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X-ray crystallography images are used to perform DFT studies of the structural, electronic, intermolecular 

energies and IR frequencies of 6,8-dimethyl-3-(4-chlorophenyl)-7-oxo-7,8-dihydropyrimido[4,5-

c]pyridazin-5(6H)-one (A) and 6,8-dimethyl-3-(4-chlorophenyl)-7-thioxo-7,8-dihydropyrimido[4,5-

c]pyridazin-5(6H)-one (B) using Gaussian 98 and Crystal Explorer program packages. The optimization of 

A and B in vacuum and solvent (ethanol) phases represent negligible changes in the bond distances, bond 

angles, and torsion angles. Moreover, the optimization in ethanol is closer to the X-ray crystallography data 

as compared to the gas phase. Moreover, the Hirshfеld surface analysis reveals that the highest amount of 

close contact contributions relates to H---H contacts while the lowest amount goes to Cl---Cl/Cl---Cl and  

C---O/O---C close contacts for A and B, respectively. The corresponding calculated IR intensity values 

highly match the experimental data. 

DOI: 10.1134/S0022476617070095 
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INTRODUCTION 

Pyridazine derivatives are the important class of heterocyclic compounds due to their biological and pharmaceuitical 

applications, such as analgesics, bactericides, cardiotonics, fungicides, and insecticides [1-8]. In the chemical literature three 

isomers of pyrimido[4,5-c]pyridazine, pyrimido[4,5-d]pyridazine and pyrimido[5,4-c]pyridazine have been reported for the 

pyrimidopyridazines. The monoamine oxidase (MAO) inhibitory activities of pyrimidopyridazines have been reported by  
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Caroti and co-workers [9]. The pyrimidopyridazines are used as a potential therapeutic agent as well [10-12]. The 

comparisons of theoretical and experimental structures of chemical compounds have been a source of attention in recent 

years. 

Moreover, a broad variety of theoretical investigations of the structural, electronic, and spectroscopic properties of 

organic and organometallic compounds in order to further compare and consider over the probable benefits of these 

compounds have been reported [13-18]. The previous reports on aminoethylphosphonic acid prepared by Roldan and novel 

quinonediimines reported by SeinJr are some among many reports published so far [13, 14]. 

To the best of our knowledge, there are few reports focusing on the DFT studies of pyrimidopyridazines. Hence, in 

the present work we performed a computational investigation of two pyrimidopyridazines (A and B) and compared the 

computational data with the experimental results where possible. Furthermore, the Hirshfeld surface analysis of A and B was 

computationally studied for the better understanding of intermolecular interactions in A and B. 

EXPERIMENTAL 

Synthesis. Pyrimidopyridazines (A and B) have been regioselectively synthesized via the one-pot three-component 

reaction of 1,3-dimethylbarbituric acid (1a) or 1,3-dimethylthiobarbituric acid (1b) with 4-chlorophenylglyoxal in the 

presence of hydrazinium dihydrochloride in ethanol [19]. 

 

 
Scheme 1. The synthesis of pyrimidopyridazines (3a = A) and (3b = B). 

 

Crystal structure. Crystal data, data collection procedure, structure determination methods and refinement results 

for A and B are summarized in Table 1. The ORTEP drawing of the studied molecules (A and B) and the corresponding H 

bonds of A are shown in Fig. 1. 

COMPUTATIONAL ANALYSIS 

Computational details. At first, we have modeled A and B with the Chem Draw package. Then the energy 

minimization was performed using Chem 3D. The DFT molecular calculations were carried out using the Gaussian 98 

quantum chemistry software [20]. We have calculated the geometric parameters of A and B in the ground state using Becke′s 

three-parameter hybrid method with the Lee et al. correlation functional methods (B3LYP) with the 6-311++G** basis set in 

gas and solvent (H2O) phases [21, 22]. We also indicated the solvent effects using the integral equation formalism of the 

polarizable continuum model (PCM), and ethanol has been considered as a solvent. All the analyses of the structural and 

electronic properties were calculated using the Gaussview 3.0 package [23]. 

Vibrational frequencies for both structures have been calculated with the B3LYP functional and the 6-311++G** 

standard basis set. The HOMO-LUMO energy gap and relevant quantum molecular descriptors [24-27] are also calculated 

using the corresponding HOMO and LUMO values as below: 

μ = –(I + A)/2,             (1) 

η = (I – A)/2,           (2) 
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TABLE 1. X-ray Crystallography and Calculation Results for A and B 

Compound A = 3a B = 3b 

Empirical formula C14H11ClN4O2 C14H11ClN4OS 

Formula weight, g/mol–1 302.72 318.78 

Crystal size, mm 0.30×0.10×0.06 0.50×0.30×0.06 

Crystal shape, colour Plate, white Plate, light yellow 

Temperature, K 296(2) 296(2) 

Wavelength, Å 0.71073 0.71073 

Crystal system;   Space group Triclinic;   P-1 Triclinic;   P-1 

a, b, c, Å 7.698(3), 8.023(3), 12.459(5) 7.8832(15), 8.0873(15), 12.907(2) 

α, β, γ, deg. 80.335(5), 75.103(6), 62.229(5) 83.828(2), 73.461(2), 62.068(2) 

V, Å3;   Z 657.0(4);   2 696.6(2);   2 

Density, g/m3 1.530 1.520 

Absorption coefficient μ, mm–1 0.301 0.427 

Maximum and minimum transmission 0.9822 and 0.9151 0.9748 and 0.8147 

θ range for data collection, deg. 1.69-28.34 2.85-28.27 

Index ranges –10 ≤ h ≤ 10,  –10 ≤ k ≤ 10,  
–16 ≤ l ≤ 16 

–10 ≤ h ≤ 10,  –10 ≤ k ≤ 10,  
–17 ≤ l ≤ 17 

Collected / Independent reflections (Rint) 8085 / 3212 (0.0479) 8611 / 3296 (0.0247) 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.010 1.034 

Final R indices [I > 2σ(I)] R1 = 0.0741, wR2 = 0.1816 R1 = 0.0473, wR2 = 0.1320 

R indices (all data) R1 = 0.01334, wR2 = 0.2164 R1 = 0.0582, wR2 = 0.1436 

Largest difference in peak and hole, e/Å3 0.438 and –0.245 0.324 and –0.222 
 

 

Fig. 1. Molecular single crystal plots of 1 = A and 2 = B and the crystal packing showing zigzag H bonds of A (3). 
 

S = 1/2η,         (3) 

ω = (μ2/2η),           (4) 

where I and A are the ionization potential and electron affinity of the system, respectively. EHOMO: energies of the highest 

occupied molecular orbital plus the first eigenvalue of the valence band. ELUMO: energies of the lowest unoccupied molecular 

orbital. Electronegativity χ is determined as the negative chemical potential μ as follows: χ = –μ. Chemical hardness η and 

softness S can be determined using the Koopmans theorem [28]. The electrophilicity index ω is calculated from the energy 

stabilization when the system obtains an additional electronic charge ΔN from the environment, as defined by Parr et al. [29]. 

Geometry optimization. In this paper, all the geometry optimizations and structural simulations of two A and B 

compounds were theoretically studied using the Gaussian 98 quantum chemistry software with the B3LYP method and  

6-311++G** basis sets in both gas and solvent phases. As it is clear from Table 2, there are negligible changes in the binding  
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TABLE 2. Some Experimental and Calculated Bond Lengths for A and B in the Gas and Solvent Phases 

Bond  A  Bond  B  

lengths Exp. Gas Solvent lengths Exp. Gas Solvent 

N1–C9 1.32(4) 1.34 1.34 N1–C9 1.32(4) 1.34 1.34 

N1–N2 1.33(4) 1.32 1.32 N1–N2 1.33(4) 1.32 1.32 

N2–C3 1.35(4) 1.35 1.34 N2–C3 1.34 1.38 1.35 

C3–C4 1.40(4) 1.40 1.40 C3–C4 1.40 1.40 1.40 

C3–C13 1.48(4) 1.48 1.48 C3–C13 1.48 1.48 1.48 

C4–C10 1.36(4) 1.38 1.38 C4–C10 1.37 1.38 1.38 

C4–H4 0.93 1.08 1.08 C4–H4 0.93 1.08 1.08 

C5–O1 1.21(4) 1.22 1.22 C7–S1 1.65 1.67 1.68 

C5–N6 1.38(4) 1.39 1.39 C5–N6 1.39 1.40 1.40 

C5–C10 1.47(4) 1.48 1.47 C5–C10 1.46 1.47 1.47 

N6–C7 1.41(4) 1.41 1.41 N6–C7 1.40 1.47 1.40 

N6–C11 1.46(4) 1.47 1.47 C7–N8 1.37 1.38 1.38 

C7–O2 1.21(4) 1.21 1.22 N8–C9 1.38 1.39 1.39 

C7–N8 1.37(4) 1.39 1.39 N8–C12 1.48 1.48 1.48 

N8–C9 1.37(4) 1.38 1.38 C9–C10 1.40 1.40 1.40 

N8–C12 1.47(4) 1.47 1.47 C11–H11 0.96 1.09 1.08 

C9–C10 1.40(4) 1.40 1.40 C12–H12 0.96 1.08 1.08 

C11–H11 0.96 1.08 1.08 C16–C17 1.38 1.39 1.39 

C12–H12 0.96 1.08 1.08 C17–C18 1.38 1.39 1.39 

C16–C17 1.37(5) 1.39 1.39 C16–Cl1 1.74 1.76 1.76 

C17–C18 1.38(5) 1.39 1.39     

C16–Cl1 1.74(3) 1.76 1.76     
 

distances calculated in the gas phase as compared with the experimental crystallography data for A. The binding distances 

between N1–N2, N8–C9, C7–O2, N6–C5, C5–O1, C3–C13, and C16–C11 of 1.33 Å, 1.37 Å, 1.21 Å, 1.38 Å, 1.21 Å, 1.48 Å, 

and 1.74 Å (experimental data) changed to 1.32 Å, 1.38 Å, 1.21 Å, 1.39 Å, 1.22 Å, 1.48 Å, and 1.76 Å (calculated data for 

the gas phase), respectively, which show minor changes from the binding distances obtained from the crystallography data. 

For the further understanding and comparison of the solvent effect on the binding distances in A, and since we predict less 

differences in the binding distances for A, we optimized it in ethanol as a solvent. 

As it is clear from Table 2, in comparison with the experimental crystallography data, the differences in the binding 

distances for the geometry optimization in ethanol were less than those in the vacuum). Using ethanol for the optimization, 

the bond distance for N1–N2, N8–C9, C5–N6, C5–O1, and C3–C13 represented the values of 1.32 Å, 1.38 Å, 1.39 Å, 1.22 Å, 

and 1.48 Å, and it is very close to the experimental data for C7–O2 and C16–Cl1 bonds of 1.22 Å and 1.39 Å, respectively, 

and interestingly, also for C3–C13 and N6–C7 bonds having the values of 1.48 Å and 1.41 Å in both experimental [19] and 

computational data. These results account for the greater reliability of the extracted data as compared with the computational 

results in ethanol. Moreover, the optimization of B was performed at the same level of theory (Table 2). Generally, the results 

indicate that the optimization of B in ethanol offers more closer values than in the gas phase as compared to the X-ray 

crystallography data [19], Moreover, the values of some bonds were the same as the original ones extracted from the X-ray 

crystallography data for B, such as C3–C4, N6–C7, and N8–C12. 

Hirshfeld surface analysis. A detailed analysis is made using Crystal Explorer 3.1 [15] to study various 

intermolecular interactions such as O⋯H, N⋯H, O⋯Cl, S⋯H, C⋯S, Cl⋯Cl, H⋯H, C⋯H, C⋯C and other types of close 

contacts existing in the crystal structures of A and B. By means of decomposed two-dimensional fingerprint maps [15], the 

intermolecular interactions involved in crystal packing can be quantified and visualized. Generally, the Hirshfeld surface was 

generated for a molecule in the crystal package plotted with various properties such as de (a distance to from the Hirshfeld 
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surface to the nearest atom outside the surface), di (a distance from the Hirshfeld surface to the nearest atom inside the 

surface), dnorm (a normalized contact distance), shape index and curvedness to demonstrate and investigate intermolecular 

interactions. White color in the Hirshfeld surface diagrams determines the contacts with distances equal to the sum of the van 

der Waals radii and red and blue colors represent the close contacts with distances shorter than and longer than the van der 

Waals radii, respectively. Using the Hirshfeld surface diagram, we recognized and represented the intermolecular interactions 

shown in Fig. 2. The intermolecular H⋯H contacts are predominant in A and B with the corresponding contributions of 

31.5% and 32.3%, respectively. 

The relative contributions of O⋯H/H⋯O contacts are 16.9% and 9.5% respectively as the second and fourth major 

contributions for A and B, respectively. Taking into account the intermolecular contributions of A and B atoms, the lowest 

amounts belong to Cl---Cl and C---O/O---C close contacts with 0.8% and 0.1% contributions for A and B, respectively. 

 

 

Fig. 2. Views of the Hirshfeld surfaces mapped with dnorm, fingerprint plots and the corresponding 
contributions to the Hirshfeld surface areas for different intermolecular close contacts for A and B. 
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Vibrational analysis. Experimental IR frequencies of 6,8-dimethyl-3-(4-chlorophenyl)-7-oxo-7,8-

dihydropyrimido[4,5-c]pyridazin-5(6H) one (X = O) revealed the peaks corresponding to key functional groups for C–H 

aromatic (3056-3096 cm–1), C–H aliphatic (2954 cm–1), C=O (1672, 1720 cm–1), C=C (1450 cm–1), C=N (1597 cm–1) and  

C–Cl (744 cm–1), and in the case of 6,8-dimethyl-3-(4-chlorophenyl)-7-thioxo-7,8-dihydropyrimido[4,5-c]pyridazin-5(6H)-

one (X = S), the peaks are revealed at 3055-3093 cm–1 (C–H aromatic), 2944 cm–1 (C–H aliphatic), 1689 cm–1 (C=O), 

1430 cm–1 (C=C), 1595 cm–1 (C=N) and 740 cm–1 (C–Cl). 

Furthermore, we calculated the vibrational frequencies of A and B by the B3LYP method. The C–H stretching 

frequencies of the A structure were observed at 3187 cm–1, 3192 cm–1, 3197 cm–1, 3206 cm–1, 3210 cm–1, and 3216 cm–1, 

while for B they were 3188 cm–1, 3190 cm–1, 3199 cm–1, 3207 cm–1, 3211 cm–1, and 3218 cm–1, in the gas phase, respectively. 

The peaks of A and B in the ranges 3056-3096 cm–1 and 3055-3093 cm–1 were assigned to the characteristic C–H aromatic 

stretching mode while the peaks at 2954 cm–1 and 2944 cm–1 were assigned to C–H aliphatic. The C=O stretching bands were 

observed at 1680 cm–1 and 1738 cm–1 for A, while in B this band was observed at 1713 cm–1. A band at 784 cm–1 was 

assigned to the characteristic C–Cl stretching mode in the DFT calculation. The band assigned to C–C and N–N are 

conserved and appeared between 1591-1633 cm–1 and 1167-1194 cm–1 for A while they were at 1523-1631 cm–1 and 1176-

1193 cm–1 for the same bands in B [30, 31]. 

Corresponding electronic properties. HOMO–LUMO and MEP plots of A and B. In order to understand the 

electronic properties of A and B, total densities of states (DOSs) of A and B were calculated (Fig. 3). The HOMO-LUMO 

energy gap (Eg) was calculated for A and B using the (B3LYP) hybrid correlation functional with the 6-311++G** basis set. 

The energies of the HOMO (EH), mainly acting as an electron donor, and the LUMO (EL), generally acting as an electron 

acceptor, are calculated and gathered in Table 3. The HOMO energies for A and B are –6.76 eV and –6.49 eV, while these 

values are –2.88 eV and –3.02 eV for LUMOs, with Eg of 3.88 eV and 3.47 eV, respectively. The Fermi level energies (EF) 

are –4.82 eV and –4.76 eV for A and B, and the dipole moment (DM) analysis reveals that both A and B were not considered 

to be polar (having a weak polarity) with 0.89 and 0.49 D, respectively. For the better understanding of the electronic 

properties of A and B, we calculated HOMO-1, HOMO-2, and HOMO-3 (–7.17 eV, –7.72 eV, and –7.78 eV) and also 

LUMO-1, LUMO-2, and LUMO-3 (–2.08 eV, –1.05 eV, and –0.68 eV), respectively. The most noticeable change occurred in  

 

 

Fig. 3. Calculated natural charge of all atoms and DOS plots of A and B structures. 
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TABLE 3. Electronic, QMD, and Dipole Moment Values Extracted from the Calculation Results for A and B 

Property 
Gas Solvent 

Property 
Gas Solvent 

A B A B A B A B 

HOMO, eV –6.76 –6.49 –6.74 –6.52 μ, eV –4.82 –4.76 –4.77 –4.72 

LUMO, eV –2.88 –3.02 –2.80 –2.92 η, eV 1.94 1.74 1.97 1.80 

Eg, eV 3.88 3.47 3.94 3.60 ω, eV 5.99 6.52 5.77 6.19 

EF, eV –4.82 –4.76 –4.77 –4.72 S, eV 0.26 0.29 0.25 0.28 

DM, D 0.89 0.49 0.89 0.49      
 

the LUMO energy (about 1.4 eV), while the HOMO has just undergone a 1.11 eV change from the ground state. The natural 

bond orbital (NBO) analysis was performed for structures of A and B. The atomic charge distribution in the structures of A 

and B at the B3LYP/6-311++G** level of theory is shown in Fig. 3. 

Furthermore, the molecular electrostatic potential (MEP) plot illustrates the electronegativity and electropositivity of 

a structure. As can be observed from these plots for A and B, the O1 and O2 atoms and the N1–N2 bond play the role of 

electronegative positions (represented via red color) while their most electropositive parts are in C17–H17A and  

C18–18A > C11–H11A, H11B, and H11C ∼ C12–H12A, H12B, and H12C ∼ C15–H15A, H15B, and H15C positions. The 

corresponding MEP plot of B also demonstrates high resemblance within the electronegativity and electropositivity of the 

atoms and their surrounding areas except for the O atoms of A and the S atom of B. The O atom due to a higher 

electronegativity than that of the S atom surely has more electronegative nature than the S atom, as is seen from the MEP 

plots (Fig. 4). 

Quantum molecular descriptors for A and B. The quantum molecular descriptors (QMDs), such as hardness η, 

softness S, chemical potential μ, and electrophilicity index ω, can be calculated using HOMO, LUMO an Eg. The best 

definition of the global hardness is the resistance to deformation in the presence of an electric field whose field strength is 

directly proportional to the stability of the system. The resistance of a species against deformation in the presence of  

an electric field defined as the hardness of a species and the softness has an opposite relationship with its hardness. QMDs for 

A and B were calculated (Table 3); the hardness and softness values for A are 1.94 eV and 0.26 eV while they are 1.74 eV 

and 0.29 eV for B, respectively. These results are attributed to the effects of the O atom of A as compared to the S atom of B. 

A has a higher chemical potential (μ) than B, as a result of their X atom, they being 5.99 eV and 6.52 eV, respectively. 

CONCLUSIONS 

The computational optimization of the structural and electronic properties of A and B in the gas and solvent 

(ethanol) phases, which was performed using the B3LYP correlation functional with the 6-311++G** basis sets, revealed no 

meaningful distinctions between the experimental and theoretical data, confirming the better reliability of results of the  

 

 

Fig. 4. MEP plots of the theoretically optimized compounds. 
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optimizations in the solvent (ethanol) phase. The Hirshfeld surface analysis along with the corresponding fingerprint plots 

stand for more contributions of H---H > O---H > C---C > H---Cl > H---N and H---H > C---C > N---N > H---O > C---Cl for 

the first five major contributions in A and B. The simulated IR spectra of A and B demonstrated good agreement with the 

experimental data. 
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