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Abstract 

Synthesis, crystal structure, Hirshfeld surface analysis, DFT and in-silico studies were 

carried out for the 4-hydroxy-6-methyl-3-(1-phenyl-1H-pyrazol-3-yl)-2H-pyran-2-one 2. 

The reaction efficiency was evaluated performing two conditions to prepare the Vilsmeir-

Haack reagent: phosphoryl trichloride in DMF and phosphorus pentachloride in DMF. The 

molecular structure was confirmed by 
1
H and 

13
C NMR, IR spectroscopy and X-ray 

diffraction analysis. The pyrazole and pyran rings are nearly coplanar. The molecules are 

connected through C—H···O hydrogen bonds, CH⋯ and ⋯ stacking interactions, 

forming layers in the crystal lattice. Hirshfeld surface analysis for crystal packing indicates 

that the most important contributions are H⋯H (41.6%), C⋯H/H⋯C (22.6%), O…H/H…O 

(20.9%) interactions. The frontier molecular orbital, Mulliken and QTAIM atomic charge, 

Molecular Electrostatic Potential, Natural Bond Orbitals were produced using the optimized 

structure by B3LYP/6-311G(d,p) level of theory. The calculated LUMO-HOMO gap (4.261 

eV) indicated that the eventual charge transfer and showed chemical reactivity. Intrinsic 

reaction coordinate (IRC) calculation confirm that the transition state connects the reactants 

to the products. The experimental geometry parameters of the title compound are compared 

with the geometry of the optimized molecule in the gas phase and found in good agreement. 

The crystal structure was further explored to define the interaction energy between the 

molecular pairs. The ADME profile that pyrazolyl-pyran-2-one 2 is an inhibitor of CYP1A2 

one of the five key cytochrome isoforms enzymes involved in drug metabolism. 
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1. Introduction 

 

Heterocycles holding pyrazole skeleton are an interesting family of heterocyclic compounds 

well-known for their numerous biological pharmacological and activities [1] among others 

antibacterial, antiviral, antiamoebic, antidiabetic, antitumor, anti-inflammatory and 

antidepressant [1-8]. Several synthetic routes were employed to synthesize the five-membered 

heterocyclic ring [9]. Commonly, it is obtained proceeding through a tandem condensation-

addition sequence [10,11], cycloaddition reactions [12-14] and multicomponent reactions 

[15]. 3-Acetyl-4-hydroxy-6-methyl-2H-pyran-2-one, also known as dehydroacetic acid 

(DHA), is used as a key intermediate in the synthesis of various heterocycles [16,17], as well 

as in numerous molecules with pharmacological activities [18,19]. We adopted two different 

conditions to synthesize 3-pyrazolyl-pyran-2-one 2. In the first approach, Vilsmeier-Haack 

conditions were carried out through dehydroacetic acid. In fact, recent studies have reported 

the cyclization of ketone hydrazones to 1-substituted-4-formylpyrazoles using the N-

(chloromethylene)-N-methylmethanaminium, generated from substituted amide (DMF) and 

phosphoryl trichloride (POCl3) [20, 21]. In the second approach, we treated (E)-4-hydroxy-6-

methyl-3-(1-(2-phenylhydrazineylidene)ethyl)-2H-pyran-2-one 1 with phosphorus 

pentachloride (PCl5) as the chlorinating agent instead of phosphoryl chloride, [22] Scheme 1. 

This condition seems to be more efficient in the matter of time and yield. 

 

 
Scheme 1. Synthesis of 3-pyrazolyl-pyran-2-one 2. 

 

 

In this current work, we are interested to form the pyrazole ring then investigate the crystal 

structure of 3-pyrazolyl-pyran-2-one 2, as well carrying out DFT and ADME (Absorption, 

distribution, Metabolism, and Excretion) studies to define active sites besides biological 

application. 



2. Experimental 

2.1. Reagents and materials 

Melting points were measured using a Büchi-Tottoli apparatus. Commercially available 

reagents were used without further purification. Reactions were monitored by thin layer 

chromatography (TLC) using aluminium silica gel plates (silica gel 60, F 254 Merck 0.063 –

0.200 mm), and the spots were located with UV light (254 nm, 365 nm). 
1
H NMR and 

13
C 

NMR spectra were recorded in CDCl3 with TMS as an internal reference using a Bruker AC 

500 (1H) or 125 MHz (13C) instruments. Chemical shifts are given in δ parts per million 

(ppm). FTIR analysis was measured from 4000 to 400 cm-1 using Bruker VERTEX 70 FTIR 

spectrometer with a DTGS detector and OPUS 6.5 software (32 scans at a resolution of 4 cm
-

1
). 

 

2.2. Preparation 

Procedure 1: The Vilsmeier-Haack reagent was prepared by reacting DMF (5 ml) and POCl3 

(8.52 mmol) at 0°C for 30 minutes. Then, hydrazone DHA (1) (3.87 mmol) was added. The 

reaction mixture was stirred at 0°C to room temperature for 3 hours. The reaction mixture was 

poured into ice-cold water and NaHCO3 (5%) was added. The solid was then filtered, washed 

with water and recrystallized from ethanol leading to 3-pyrazolyl-pyran-2-one 2. Yield: 60%. 

 

Procedure 2: The Vilsmeier-Haack reagent [22] was prepared by reacting DMF (5 ml) and 

PCl5 (8.52 mmol) at 0°C for 30 minutes. Then, hydrazone DHA (1) (3.87 mmol) was added. 

The reaction mixture was stirred at 0°C to room temperature for 1 hour. The reaction mixture 

was poured into ice-cold water and NaHCO3 (5%) was added. The solid was then filtered, 

washed with water and recrystallized from ethanol leading to 3-pyrazolyl-pyran-2-one 2. 

Yield: 70%. 

 

White solid, mp 173 to 175 °C.
1
H NMR (500 MHz, CDCl3) δ (ppm): 2.25 (s, 3H, CH3), 6.01 

(s, 1H, C5-H, DHA), 7.31-7.27 (m,1H, Ph), 7.35 (d, 1H, C4-H-pyrazole, J = 2.6 Hz), 7.47-

7.42 (m, 2H, Ph), 7.60-7.56 (m, 2H, Ph), 7.93 (d, 1H, C5-H-pyrazole, J = 2.6 Hz). 
13

C-NMR 

(125 MHz, CDCl3) δ (ppm): 20.14 (CH3), 94.00 (C3-DHA), 101.23 (C5-DHA), 107.91 (C4-

pyrazole), 118.92 (C2-Ph), 118.92 (C6-Ph), 127.02 (C4-Ph), 127.40 (C5-pyrazole), 129.76 

(C3-Ph), 129.76 (C5-Ph), 139.02 (C1-Ph), 149.40 (C3-pyrazole), 162.05(C6-DHA), 162.74 

(C-OH-DHA), 168.72 (C=O-DHA). FTIR: υ cm
-1

: 3480 (OH), 3100 (C-H arom.), 1720 

(C=O), 1600 (C=C Ar), 1520 (C=C Ar), 1370 (CH3), 1250 (C-O). 



 

2.3. X-ray structure 

 

The X-ray diffraction intensity of pyrazolyl-pyran-2-one 2 was measured at 173K on a 

Bruker APEX-II CCD diffractometer with MoKα radiation (= 0.71073Å). SAINT +6.02 

program was used for data collection and reduction [23] and SADABS program was 

carried out for correction of the absorption effect [24]. The structure of pyrazolyl-pyran-2-

one 2 was solved by direct methods using SHELXT-2014/5 [25] and refined by full-matrix 

least-square on F
2
 techniques to convergence using the SHELXL-2018/3 program [26]. Non 

hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen 

atoms were positioned geometrically and refined using a riding model. The molecular graphic 

was generated by Diamond programs [27]. 

 

2.4. Hirshfeld surface analysis and energy framework calculation 

 

The different intermolecular interactions in the crystal packing were quantified with HSA  

[28] and 2D fingerprint plots [29] using CrystalExplorer version 21.5 [30]. The 3D dnorm 

surfaces were mapped over fixed color scale of –0.1989 to 1.6601a.u., whereas the shape 

index in the colour range of -1.0 a.u to 1.0 a.u. The HS mapped over the electrostatic potential 

using TONTO with HF/STO-3G level of theory energy in the range of –0.0875 to 0.0633a.u. 

The intermolecular interaction energies between molecules in pyrazolyl-pyran-2-one 2 were 

calculated at the B3LYP/6–31G(d,p) level of theory. The enrichment ratio of atomic contacts 

in crystals is a criterion for predicting the importance of different types of intermolecular 

interactions [31]. 

 

2.5. Computational calculations 

 

Gaussian 09 W software was used to obtain the molecular geometry optimization of 

pyrazolyl-pyran-2-one 2 and GaussView molecular visualization program [32, 33]. All the 

quantum chemical based calculations were carried out at the level of DFT/B3LYP/6-311G 

(d, p) in gas phase [34-36]. The Intrinsic Reaction Coordinate (IRC) analysis was employed 

to ensure the transition state (TS) optimization method based on the optimized geometries of 

the reactants and products [37]. The Mulliken charge distribution was analyzed to 

corroborate the results of the Molecular Electrostatic Potential (MEP). The natural bonding 

orbitals (NBO) analysis [38] was performed to understand the inter and intra-molecular 

delocalization or hyperconjugation. QTAIM (Quantum Theory of Atoms in Molecules) 

https://www.mdpi.com/1420-3049/23/1/129/htm#B36-molecules-23-00129


atomic charges was evaluated using Multiwfn software [39] on wave functions generated 

with Gaussian09 at level of theory as used for NBO analysis. The Molecular Electrostatic 

Potential was defined to identify the chemical reactive sites. Calculations of ADME 

properties of pyrazolyl-pyran-2-one 2 were done by using Swiss ADME web server. 

 

3. Results and discussion 

3.1. Synthesis 

Initially, 4-hydroxy-6-methyl-3-(1-(2-phenylhydrazineylidene)ethyl)-2H-pyran-2-one 1 was 

synthesized through the condensation of phenylhydrazine and DHA, [40] and subsequently 

underwent the Vilsmeier-Haack reaction, where 2.2 equivalents of PCl5-DMF reacted with 1 

equivalent of hydrazine at 0°C to room temperature for 1h leading to 4-hydroxy-6-methyl-3-

(1-phenyl-1H-pyrazol-3-yl)-2H-pyran-2-one 2 in 70% of yield. The structure of the 3-

pyrazolyl-pyran-2-one 2 was established through 
1
H, 

13
C NMR and IR spectroscopy, Fig.S1-

S4, and the single-crystal X-ray diffraction. 

Plausible mechanism for formation of the pyrazolyl-pyran-2-one 2 is given below: [41] 

 

 
 

Figure 1. Plausible mechanism for formation of 3-pyrazolyl-pyran-2-one 2.  

 

3.2. Crystal structure 

4-Hydroxy-6-methyl-3-(1-phenyl-1H-pyrazol-3-yl)-2H-pyran-2-one 2 crystallizes in the 

monoclinic system with space group P21/c, Table S1. The asymmetric unit of the crystal 

structure is represented in Fig.2. The selected bond distances and angles are reported in 

Table S2. Hydrogen bond distances and angles values are gathered in Table 1. The 



pyrazole and pyran rings are nearly coplanar with an r.m.s deviation of 0.042 Å. Its mean 

plane makes a dihedral angle of 18.79(6)° with phenyl ring (C1-C6). The bond lengths for 

N1-C7 and N2-C9 are 1.354(2) and 1.345(2) Å, respectively, which is similar to the 

reported structures [42, 43]. 

The crystal packing of the pyrazolyl-pyran-2-one 2 is stabilized by two intramolecular C8—

H8···O2 and O3—H3O···N2 interactions individually makes S(6) ring. In the crystal 

structure, C—H···O hydrogen bonds link molecules into parallel chains running along [010] 

(Fig. 3a, Table 1). An intermolecular C–H···π interaction between the H at C15 and the C1-

C6 aromatic ring of the neighboring molecule with H···π distance of 2.66 Å interconnects 

the molecular chains together (Table 1 and Fig. 3b). In addition, the - stacking 

interactions as observed between the pyrazole and pyran rings (Fig. 3b). The dihedral angle 

between these planes is 2.76(8)° with a distance of 3.358(1)Å. The crystal packing is also 

stabilized by CO⋯π interaction involving carbonyl group and pyrazole ring, with O2⋯π 

separation of 3.556(2) Å, as displayed in Fig. 3b. Adjacent layers are related by CH⋯, 

CO⋯π and ⋯ interactions (Table 1), leading to the formation of sheets parallel to the 

(011) plane (Fig. 3c). Another significant feature of the crystal packing is a series of strong, 

inversion related C–H⋯π, C–O⋯π interactions and π⋯π contacts to generate chains of 

molecules along the c direction. These chains are connected via C6–H6⋯O2 and C7–

H7⋯O1 contacts to form layers parallel to bc plane (Fig 3c). 

 

 

Figure 2. (a) Crystal structure with thermal ellipsoids drawn at 50 probability level, the 

intamolecular hydrogen bonds are shown in the dotted line; (b) Optimized structure of pyrazolyl-

pyran-2-one 2 obtained by B3LYP/6-311G(d,p). 
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Figure 3. (a) C—H⋯O hydrogen bond interactions in pyrazolyl-pyran-2-one 2; (b) C15—H15B⋯, 

C14O2⋯π and ⋯ interactions and (c) Packing and hydrogen-bonding interactions viewed along 

the a-axis. 

 

 

Table 1. Hydrogen bonds (Å, °), C—H···π and π···π interactions for pyrazolyl-pyran-2-one 2. Cg1, 

Cg2 and Cg3 represent the centroids of N1/N2/C7-C9, O1/C10-C14 and C1-C6 rings, respectively. 

D—H···A D—H H···A D···A D—H···A Symmetry codes 

O3—H3O···N2 0.86 1.78 2.582(2) 154   

C6—H6···O2 0.95 2.43 3.186(2) 136 1-x, -1/2+y, 1/2-z 

C8—H8···O2 0.95 2.45 2.916(2) 110  

C7—H7···O1 0.95 2.65 3.532(2) 154 1-x, -1/2+y, 1/2-z 

C15—H15B···Cg3 0.98 2.66 3.587(2) 158 x, 1/2-y, 1/2+z 

Cg1···Cg2   3.358(1)  x, 1/2-y, 1/2+z 

C14—O2···Cg1   3.556(2)  x, 1/2-y, 1/2+z 

 

3.3. Optimized molecular structure 

The optimized molecular structure of pyrazolyl-pyran-2-one 2 obtained by DFT, at the level 

of 6-311G(d,p), is shown in Fig. 2b. Selected Geometric parameters from the X-ray analysis 

were compared with the theoretical values of the optimized structure and are presented in 

Table S2. The carbonyl C14=O2 bond was seen as 1.206 and 1.205 Å, respectively. In X-

ray structure, the C13—O1, C14—O1 and C11—O3 bond lengths are 1.347(2), 1.400(2) 

and 1.349(2) Å, whereas the calculated values are 1.348, 1.418 and 1.330 Å, respectively. 

(b)

O2

H6

O1

H7
(a)

(C)



The value of the double bonds C10C11 and C12C13 are 1.391 and 1.351Å which are in 

agreement with the ones obtained experimentally: 1.368 and 1.335Å, respectively. The two 

calculated/experimental nitrogen carbon bonds C7—N1, C9—N2 and N1—N2 are 

illustrated as 1.365 Å /1.341 Å, 1.354Å /1.345Å and 1.354 Å/1.360Å. The C-C bond lengths 

in phenyl ring were measured in the range of 1.373-1.389 Å by XRD, while the computed 

values were 1.391-1.397 Å. The correlation values R
2
 found by B3LYP/6-311G(d,p) basis 

set are 0.97 for bond lengths and 0.99 for angles, respectively (Fig. S5). The comparison of 

geometric data points out that the optimized bond lengths and angles correlated with the 

XRD results. 

The IRC (Intrinsic Reaction Coordinate) calculation was performed to confirm whether the 

transition state is correctly linked to the two minima (reactants and products) (Fig. 4). The 

results of transition states (TS), corresponding to the two attack modes POCl3 and PCl5, are 

summarized in Table S3. These TSs were confirmed by the presence of a unique imaginary 

frequency. The reaction energy of the reverse barrier was calculated as 38.906 and 29.493 

kcal/mol in POCl3 and PCl5, respectively. It can be seen that the reaction energy barrier was 

not very high, which means that the product could be easily produced. In this current work 

we have proved that the attack on the phosphoryl trichloride (POCl3) is kinetically more 

favourable considering the very high value of the ratio of the velocity constants of the two 

attack mode K(POCl3)/K(PCl5). The structure of transition state is a five-membered ring as 

depicted in Fig. S6. The only imaginary frequenciy of POCl3-TS correspond to the newly 

formed N1···C7 bond. 

 

 

Figure 4: Intrinsic reaction coordinate (IRC) computed at B3LYP/6-311G(d,p) level  



 

 

3.4. Hirshfeld surface analysis 

 

Hirshfeld surface (HS) analysis and two-dimensional fingerprint plots generated using 

CrystalExplorer17.5 [32] show various intermolecular interactions in the crystal structure 

(Fig. 5a). The red spot on the Hirshfeld surface indicates the C6—H6⋯O2 and small spot 

represent C7—H7⋯O1, ⋯ and C—H⋯ contacts. The electrostatic potential surface 

showing blue and red regions indicates positive and negative electrostatic potential (Fig. 5b). 

The two-dimensional fingerprint plots given in Fig. 6, indicate the intermolecular contacts 

and their percentage distributions on the Hirschfeld surface (Table S4). The crystal packing is 

dominated by H⋯H contacts at 41.6%, as widely scattered points of high density due to the 

large hydrogen content of the molecule with the tip at de = di  1.2 Å. The force effect 

C⋯H/H⋯C (22.6%) is through to arise from C—H⋯ contacts viewed as the distribution of 

points in the form of characteristic wings with de + di  2.75 Å (Figs. 5c and 6). The 

O…H/H…O interactions (20.9%) (Fig. 6) in the structure are represented by a pair of sharp 

spikes de + di  2.30 Å, representing intermolecular C—H···O hydrogen bond. The 

distribution of points in the de  di  1.6 Å range in the fingerprint plot delineated into C⋯C 

contacts, points to the existence of  stacking interactions between the pyrazole and pyran 

rings (Figs. 5d and 6) and confirmed by the red and blue triangles on the surface of the shape-

index. Further small contributions from other different interatomic contacts to the Hirshfeld 

surfaces as follows: C···N/N···C, N···O/O···N, N···H/H···N and O⋯O contacts of the 

Hirshfeld surface. The large number of H⋯H, O…H/H…O and C⋯H/H⋯C contact suggests 

that van der Waals interactions and hydrogen bonding have a slight directional influence on 

the crystal packing.  

Enrichment ratio was calculated to analyse the intercontacts having higher propensity to 

form contacts in the crystal packing (Table S4). The CH ⋯O (EOH = 1.23) and ⋯ 

stacking between pyrazole and pyran rings (ECC = 1.32) specify that they are the most 

enriched. The molecular surface of pyrazolyl-pyran-2-one 2 is also characterized by H⋯C 

and H⋯H contacts corresponding to the enrichment ratios of ECH/HH = 0.90-1.01. The EXY of 

C ⋯O and N⋯C contacts with enrichment ratios of 0.62 and 2.52, respectively, is another 

reason which can explain the reduced value of ECH. 

 



 
Figure 5. View of the three-dimensional Hirshfeld surface of pyrazolyl-pyran-2-one 2 plotted 

over (a) dnorm, (b) Molecular electrostatic potential, (c) C—H⋯ interactions and (d) shape-index. 

 

 

Figure 6. Fingerprint plots of H···H, H···C, H···O and C···C contacts in pyrazolyl-pyran-2-one 2. 

 

3.5. Void calculation 

CrystalExplorer 21.5 software has been used to calculate the voids and their volume in the 

crystals based on the 0.002 au isosurface (Fig. 7). Crystal void calculations computed void 

volume of 141.61 Å
3
 with void area 451 Å

2
, asphericity and globularity indices 0.118 and 

0.293 units, respectively. The void domain has been found with highest contribution of red 

coloured domain of surface area 198.01 Å
2
 and volume 64.28 Å

3
 followed by yellow 

coloured domain of surface area 188.91 Å
2
 and volume 60.66 Å

3
. The percentage of crystal 
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void in unit cell is found to be 11.13%, which indicate the absence of any cavities in the 

pyrazolyl-pyran-2-one 2. 

 

Figure 7. (a) Lattice void and (b) void domain of 3-pyrazolyl-pyran-2-one 2 

 

3.6. Interaction energy calculations 

The interaction energy between molecules in pyrazolyl-pyran-2-one 2 were computed using 

a B3LYP/6–31G(d,p) energy model available in Crystal Explorer 17.5 [32], where a cluster 

of molecules was generated within a radius of 3.8 Å. The total intermolecular energy (Etot) 

is the sum of electrostatic (Eele), polarization (Epol), dispersion (Edis), and exchange-

repulsion (Erep) energies with scale factors of energy framework of kele = 1.057, kpol = 0.740, 

kdis = 0.871 and krep = 0.618. The energy frameworks of pyrazolyl-pyran-2-one 2  were 

generated for a cluster of 3  3  3 unit cells to understand the overall topology of the 

energy distribution in the solid state phase. The interaction energies calculations are 

represented as cylinders (red for Eele, green for Edis and blue for Etot) that connect centroids 

of the molecule pairs (Fig. 8). Table 2 describes the interaction energy calculated and 

visualized in Fig. 9. The C15H15B···, C14O2···π and ··· interaction possesses the 

greatest energy among all close contacts present in the crystal (-54.0 kJ mol
-1

), with a major 

dispersion contribution of -81.8 kJ mol
-1

. The next most significant contribution, with a total 

energy of -29.8 kJ mol
-1

 and -25.8 kJ mol
-1

 correspond to C6—H6··· contacts and 

CH···O hydrogen bond, respectively. The attractive dispersion forces play a dominant 

role in the crystal structure (-187.8 kJ mol
-1

). Additionally, the electrostatic, polarization, 

repulsion and total interaction energies are -66, -18.4, 128.1 and -167.8 kJ mol
-1

, 

respectively. 

 

 

 

(a) (b)



 

Table 2. A summary of interaction energies (kJ mol
-1

) calculated for pyrazolyl-pyran-2-one 2. 

contact R(Å) Eele Epot Edis Erep Etot Symmetry codes 

C15H15B··· (C1-C6) + 4.35 -11.0 -3.2 -81.8 50.5 -54.0 x, -y+1/2, z+1/2 

(C10-C14/O1)···(C7-C9/N1/N2)         

C14O2··· (C7-C9/N1/N2)        

C6H6··· (C7-C9/N1/N2) 7.41 -15.6 -3.3 -28.1 22.1 -29.8 -x, -y, -z 

C6H6···O2 + 

C7H7···O1 

9.54 -18.7 -5.8 -15.2 18.5 -25.8 -x, y+1/2, -z+1/2 

* R is the distance between molecular centroids in Å 

 

Figure 8. Energy framework of pyrazolyl-pyran-2-one 2, showing electrostatic, dispersion and total 

energy force. 
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Figure 9. Energetically significant molecular pairs in pyrazolyl-pyran-2-one 2 with their Etot value. 

 

3.7. DFT study 

The energy of the HOMO (Highest Occupied Molecular Orbital) is directly related to the 

ionization potential, while the LUMO (Lowest Unoccupied Molecular Orbital) energy defines 

the electron-accepting ability of molecule [44-46]. The energy gap between the HOMO and 

LUMO characterizes the molecular chemical stability. The energy levels of the HOMO and 

LUMO for pyrazolyl-pyran-2-one 2 are depicted in Fig. 10. Red and green color distributions 

represent positive and negative phase in molecular orbital wave function, respectively. The 

HOMO and LUMO are concerted over the whole molecule. The energies of HOMO and 

LUMO, energy gap, electronegativity (), chemical hardness (), global softness () and 

electrophilicity () index are presented in Table 3. The LUMO-HOMO gap calculated by the 

B3LYP/6-311G(d,p) is 4.261 eV, which indicates that pyrazolyl-pyran-2-one 2 is less reactive 

and highly stable. The calculated chemical hardness, softness and chemical potential 

parameters for pyrazolyl-pyran-2-one 2 were found to be 2.130eV, 0.235 eV
-1

 and 3.670 eV, 

respectively. The lower gap energy calculated is an indication of a good stability and a high 

chemical hardness for the studied compound. 

 

Figure 10. HOMO/LUMO energy gap of pyrazolyl-pyran-2-one 2 at B3LYP/6-311G(d,p). 

 

Table 3. HOMO–LUMO energies and values of quantum chemical parameters calculated by 

B3LYP/6-311G (d,p) 

EHOMO (eV) -5.801 

ELUMO (eV) -1.540 

E(LUMO –HOMO) (eV) 4.261 

Global hardness () 2.130 

Softness () 0.235 

Chemical potential () 3.670 

Electrophilicity () 3.166 

Electronegativity () -3.670 

ΔE = 4.261 eV

HOMO

LUMO



Dipole moment (D) 3.225 

=1/2[ELUMO-EHOMO], =1/2, = -[1/2(ELUMO+EHOMO)], = 
2
/2,  = - 

3.8. Molecular Properties 

3.8.1. Mulliken and QTAIM charges 

The Mulliken/QTAIM charges values of pyrazolyl-pyran-2-one 2 were calculated using 

B3LYP/6-311G(d,p) basis set (Table 4). The magnitudes of the atomic charges on carbon 

atoms were calculated exhibiting positive and negative ranging from -0.403 to 0.450 and -

0.033 to 1.341 in Mulliken and QTAIM, respectively. The charge distribution showed that 

carbon atoms (C1/C7/C9/C11/C13/C14) attached to oxygen/nitrogen atoms have positive 

charges, while the others carbon atoms showed negative charge in Mulliken except the 

charge of C8/C12/C15 which is positive in QTAIM. The C14 atom revealed the largest 

positive charge with  0.450e and 1.341e in Mulliken and QTAIM charges, respectively, 

due to attachment of the two electronegative O1 and O2 atoms. The low-value negative 

charge observed for carbons (C2, C3; C4; C5; C6) in the phenyl ring is attributable to the 

hyperconjugative effect. The H atom attached to the OH group shows a higher positive 

value (0.277/0.648) compared to other hydrogen atoms. All oxygen and nitrogen atoms 

possess negative charges values which impose positive charge on carbon atom bonded. The 

QTAIM molecular graph of pyrazolyl-pyran-2-one 2 is illustrated in Fig. 11. It 

demonstrates the existence of hydrogen donor (O3H3O and C8H8) and hydrogen 

acceptor (N2 and O2) groups, forming a new ring critical point which stabilizes the entire 

system. However, the presence of intramolecular interactions was identified in the crystal 

structure. 
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Figure 11. Topological molecular graph of 3-pyrazolyl-pyran-2-one 2  

 

 

Table 4: Mulliken and QTAIM charges for pyrazolyl-pyran-2-one 2 using B3LYP / 6-311 g (d, p) 

levels 

Atoms Mulliken QTAIM 

O1 -0.309 -1.035 

O2 -0.333 -1.090 

O3 -0.346 -1.141 

H3O 0.277 0.648 

N1 -0.311 -0.793 

N2 -0.405 -0.706 

C1 0.207 0.350 

C2 -0.059 -0.003 

H2 0.121 0.063 

C3 -0.098 -0.023 

H3 0.103 0.044 

C4 -0.084 -0.033 

H4 0.100 0.046 

C5 -0.097 -0.013 

H5 0.101 0.031 

C6 -0.106 -0.017 

H6 0.110 0.041 

C7 0.170 0.325 

H7 0.115 0.067 

C8 -0.285 0.025 

H8 0.136 0.118 

C9 0.348 0.458 

C10 -0.403 -0.022 

C11 0.355 0.603 

C12 -0.194 0.024 

H12 0.111 0.047 

C13 0.172 0.513 

C14 0.450 1.341 

C15 -0.239 0.009 

H15A 0.119 0.035 

H15B 0.137 0.043 

H15C 0.138 0.046 

 

3.8.2. Molecular electrostatic potential 

 

The molecular electrostatic potential is a suitable method to identify the electrophilic and 

nucleophilic sites, as well as the detection of hydrogen-bonding interactions [47, 48]. The 

molecular electrostatic potential (MEP) map of the molecule was computed using 

DFT/B3LYP/6-311G (d, p) and the contour surface map is displayed in Fig. 12. The MEP is 

scaled from -38 to 38 kcal/mol, the red and blue-colored regions indicate nucleophile and 

electrophile regions, respectively and the green region shows neutral potential. The 

examination of the MEP surface of pyrazolyl-pyran-2-one 2 reveals that the oxygen atom 



O2 exhibits the most highly negative electrostatic potential (-36.39 kcal/mol). This region is 

also influenced by the O1 atom (-31.37 kcal/mol). Therefore, the atom in this region acts as 

an electron donor in intermolecular interactions. The Molecular electrostatic potential value 

over the center of phenyl and pyrazol rings is negative with -7.53 and -8.16 kcal/mol, 

respectively. The Fig. 12 reflects C—H···O type intra-inter molecular interactions. The 

MEP results are supported by the electrostatic contour map positive and negative potential 

showing the lines isosurface. 

 

Figure 12. Molecular electrostatic potential and contour map of pyrazolyl-pyran-2-one 2. 

3.8.3. Natural bond orbital analysis 

The natural bond orbital analysis has been performed on pyrazolyl-pyran-2-one 2 using 

B3LYP/6-311g(d,p) method and the results are summarized in Table 5. For each donor 

NBO (i) and acceptor NBO (j), the stabilization energy E
(2)

 associated with delocalization i -

> j is estimated as [49, 50]. 

E
(2)

 = Eij =   
       

     
 

Where qi is the donor orbital occupancy, Ei, Ej are the diagonal elements and Fij is the off 

diagonal NBO Fock matrix element. The larger E
(2)

 values representing the more intensive 

in the interaction between electron donors and electron acceptors. These results indicate 

-36.39

-31.37

-12.55

-8.16

-7.53

kcal/mol-38 38



several transitions *, Lp*, Lp* and * for pyrazolyl-pyran-2-one 2. In fact, 

the interactions C2-C3 to *C1-C6 and *C4-C5; C4-C5 to *C1-C6 and *C2-C3; 

C1-C6 to *C2-C3 and *C4-C5 were observed in C1-C6 ring containing stabilization 

energies of 22.13 and 19.60, 21.22 and 20.29, 20.63 and 18.59 kcal/mol, respectively (Table 

5). Moreover, other transitions are revealed such as N2-C9 to *C7-C8; C7-C8 to *N2-

C9; C10-C11 to *O2-C14, *N2-C9, *C12-C13 yielding stabilization energies of 10.92, 

31.67, 23.39, 9.36, 19.69/20.07 kcal/mol, respectively. The stabilization energy E
(2)

  is 

associated to hyperconjucate interaction from the lone pair of the oxygen atom of carbonyl 

group LP(2)O2 *(O1-C14) and *(C10-C14), oxygen atom of pyran ring LP(2)O1 

*(O2-C14) and *(C12-C13) and oxygen atom of OH group LP(2)O3 *(C10-C11) 

with 39.23 and 15.87; 30.21 and 36.50  and 43.49 kcal/mol, respectively. Additionally, the 

highest stabilisation energy containing *N2-C9 *C7-C8 and *C10-C11 interactions 

clearly lead to intermolecular charge transfer process in pyrazolyl-pyran-2-one 2. Higher 

energy values of E
2
 provide more chemical stability in the molecular interaction between 

electron donors and electron acceptors. 

 

Table 5. Second order perturbation theory analysis of Fock Matrix in NBO Basis for pyrazolyl-

pyran-2-one 2 at B3LYP/6-311G (d, p) level. 

Donor (i) ED(i)/e Acceptor (j) ED (j)/e E
(2)a 

kcal/mol
 

E(j)-E(i)
b
 a.u. 

BD(2)N2-C9 1.87337 BD*(2)C7-C8 0.30393 10.92 0.34 

BD(2)C1-C6 1.66083 BD*(2)C2-C3 0.32138 18.59 0.30 

  BD*(2)C4-C5 0.33476 20.63 0.29 

BD(2)C2-C3 1.66939 BD*(2)C1-C6 0.39129 22.13 0.28 

  BD*(2)C4-C5 0.33476 19.60 0.28 

BD(2)C4-C5  BD*(2)C1-C6 0.39129 20.29 0.27 

  BD*(2)C2-C3 0.32138 21.22 0.28 

BD(2)C7-C8 1.79476 BD*(2)N2-C9 0.47745 29.13 0.26 

BD(2)C10-C11 1.71210 BD*(2)O2-C14 0.33126 31.67 0.29 

  BD*(2)N2-C9 0.47745 23.39 0.27 

  BD*(2)C12-C13 0.21431 9.36 0.30 

BD(2)C12-C13 1.81925 BD*(2)C10-C11 0.35981 20.93 0.31 

Lp(2)O1 1.73017 BD*(2)O2-C14 0.33126 30.21 0.35 

  BD*(2)C12-C13 0.21431 36.50 0.36 

Lp(1)O2 1.97754 RY*(1)C14 0.01611 15.56 1.57 

Lp(2)O2 1.82146 BD*(1)O1-C14 0.13327 39.23 0.53 

  BD*(1)C10-C14 0.05809 15.87 0.72 

Lp(1)O3 1.97195 BD*(1)C10-C11 0.03389 7.95 1.13 

Lp(2)O3 1.78801 BD*(2)C10-C11 0.35981 43.49 0.34 

Lp(1)N1 1.53310 BD*(2)N2-C9 0.47745 26.73 0.27 

  BD*(2)C1-C6 0.39129 24.90 0.29 

  BD*(2)C7-C8 0.30393 35.20 0.30 

BD*(2)N2-C9 0.47745 BD*(2)C7-C8 0.30393 97.90 0.02 



  BD*(2)C10-C11 0.35981 117.10 0.02 
a
E

(2)
 means energy of hyper conjugative interaction (stabilization energy) 

b
 Energy difference between donor and acceptor i and j NBO orbitals 

 

3.9. In silico ADME study 

The silico evaluation of the absorption, distribution, metabolism, and excretion (ADME) 

properties of pyrazolyl-pyran-2-one 2 were carried out by the Swiss ADME web server. 

Pyrazolyl-pyran-2-one 2's SMILE format was uploaded to the online platform to estimate 

physiological and pharmacokinetic parameters, and the results are shown in Table 6. The 

results showed that pyrazolyl-pyran-2-one 2 can be considered as drug candidates according 

to Lipinski's rule of five [51], which is an important role in the drug discovery process 

(molecular weight ≤ 500, octanol-water distribution coefficient logP ≤ 5, hydrogen bond 

donors ≤ 5 and hydrogen bond acceptors ≤10). In addition, the value of the topological polar 

surface area (TPSA) of pyrazolyl-pyran-2-one 2 is lower than 140 Å
2
 which is appropriate 

and within the prescribed range. Pyrazolyl-pyran-2-one 2 has blood-brain barrier (BBB) 

permeability and a high gastrointestinal absorption (CI). It does also provide the all other 

filters, such as Egan [52], Muegge [53] and Ghose [54]. Cytochrome P450 inhibitors are vital 

liver enzymes that regulate the metabolism of many drugs used in clinical settings. Thus, it is 

critical to determine if pyrazolyl-pyran-2-one 2 is a cytochrome P450 substrate. Five key 

cytochrome isoforms enzymes involved in drug metabolism (CYP1A2, CYP2C19, CYP2C9, 

CYP2D6, and CYP3A4) were investigated (Table 6). As a result, it can be concluded that 

pyrazolyl-pyran-2-one 2 is an inhibitor of CYP1A2 and a no inhibitor for the other isoforms. 

ADME parameters GI and BBB were projected in the BOILED-Egg graph as summarized in 

Fig. 13. The yellow region represents the potential BBB permeability, whereas the white area 

represents the potential GI absorption. In addition, blue dots (PGP+) indicate that P-gp is an 

active substrate, and red dots (PGP-) indicate that P-gp is not a substrate. The presence of the 

pyrazolyl-pyran-2-one 2 in the yellow region indicates that it has high brain permeability, and 

presenting a red dot (PGP-) means that it is not predicted to be a substrate of P-gp. The 

collected data lead us to conclude that pyrazolyl-pyran-2-one 2 can be an effective therapeutic 

choice for a targeted disease. 

 

 

 

 



 

 

 

 

 

Table 6. Calculated in silico ADME parameters of pyrazolyl-pyran-2-one 2. 

Physicochemical properties Pharmacokinetics 

Mol. Wt. (g/mol)  

No. of heavy atoms 

No. of aromatic heavy atoms 

Fraction Csp3 

No. of rotatable bonds 

No. of H-bond acceptors 

No. of H-bond donors 

Molar refractivity 

TPSA (Å²) 

Lipophilicity  
Log Po/w (iLOGP)  

Log Po/w (XLOGP3) 

Log Po/w (WLOGP)  

Log Po/w (MLOGP)  

Log Po/w (SILICOS-IT) 

Consensus Log Po/w 

Water solubility  
Log S (ESOL)  

Solubility (mg/mL; mol/L) 

Class  

Log S (Ali)  

Solubility (mg/mL; mol/L)  

Class  

Log S (SILICOS-IT)  

Solubility (mg/mL; mol/L)  

Class 

268.27 

20 

70 

0.07 

2 

4 

1 

74.53 

68.26 

 

2.54 

2.16 

2.51 

1.61 

2.47 

2.26 

 

-3.36 

1.17 10
-1

, 4.35 10
-4 

Soluble 

-3.23 

1.59 10
-1

, 5.94 10
-4 

Soluble 

-4.80 

4.29 10
-3

, 1.60 10
-5 

Moderately soluble 

GI absorption 

BBB permeant 

P-gp substrate 

CYP1A2 inhibitor 

CYP2C19 inhibitor 

CYP2C9 inhibitor 

CYP2D6 inhibitor 

CYP3A4 inhibitor 

Skin permeation (cm/s) 

Drug-likeness 

Lipinski 

Ghose 

Veber 

Egan 

Muegge 

Bioavailability score 

Medicinal chemistry 

PAINS  

Brenk  

Lead-likeness  

Synthetic accessibility 

High 

Yes 

No 

Yes 

No 

No 

No 

No 

-6.40 

 

Yes 

Yes 

Yes 

Yes 

Yes 

0.55 

 

0 alert 

0 alert 

Yes 

3 

Lipinski(Pfizer) filter: MW≤ 500; MLOGP ≤ 4.15; N or O ≤ 10; NH or OH ≤5; Ghose filter: 160 ≤ MW ≤ 480; 

−0.4 ≤ WLOGP ≤ 5.6; 40 ≤MR ≤130; 20 ≤ atoms ≤ 70; Veber (GSK) filter: Rotatable bonds ≤ 10; TPSA ≤ 

140; Egan (Pharmacia) filter: WLOGP ≤ 5.88; TPSA ≤ 131.6; Muegge (Bayer) filter:200 ≤ MW ≤ 600; −0.2 ≤ 

WLOGP ≤ 5; TPSA ≤ 150; Num. Rings ≤7; Num. Carbon >4; Num. Heteroatoms> 1; Num. Otatable bonds ≤ 

15; H-bond acc. ≤ 10; H-bond don. ≤. 

 

A B 



  
Figure 13.  (A) Bioavailability radar and (B) the BOILED-Egg model of pyrazolyl-pyran-2-one 2. 

Conclusion 

Pyrazolyl-pyran-2-one 2 was synthesized with good yield (60-70%) using two different 

conditions to prepare Vilsmeier-Haack reagents. 
1
H-NMR, 

13
C-NMR, IR spectroscopy and 

X-ray diffraction crystallography was performed to elucidate the structure. XRD results 

revealed that pyrazolyl-pyran-2-one 2 presents monoclinic crystal structure with space group 

P21/c. This structure is stabilized by C—H···O hydrogen bonding, C—H···π and π ···π 

interactions. The molecular geometry in the ground state was investigated using DFT 

methods with 6-311G(d,p) basis set and compared with the experimentally findings. The 

transition structure for the POCl3 reaction in pyrazolyl-pyran-2-one 2 presented an 

imaginary frequency with an energy barrier of 38.906 kcal/mol. The results of Hirshfeld 

surface analysis revealed that pyrazolyl-pyran-2-one 2 has a major contribution from H⋯H, 

C⋯H/H⋯C and O⋯H/H⋯O interactions. The dispersion energy was the dominant value 

among all interaction energies. Additionally, HOMO-LUMO gap was found to be 4.261eV. 

The molecular electrostatic potential show that the electrophilic regions were mainly over 

the O atom of carbonyl group and in the phenyl and pyrazol ring, while the nucleophilic 

regions were around the hydrogen atoms. The stability and intermolecular delocalized 

interactions have been interpreted by NBO analysis. Furthermore, the drug-likeness 

properties ADME study of pyrazolyl-pyran-2-one 2 were also assessed using ADME 

analysis, indicating the potential of such compound to be developed as drugs. 
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1
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contains the supplementary crystallographic data for compound 2. These data can be 
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