 1,5-AMT and
2,5-AMT were obtained with slightly different proportions. This suggests that the 5-AMT,
which contains a free N-H bond, has existed as a 1:1 ratio of 1H- and 2H-tautomeric forms,
but in reality, with a slight predominance of 2H-form [32].

Table 2. 13C Chemical shift assignments (in ppm) in 1,5- and 2,5-AMTs derivatives (DMSO-d6).

1,5-AMT 2,5-AMT

−CH2-Tet 33.02 34.96

−CH2-Ph 50.41 56.29

−Cq(Tet) 153.87 164.94



Chemistry 2021, 3 710

4.2. Computational Calculation

Figure 4 shows the optimized geometries and representations of the electrostatic
potential (Isosurface) of the reagents studied. The examination of Electrostatic potential
ESP maps (Isosurface representation). The high electronic density is represented by a red
(Isosurface) color, and the low electronic density is represented by a blue (Isosurface) color.
It can be clearly seen in this Figure that the regions of negative potential in red colors
(Isosurface), are delocalized in the nucleophiles sites of the molecules tested. On the other
hand, the zones of positive potential in blue colors (Isosurface) are mainly distributed
near the electrophile sites. This really means that its two regions in blue are the two sites
responsible for the attack and reactivity of two molecules with the benzyl bromide.

Figure 4. The optimized geometry and representations of electrostatic potential (Isosurface) of the studied compounds.

Many studies of organic reactions have shown that the analysis of reactivity indices to
determine from density the conceptual functional theory (CDFT). The global DFT reactivity
indices, namely the chemical hardness η, indices of electronic chemical potential µ, softness
S, electrophilicityω and nucleophilicity N of the reagents, are given in Table 3.

Table 3. Electronic chemical potential µ, chemical hardness η, electrophilicityω, nucleophilicity N
and softness S calculated using DFT/B3LYP/6-31G (d) (eV).

Reaction 1 (1,5-AMT) Reaction 2 (2,5-AMT)

1H-Form Benzyl Bromide 2H-Form Benzyl Bromide

µ −1.56 −1.50 −1.67 −1.50

η 5.30 6.64 4.67 6.64

S 0.09 0.075 0.10 0.07

ω 0.13 0.17 0.12 0.17

N 4.93 4.32 5.13 4.32

This table indicates that the electrophilic and nucleophilic character of 1H- and 2H-
tautomeric forms are different. The electronic chemical potential analysis of two forms;
1H-form (µ = −1.56 eV), 2H-form (µ = −1.67 eV), and of benzyl bromide (µ = −1.50 eV)
indicates that benzyl bromide has greater energy than the two forms. This suggests that
reaction 2 between benzyl bromide and the 2H-tautomeric form will have a high polar
character, compared to reaction 1. To fully explain the reactivity of the two forms with
benzyl bromide, we compared the nucleophilicity N and the electrophilicity ω. An N
nucleophilicity of 2H-form (5.13 eV) is stronger than 1H-form (4.93 eV) compared to benzyl
bromide (4.32 eV). Regarding the electrophilicityω, benzyl bromide (0.17 eV) is stronger
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than both forms; 1H-form (0.13 eV), and 2H-form (0.12 eV). From this table, we noticed
that the two compounds 1H- and 2H-tautomeric forms are strong nucleophiles witch react
with the electrophile “benzyl bromide” to form the two products (1,5- and 2,5-AMT). We
have also found that the compound 2,5-AMT is the slightly majority product and 1,5-AMT
is the minority, this is justified by the significant nucleophilicity of 2H-form than 1H-form.
This explains the experimental results obtained i.e., 55% 2,5-AMT and 45% 1,5-AMT.

Theoretical reactivity indices defined within the CDFT [29], we can examine the
electrophilic/nucleophilic character. The highest occupied molecular orbital (HOMO)
is an electron donor system (nucleophile) to another receptor system, while the lowest
unoccupied molecular orbital (LUMO) is an electron acceptor (electrophile). The gap
energy ∆Egap or (EHOMO-ELUMO) gives information on the reactivity of the system; if ∆Egap
is low, means that the system is reactive and stable, i.e. the electrons transfer between
the orbital HOMO and LUMO is favorable [33]. The energy difference between LUMO
of benzyl bromide and HOMO of 2H-form (∆Egap2 = 5.83 eV) is less than the difference
of energy between HOMO of 1H-form and LUMO of benzyl bromide (∆Egap1 = 6.03 eV).
This confirms that the overall transfer of electron density will shift better from 2H form to
benzyl bromide (Figure 5).

Figure 5. Energy gap between HOMO and LUMO of reagents in path reactions.

The Table 4 shows the HOMO, LUMO and ∆Egap of the two products obtained after the
synthesis of 5-AMT. Reading this table shows that the energy gap (∆E = ELUMO − EHOMO)
of the compound 2,5-AMT (∆E = 0.18 eV) is less than that of 1,5-AMT (∆E = 0.20 eV). This
obviously indicates that the reactivity and stability of compound 2,5-AMT is favorable
compared to 1,5-AMT. These results give an argument aspect, reinforcing and explaining
the experimental reactions obtained (55% for 2,5-AMT and 45% for 1,5-AMT).
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Table 4. Calculated quantum chemical parameters of organic compounds 1,5-AMT and 2,5-AMT
using DFT method with 6-31G (d) basis set in aqueous phase.

∆H (eV) ELUMO (eV) EHOMO (eV) ∆E (eV)

1,5-AMT −26,000.25 0.04 −0.15 0.20

2,5-AMT −26,000.17 0.03 −0.15 0.18

5. Conclusion

In summary, the synthesis of two regioisomers, 1,5- and 2,5-AMTs derivatives was
carried out via the N-alkylation reaction starting from 5-AMT, which contains a free N-H
bond. The purification of these two resulting and the (1H, 13C) NMR study of their spectra
allowed us to deduce the tautomeric composition of the starting 5-AMT derivative, and
from these NMR spectra studied we deduced 55% for 2,5-AMT alkylation and 45% for
1,5-AMT. DFT calculations also showed that the 2,5-AMT reaction path is more dominant
than 1,5-AMT; First, electrostatic potential (ESP) studied showed that the negative regions
are delocalized in the nucleophilic sites of the benzyl bromide molecule, while the positive
regions are delocalized in the electrophilic zones (blue color) of the two forms of the 5-AMT
molecule. Secondly, we have justified that the 2,5-AMT compound is the slightly majority
product than the 1,5-AMT product. Finally, the analysis of energy gap ∆Egap showed that
the overall transfer of electron density will shift better from 2H-form to benzyl bromide. As
well as the reactivity and the stability of the compound (2,5-AMT) is favorable compared
to (1,5-AMT).
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