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INTRODUCTION

The Berenil [4,4’-(1-triazene-1,3-diyl)bis(benzamidine) aromatic symmetric diamidine] whose molecular structure is shown
in Figure 1, is a compound that have significant anti-microbial activity and is used in veterinary medicine as an agent against
Trypanosoma and Leishmania [*2, It is also applied as ligand for the purification of pDNA from clarified and non-clarified Escherichia
coli process streams by pseudo-affinity chromatography ©.

With the use of voltammetric techniques it is possible to obtain parameters important in the study of reaction of oxidation
and reduction of a molecules, such as the degree of reversibility and the number of protons and electrons involved in the reaction.
However, a tool that has been widely used to help in the elucidation of the likely reaction mechanism this is Quantum chemical
calculations, through the electrostatic potential derived charges and frontier molecular orbitals: HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) ©, giving an estimate of likely atoms involved process of
oxidation or reduction.
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Figure 1. Molecular structure of berenil.
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The reduction of berenil on glassy carbon and mercury electrodes examined by cyclic voltammetry showed a unique
irreversible reduction with the entry 2e/2H* 58, In these two presenting works the authors suggest that the reduction occurs
in the triazene function (-N=N-N-) of the berenil molecule. However, they do not indicate exactly which atoms involved and the
mechanism of the reduction reaction. For a better understanding of the electrochemical process we conducted density functional
theory (DFT) calculations of determining exactly the atoms where occurs the reduction the likely mechanism. A theoretical study
similar with semi-empirical quantum chemistry method was used successfully on the proposition of the mechanism of oxidation
of the tricyclic antidepressant amitriptyline [,

COMPUTATIONAL METHOD

The density functional theory (DFT/B3LYP) method & and 6-31+G(d,p) basis set was used in the optimization of the
molecular geometry of berenil, as well as in the calculation of the atomic charges derived from the electrostatic potential and the
graphical representation of LUMO (lowest unoccupied molecular orbital) was obtained using the Gaussian 09 program 11,

RESULTS AND DISCUSSION

This study began with the geometric optimization of the berenil in the ground state (+2 charge). The geometric optimization
is an important step for obtaining correct of the partial atomic charges and frontier molecular orbitals. The Table 1 shows a
comparison between the calculated inter-atomic distances in the ground state and the experimental values %1%, According to
these results a planar molecule is expected in agreement to the X-ray spectroscopy 2. In addition, it is found a good agreement
for the calculated and experimental bond distances between the calculated and experimental values.

Table 1. Interatomic Bond Lengths (in A) for berenil.

Bonds Calculated Experimental
cC
C2-C4 1.47 1.48
C16-C19 1.47 1.49
C4-C5 1.41 1.39
C5-C6 1.39 1.37
C6-C7 1.4 1.38
C7-C8 1.41 1.4
C8-C9 1.38 1.37
C4-C9 1.41 1.4
C15-C16 1.41 1.39
C14-C15 1.38 1.36
C13-C14 1.41 1.39
C13-C18 1.41 1.4
C17-C18 1.38 1.37
C16-C17 1.41 1.39
C-N
C7-N10 1.41 1.41
C13-N12 1.38 1.39
N-N
N10-N11 1.26 1.27
N11-N12 1.34 1.33

In order to identify the most probable sites for the reduction reaction of the molecule, a LUMO contour map (Figure 2)
analysis are obtained for berenil in the ground state. The orbital LUMO provides evidence on the sites of reduction of a molecule
as this orbital is responsible for entry of electrons in the molecule.

As can be seen in the Figure 2, the orbitals located in the atoms C4, C5, C6, C7, N10, N11, N12, C13, C14, C15 and C16
offer contributions to form the LUMO. Hence, those regions must be directly involved in the reduction process.
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Figure 2. LUMO contour map of the berenil in the ground state.

Table 2. Calculated atomic charges for the berenil molecule in the ground state, reduced form and protonated reduced form.

Atoms Ground state Reduced form Reduced protonated form
N1 -0.83 -0.87 -0.78
c2 0.70 0.53 0.64
N3 -0.84 -0.89 -0.79
C4 -0.11 -0.19 -0.12
C5 -0.06 -0.06 -0.03
C6 -0.21 -0.36 -0.28
C7 0.45 0.49 0.38
(03] -0.19 -0.26 -0.21
C9 -0.10 -0.12 -0.09

N10 -0.40 -0.54 -0.40
N11 0.03 -0.27 -0.23
N12 -0.12 -0.10 -0.43
€13 0.20 0.18 0.40
Cc14 -0.21 -0.27 -0.32
C15 -0.05 -0.09 -0.01
C16 -0.11 -0.14 -0.14
c17 -0.09 -0.12 -0.11
Cc18 -0.10 -0.16 -0.13
C19 0.69 0.52 0.65
N20 -0.84 -0.88 -0.79
N21 -0.84 -0.88 -0.78

To realm the evidences observed from the LUMO analysis, electrostatic atomic charges were calculated for three states:
ground state (charge +2), reduced form (charge 0) and protonated reduced form (charge +2). This calculation allowed evaluating
the change in electron density before and after the reduction of the molecule. The values of the atomic charge calculated are
indicated in Table 2.

The Table 2 shows that the inclusion of two electrons in the berenil molecule, leads to an increase in the electronic density of
the atoms N1, C2, N3, C4, C6, C8, C9, N10, N11, C13, C14, C15, Cl6,C17,C18,C19, N20 and N21. As C4, C6, C8, C9, C13, C14,
C15, C16, C17 and C18 atoms, are located in aromatic rings, the delocalization of charges in these regions explains the variations
found out. Yet, in C2 and C19 atoms, although there is a considered increase in the electronic density after addition of electrons,
they are not expected to represent sites of reduction, since, in accordance to the Figure 2 they do not contribute to the formation
of the LUMO. It is observed in Table 2, the largest variations in charge density occurred in the N11 (0.03 in the ground state and
-0.27 after reduction) and the N10 (-0.40 in the ground state and -0.54 after reduction). So, the first step in the mechanism is
the entrance of an electron in the atom N11 and the other in the N10. After the entry of electrons, the protonation occurs with
the entry of H* ions in atoms N10 and N11 (Figure 3). We see in Table 2 that the protonation caused a decrease occurred in the
electron density of the atoms N11 (-0.27 in the reduced molecule and -0.23 in the protonated molecule) and N10 (-0.54 in the
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reduced molecule and -0.40 in the molecule after the protonation), simultaneously the protonation, occurs a rearrangement of

the electron stabilizing the N10-N11 bond.
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Figure 3. Berenil reduction mechanism.

CONCLUSION

The LUMO contour map of the berenil molecule shows a large contribution of atoms C4, C6, C7, C8, N10, N11, N12, C13,
C14 and C16 to the formation of this orbital indicating that these atoms would be the possible sites for reducing the molecule. The
electrostatic atomic charges of the berenil molecule in the ground state and after the reduction, reveals large variations in charge
densities for the N10 and N11 atoms, indicating these atoms as the site of reduction in the molecule. A possible mechanism for

the reaction of reduction of berenil was suggested.
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