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Abstract:



Reaction of barbituric acid derivatives and di-substituted benzaldehyde in water afforded arylidene-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives (1 and 2). The one step reaction proceeded efficiently, smoothly, and in excellent yield. The arylidene compounds were characterized by spectrophotometric tools plus X-ray single crystal diffraction technique. Quantum chemical calculations were performed using the DFT/B3LYP method to optimize the structure of the two isomers (1 and 2) in the gas phase. The optimized structures were found to agree well with the experimental X-ray structure data. The highest occupied (HOMO) and lowest unoccupied (LUMO) frontier molecular orbitals analyses were performed and the atomic charges were calculated using natural populationanalysis.
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1. Introduction


The barbituric acid scaffold and particularly the substituted derivatives at the C5-position are found as a core structure in many potential pharmaceutical drugs. Several examples of the arylidene derivatives of barbituric acid possessing significant implementation in the pharmaceutical field such as antitumor [1], immunomodulating, matrix metalloproteinase (MMP) inhibitor [2], antioxidant [3], antibacterial agent [4], anticonvulsant potentials [5], and mutant SOD1-dependent protein aggregation [6] were investigated. Additionally, these compounds were shown to haveseveral targets in dye manufacturing [7], supramolecular chemistry [8], and in nonlinear optical study [9].



In green chemistry, water is the ideal solvent: it is non-toxic, benign, sustainable, non-flammable, has a high specific heat capacity to absorb energy from reactions, has a very low odor, and is available at a low cost [10]. Due to these advantages, a wide variety of chemical reactions can be performed in water. One of these reactions is the Aldol condensation that proceeds smoothly in water.



In continuation of our research program [11,12,13,14,15,16,17], we synthesized two new compounds from the reaction of barbituric acid derivatives and di-substituted benzaldehyde. Their 3D chemical structures were investigated by X-ray diffraction and computational studies.




2. Results


2.1. Chemistry


The arylidene-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives 1 and 2 were synthesized as shown in Scheme 1. Barbituric acid derivatives, and 3-hydroxy-4-methoxybenzaldehyde (for the synthesis of 1) or 4-hydroxy-3-methoxybenzaldehyde (for the synthesis of 2) are commercially available. The reaction proceeds smoothly with the mixingof equimolar amounts of the substituted aldehyde and barbituric acid derivative in water at room temperature providing the arylidene compounds in excellent yield. The molecular structures of the later products were investigated by using different spectroscopic techniques such as1H, 13C-NMR, IR, GCMS, and the X-ray single crystal technique.





3. Discussion


3.1. X-Ray Crystal Structure of 1 and 2


A crystalline material was grown in a mixture of DCM/EtOH/Et2O at room temperature (r.t.) for 24h. The molecular structure was solved by SHELXS-97 [18,19] software. Crystal data and Ortep (Oak Ridge Thermal-Ellipsoid Plot Program)diagrams of the compounds are shown in Table 1 and Figure 1 and Figure 2, respectively. Selected geometric parameters of compounds 1 and 2 are listed in Table 2, Table 3, Table 4 and Table 5.


Figure 1. ORTEP (Oak Ridge Thermal-Ellipsoid Plot Program) of the synthesized compound 1 (left) and 2 (right). Displacement ellipsoids are plotted at the 40% probability level for non-H atoms.
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Figure 2. View of the molecular packing in compounds 1 and 2 The O–H…O and C–H…O hydrogen bonds are shown as dashed lines.
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Table 1. The crystal and experimental data of 1 and 2.







	

	
1

	
2






	
Chemical formula

	
C14H14N2O5

	
C14H14N2O5




	
M.W

	
290.27

	
290.27




	
T

	
293 K

	
296 K




	
λ (Mo Kα radiation)

	
0.71073 Å

	
0.71073 Å




	
Crystal system

	
Triclinic

	
Triclinic




	
Space group

	
P-1

	
P-1




	
Unit cell dimensions

	
a = 9.2265 (10) Å

	
a = 5.4539 (4) Å




	
b = 11.9757 (12) Å

	
b = 8.1536 (7) Å




	
c = 12.8490 (13) Å

	
c = 15.1562 (12) Å




	
α = 110.014 (3)°

	
α = 83.466 (3)°




	
β = 101.912 (3)°

	
β = 83.950 (3)°




	
γ = 90.188 (4)°

	
γ = 79.621 (3)°




	
Volume

	
1301.0 (2) Å3

	
656.16 (9) Å3




	
Z

	
4

	
2




	
Density (calculated)

	
1.482 Mg·m−3

	
1.469 Mg·m−3




	
Absorption coefficient

	
0.11 mm−1

	
0.11 mm−1




	
F(000)

	
608

	
304




	
Crystal size

	
0.35 × 0.23 × 0.13 mm

	
0.19 × 0.13 × 0.08 mm




	
Theta range for data collection

	
2.8°–24.9°

	
2.6°–23.1°




	
Reflections collected/unique

	
4554/3207

	
17059/1475




	
Completeness to theta = 31.4°

	
99.9

	
99.9




	
Goodness-of-fit on F2

	
1.08

	
1.02




	
Diffractometer

	
Bruker APEX-II CCD diffractometer

	
Bruker APEX-II CCD diffractometer




	
Absorption correction

	
multi-scan SADABS Bruker 2014

	
multi-scan SADABS Bruker 2014




	
Rint

	
0.173

	
0.099




	
R(F2 > 2σ(F2))

	
0.088

	
0.054




	
wR(F2) =

	
0.252

	
0.136




	
Δρmax/Δρmin

	
0.31 and −0.38

	
0.31 and −0.21




	
CCDC number

	
1484809

	
1484813










Table 2. Selected geometric parameters (Å, °) of 1.







	
O1A–C1A

	
1.214 (7)

	
N1A–C2A

	
1.469 (8)




	
O2A–C3A

	
1.207 (6)

	
N1A–C3A

	
1.363 (7)




	
O3A–C5A

	
1.206 (7)

	
N1A–C1A

	
1.403 (6)




	
O4A–C10A

	
1.345 (7)

	
N2A–C4A

	
1.470 (8)




	
O5A–C11A

	
1.360 (7)

	
N2A–C3A

	
1.388 (7)




	
O5A–C14A

	
1.435 (8)

	
N2A–C5A

	
1.389 (6)




	
O1B–C1B

	
1.213 (7)

	
N1B–C3B

	
1.375 (8)




	
O2B–C3B

	
1.209 (6)

	
N1B–C1B

	
1.395 (7)




	
O3B–C5B

	
1.214 (8)

	
N1B–C2B

	
1.465 (9)




	
O4B–C10B

	
1.359 (8)

	
N2B–C4B

	
1.477 (9)




	
O5B–C14B

	
1.431 (9)

	
N2B–C5B

	
1.389 (8)




	
O5B–C11B

	
1.358 (6)

	
N2B–C3B

	
1.365 (8)




	
C11A–O5A–C14A

	
118.6 (5)

	
O3A–C5A–N2A

	
119.2 (5)




	
C11B–O5B–C14B

	
118.0 (5)

	
N2A–C5A–C6A

	
117.2 (5)




	
C1A–N1A–C3A

	
125.4 (5)

	
O3A–C5A–C6A

	
123.6 (5)




	
C2A–N1A–C3A

	
116.9 (4)

	
O4A–C10A–C11A

	
122.6 (5)




	
C1A–N1A–C2A

	
117.7 (5)

	
O4A–C10A–C9A

	
117.9 (5)




	
C3A–N2A–C5A

	
124.4 (5)

	
O5A–C11A–C12A

	
125.1 (5)




	
C3A–N2A–C4A

	
116.6 (4)

	
O5A–C11A–C10A

	
115.0 (4)




	
C4A–N2A–C5A

	
118.9 (5)

	
O1B–C1B–C6B

	
125.2 (5)




	
C1B–N1B–C3B

	
125.7 (5)

	
N1B–C1B–C6B

	
116.2 (5)




	
C2B–N1B–C3B

	
116.8 (5)

	
O1B–C1B–N1B

	
118.7 (5)




	
C1B–N1B–C2B

	
117.5 (5)

	
O2B–C3B–N2B

	
121.5 (6)




	
C3B–N2B–C5B

	
125.4 (5)

	
N1B–C3B–N2B

	
117.3 (4)




	
C4B–N2B–C5B

	
117.7 (5)

	
O2B–C3B–N1B

	
121.2 (6)




	
C3B–N2B–C4B

	
116.9 (5)

	
O3B–C5B–N2B

	
119.9 (5)




	
O1A–C1A–N1A

	
117.9 (5)

	
N2B–C5B–C6B

	
116.8 (5)




	
N1A–C1A–C6A

	
116.5 (5)

	
O3B–C5B–C6B

	
123.4 (5)




	
O1A–C1A–C6A

	
125.6 (5)

	
O4B–C10B–C9B

	
118.2 (5)




	
O2A–C3A–N1A

	
121.9 (5)

	
O4B–C10B–C11B

	
121.8 (5)




	
O2A–C3A–N2A

	
120.3 (5)

	
O5B–C11B–C10B

	
115.4 (5)




	
N1A–C3A–N2A

	
117.8 (4)

	
O5B–C11B–C12B

	
124.6 (5)










Table 3. Hydrogen-bond geometry (Å, °) of 1.







	
D–H···A

	
D–H

	
H···A

	
D···A

	
D–H···A






	
O4A–H4OA···O2A i

	
0.87(5)

	
1.96(5)

	
2.744(6)

	
150(4)




	
O4B–H4OB···O2B i

	
0.70(8)

	
2.10(9)

	
2.765(6)

	
161(11)




	
C9A–H9AA···O3A ii

	
0.9300

	
2.5900

	
3.507(7)

	
170.00




	
C13A–H13A···O1A

	
0.9300

	
2.1100

	
2.893(6)

	
141.00




	
C13B–H13B···O1B

	
0.9300

	
2.0900

	
2.878 (6)

	
142.00




	
C9B–H9BA···O3B iii

	
0.9300

	
2.5000

	
3.404 (8)

	
165.00








Symmetry codes: ix, y, z + 1; ii −x, −y + 2, −z + 1; iii –x + 3, −y + 1, −z + 2.








Table 4. Selected geometric parameters (Å, °) of 2.







	
O1–C1

	
1.218 (4)

	
N1–C1

	
1.381 (4)




	
O2–C3

	
1.224 (3)

	
N1–C3

	
1.367 (4)




	
O3–C5

	
1.213 (3)

	
N1–C2

	
1.471 (4)




	
O4–C10

	
1.363 (3)

	
N2–C4

	
1.465 (4)




	
O4–C14

	
1.433 (4)

	
N2–C5

	
1.399 (4)




	
O5–C11

	
1.346 (3)

	
N2–C3

	
1.374 (3)




	
C10–O4–C14

	
117.4 (2)

	
O2–C3–N2

	
121.4 (2)




	
C1–N1–C3

	
124.7 (2)

	
N1–C3–N2

	
118.2 (2)




	
C2–N1–C3

	
117.2 (2)

	
O2–C3–N1

	
120.5 (2)




	
C1–N1–C2

	
118.1 (2)

	
O3–C5–N2

	
118.0 (3)




	
C3–N2–C5

	
124.3 (2)

	
N2–C5–C6

	
117.1 (2)




	
C4–N2–C5

	
118.1 (2)

	
O3–C5–C6

	
124.9 (3)




	
C3–N2–C4

	
117.6 (2)

	
O4–C10–C9

	
125.2 (2)




	
O1–C1–C6

	
123.7 (3)

	
O4–C10–C11

	
114.3 (2)




	
N1–C1–C6

	
117.0 (2)

	
O5–C11–C10

	
117.4 (2)




	
O1–C1–N1

	
119.4 (3)

	
O5–C11–C12

	
123.3 (2)










Table 5. Hydrogen-bond geometry (Å, °) of 2.







	
D–H···A

	
D–H

	
H···A

	
D···A

	
D–H···A






	
O5–H1O5···O2 i

	
0.95 (3)

	
1.73 (3)

	
2.679 (3)

	
178 (3)




	
C4–H4C···O4 ii

	
0.9800

	
2.5300

	
3.487 (4)

	
166.66




	
C9–H9A···O3

	
0.9500

	
2.0500

	
2.855 (4)

	
141.00




	
C13–H13A···O1 iii

	
0.9500

	
2.3800

	
3.320 (3)

	
172.00




	
C14–H14A···O5 iv

	
0.9800

	
2.5000

	
3.482 (4)

	
175.00








Symmetry codes: ix + 2, y − 1, z; iix − 1, y + 1, z; iii −x + 1, −y + 1, −z + 2; iv –x + 2, −y, −z + 1.








The 3D chemical structure of the 5-(3-Hydroxy-4-methoxybenzylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione; 1 has a prymidine-trione ring (C1/N1/C3/N2/C5/C6) and a benzene ring (C8/C9/C10/C11/C12/C13) which are bound together through the exo-double bond C6-C7. The unit cell contains two independent molecules. The dihedral angles between the two rings are 1.38 (3)° and 5.58 (2)° in molecule A and B, respectively. Thus the molecules are nearly planar. Similarly, the 3D chemical structure of the 5-(4-Hydroxy-3-methoxybenzylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione 2 was solved. The unit cell contains only one independent molecule and the dihedral angle between the two rings is 2.43 (3)°.



Both 1 and 2 crystallized in space group P-1 and the lattice constants are roughly the same in each case. However, there are both similarities and significant differences in the packing modes between the two closely related molecules. The crystal structure of 1 projected along the c axisis shown in Figure 2. The molecules are connected by two classical O–H···O and two non-classical C–H···O hydrogen bonds (Table 3) forming flat sheets. Comparison of the crystal structures reveals that 2 is more loosely packed than 1. The effective volume of the molecule in 2 estimated by V/Z is larger by ca 1% than that for 1. Molecules in compound 2 are packed with one O–H···O and three C–H···O hydrogen bonds along the b, c axes (Table 5).




3.2. Optimized Structure of 1 and 2


The optimized structures of the two isomers 1 and 2 are given in Figure 3. Overlay between the optimized and experimental structures are also shown in the same Figure. Tables S1 and S2 (Supplementary Materials) showed the complete list of bond distances and bond angles obtained from the Density functional theory (DFT) calculations and compared with the X-ray results. The results indicated good agreement between the calculated and experimental structures. The correlation coefficients between the calculated and experimental geometrical parameters are 0.988–0.993 and 0.985–0.987 for bond distances and angles, respectively. The maximum bond distance deviations are 0.027 Å (1.95%) and 0.024 Å (1.76%) for compounds 1 and 2, respectively. Similarly, the bond angles are predicted very well, the maximum percentage errors are 1.86% (2.194°) for 1 and 1.97% (2.312°) for 2. The small differences between the calculated and experimental geometries are mainly attributed to the known fact that the experimental solid state structure includes intermolecular forces that significantly affect the geometric parameters while the calculated one is a single molecule in the gas phase. It is worth noting that1is characterized by an intramolecular O–H–O(CH3) interaction between the OH group and the neighboring oxygen of the methoxy group where the H–O distance is calculated to be 2.097 Å while the donor-acceptor (O–O) distance is predicted to be 2.650 Å (exp. 2.690Å). Such H–O interaction was not observed in 2.


Figure 3. The optimized structures (left) and comparative overlay of the calculated and experimental structure (right). Bond distance values are given in Å.
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3.3. Energy Analysis of the Two Isomers


The total energies (Etot), zero point energy correction (ZPVE) and the corrected total energy (Ecorr) of the two isomers are given in Table 6. According to these results, isomer 1 is more stable than isomer 2 by 2.56194 Kcal/mol. Also, the thermodynamic parameters such as enthalpy and Gibbs free energy are given in the same table. Based on the Gibbs free energy difference between the two isomers, 1 is thermodynamically more stable than 2. The extrastability of compound 1 could be attributed to the presence of the intramolecular H–O interaction.



Table 6. The total energy (Etot), zero point energy correction (ZPVE), corrected total energy (Ecorr) and energy difference (∆E) between the two isomers 1 and 2.







	

	
1

	
2






	
Etot (a.u)

	
−1027.5976

	
−1027.5931




	
ZPVE (a.u)

	
0.271445

	
0.270999




	
Ecorr (a.u)

	
−1027.3262

	
−1027.3221




	
∆Ea (Kcal/mol)

	
−2.5619393




	
H (a.u)

	
−1027.3056

	
−1027.3013




	
G (a.u)

	
−1027.3759

	
−1027.3734








∆Ea = Ecorr (1) − Ecorr (2).









3.4. Frontier Orbital Energy Analysis


The frontier molecular orbitals, HOMO and LUMO are related to the bioactivity of molecules as they give information about theirability to gain or lose electrons. Thus, study on frontier orbital energy can provide useful information about the biological mechanism. The energies of the HOMO and LUMO levels as well as the HOMO-LUMO were obtained from the DFT/B3LYP calculations and the results are listed in Table 7. Compound 1 has lower energy HOMO level than 2. In contrast, compound 2 has a more stable LUMO level of the lower energy level than that for 1. Hence 2 is a better electron donor and also a slightly better electron acceptor than 1. The energy gaps between HOMO and LUMO are 3.57751 and 3.51955 eV for 1and 2, respectively. As a result, 1 has a higher energy gap and is predicted to be more stable towards the electron transport process than 2. Figure 4 shows the HOMO and LUMO levels of both isomers. The HOMO and LUMO levels are mainly distributed over the π-system of the studied compounds and hence the HOMO-LUMO electron transfer is considered mainly as a π-π* transition.


Figure 4. The frontier molecular orbitals of the studied isomers.
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Table 7. The frontier orbital energy (eV) of the studied isomers.







	
Parameter

	
1

	
2






	
EHOMO

	
−5.97839

	
−5.92832




	
ELUMO

	
−2.40088

	
−2.40877




	
Gap

	
3.57751

	
3.51955











3.5. Natural Atomic Charges (QN) and Electrostatic Potential (ESP)


Figure 5 exhibits the calculated natural atomic charges (QN) for all atomic sites. The O and N-atoms have the highest electronegativity and so are expected to have the highest natural charge values. Hence these sites are the most favored to interact with the positively charged receptor active site. In contrast, the OH proton is the most electropositive and is the most favored site to be attached by the negative part of the receptor active sites. The aliphatic carbon atoms are predicted to be more electronegative than the aromatic ones. The ring C-atoms attached to either O or N atoms showed high electropositive character. The most electropositive carbon is the one lying between two N atoms and one O atom. The formation of H-bonding interaction usually affects the charges at the hydrogen, donor and acceptor atoms. It is of note that the charge at the OH proton of 1 is higher than that in 2. In contrast, its oxygen atom (H-donor) is more electronegative in the former compared to the latter. The acceptor O-atom (OCH3) in 1 has more negative charge in 1 than 2.The electrostatic potential (ESP) map shown in Figure 6 indicates that the most reactive electrophilic (blue) and nucleophilic (red) sites are the OH proton and O-atoms in both compounds.


Figure 5. The natural charges at the different atomic sites of compounds 1 and 2.
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Figure 6. Electrostatic potential (ESP) maps of 1 and 2.
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4. Materials and Methods


4.1. General Remarks


X-ray crystal structure analysis was collected on a Bruker APEX-II D8 Venture area diffractometer (Bruker, Billerica, MA, USA). The NMR spectra were run in deuterated chloroform (DMSO-d6) using a Jeol-400 NMR spectrometer (Tokyo, Japan).




4.2. Procedure for the Synthesis of 1 and 2


A mixture was made of (1 mmol) barbituric acid and (1mmol)3-hydroxy-4-methoxybenzaldehyde (for the synthesis of 1) or 4-hydroxy-3-methoxybenzaldehyde (for the synthesis of 2) in 3 mL of H2O, and thereaction mixture stirred for 1h. Thereaction was monitored by thin layer chromatography (TLC). After the reaction was complete, the precipitated product was collected by filtration, washed with 2 mL of water, and dried to give the desired compounds 1 and 2. Further crystallization by slow diffusion of a solution in DCM/EtOH in Et2O was carried out to provide a single crystal suitable for X-ray diffraction analysis.



5-(3-Hydroxy-4-methoxybenzylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione 1. (90% yield); M.p. 118 °C; 1H-NMR (400 MHz, DMSO-d6) δ: 3.18 & 3.19 (s, 6H, 2NCH3), 3.87 (s, 3H, OCH3), 7.05 (d, 1H, J = 8.8 Hz, C6H3), 7.69 (dd, 1H, J = 8.0 Hz, 1.4 Hz, C6H3), 8.09 (s, 1H, C6H3), 8.19 (s, 1H, CH=), 9.88 (S, 1H, OH); 13C-NMR (100 MHz, DMSO-d6) δ: 162.7, 160.8, 156.5, 156.4, 1530, 151.1, 130.5, 125.4, 120.3, 114.8, 111.4, 55.8, 28.9, 28.1; IR (KBr, cm−1) νmax = 3278, 1680, 1650, 1450, 1250; [Calculated for C14H14N2O5: C, 57.93; H, 4.86; N, 9.65; Found: C, 57.92; H, 4.86; N, 9.66]; LC/MS (ESI, m/z): [M+], found 290.28, C14H14N2O5 for 291.28.



5-(4-Hydroxy-3-methoxybenzylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione 2. (88% yield); M.p. 115 °C; 1H-NMR (400 MHz, DMSO-d6) δ: 3.27 & 3.22(s, 6H, 2NCH3), 3.83 (s, 3H, OCH3), 6.91 (d, 1H, J = 8.8 Hz, C6H3), 7.83 (d, 1H, J = 8.8 Hz, C6H3), 8.28 (s, 1H, C6H3), 8.33 (s, 1H, CH=), 10.46 (s, 1H, OH)13C-NMR (100 MHz, DMSO-d6) δ: 162.9, 161.1, 156.7, 156.5, 153.2, 151.1, 130.9, 125.8, 120.5, 115.1, 111.9, 55.9, 28.9, 28.6; IR (KBr, cm−1) νmax = 3278, 1680, 1650, 1450, 1250; [Calculated for C14H14N2O5: C, 57.93; H, 4.86; N, 9.65; Found: C, 57.93; H, 4.85; N, 9.67]; LC/MS (ESI, m/z): [M+], found 290.28, C14H14N2O5 for 291.28.




4.3. Theoretical Calculations


The DFT-B3LYP method and the 6-31 G(d, p) basis set in the Gaussian 03 package [20] were used to optimize the structures obtained from the X-ray single crystal structure analysis. Frequency calculations of the optimized structures revealed that the optimized structures are the energy minimum on the potential energy surfaces as no negative frequencies were obtained.





5. Conclusions


This section is not mandatory, but can be added to the manuscript if the discussion is unusually long or complex.








Supplementary Materials


The following are available online at http://www.mdpi.com/2073-4352/6/9/110/s1. Table S1. The calculated bond distances and bond angles compared to the experimental data of 1; Table S2. The calculated bond distances and bond angles compared to the experimental data of 2.
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Scheme 1. Synthesis of arylidene-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives 1 and 2. 
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