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Abstract

:

Herein, we report the preparation of methyl 6-methyl-4-(4-nitrophenyl)-2-oxo-1,2-dihydropyrimidine-5-carboxylate 2, obtained by the regioselective oxidative dehydrogenation of the dihydropyrimidine derivative 1 in the presence of cerium ammonium nitrate. The structure of compound 2 was investigated by single-crystal X-ray diffraction (SC-XRD), which allowed the determination of its tautomeric form. Moreover, the presence of non-covalent interactions and their impact on the crystal structure were analyzed. To better characterize the intermolecular contacts, the Hirshfeld surface and enrichment ratio analyses were performed. Furthermore, the antimycotic activity of compounds 1 and 2 was investigated against Candida albicans, Aspergillus flavus, and Aspergillus niger, and their efficacy was compared to that of fluconazole. Computational investigations on the putative target of the compounds provided insights to explain the better activity of 2 with respect to its synthetic precursor.
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1. Introduction


Since its discovery by the Italian chemist Pietro Biginelli at the end of the XIX century, the Biginelli reaction has played a fundamental role in the synthesis of numerous biologically active heterocycles [1]. This reaction is an example of a one-pot three-component condensation involving an aldehyde, a methylene active compound and a urea derivative, with the catalysis of a Brønsted-Lowry or Lewis acid [2,3]. The products of this reaction are dihydropyrimidines, six-membered nitrogen-containing heterocycles that have found several applications in the pharmaceutical and chemical industry [4]. Moreover, their remarkable biological activities have made this class of compounds an essential source of scaffolds for the medicinal chemistry field [5]. In detail, natural and synthetic dihydropyrimidine derivatives have proved to possess antiviral [6,7], antiproliferative [8,9], antitumor [10,11,12,13,14,15], antibacterial [16,17,18,19,20,21,22], anti-inflammatory [23,24,25,26], antitubercular [27,28], antifungal [29], anti-leishmanial [30], anti-hypertensive [31,32,33], antiepileptic [34], antidiabetic [35,36,37,38], anti-HIV [39], antimalarial [40], larvicidal [41], and many other [42,43,44] activities. They have also been described as antagonists of the calcium [31,45] and potassium channels [46,47,48], and of the α1a-adrenergic receptor [49]. Most notably, dihydropyrimidines also constitute the core structure of several approved drugs, including batzelladine A and B (against HIV) [39], monastrol, enastron, mon-97, fluorastrol (against cancer) [10,11,12,13,14,15], and terazosin (against benign prostatic hyperplasia and high blood pressure) [43]. Overall, these remarkable results have fueled the research on dihydropyrimidine chemistry, leading to the discovery of new synthetic methods and inspiring structural modifications. Among them, the oxidation of the heterocyclic nucleus occupies a special position because it was shown to enhance the biological activity of the dihydropyrimidine core and improve its solubility. In addition, oxidized products present some peculiar structural features; for instance, they exist as tautomers in solution (Figure 1) [50].



Interestingly, due to the presence of non-covalent interactions in the molecular structure, only one tautomer is detectable in the solution. This feature, typical of the oxidized dihydropyrimidine core, has an impact on the chemical behavior of the compounds, as well as on their activity. Hence, the study of these derivatives is crucial for the comprehension of the structure-activity relationships of this class of compounds [51].



In light of these considerations, we performed an investigation of methyl 6-methyl-4-(4-nitrophenyl)-2-oxo-1,2-dihydropyrimidine-5-carboxylate 2, obtained by the regioselective oxidative dehydrogenation of the dihydropyrimidine derivative 1, in the presence of cerium ammonium nitrate (CAN). The title compound 2 was investigated by NMR, and SC-XRD to determine its tautomeric form. Furthermore, the presence of non-covalent interactions and their impact on the crystal packing was examined with the support of Hirshfeld surface and contact enrichment analyses. The structural characterization was supplemented by computational studies, performed by using DFT methods. Additionally, the biological activity of compounds 1 and 2 was assayed against Candida albicans, Aspergillus flavus, and Aspergillus niger and compared to that of fluconazole. Finally, the antimycotic effect of these compounds was studied by preliminary molecular docking calculations against a putative target.




2. Materials and Methods


2.1. General Information


All the solvents and reagents, purchased from commercial suppliers, were of analytical grade and used without further purification. The control of the reaction progress and the determination of the purity of the synthesized compounds were performed by thin-layer chromatography (TLC) on Merck silica gel plates (60 F254 aluminum sheets; Merck, Darmstadt, Germany), visualized under UV light. Melting points were recorded in open capillary tubes on a Büchi B-540 apparatus (Büchi Labortechnik, Flawil, Switzerland) and were uncorrected. Elemental analysis was performed on a Carlo Erba 1108 analyzer (Carlo Erba, Cornaredo, Italy).




2.2. Synthesis


The synthesis of compounds 1 and 2 was performed following a literature procedure [50].



Methyl 6-methyl-4-(4-nitrophenyl)-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (1). 4-Nitrobenzaldehyde (76 mg, 0.5 mmol), urea (45 mg, 0.75 mmol), and Cu(OTf)2 (30 mg, 0.08 mmol) were added to a microwave vial equipped with a magnetic stirrer and dissolved in 1 mL of EtOH (Figure 2). Subsequently, methyl acetoacetate (50 µL, 0.46 mmol) was added, and the mixture was irradiated at 100 °C in a microwave reactor for 2.5 h at a maximum power of 200 W (CEM DiscoverTM System; CEM, Buckingham, UK). After completion, the reaction was poured on ice; the resulting precipitate was filtered, washed with distilled water, and dried to afford the title compounds 1 as a white solid. In the absence of a precipitate, the reaction was allowed to stand on ice overnight. Yield: 72%. M.p.: 235–237 °C. 1H NMR (DMSO-d6, δ, ppm): 2.27 (s, 3H, CH3), 3.54 (s, 3H, OCH3), 5.28–5.29 (d, J = 3 Hz, 1H, CH), 7.5–7.53 (d, J = 9 Hz, 2H, HAr), 7.88 (s, 1H, NH), 8.2–8.22 (d, J = 6 Hz, 2H, HAr), 9.35 (s, 1H, NH). 13C NMR (DMSO-d6, δ, ppm): 18.25 (CH3), 51.23 (CH), 53.91 (OCH3), 98.39 (C), 124.19 (2CArH), 127.93 (2CArH), 147.11 (C), 149.94 (CAr), 152.13 (CAr), 152.16 (COO), 165.92 (CO). Elemental analysis calcd. for C13H13N3O5, %: C, 53.61; H, 4.50; N, 14.43. Found, %: C, 53.66; H, 4.54; N, 14.40. Analytical data agree with the reported literature values [50].



Methyl 6-methyl-4-(4-nitrophenyl)-2-oxo-1,2-dihydropyrimidine-5-carboxylate (2). Dihydropyrimidine 1 (87 mg, 0.30 mmol) was dissolved in a solvent mixture consisting of 4 mL of DMSO and 4 mL of acetone. To this solution, NaHCO3 (168 mg, 2 mmol) was added, and the reaction mixture was cooled to −5 °C. Then, CAN (658 mg, 1.2 mmol) was dissolved in 2 mL of water and added to the solution under argon (Ar) atmosphere, leading to a colour change from orange to pale-yellow. The reaction was stirred for 1 h at −5 °C and for 20 h at room temperature (Figure 2). Then, the mixture was decanted with CHCl3. Subsequently, the organic layer was washed with brine and dried over anhydrous Na2SO4. The removal of the solvent gave a precipitate, which was further purified with a Biotage Isolera One (Biotage, Uppsala, Sweden) flash chromatography system (EtOAc-MeOH 9:1), allowing the obtainment of the pure oxidized dihydropyrimidine 2 as a white solid. Yield: 28%. M.p.: 210–211 °C. 1H NMR (DMSO-d6, δ, ppm): 2.46 (s, 3H, CH3), 3.49 (s, 3H, OCH3), 7.68–7.71 (d, J = 9 Hz, 2H, HAr), 8.30–8.33 (d, J = 9 Hz, 2H, HAr), 12.62 (s, 1H, NH). 13C NMR (DMSO-d6, δ, ppm): 28.99 (CH3), 51.98 (OCH3), 123.42 (2CArH), 128.87 (2CArH), 144.82 (C), 148.12 (C), 154.69 (C), 154.90 (CAr), 161.83 (CAr), 162.12 (COO), 165.60 (CO). Elemental analysis calcd. for C13H11N3O5, %: C, 53.98; H, 3.83; N, 14.53. Found, %: C, 53.91; H, 3.89; N, 14.57. Analytical data agree with the reported literature values [50].




2.3. NMR Experiments


NMR experiments were performed on a Bruker AVANCE 300 FT-NMR spectrometer (Bruker, Karlsruhe, Germany), operating at 300 MHz for 1H and 75 MHz for 13C, and equipped with a BVT 3200 variable temperature unit. Acquisitions were carried out in 5 mm sample tubes using Bruker Standard software (TopSpin 3.1). Chemical shifts are given in ppm (δ) and are referenced to internal tetramethylsilane (TMS). Coupling constants J are given in Hz. The experimental parameters for 1H are as follows: digital resolution = 0.23 Hz, SWH = 7530 Hz, TD = 32 K, SI = 16 K, 90° pulse-length = 10 ms, PL1 = 3 dB, ns = 1, ds = 1, d1 = 1 s; for 13C: digital resolution = 0.27 Hz, SWH = 17,985 Hz, TD = 64 K, SI = 32 K, 90° pulse-length = 9 ms, PL1 = 1.5 dB, ns = 1500, ds = 2, d1 = 3 s. NMR-grade DMSO-d6 (99.7%, containing 0.3% H2O) was used to solubilize the synthesized compounds 1 and 2.




2.4. X-ray Analysis


X-ray analyses were performed on a Bruker SMART APEX II Single Crystal X-ray Diffractometer (Bruker, Karlsruhe, Germany), equipped with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at 296(2) K. The crystal structure was solved by direct methods and refined on F2 by full-matrix least-squares using Bruker’s SHELXTL-97 [52]. Details are summarized in Table 1. Crystallographic data were deposited to the Cambridge Crystallographic Data Center under accession number CCDC 2040960. The refined structure was inspected using ORTEP-3 (v. 2020.1) [53] and analyzed by Mercury 4.0 (v. 2021.3.0) [54] and PARST [55], within the WinGX suite (v. 2021.3) [53]. Graphical representations were rendered with Mercury.




2.5. Hirshfeld Surface Analysis


Hirshfeld surfaces and two-dimensional fingerprint plots were generated using CrystalExplorer21 (v. 21.5) [56]. Contact enrichments were calculated according to Jelsch et al. [57].




2.6. Biological Assay


The antifungal activity of the synthesized dihydropyrimidines 1 and 2 was evaluated against reference strains of Candida albicans ATCC 22019, Aspergillus flavus ATCC 204304, and a clinical isolate of Aspergillus niger, by the microdilution method performed according to the CLSI guidelines [58,59]. Potato Dextrose (PDA) and Sabouraud Dextrose Agar (SDA) plates were used for the cultivation of molds and yeast cultures, respectively. Agar cultures were used for the preparation of stock fungal suspensions. The mold conidial and yeast cell suspensions were prepared in RPMI 1640 medium (Sigma Aldrich, St. Louis, MO, USA), supplemented with 2% glucose; the density of the cells was adjusted to 1–5 × 105 cells/mL, as previously described [58,60]. The 96-well round-bottom microplates were used for determining the MIC of the test compounds. The concentration of the compounds (stock solution prepared in DMSO) ranged between 256 and 2 μg/mL. The inoculated plates were incubated for 48 h at 35 °C, except for C. albicans, which was incubated at the same temperature for 24 h. The MIC was determined by adding 0.01% resazurin dye (Sigma Aldrich), prepared in sterile distilled water, followed by re-incubation of the plates for 4–6 h at 35 °C [59]. The lack of color change from blue to pink indicated a growth inhibition induced by the test compounds. Fluconazole was used as the positive control, whereas DMSO was employed as a negative control.




2.7. In Silico Studies


The synthesized compounds were fully optimized at the B3LYP-D3/6-311++G(d,p) level in water. The conductor-like polarizable continuum model (C-PCM) was adopted to consider solute-solvent interactions. IR and NMR spectra of the studied compounds were calculated at the same level of theory. Electronic properties were investigated by calculating the contour plot of frontier molecular orbital and molecular electrostatic potential (MEP) maps. Moreover, to investigate the antifungal activity of the studied compounds against Aspergillus niger, molecular docking analyses were performed on the putative target protein chitin deacetylase AngCDA (PDB code: 7BLY). This protein was selected because it plays a key role in the removal of the acetyl group from chitinous substrates, generating various chitosans. Chitosan, a polymer of 1,4-linked glucosamine units, performs several crucial functions in the fungal cell wall, enhancing virulence and facilitating immunological evasion [60,61]. No imaginary frequency was observed in the whole calculation. Computational studies were performed using Gaussian software, while molecular docking calculations were performed using Maestro 12.8. In molecular docking calculations, the OPLS4 method and modules such as LigPrep, ProteinPrep, ReceptorGridGeneration, and LigandDocking were used.





3. Results


3.1. Chemical Synthesis


The key dihydropyrimidine intermediate 1 was obtained by the Biginelli reaction in the presence of copper triflate, a safe and cheap triflate salt (Figure 1). The structural characterization of the synthesized dihydropyrimidine was performed by 1H, 13C NMR spectroscopy and elemental analysis (Figures S1 and S2 see Supplementary materials); experimental data were compared to literature data, which confirmed the obtainment of the desired compound [50]. The signals of the methyl and methoxy groups were observed at 2.27 and 3.54 ppm in the 1H NMR spectrum, whereas in the 13C NMR spectrum the same signals were detected at 18.25 and 53.91 ppm. The CH of the dihydropyrimidine core was observed at 5.28 ppm in the 1H NMR spectrum and at 51.23 ppm in the 13C NMR spectrum. The amine groups had chemical shifts of 7.88 and 9.35 ppm in the 1H NMR spectrum.



The next synthetic step was a regioselective oxidative dehydrogenation in the presence of CAN, which led to the obtainment of the oxidized dihydropyrimidine 2 [50]. The signals of the methyl and methoxy groups shifted to 2.46 and 3.49 ppm in the 1H NMR spectrum (Figure S3), whereas they were detected at 28.99 and 51.98 ppm in the 13C NMR spectrum (Figure S4). The CH of the dihydropyrimidine core disappeared due to the oxidation of the heterocyclic ring. The single amine group was at 12.62 ppm in the 1H NMR spectrum.



According to literature data [50], the oxidized products of dihydropyrimidines can exist in the form of tautomers (Figure 1, R = 4-NO2).



A detailed NMR investigation of compound 2 revealed the absence of signal splitting, suggesting that 2 exists as a single tautomer in solution. Hence, to unambiguously determine the most stable tautomeric form, single crystals of 2 were grown and analyzed by SC-XRD. This study demonstrated that 2 exists in the tautomeric form I; more details are provided in the next section.




3.2. Structure Description


Single crystals of the title compound were obtained by the slow evaporation of a MeOH-EtOAc-cyclohexane (8:1:1) solution after 4 weeks. Crystallographic data and refinement details are given in Table 1.



Compound 2 crystallized in the triclinic space group P-1; its structure is shown in Figure 3 as an ORTEP diagram [53], indicating the arbitrary atom-numbering scheme used in the following discussion.



The molecular structure of 2 is characterized by a dihydropyrimidine nucleus bound to a p-nitrophenyl moiety. The angle between the best mean plane calculated for the heterocyclic ring and the aromatic portion is 47.9(1)°, while the dihedral angle C9-C8-C11-O5 is 44.3(3)°. The dihydropyrimidine ring is nearly planar, with a maximum deviation of 0.017(1) Å. The crystal packing is consolidated by strong parallel π-π stacking interactions between the phenyl moieties: the distance between the centroids is 4.03(6) Å, while the angle between the centroid-centroid vector and the plane normal is 17.7(4)°. Dimeric H-bonds involve N3-H3⋯O3I (I at -x, 2-y, 1-z); the donor-acceptor (D⋯A) distance is 2.76(1) Å, the hydrogen and the acceptor (D-H⋯A) are at 1.90(2) Å, and the angle is 176.2(5)°. Loose CH⋯O contacts contribute to the stabilization of the crystal structure; these non-traditional H-bonds are established between C3-H3A⋯O3I, D⋯A = 3.23(8) Å, D-H⋯A = 2.35(1) Å, angle = 159.3(9)°. Figure 4 provides a graphical depiction of the main intermolecular contacts and a representation of the crystal packing. These intermolecular contacts, and especially the dimeric hydrogen bond (N3-H3⋯O3I), demonstrated the existence of compound 2 in the tautomeric form I (Figure 1, R = 4-NO2).



Of note, the structure of compound 1 was recently solved by Bairagi and collaborators [62] in the framework of a study of dihydropyrimidine co-crystals. The reduced compound 1 crystallized in the same space group as 2 (P-1) and was refined to a similar R factor. The main discrepancies between the two structures are related to the different conformation of the molecules, which is due to the presence of an additional double bond in 2. As a result, while the oxidized form features a nearly planar heterocycle, the dihydropyrimidine nucleus of 1 takes the shape of a distorted boat. Moreover, the presence of an asymmetric carbon in 1 significantly alters the relative orientation of the heterocyclic and aromatic rings, which assume the typical tetrahedral disposition of the substituents of an sp3-hybridized carbon. Conversely, the two rings are linked by sp2 carbons in 2. The torsion angle N2-C7-C4-C3 is −133.1(1)° in 2, while the corresponding angle in 1 is −101.4(1)°. Interestingly, the orientation of the methyl ester group also changes: in detail, the torsion angle C9-C8-C11-O5 is 44.3(1)° in and −175.9(3)° in 1. The different conformation of the two molecules also affects their arrangement in the crystal: the higher planarity of 2 allows for a tighter packing and results in a slightly lower cell volume (637.30(11) Å3 vs. 659.14(16) Å3). The asymmetric unit of 1 and 2 and an overlay of the two molecules are depicted in Figure 5.




3.3. Hirshfeld Surface Analysis


The Hirshfeld surface of the title dihydropyrimidine 2 was mapped over the normalized contact distance (dnorm), according to the following equation:


   d  n o r m   =    d i  −  r i  v d W      r i  v d W     +    d e  −  r e  v d W      r e  v d W      








where di is the distance between the HS and the nearest nucleus inside the surface, de is the distance between the HS and the nearest nucleus outside the surface, and rvdW represents the van der Waals radius of the atom [63,64,65]. Details of the HS are provided in Table 2.



The dnorm property was visualized with a red-blue-white color scheme, based on the length of the intermolecular contact with respect to the sum of the van der Waals radii (Figure 6A). The analysis of the surface revealed the presence of two large red spots, corresponding to the short-range H-bond established between N3-H3 and O3. A slightly weaker signal indicated the presence of the non-traditional H-bond between O3 and an aromatic CH of the phenyl ring. The remaining feeble spots represent random short contacts, without chemical significance. The surface mapped over the shape index (SI) showed the typical features of parallel π-π stacking interactions, namely an alternating pattern of red-blue regions on the phenyl ring (Figure 6B). This property also revealed the presence of two hollow areas, one at the center of the aromatic substituent and the other between the dihydropyrimidine nucleus and the ester side chain. The most significant bumps were determined by the ester moiety and the methyl groups; otherwise, the structure appeared to be relatively unperturbed. This was confirmed by the curvedness plot, which showed two large flat areas on one side, and a more irregular surface on the other (Figure 6C).



The two-dimensional (2D) fingerprint of the HS (Figure S5), providing a visual summary of the contribution of each contact type and the relative area of the surface corresponding to it, revealed the prominence of O···H/H···O interactions (35.9%), mainly representing the H-bonds ensuring the stability of the packing. The presence of short-range contacts, due to the N3-H3⋯O3I interactions, was attested by the elongated spikes protruding towards the lower left part of the plot. The characteristic arrow-shaped region in the upper-center area of the fingerprint confirmed the presence of π-π stacking interactions, despite these contacts only accounted for 2.9% of the surface. The remaining contacts occupied more significant portions of the HS, albeit without representing significant chemical interactions. The only exception was constituted by C⋯H/H⋯C contacts in which weak C-H⋯π interactions marginally contributed to the computation of the surface area. These conclusions were supported by the analysis of the contact enrichments (Table 3) [57], which showed that only C⋯C, O⋯H/H⋯O, and C⋯H/H⋯C contacts are enriched (EXY ≥ 1).




3.4. Biological Assays


The antifungal activity of compounds 1 and 2 (minimum inhibitory concentration, MIC, µg/µL) was studied by the microdilution method, according to the CLSI guidelines [58,59,66]. Three fungal strains were employed, namely Aspergillus niger, Aspergillus flavus, and Candida albicans, and fluconazole was used the positive control. As shown in Table 4, both compounds 1 and 2 were active against all the fungal cultures, showing an efficacy comparable to that of fluconazole. In detail, the activity of compound 1 was equal to that of fluconazole against A. niger and A. flavus, while it was lower when tested against C. albicans. Conversely, A. niger and A. flavus were found to be more susceptible to compound 2 (MIC = 16 µg/mL) compared to fluconazole, whereas the activity of the dihydropyrimidine 2 against C. albicans was analogous to that of the drug (MIC = 32 µg/mL). DMSO was used as a negative control, and no inhibition was detected against the fungal strains. Notably, the antibacterial effect of these compounds has already been screened against different bacterial strains in a previous work by our research group [50], resulting in significantly lower activities compared to those obtained on fungal cultures.



Our results revealed an improved activity against test cultures of compound 2 compared to 1. The enhanced antifungal potency of 2 may be related to its chemical structure, particularly to its “more aromatic” ring, which could be responsible for the biological activity. Indeed, the antimicrobial effect of aromatic compounds has been previously observed against different microbial strains [67,68,69,70].




3.5. In Silico Analyses


3.5.1. Structure Optimization


The investigated dihydropyrimidine derivatives were optimized at the B3LYP-D3/6-311++G(d,p) level, resulting in the structures shown in Figure 7. Bond lengths (Å), bond angles (degrees), dihedral angles (degrees), and geometric parameters are given in Table 5. The total energy for compounds 1, 2(I), and 2(II) were calculated to be −754.482651, −746.783920, and −746.782920, respectively. Therefore, 2(I) proved to be more energetically favored.



The computational analysis revealed a prominence of planar structures; dihedral angles and geometric properties were similar. The calculated geometric parameters were also compared to the literature data. In published studies, C-O, C-N, and N-O bond lengths were recorded in the range of 1.215–1.219, 1.451–1.453, and 1.217–1.226 [71]. The calculated geometric parameters were in good agreement with the published data based on these experimental results.



Moreover, the IR spectra of the studied compounds were calculated (Figure 8); the frequency values of the studied compounds are given in Table 6. The frequency values of aromatic-aliphatic CH, NH, C=O and C=N groups corresponded to the vibrations at 3236–3241, 3580–3631, 1769–1782, and 1632–1678 cm−1, respectively. The provided frequency values were in agreement with the literature data [71,72,73,74]. In addition, theoretical 1H and 13C NMR spectra were determined using the optimized structures; chemical shift values (Table 7) were calculated at the B3LYP-D3/6-311++G(d,p) level with reference to tetramethylsilane (TMS). Both IR and NMR spectra proved that the structures in question were correct and in agreement with the experimental ones.




3.5.2. Electronic Properties


The study of the electronic features of molecules reveals vital information about their chemical properties. The molecular electrostatic potential (MEP) map, the MEP contour, and the contour plot of molecular orbitals are examples of techniques that can be used to understand these properties. Some of them are calculated and listed below.



Contour Plot of HOMO and LUMO


At the same theory level, the contour plot of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) was calculated and represented in Figure 9.



HOMO and LUMO, which are known as boundary molecular orbitals, show the tendency to give and receive electrons. In the LUMO models, π-electrons were found to be generally delocalized over the whole structure of the two compounds. The HOMO structures revealed that the π-electrons were delocalized on the whole structure only in compound 1, while they were concentrated on the dihydropyrimidine nucleus in 2 (Figure 9).




MEP Maps


Molecular electrostatic potential (MEP) maps are a standard diagram used for describing the reactive sites of a compound. MEP maps can also be useful to locate nucleophilic and electrophilic active sites.



As shown in Figure 10, the yellow and red portions represent electron-rich regions, corresponding to the points where the oxygen atoms are located. Conversely, the regions with the poorest electron density are those around the dihydropyrimidine core.





3.5.3. Molecular Docking


The biological reactivity of chemicals can be predicted by using in silico techniques; the best choice in these analyses is molecular docking. The antimycotic effect of the synthesized compounds was experimentally studied against clinically relevant fungal strains, and 2 was found to be superior to its precursor. To identify a putative target for these compounds, an extensive literature survey was carried out to identify novel drug targets deemed essential for parasite growth and survival. Among them, we selected the putative target chitin deacetylase (AngCDA) from Aspergillus niger, considering that some pyrimidine derivatives were found to be able to inhibit this enzyme [75]. Hence, the biological activity of the compounds was investigated by molecular docking calculations, using the model deposited under accession code 7BLY in the Protein Data Bank (PDB) [60]. The studied compounds and the target protein were re-minimized using the OPLS4 method. The x-y-z coordinates of the receptor-binding domain were defined as 15.3, 41.74, and -30.61, respectively. The calculations showed that the compounds may inhibit the selected target. Docking structures and the interaction map of each compound are represented in Figure 11. Additionally, docking score (DS), van der Walls energy (EvdW), coulomb energy (ECoul), and total interaction energy (ETotal) are given in Table 8.



Data reported in Figure 11 and Table 8 evidenced that the studied compounds have a good binding affinity for the target protein. Furthermore, the fact that the whole parameters of 2 were better than those of 1, except for the Coulomb interactions, could be in agreement with its higher biological activity (Table 8).






4. Conclusions


Methyl 6-methyl-4-(4-nitrophenyl)-2-oxo-1,2-dihydropyrimidine-5-carboxylate 2 was obtained by the regioselective oxidative dehydrogenation of dihydropyrimidine 1 in the presence of cerium ammonium nitrate (CAN). Its structure was investigated by various methods, including NMR spectroscopy and SC-XRD. These techniques allowed us to determine the tautomeric form of the title compound. Moreover, the presence of non-covalent interactions and their impact on the crystal packing were studied by Hirshfeld surface and contact enrichment analysis. Furthermore, the studied compounds were investigated by computational techniques at the B3LYP-D3/6-311++G(d,p) level: their structural, spectral, and electronic properties were investigated. Finally, considering that dihydropyrimidines are privileged scaffolds in medicinal chemistry, the biological activity of the synthesized compounds was investigated against Candida albicans, Aspergillus flavus, and Aspergillus niger revealing an efficacy comparable to or even higher than that of the established antimycotic fluconazole. Moreover, molecular docking calculations were performed against a putative target from Aspergillus niger.
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Figure 1. Tautomeric forms of oxidized dihydropyrimidines. 
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Figure 2. Synthesis of compounds 1 and 2. 
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Figure 3. ORTEP diagram of 2, with the arbitrary atom-numbering scheme. Thermal ellipsoids are drawn at the 40% probability level. 
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Figure 4. (A) Spacefill-stick model of 2 in an arbitrary orientation, evidencing the main H-bonds and the π-π stacking interactions. (B) Stick model showing the crystal packing along the a axis. Hydrogen atoms are omitted for the sake of clarity. 
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Figure 5. (A.) Asymmetric unit of 2. (B.) Asymmetric unit of 1, according to the crystal structure solved by Bairagi and co-workers [62]. (C.) Overlay of 1 (yellow) and 2 (red). Hydrogens are omitted for the sake of clarity. 
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Figure 6. (A) HS mapped over dnorm with a fixed color scale in the range −0.6640 au (red)–1.1565 au (blue), based on the length of the intermolecular contacts with respect to the sum of the van der Waals radii (red: shorter; blue: longer; white: same). (B) HS mapped over the shape-index (color scale: −0.9976 au–0.9959 au). Blue areas represent bumps and red regions indicate hollows. (C) HS mapped over the curvedness (color scale: −3.6750 au–0.2678 au). Green represents flat regions and blue indicates edges. 
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Figure 7. Optimized structure of the investigated compounds. 
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Figure 8. Calculated IR spectra of the studied compounds. 
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Figure 9. Contour diagram of frontier molecular orbitals. 
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Figure 10. Molecular electrostatic potential maps calculated on the studied compounds. 
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Figure 11. The docking structures and interaction maps of studied compounds. 
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Table 1. Crystal data and structural parameters of compound 2.
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Crystal Data






	
Chemical formula

	
C13H11N3O5




	
Mr

	
289.25




	
Crystal system, space group

	
Triclinic, P-1




	
a, b, c (Å)

	
7.2632(7), 8.4463(9), 11.1188(11)




	
α, β, γ (°)

	
69.202(2), 88.714(2), 88.195(2)




	
V (Å3)

	
637.30(11)




	
Z

	
2




	
F(000)

	
300




	
Density (g/cm3)

	
1.507




	
Temperature (K)

	
298




	
Radiation type

	
Mo-Kα (λ = 0.71073 Å)




	
µ (mm−1)

	
0.119




	
Crystal size (mm)

	
0.504 × 0.132 × 0.086




	
Data collection




	
Diffractometer

	
Bruker-Axs Smart-Apex CCD




	
Tmin, Tmax

	
0.369, 0.746




	
No. of measured, independent andobserved [I > 2σ(I)] reflections

	
5949, 2228, 1727




	
Rint

	
0.0453




	
Structure refinement




	
R, wR2, S

	
0.0434 [I > 2σ(I)] and 0.0562 [all], 0.1160 [I > 2σ(I)] and 0.1227 [all], 1.058 [all]




	
No. of parameters

	
192




	
No. of restraints

	
0




	
Δρmax, Δρmin (e Å−3)

	
0.181, −0.221
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Table 2. Characteristics of the HS generated for 2.
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	2
	V (Å3)
	A (Å2)
	G
	Ω





	HS
	312.65
	295.94
	0.753
	0.158
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Table 3. Analysis of the intermolecular contacts on the HS of 2, according to Jelsch et al. [57]. The first part of the table gives the surface contribution SX of each chemical type X to the Hirshfeld surface. The second part shows the proportions of the actual contacts (CXY), and the third part indicates the enrichment ratios (EXY) of the various contact types. Reciprocal contacts X···Y and Y···X are merged. EXY were not computed when the random contacts (RXY) were lower than 0.9%. EXY ratios larger than unity indicate enriched contacts (in bold), while those lower than unity are impoverished. The percentages of actual contacts were calculated using CrystalExplorer21.5.
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	▪

	
Atoms







	
H

	
C

	
N

	
O






	

	▪

	
Surface (%)







	
55.6

	
12.0

	
6.4

	
26.2




	

	▪

	
Contacts (%)







	




	

	▪

	
H







	
27.7

	

	

	




	

	▪

	
C







	
13.2

	
2.9

	

	




	

	▪

	
N







	
6.6

	
1.4

	
1.2

	




	

	▪

	
O







	
35.9

	
3.5

	
2.3

	
5.3




	

	▪

	
Enrichments







	




	

	▪

	
H







	
0.9

	

	

	




	

	▪

	
C







	
1.0

	
2.1

	

	




	

	▪

	
N







	
0.9

	
0.9

	
−

	




	

	▪

	
O







	
1.2

	
0.6

	
0.7

	
0.8











[image: Table] 





Table 4. MIC (µg/µL) of the studied compounds.
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Fungi

	
MIC




	
1

	
2

	
Fluconazole






	
Candida albicans

	
64

	
32

	
32




	
Aspergillus niger

	
32

	
16

	
32




	
Aspergillus flavus

	
32

	
16

	
32
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Table 5. Geometric parameters of the compounds calculated at the B3LYP/6-31+G(d,p) level.
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Assignments

	
1

	
2 (I)

	
2 (II)






	
Bond Lengths(Å)




	
C1-O1

	
1.443

	
1.445

	
1.444




	
C2-O2

	
1.217

	
1.215

	
1.217




	
C2-C3

	
1.496

	
1.485

	
1.488




	
C3-C4

	
1.380

	
1.386

	
1.450




	
C4-C5

	
1.498

	
1.503

	
1.506




	
C4-N1

	
1.389

	
1.353

	
1.313




	
C3-C7

	
1.429

	
1.446

	
1.383




	
C7-C8

	
1.441

	
1.491

	
1.485




	
C8-C9

	
1.421

	
1.402

	
1.402




	
C11-N3

	
1.453

	
1.475

	
1.477




	
N3-O4

	
1.238

	
1.232

	
1.231




	
Bond Angle (deg)




	
C1-O1-C2

	
115.9

	
115.4

	
115.6




	
O1-C2-O2

	
123.6

	
122.9

	
123.0




	
O2-C2-C3

	
125.0

	
124.1

	
124.4




	
C2-C3-C4

	
118.4

	
122.1

	
123.9




	
C3-C4-C5

	
127.3

	
126.0

	
121.2




	
C4-N1-C6

	
125.2

	
125.2

	
121.0




	
N1-C6-O3

	
122.8

	
118.8

	
125.4




	
N1-C6-N2

	
113.6

	
115.6

	
115.8




	
N2-C7-C8

	
117.3

	
114.7

	
115.6




	
C8-C9-C10

	
121.4

	
120.4

	
120.3




	
C10-C11-N1

	
119.5

	
119.0

	
118.9




	
C11-N1-O4

	
117.9

	
117.7

	
117.6




	
Dihedral Angle(deg)




	
C1-O1-C2-O2

	
−5.7

	
2.10

	
3.20




	
O1-C2-C3-C4

	
125.1

	
42.7

	
42.5




	
O2-C2-C3-C4

	
−53.7

	
−137.0

	
−138.1




	
O2-C2-C3-C7

	
131.8

	
35.6

	
36.3




	
O1-C2-C3-C7

	
−49.3

	
−144.5

	
−142.9




	
C2-C3-C4-C5

	
4.0

	
−8.8

	
−3.6




	
C2-C3-C4-N1

	
−173.4

	
170.0

	
174.3




	
C3-C4-N1-C6

	
2.5

	
−4.6

	
1.0




	
C4-N1-C6-O3

	
179.3

	
−171,6

	
178.6




	
C5-C4-N1-C6

	
−175.2

	
174.3

	
179.1




	
C4-N1-C6-N2

	
−1.1

	
9.7

	
−1.3




	
N2-C7-C8-C9

	
−27.9

	
43.6

	
55.2




	
C8-C9-C10-C11

	
−0.5

	
1.2

	
0.7




	
C10-C11-N3-O4

	
−178.4

	
−179.5

	
179.8
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Table 6. Vibrational frequencies (cm−1) of some functional groups in the studied compounds.
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	▪

	
Assignment






	1
	2 (I)
	2 (II)





	
	▪

	
νCHaromatic






	3238
	3243
	3243



	
	▪

	
νCHaliphatic






	3025
	3147
	3143



	
	▪

	
νNH






	3635
	3595
	3591



	
	▪

	
νC=O






	1770
	1788
	1786



	
	▪

	
νC-O






	1130
	1116
	1113



	
	▪

	
νC-C






	1339
	1315
	1312



	
	▪

	
νC=C






	1633
	1635
	1638



	
	▪

	
νC=N






	-
	1635
	1638



	
	▪

	
νC-N






	1311
	1378
	1382



	
	▪

	
νN-O






	1550
	1589
	1594
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Table 7. Spectral data for the studied compounds, calculated at the B3LYP-D3/6-311++G(d,p) level and experimental one.
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Assignments

	
1

	
Experimental (1)

	
2 (I)

	
2 (II)

	
Experimental (2)






	
13C-NMR

	

	

	

	

	




	
C1

	
53.3

	
53.91

	
52.7

	
52.8

	
51.98




	
C2

	
164.7

	
152.16

	
162.6

	
163.2

	
165.60




	
C3

	
111.8

	
51.23

	
106.9

	
107.9

	
161.83




	
C4

	
134.9

	
149.94

	
155.5

	
173.2

	
148.12




	
C5

	
17.1

	
18.25

	
24.1

	
29.7

	
28.99




	
C6

	
142.9

	
165.92

	
148.1

	
147.2

	
162.12




	
C7

	
124.3

	
124.19

	
172.3

	
156.7

	
154.90




	
C8

	
131.9

	
152.13

	
144.4

	
139.6

	
154.69




	
C9

	
115.8

	
98.39

	
127.8

	
123.4

	
123.42




	
C10

	
122.9

	
124.19

	
121.8

	
122.8

	
123.42




	
C11

	
142.0

	
157.11

	
147.0

	
147.5

	
144.82




	
C12

	
121.6

	
127.93

	
120.0

	
121.7

	
128.87




	
C13

	
121.1

	
127.93

	
124.9

	
126.2

	
128.87




	
1H-NMR

	




	
C1H′

	
3.91

	
3.54

	
3.93

	
3.84

	
3.49




	
C1H″

	
3.60

	
3.54

	
3.83

	
3.81

	
3.49




	
C1H‴

	
3.29

	
3.54

	
3.68

	
3.70

	
3.49




	
C5H′

	
2.82

	
2.27

	
2.99

	
3.03

	
2.46




	
C5H″

	
1.83

	
2.27

	
2.47

	
2.36

	
2.46




	
C5H‴

	
1.57

	
2.27

	
1.40

	
2.16

	
2.46




	
C9H

	
6.94

	
5.28–5.29

	
8.21

	
7.62

	
7.68–7.71




	
C10H

	
8.32

	
8.2–8.22

	
8.65

	
8.73

	
8.30–8.33




	
C12H

	
8.19

	
8.2–8.22

	
8.39

	
8.54

	
8.30–8.33




	
C13H

	
6.87

	
7.5–7.53

	
7.32

	
7.41

	
7.68–7.71




	
N1H

	
5.77

	
7.88

	
7.24

	
-

	
12.62




	
N2H

	
6.31

	
9.35

	
-

	
7.18

	
12.62
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Table 8. Molecular docking results.
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Compound

	
DS a

	
EvdW a

	
ECoul a

	
ETotal a






	
1

	
−3.022

	
−19.294

	
−6.132

	
−25.427




	
2

	
−3.351

	
−20.298

	
−6.055

	
−26.353




	
Fluconazole

	
−3.154

	
−19.563

	
−4.839

	
−24.402




	
a in kcal/mol
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