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Quantum calculations were carried out on some pyrimidopyrimidine tautomeric heterocyclic derivatives both in gas phase and in solution in order to study the influence of the migration of hydrogen on their electronic and structural properties as well to highlight the effect of the solvent on the process of tautomerism. Results indicate that the electronic properties of the studied heterocycles are influenced by the nature of the solvent used. All tautomeric forms are more stable in H2O and DMSO than in CHCl3 and in the gas phase. The predominance of the di-ketone form in gas phase and solution is observed.

Introduction

Because of their importance and their widespread presence in living organisms, substances based on pyrimidopyrimidines or tetra-azanaphthalenes -organic heterobicyclic compounds with a skeleton consisting of two pyrimidine rings that are ortho-fused to each other at any position -have aroused the interest of researchers in organic and pharmacology chemistry for several decades [1][2][3][4][5][6][7][8][START_REF] Seio | Synthesis and fluorescence properties of nucleosides with pyrimidopyrimidine-type base moieties, fluorescent analogs of biomolecular building blocks, design and applications[END_REF][START_REF] Monier | [END_REF][11][12]. These molecules are well known for their important biological, biochemical and therapeutic properties as well as their rich and varied chemistry [START_REF] Monier | [END_REF][11][12][13][14][15][16][17][18][19][20][21][22][START_REF] Kitamura | Pyrimidopyrimidine derivatives, method for the production thereof, the pharmaceutical preparations containing them and their use as an anti-allergic agent[END_REF].

Several works reported on the preparation of pyrimidopyrimidines and their derivatives have demonstrated their antiallergic [11,18,[START_REF] Smith | Pyrimidopyrimidine derivatives[END_REF], anti-cancer [12,21,[25][26][27][28], antihypertensive [15,29], anti-inflammatory utility and other antibiotic, antifungal and antibacterial properties [START_REF] Seio | Synthesis and fluorescence properties of nucleosides with pyrimidopyrimidine-type base moieties, fluorescent analogs of biomolecular building blocks, design and applications[END_REF][START_REF] Monier | [END_REF][11][12][30][31][32][33][34]. Some pyrimidopyrimidines have fungicidal activities whereas others have been reported to be agricultural compounds [START_REF] Hackler | fungicidaluse of pyridopyrimidine, pteridine, pyrimidopyrimidine, pyrimidopyridazine, and pyrimido-1,2,4-triazine derivatives[END_REF][36][START_REF] Freyne | Pyrido and pyrimidopyrimidine derivatives as anti-proliferative agents[END_REF][38][39][40][41][42][43]. Pyrimidopyrimidines also have veterinary uses as antibiotics, antiparasites, antipyretics, analgesics, analgesics and anti-inflammatories [44][45][46]. They also are found in meteorites, but scientists still do not know their origin [START_REF] Callahan | Proc. Natl. Acad. Sci. USA[END_REF].

In this work, we are interested in the theoretical study of the influence of proton transfer on the electronic and structural properties of one hypothetical pyrimidopyrimidine derivative, namely the pyrimido [5,4-d]pyrimidine-2,6(1H,3H,5H,7H)-dione C6N4H6O2 (PPD, Figure 1).

The choice of this derivative was guided by the large number of experimental studies on the pharmacological and therapeutic properties of the related heterocyclic dihydropyrimidinone (DHPM) and its derivatives [START_REF] De Fatima | [END_REF][49][50][51][52][53][54][55][56][57][58], arousing our interest in testing the possible fusion of two heterocycles and subsequently study its electronic properties. In this PPD species, the transfer of one proton can theoretically take place from the NH group to one of the neighboring oxygen atoms (having two lone electron pairs), thus leading to a mixture of several keto and enol forms called tautomers. Our interest then focused on the theoretical study in solution of different tautomeric pairs to prove the effect of the solvent on the tautomeric process encountered in this type of keto-enol tautomerization equilibrium. Three solvents of different polarity were chosen, those mostly used in synthesis which strongly differ by their dielectric constants, as chloroform (CHCl3), a non-polar solvent of low dielectric constant (e = 4.8), dimethylsulfoxide (C2H6OS, DMSO), a polar solvent of medium dielectric constant (e = 46.7) and water (H2O), a polar solvent of high dielectric constant (e = 80) -the gas phase is taken as a reference with a dielectric constant (e = 1). The different equilibria of the tautomers studied here are shown in Figure 1. 

Computational Details

Calculations were carried out using three methods, namely the post-Hartree-Fock Moller-Plesset (MP2) method [59], and the density functional theory (DFT) method [60,61] using two functionals, the B3LYP (Becke's three-parameter exchange functional in conjunction with the Lee-Yang-Parr correlation functional [START_REF] Becke | [END_REF] with Lee-Yang-Parr [63]) and the M06-2X [64] correlational functional. In all cases, a 6-311++G** basis set was used [65].

Calculations were performed first in the gas phase and then in the presence of three solvents (CHCl3, DMSO, and H2O) using the polarizable continuum model (PCM) [66,[START_REF] Mennucci | Continuum Solvation Models in Chemical Physics[END_REF]. Atomic charges were analyzed using two different approaches, namely the Natural Bond Orbital (NBO) analysis [START_REF] Reed | [END_REF]69] and the atomic polar tensor (APT) analysis [70,71]. Full geometric optimizations were performed, followed by frequency calculations to ensure the nature of energy minima and transition states. All calculations were carried out with the Gaussian16 package [START_REF] Frisch | Revision B.01[END_REF]. Representation of molecular structures and molecular orbitals was performed using the GaussView [START_REF] Dennington | [END_REF] and ChemDraw programs [74]. The pyrimidopyrimidine tautomeric molecules studied here exhibit the phenomenon of tautomerism, which appears when one of the hydrogen atoms can occupy different positions in a given skeleton (H13, H14, H15, or H16 in Fig. 1). Migration of one of these hydrogen atoms create different structures in equilibrium, the composition of the tautomeric mixture of which is often difficult to determine experimentally [START_REF] Elguero | The Tautomerism of heterocycles[END_REF]. Knowledge of the relative stabilities of tautomeric forms of these heterocyclic molecules as well as the conversion from one form to another are important from the point of view of structural chemistry. Moreover, the geometric and electronic structures as well as the thermodynamical stability of the tautomeric forms provide a basis for understanding their biological activities and lead to the determination of their pharmacological properties.

Results and discussion

Stability of pyrimidopyrimidines

First, a conformational study was performed at the B3LYP/6-311++G** level on compounds 2-6 containing OH group(s) to find their most stable structures, varying the H-O-C-N dihedral angle (t) from 0 to 180°. The most stable forms -we checked that they were genuine minima on the potential energy surface -and their relative free energies are shown in Fig. 2 (see also Fig. S1, Supporting Information). Two possible conformations were found for 2 and 3 (t = 0° (2a and 3a) and 180° (2b and 3b)). For compounds 4, 5, and 6, the variation of the dihedral angles H14-O12-C2-N3, H13-O12-C2-N1, H16-O11-C9-N10 and H15-O11-C9-N8 from 0° to 180° leads to four possible conformers (two being identical in the case of 4 and 5). It turns out that conformers a are substantially more stable than the other ones (see Fig. 2). Therefore, in the following compounds (2a, 3a, 4a, 5a and 6a) will subsequently be called 2, 3, 4, 5, and 6, respectively.

ΔG2a=0.0 kcal.mol -1 ΔG2b=7.1 kcal.mol -1 ΔG3a=0.0 kcal.mol -1 ΔG3b=8.5 kcal.mol -1

ΔG4a=0.0 kcal.mol -1 ΔG4b=7.2 kcal.mol -1 ΔG4c=15.1 kcal.mol Full optimization calculations of geometries of the gas phase most stable conformers, hereafter denominated 2, 3, 4, 5, and 6, were also carried out in the presence of three solvents (CHCl3, DMSO and H2O) at the MP2, B3LYP and M06-2X levels of theory for comparison (Fig. 3). The analysis of relative Gibbs free energies obtained in the gas phase and in solution by the three methods indicates the same order of stability (Table 1, see also Table S1, Supporting Information). The conformal compound di-ketone 1 is thermodynamically the most stable species in both gas phase and solution, followed by the tautomers enols 2 and 3 then followed by the dienols 4, 5, and 6, respectively. The stability of the compounds obtained is then in the following decreasing order: 1 > 2 > 3 > 4 > 5 > 6. Compound 6 is therefore the least stable. This result indicates that the migration of a hydrogen atom from the imine function to an oxygenated substituent decreases the stability of the compounds. This decrease becomes more significant in the case of dienols 4, 5, and 6 where there is a transfer of two protons. 

Table 1

Relative Gibbs free energies DDG ‡ (in kcal.mol -1 ) in gas phase and in solvent calculated using M06-2X, B3LYP (underlined) and MP2 (values in brackets) methods. 

a DG ! "#$-!& -D𝐺 ' "#$(!& ; b DG ! )*+,--D𝐺 ' )*+,-; c DG ! "-! -D𝐺 ' "-! .

Table 2

Solvation free energies (DGsol ‡ , in kcal.mol -1 ) calculated using M06-2X, B3LYP (underlined) and MP2 (in brackets) methods. 

a DGsol ‡ = DG ./.0 ! "#$-!& -DG 123 "#$(!& ; b DGsol ‡ = DG ./.0 ! )*+,--DG 123 )*+,-; c DGsol ‡ = DG ./.0 ! "-! -DG 123 "-! .
Results shown in Table 2, indicate that the solvation free energies of the studied species increase when passing from the gaseous state to the solution state and this for the three methods. Thus, the tautomers are more stable in water than in DMSO and then in CHCl3, respectively. This increase is proportional, as expected, to the polarity of solvents used. By way of example using the M06-2X method, the presence of solvent provides compound 1 with a solvation free energy gain of 10.0, 14.0 and 14.1 kcal/mol in CHCl3, DMSO and H2O, respectively. The solvation free energy results obtained by the M06-2X and B3LYP methods are similar for each solvent. For example, for compound 5 the energy gain between the gas phase and the three solvents is respectively 6.5, 9. 2 ) for all phases (see Table S1, Supporting Information). The comparison carried out between the Gibbs free energies obtained with the M06-2X and those obtained with B3LYP in gas phase and in solution gave a very good correlation between both methods with determination coefficients R 2 ≃1 (Fig. 4).

Fig. 4.

Correlation diagram between B3LYP computed and M06-2X computed Gibbs free energies in gas phase and in solution.

Orbital analysis

The computed energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), as well as the HOMO-LUMO gap of compounds 1-6 obtained after complete optimization in the gas phase and in solution using the three methods M06-2X, B3LYP and MP2 are given in Table 3 and Fig. 5. Results indicate that the solvent hardly influences the HOMO-LUMO gaps. Comparable HOMO-LUMO gaps are computed in both phases and for the three methods for all compounds. The nodal properties of the HOMO and LUMO of 1-6 are shown in Fig. 5.

Both HOMOs and LUMOs are heavily distributed over the heterocycles. The Fig. 5 shows that the HOMO and LUMO of the tautomers 1-6 are mainly localized on the two pyrimidine rings, involving an important contribution of the nitrogen atoms, indicating that the two pyrimidine rings of the tautomers 1-6 are good π electrons donors. As expected, the HOMO-LUMO gaps obtained by MP2 are largely overestimated and practically twice those obtained with B3LYP and larger by 2.5 eV on average than those obtained with the M06-2X method. As expected, this is due to the positive energies of the MP2-computed LUMOs. Positive values for the LUMOs mean that the attachment of an electron to these molecules is energetically unfavorable. We also observe, with all methods, that compound 1 with the lowest LUMO energy has a strong electronic affinity in the gas phase and in solution, revealing its important electro-acceptor character. 10 M06-2X-, B3LYP-and MP2-computed energies of the HOMO and LUMO (in eV), HOMO-LUMO gaps (in eV) in gas phase and in the solvents CHCl3 (underlined), DMSO (in italics) and H2O (in brackets).

Free energy profiles

For the research of the transition states connecting two tautomers, we used the B3LYP method (Table 4), which is considerably less costly in computation time compared to M06-2X especially to MP2 and which is known to qualitatively reproduce the free energy profiles of reactions in organic chemistry and find in particular the main intermediate and transition states. The results given in Table 4 show that the presence of the solvent has a little influence on the free energy barriers which increase slightly by approximately 2 kcal/mol on going from the gas phase to solution. The values of the free energy barriers in water (H2O) are close to those obtained in DMSO. Vibration frequency calculations of the transition states obtained 

M06-2X

EHOMO / ELUMO -6.50 / -0.38 -6.37 /-0.14 -6.33 /-0.07 (-6.33)/(-0.07) -6.10 / -0.33 -6.05 /-0.13 -6.05 /-0.07 (-6.05)/(-0.07) -6.03 / -0.30 -5.99 /-0.11 -6.01 /-0.06 (-6.01)/(-0.06) -5.72 / -0.16 -5.76 /-0.08 -5.79 /-0.07 (-5.79)/(-0.07) -5.60 / -0.12 -5.67 /-0.06 -5. [START_REF] Dennington | [END_REF] (Fig. 6) show that each of these states has a significant imaginary frequency (see Table S2 and Fig. S2, Supporting Information), which means that they really represent energy maxima.

Table 4

Gibbs free energies (GTS ‡ in kcal.mol -1 ) and free energy barriers (DGa↔b, in kcal.mol -1 ) of the transition states in gas phase and in solution, obtained by the B3LYP method.

. gas.

. Thermodynamic quantities obtained of tautomeric couples were calculated at T = 298.15 K and under 1 atm pressure (Table 5) for compounds 1-6. In order to determine the influence of the solvent on the reactivity, the effect of the solvent was taken into account using the PCM model [START_REF] Mennucci | Continuum Solvation Models in Chemical Physics[END_REF][START_REF] Reed | [END_REF] which has been widely used for the study of a large variety of molecules in solution and in the prediction of solvent effects [START_REF] Mennucci | [END_REF][START_REF] Cammi | Molecular Response Functions for the Polarizable Continuum Model[END_REF][START_REF] Ladjarafi | [END_REF][79]. Let us remind that the PCM model does not consider the presence of explicit solvent molecules; therefore, specific solute-solvent interactions are not defined and the studied solvation effects arise only from mutual solutesolvent electrostatic polarization.

Thermodynamic quantities of tautomeric couples

Equilibrium constants were calculated as the difference between the Gibbs free energies (or free enthalpies) ΔG°ab of the two tautomers a and b (a, b = 1-6) by the relation:

DG°ab = DH°ab -TDS°ab (1)
where DH°ab et DS°ab represent the difference of the standard enthalpy and the standard entropy of the two forms a and b, respectively.

The equilibrium constant was calculated with the relation:

Kab = exp (-DG°ab/RT) (2) 
where R is the ideal gas constant and T is the absolute temperature. Results in the gas phase and in all solvents correctly confirm the predominance of 1 against 2, 2 against 4 and 6, and 3 against 5 and 6. They also indicate that the solvents H2O and DMSO and to a lesser extent CHCl3 increase the variation of the enthalpy and the Gibbs free energy compared to the gas phase. The values of the variation of entropy in the gas phase are all negative, indicating that the disorder of these systems decreased going from one tautomer to another.

Dipole moments

Dipole moments obtained for compound 2, 3, 4 and 6 via the M06-2X, B3LYP and MP2 methods increase from the gas phase to solution (Table 6). This change is mainly due to the modification of the electronic distribution. They are sensitive to solvent polarity, being, as expected, higher in water (H2O) than in DMSO and in the less polar solvent CHCl3.

Compound 3 is the most polar species, leading to a clear dissymmetry in the atomic charge distribution, resulting in a high polarity of the N-H and O-H bonds. While compound 4 is the least polar, note that, as expected, symmetric compounds 1 and 5 are non-polar, so they have a better distribution of partial atomic charges. for the studied compounds (Table 7) confirm these interatomic distance variations. Each pair of bond atoms C2-O12 (for 1), C9-O11 (for 1-3), C2-N1 (for 1 and 5), C2-N3 (for 2, 4 and 6), C9-N8 (for 5 and 6) and C9-N10 (for 4), sharing a half-bond π, plus a σ bond giving these bonds a bonding index of approximately 1.6. 

Analysis of atomic charges

A study of the atomic charges in compounds 1-6 was carried out using two different approaches (NBO and APT (Atomic Polar Tensor)). In order to facilitate the comparison with the different tautomers studied, only the most representative values are gathered in Tables S3-S6 (Supporting Information). The atom numbering is as shown in Fig. 1. The results obtained with M06-2X, B3LYP and MP2 methods indicate that intra-and extra-cyclic heteroatoms (N1, N3, N8, N10, O11 and O12) of all the compounds bear significant negative charges, due to their high electronegativity and therefore their high potential reactivity. The atomic charge of these and MP2) going from the gas phase to the solvents CHCl3, DMSO and finally H2O. This increase in atomic charges is proportional to the solvent polarity [81,82]. On the other hand, the atomic charges computed with the NBO approach show little dependence on the effect of the solvents between 0.002 and 0.006 Å. Nevertheless, the NBO and APT approaches show that the atoms C2 and C9 are the most positively charged, indicating therefore they are the sites for nucleophilic attack. On the contrary, the atoms O11 and O12 are the most negatively charged thus representing electrophilic attack sites.

Conclusion

This theoretical study on the electronic and structural properties of some tautomeric pyrimidopyrimidine derivatives in gas phase and in solution in order to study the influence of the migration of hydrogen atoms allowed us to determine the most stable structures and to study possible equilibrium displacements. The results obtained with the M06-2X, B3LYP, and MP2 methods showed that the keto forms are more stable than the enol ones. Additionally, the large HOMO-LUMO gap computed for compound 1 shows its high kinetic stability and, consequently must the least reactive compound of the series. The influence of the solvents on the geometry, the stability and the reactivity, was discussed. Wiberg bond indices computed for the studied compounds confirm the interatomic distances variations of each pair of bond atoms. The atomic charges computed with the APT approach reflect their dependence on the effect of the solvents unlike the NBO analysis.
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 1 Fig. 1. Different tautomer equilibria studied in this article.

1 Fig. 2 .

 12 Fig. 2. Possible conformers of tautomeric forms 2-6 and their relative free energy computed in gas phase computed at the B3LYP/6-311++G** DFT level.

Fig. 3 .

 3 Fig. 3. Optimized structures of compounds 1-6 computed at the B3LYP/6-311++G** level in gas phase.

  1 and 9.2 kcal/mol with M06-2X and B3LYP, respectively. The solvation free energy values obtained in the solvent H2O are very close to those obtained in DMSO. The solvation free energies results obtained from the three methods are proportional to each other. For example, the proportionality coefficient calculated by dividing the values obtained in MP2 by those obtained in B3LYP is the same (99.728 × 10 -

Fig. 5 . 1 < 2 < 3 < 4 < 5 < 6 , 1 > 2 > 3 > 4 > 5 > 6 .

 5123456123456 Fig. 5. Energies and nodal properties of the HOMO and LUMO of the tautomers 1-6 computed at the B3LYP/6-311++G** DFT level in the gas phase. Contour isodensity values: ±0.05 (e/bohr 3 ) 1/2 .

Fig. 6 .

 6 Fig. 6. Energy profile of the tautomers 1-6 studied in the gas phase.
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Table 5

 5 Variation of enthalpy (ΔH°, in kcal/mol), entropy (ΔS°, in cal/mol.K), Gibbs free energy

	(ΔG°ab, in kcal/mol) and equilibrium constant (Kab) in gas phase and in solution, calculated
	via B3LYP and MP2 (in brackets) methods.				
		ΔH°	ΔS°	ΔG°ab	Kab	ΔH°	ΔS°	ΔG°ab	Kab
			Gas			CHCl3	
	1↔2 11.99 (10.17)	-1.45 (-4.00)	12.68 (11.48)	5.08 10 -10 (3.86 10 -9 )	13.72 (10.85)	1.73 (1.20)	13.60 (11.03)	1.07 10 -10 (8.16 10 -9 )
	1↔3	13.59 (11.43)	-0.98 (-2.95)	14.12 (12.53)	4.47 10 -11 (6.56 10 -10 )	15.36 (13.14)	-0.88 (2.98)	15.88 (11.89)	2.27 10 -12 (1.93 10 -9 )
	2↔4	13.12 (11.46)	-0.51 (-2.74)	13.55 (12.39)	1.16 10 -10 (8.23 10 -10 )	14.79 (12.41)	-1.11 (-2.04)	15.53 (13.25)	4.14 10 -12 (1.95 10 -10 )
	2↔6	15.70 (13.49)	-1.53 (-1.73)	16.39 (14.21)	9.64 10 -13 (3.81 10 -11 )	16.88 (14.02)	-2.91 (-1.16)	18.03 (14.62)	6.10 10 -14 (1.92 10 -11 )
	3↔5	13.87 (11.64)	-1.68 (-0.33)	14.60 (12.04)	1.97 10 -11 (1.48 10 -9 )	15.62 (12.73)	-1.09 (-0.98)	16.25 (13.32)	1.22 10 -12 (1.71 10 -10 )
	3↔6	14.11 (12.23)	-2.00 (-2.77)	14.95 (13.16)	1.10 10 -11 (2.24 10 -10 )	15.24 (12.74)	-0.31 (-2.93)	15.74 (13.76)	2.89 10 -12 (8.12 10 -11 )

Table 6

 6 

	Dipolar moments (in Debye) in the gas phase and solution, calculated via M06-2X, B3LYP
	(underlined) and MP2 (in brackets) methods.				
	Cmpd	1	2	3	4	5	6
		0.00	3.63	3.96	0.41	0.00	3.20
	gas	0.00	3.66	3.96	0.38	0.00	3.25
		(0.00)	(3.71)	(4.30)	(0.46)	(0.00)	(3.22)

from a single bond to a double bond upon migration of the protons (H13, H14 or H15, H16) to one of the oxygen atoms O12 or O11, respectively. Wiberg bond indices (WBI)

[80] 

computed

Table 7

 7 

	Interatomic distances (Å) and Wiberg bond indices (in parenthesis) obtained via the B3LYP
	method.						
	Cmpd	1	2	3	4	5	6
	N1-H13	1.007 (0.806)	1.007 (0.804)	2.400 (0.008)	1.007 (0.805)	2.304 (0.008)	1.008 (0.808)
	N3-H14	1.009 (0.805)	2.288 (0.008)	0.992 (0.802)	2.279 (0.009)	1.009 (0.806)	2.280 (0.006)
	N8-H15	1.007 (0.806)	1.007 (0.807)	0.994 (0.808)	1.007 (0.806)	2.304 (0.008)	2.304 (0.009)
	N10-H16	1.009 (0.805)	1.009 (0.806)	0.994 (0.804)	2.279 (0.008)	1.009 (0.802)	1.009 (0.806)
	C2-O12	1.218 (1.633)	1.350 (1.033)	1.353 (1.033)	1.350 (1.034)	1.351 (1.030)	1.350 (1.029)
	C9-O11	1.218 (1.633)	1.219 (1.630)	1.218 (1.634)	1.350 (1.034)	1.351 (1.030)	1.351 (1.034)
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