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ABSTRACT 

A new family of promising inhibitors bearing -keto-enol functionality with greatly improved 

pharmacophore properties has prepared. Herein, a series of novel derivatives of -keto-enol 

group embedded with pyrazolic moiety has been designed and synthesized via a one-step 

procedure using mixed Claisen condensation in the attempt to develop potential antifungal 

agents.  The structures of the synthesized compounds were confirmed by elemental analysis, 

FT-IR, ESI/LC-MS, 1H and 13C NMR. In addition, X-ray diffraction analysis (XRD) was used 

to determine the single crystal structure of compound 10. All the newly compounds have been 

evaluated for their in vitro antifungal and antibacterial activities. Interestingly, the results 

indicate that most of the compounds display notable antifungal activity close to that of the 

benomyl fungicide taken as the standard drug. For the most active compound and for benomyl, 

a correlation has been evidenced between the experimental antifungal activity and the 

theoretical predictions by DFT calculations and molecular docking against Fgb1 protein. 

Keywords: Synthesis; Keto-enols; Pyrazole; Crystal structure; DFT calculations; 

Homology modelling; Molecular docking; Antifungal activity. 
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1. Introduction 

Compounds bearing -keto-enol functionality are well established in the world of medicinal 

chemistry as important biologically effective drugs. 1-2 Extensive research over the last decade 

indicates that this compound's family possesses potent anti-HIV properties such as: the                 

S-1360 (designed by Shionogi, Ltd)3 and the L-708,906 (designed by Merck Research 

Laboratories) 4 (Figure 1). This kind of compounds also inhibits the proliferation of cancer 

cells, such as the 5-CITEP,which designed by the National Cancer Institute,3 and of the 

influenza virus. 5 

It should be noted that the natural product, the curcumin (Figure 1), and its derivatives, with 

similar -keto-enol pharmacophore site, is of high importance regarding its biological 

properties. Actually, this natural product presents the main active ingredient of the plant 

Curcuma longa.6 Curcumin has been reported to possess strong antioxidant activity,7 it acts on 

several reactive oxygen and nitrogen species including hydroxyl radicals, superoxide anion 

radicals as well as nitrogen dioxide radicals.8  Curcumin had also shown  interesting  anticancer 

activity in various cell lines and animal models, due to its capacity to bind to different proteins 

and to acts by different mechanisms.9-13 Additionally, It exerts antiangiogenic, antimalarial, 

anti-HIV, anti-inflammatory and anti-tubercular activities. 14-16 

The main advantage of these molecules to be active against all virus genotypes and drug-

resistant variants is due essentially to the presence of a high potential β-keto-enol 

pharmacophore site. The biological responses of this moiety may be explained by its facility to 

penetrate into the vessel walls and plasma cell membranes, its strong interaction with the amino 

acid residues of active sites, its capability to chelate with metals in biological processes, and 

also its reaction with oxygen or with cell macromolecules resulting in oxidative stress, in 

complex immune responses to hapten-conjugate adducts and in modulation of genes 

expression.17 

 

Figure 1. Structures of some drugs contain keto-enol functionality. 
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Recently, several analogous compounds containing the -keto-enol pharmacophore, were 

synthetized , such as the keto-enol tetrazoles and triazoles  as anti-HCV agents,18 the triazolyl-

keto-enol calix[4]arene as potent integrase strand transfer inhibitory activity,19 and coumarinyl 

chalcones as high selective agents for the breast cancer cell lines, 20 etc.  

On the other part, various computational approaches have been developed in the last years 

and used across the whole drug discovery process in order to reduce the cost and the time needed 

to develop and discovery a new drug. Particularly, molecular docking study becomes one of the 

most popular theoretical tools used to screen and compare wide libraries of compounds 

especially in the field of medicinal chemistry. The main objective of this technique is to provide 

an atomistic insight into molecular recognition by predicting the ability of a molecule to bind 

to the active site of a protein. Based on computational methods, it models the conformation and 

the orientation of a molecule interacting with a receptor site. The method has experienced rapid 

growth and many improvements over the last two decades and the number of publications 

associated with molecular docking studies has increased enormously.21 

In continuation of our recent works in the field of the synthesis of novel -keto-enol 

heterocyclic derivatives through efficient and simple routes and of the study of their biological 

activities,17, 22-31 we report in the present investigation on the synthesis and the properties of a 

novel series of pyrazoles with the -keto-enol functionality as powerful moieties especially in 

fungal activity. To the best of our knowledge, this is the first real study aiming to develop 

diversified structures of keto-enol pyrazoles. 

2. Materials and Methods 

2.1. General Information 

All the chemical reagents used in this study were of analytical grade (Aldrich, purity > 99%). 

Melting points were measured with a BUCHÏ 510 m.p. apparatus. 1H and 13C NMR spectra 

were recorded on a Bruker AC 300 spectrometer operating at 300 MHz for proton and 75.47 

for carbon nuclei. Molecular weights were determined using a JEOL JMS DX-300 mass 

spectrometer. Elemental analysis was performed by Microanalysis Central Service (CNRS). 

Infrared (IR) spectra were acquired on a Shimadzu infrared spectrophotometer using the KBr 

disc technique. X-ray diffraction data collection was carried out on the four-circle Oxford 

Xcalibur diffractometer (Mo-Kα radiation, λ = 0.71073 Å). The in vitro antibacterial and 

antifungal activity was tested by the agar diffusion technique.  
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2.2. Synthesis of the β-keto-enol pyrazole derivatives 

The β-keto-enol pyrazole derivatives studied in this paper were prepared according to the 

experimental procedure described in our previous work. 17 briefly, a 12.01 mmol of pyrazole 

carboxylate dissolved in 25 mL of toluene was slowly added to a suspension of sodium (15.21 

mmol) in 20 mL of toluene; then a toluene solution (10 mL) of aryl methyl ketones (12.01 

mmol) was added at 0 °C. After stirring at room temperature for 2 days, the precipitate formed 

was filtered off, washed with toluene, dissolved in water and neutralized with acetic acid to pH 

5. The organic layer obtained after an extraction with CH2Cl2, was dried over anhydrous sodium 

sulfate and concentrated in vacuo. Filtration of the obtained crude through silica using 

CH2Cl2/MeOH as eluent followed by recrystallization from methanol (95%) afforded the 

desired products 1-10 as solids in acceptable yields.  

(Z)-1-(1,5-dimethyl-1H-pyrazol-3-yl)-3-hydroxy-3(2-methoxyphenyl)prop-2-en-1-one (1).  

Yellow crystal; yield: 26%; M.p. 80°C; Rf = 0.87 (CH2Cl2/MeOH 9/1)/ silica. IR (KBr, cm-1): 

ν(OH) =3433cm-1; ν (C=O) = 1675 cm-1; ν (C=C enolic) = 1530 cm-1; 1H NMR (CDCl3):  2.48 

(s, 3H, Pz-CH3); 3.62 (s, 3H, CH3-N): 3.89 (s, 3H, O-CH3);4.63 (s, 0.1H, keto, CH2); 6.50 (s, 

1H, Pz–H);  6.60 (s, 0.9H, enol, C-H); 6.99 (m, 2H, Ar-H3); 7.07 (m, 2H, Ar-H5);7.47 (m, 2H, 

Ar-H4) 7.60 (m, 2H, Ar-H6). 
13C NMR (CDCl3): δ 11.14 (1C, Pz-CH3); 37.30 (1C,CH3-N); 

49.29 (1C, keto CH2); 56.30 (1C, o-OCH3-Ar); 98.50 (1C, enol C-H); 106.34 (1C,= CH-

Pz);112.87 (1C, Ar-C1);  120.47 (1C, Ar-C3); 121.07 (1C, Ar-C5); 121.76 (1C, Ar-C6); 158.51 

(1C, Ar-C2); 184.07 (1C, C-OH); 190.17 (1C, C=O). Anal. calcd for C15H16N2O3 : C 66.16, H 

5.92, N 10.29. Found C 66.12, H 5.90, N 10.35; m/z: 273.06 (M+H)+.  

(Z)-1-(1,5-dimethyl-1H-pyrazol-3-yl)-3-hydroxy-3(3-methoxyphenyl)prop-2-en-1-one (2).  

Yellow crystal; yield: 32; M.p. 106oC; Rf: 0.27 (CH2Cl2/MeOH 9/1)/ silica, IR (KBr, cm-1): 

ν(OH) =3430cm-1; ν (C=O) = 1676 cm-1; ν (C=C enolic) = 1529 cm-1. 1H NMR (DMSO-d6): δ 

2.47 (s, 3H, Pz-CH3); 3.77 (s, 3H, CH3-N): 3.82 (s, 3H, O-CH3); 4.54 (s, 0.1H, keto, CH2); 6.51 

(s, 1H, Pz–H);  6.65 (s, 0.9H, enol, C-H); 6.93 (m, 2H, Ar-H4); 7.02 (m, 2H, Ar-H2); 7.87 (m, 

2H, Ar-H6) ; 7.95 (m, 2H, Ar-H5). 
13C NMR  (DMSO-d6): 11.14 (1C, Pz-CH3); 37.26 (1C,CH3-

N); 49.21 (1C, keto CH2); 56.02 (1C, p-OCH3-Ar); 92.23 (1C, enol C-H); 106.14 (1C,= CH-

Pz); 114.62 (2C, Ar-C3,5); 129.64 (2C, Ar-C2,6); 181.73 (1C, C-OH); 182.87 (1C, C=O). Anal. 

calcd for C15H16N2O3 : C 66.16, H 5.92, N 10.29. Found C 66.11, H 5.88, N 10.32; m/z: 273.06 

(M+H)+.  
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 (Z)-3-(4-bromophenyl)-1-(1,5-dimethyl-1H-pyrazol-3-yl)-3-hydroxyprop-2-en-1-one (5). 

Brown powder; yield: 32%; M.p. 150°C; Rf: 0.93 (CH2Cl2/MeOH 9/1)/ silica. IR (KBr, cm-1): 

ν(OH) = 3448; ν (C=O) = 1611; ν (enolic C=C) = 1565; 1H NMR (CDCl3): δ 2.30(s, 3H, Pz-

CH3); 3.63 (s, 3H, CH3-N): 3.76 (s, 0.1H, keto, CH2); 6.52 (s, 1H, Pz–H);  6.69 (s, 0.9H, enol, 

C-H); 7.72 (m, 2H, Ar-H3,5); 7.85 (m, 2H, Ar-H2,6). 
13C NMR (CDCl3): δ 11.38 (1C, Pz-CH3); 

37.04 (1C, CH3-N); 48.78 (1C, keto CH2); 94.56 (1C, enol C-H); 106.45 (1C,= CH-Pz);121.94 

(1C, Ar-C4); 126.09 (2C, Ar-C3,5); 129.22 (2C, Ar-C2,6); 180.54 (1C, C-OH); 183.59 (1C, C=O). 

Anal. calcd for C14H13BrN2O2 : C 52.36, H 4.08, N 8.72. Found C 52.27, H 4.03, N 8.81; m/z: 

321 (M+H)+.  

(Z)-1-(1,5-dimethyl-1H-pyrazol-3-yl)-3-hydroxy-3-(thiophen-2-yl)prop-2-en-1-one (6). 

Brown powder; yield: 30%; M.p. 110°C; Rf: 0.42 (CH2Cl2/MeOH 9/1)/ silica. IR (KBr, cm-1): 

ν(OH) =3434; ν (C=O) = 1672; ν (C=C enolic) = 1531; 1H NMR (DMSO-d6): 2.30 (s, 3H, Pz-

CH3); 3.84 (s, 3H, CH3-N); 4.56 (s, 0.1H, keto, CH2); 6.58(s, 1H, Pz–H);  6.80 (s, 0.9H, enol, 

C-H); 7.13 (m, 1H, Th-Hβ); 7.60 (d, 1H, Th-Hγ); 7.79 (d, 1H, Th-Hᾳ). 13C NMR (DMSO-d6): 

11.41 (1C, Pz-CH3); 37.00 (1C,CH3-N); 46.76 (1C, keto CH2); 92.89 (1C, enol C-H); 106.11 

(1C, = CH-Pz); 128.32 (1C, Th-Hγ); 130.20 (1C, Th-Cβ); 132.16 (1C, Th-Cᾳ); 140.46 (1C, Th-

Cε); 177.87 (1C, C-OH); 180.96(1C, C=O). Anal. Calcd. for C12H12N2O2S: C 58.05, H 4.87, N 

11.28. Found: C 58.02, H 4.99, N 11.31. m/z: 249.06 (M+H)+.  

(Z)-1-(1,5-dimethyl-1H-pyrazol-3-yl)-3-hydroxy-3-(thiophen-3-yl)prop-2-en-1-one (8). 

White powder; yield 25, M.p. 176oC; Rf: 0.22 (CH2Cl2/MeOH 9/1)/ silica. IR (KBr, cm-1): 

ν(OH) =3434; ν (C=O) = 1672; ν (C=C enolic) = 1531; 1H NMR (DMSO-d6): 2.49 (s, 3H, Pz-

CH3); 3.36 (s, 0.1H, keto, CH2); 3.74 (s, 3H, CH3-N); 6.43(s, 1H, Pz–H);  7.16 (s, 0.9H, enol, 

C-H); 7.36 (d, 1H, Th-Hᾳ); 7.48 (m, 1H, Th-Hβ); 7.83 (d, 1H, Th-Hγ). 13C NMR (DMSO-d6): 

11.04 (1C, Pz-CH3); 37.04 (1C,CH3-N); 47.76 (1C, keto CH2); 96.23 (1C, enol C-H); 108.14 

(1C, =CH-Pz); 123.32 (1C, Th-Cβ); 127.46 (1C, Th-Cε); 128.16 (1C, Th-Cᾳ); 141.20 (1C, Th-

Hγ); 176.97 (1C, C-OH); 179.25 (1C, C=O). Anal. Calcd. for C12H12N2O2S: C 58.05, H 4.87, 

N 11.28. Found: C 57.95, H 4.92, N 11.35. m/z: 249.06 (M+H)+.  

(Z)-1-(1,5-dimethyl-1H-pyrazol-3-yl)-3-hydroxy-3-(pyridine-2-yl)prop-2-en-1-one (9). 

Brown powder; yield 41%; M.p. 189oC; Rf: 0.47 (CH2Cl2 /MeOH 9/1) / silica. IR (KBr, cm-1): 

ν(OH) =3431; ν (C=O) = 1672; ν (C=C enolic) = 1529; 1H NMR (DMSO-d6): 2.29 (s, 3H, Pz-

CH3); 3.85 (s, 3H, CH3-N); 3.72 (s, 0.1H, keto, CH2); 6.66(s, 1H, Pz–H);  7.53 (s, 0.9H, enol, 

C-H);7.39 (t, 1H, Py-Hβ); 7.82 (m, 1H, Py-Hγ); 8.07 (t, 1H, Py-Hδ), 8.68 (d, 1H, Py-Hᾳ). 13C 
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NMR (DMSO-d6): 11.39 (1C, Pz-CH3); 37.04 (1C,CH3-N); 48.78 (1C, keto CH2); 94.56 (1C, 

enol C-H); 106.45 (1C,= CH-Pz); 121.94 (1C, Py-Cδ); 126.10 (1C, Py-Cβ); 137.02(1C, Py-

Cγ); 149.47 (1C, Py-Cᾳ); 152.40 (1C, Py-Cε); 180.04 (1C, C-OH), 183.78 (1C, C=O). Anal. 

Calcd. for C13H13N3O2: C 64.19, H 5.39, N 17.27. Found: C 64.08, H 5.27, N 17.38. m/z: 244.10 

(M+H)+.  

(Z)-1-(1,5-dimethyl-1H-pyrazol-3-yl)-3-(naphthalene-1-yl)prop-2-en-1-one (10).     

Pale-yellow crystal, yield 27%, M.p. 159°C; Rf: 0.91 (CH2Cl2/MeOH 9/1)/ silica. IR (KBr, cm-

1): ν(OH) =3433; ν (C=O) = 1675; ν (C=C enolic) = 1534; 1H NMR (DMSO-d6): 2.34 (s, 3H, 

Pz-CH3); 3.89 (s, 3H, CH3-N); 3.50 (s, 0.1H, keto, CH2); 6.66(s, 1H, Pz–H);  7.16 (s, 0.9H, 

enol, C-H); 7.56 (m, 1H, Ar-H3); 7.89 (m, 2H, Ar-H2,7);7.97 (m, 2H, Ar-H1,6); 8.04 (m, 1H, Ar-

H4); 8.56 (m, 1H, Ar-H5). 
13C NMR (DMSO-d6): 11.45 (1C, Pz-CH3); 37.04(1C,CH3-N); 46.76 

(1C, keto CH2); 93.70 (1C, enol C-H); 106.36 (1C,= CH-Pz); 123.44 (1C, Ar-C1); 126.78 (1C, 

Ar-C10); 127.87 (1C, Ar-C4); 128.04 (1C, Ar-C9); 128.17 (1C, Ar-C5); 128.40 (1C, Ar-C4); 

128.63 (1C, Ar-C3); 129.45 (1C, Ar-C6); 132.38 (1C, Ar-C1); 138.39 (1C, Ar-C1); 182.03 (1C, 

C-OH); 183.25 (1C, C=O). Anal. Calcd. for C18H16N2O2: C 73.95, H 5.52, N 9.58. Found: C 

73.91, H 5.40, N 9.72. m/z: 293.12 (M+H)+.  

2.3. X-ray diffraction analysis  

Crystals with fairly regular shape were selected using a stereomicroscope equipped with a 

polarizing filter. The CrysAlis software 32 has been used for data reduction and for unit cell 

determination by least-squares from the 5522 (including symmetry equivalent and redundant) 

collected reflections at 173K within the complete diffraction sphere (Mo-Kα radiation, λ = 

0.71073 Å). Full-matrix least-squares refinements on F2 used a set of 3076 unique reflections 

of which 2393 are observed according to the criterion I > 2σ(I). The diffracted intensities were 

corrected for Lorentz and polarization effects. Structure has been solved and refined with 

SHELX-2013 program packages.33 Positional and anisotropic displacement parameters were 

refined for all non-H atoms. The H-atoms at keto-enol group, detected in the final Fourier 

difference, were freely refined while other H-atoms were considered with an isotropic 

displacement parameter equal to 1.2 times (1.5 for terminal -CH3) the Ueq of the parent atom. 

The molecular representation is drawn with ORTEP-3 for windows.34  
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3.4. Biological evaluation 

2.4.1. Antifungal assay 

The in vitro antifungal potential of the prepared compounds against the pathogen fungus 

Fusarium oxysporum f.sp albedinis (FAO) was determined by the agar diffusion technique.35-36 

Briefly, potato dextrose agar (PDA) medium was mixed with different volumes (50, 200 and 

500 µL) of a DMSO solution of the tested compounds to prepare Petri plates with different 

concentrations. Thereafter, discs of 6 mm diameter of the microorganism (FAO) were placed 

into the middle of these Petri plates. After an incubation at 28 °C for 7 days, inhibition 

percentages were calculated and the half-maximal inhibitory concentration (IC50) was 

determined using a non-linear regression algorithm of the dose - inhibition percentage graph. 

Benomyl was used as the standard drug (positive control).  

2.4.2. Antibacterial Test 

 In accordance with the National Committee for Clinical Laboratory Standards (NCCLS) 

recommendations.37 The antibiotic effect of target compounds 1-10 was assessed against one 

gram-negative bacterium viz. Escherichia coli and two gram-positive strains viz. Bacillus 

subtilis and Micrococcus luteus. For assays, test compounds were dissolved in dimethyl 

sulfoxide (DMSO). Sterile WHATMAN paper discs (6 mm in diameter) were impregnated with 

different volumes of each compound and then placed in the middle of Petri plates containing 

the culture media (Muller–Hinton agar) previously inoculated with overnight cultures of the 

target strains. After 24 hours of incubation at 37 °C, diameter of inhibition zones around each 

disc was measured. Gentamicin (1 mg. mL-1 used at 10 µL and 20 µL) was used as standard 

drug. 

2.5. Computational studies 

2.5.1. Homology modeling 

Due to the lack of a 3D experimental crystal structure of Fusarium oxysporum Guanine 

nucleotide-binding protein beta (Fgb1) in the Protein Data Bank (PDB, www.rcsb.org), a 

homology modeling study was carried out to build a suitable 3D structural model for this protein 

prior to use in our docking study. This model was constructed as it has been described in our 

previous paper.38 

 

http://www.rcsb.org/
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2.5.2. DFT calculations and Molecular docking 

The structures of benomyl and compound 9 (9t and 9p) were drawn in ACD/ChemSketch 

software.39 Their geometries were optimized using density functional theory (DFT) method, at 

B3LYP level of theory with a 6–31 G (d,p) basis set, provided in the Gaussian 09 package.40 

The Molecular Electrostatic Potential (MEP) was calculated for the optimized molecules and 

maps have been generated utilizing the GaussView 05 software. SwissDock server which is a 

free service was used to perform the docking studies against the generated model of FGB1 

protein.41 The docking results were then analyzed by the UCSF Chimera molecular viewer.42 

The protonated form of compound 9 (9p) was determined using “Marvin Sketch version 

17.1.30’’ software.43   

3. Results and Discussion 

3.1. Compounds chemistry 

The main route for the preparation of compounds in this work is given below (Scheme 1). The 

synthesis of ten target compounds characterized by -keto-enol group tethered pyrazole was 

developed using our method which has been recently described elsewhere.17 Indeed, the 

synthesis is governed by a one-pot in-situ condensation under mild conditions (room 

temperature, two days). The reaction takes place through stirring a mixture of ketone derivatives 

and ethyl pyrazole-2-carboxylate using toluene as the solvent and sodium metal as the base. 

After neutralization to pH = 5 of the generated keto-enolate salts using acetic acid, and filtering 

them through silica using CH2Cl2/MeOH as eluent, the title products were obtained in 

acceptable yields. 

 

Scheme 1. Main route of the synthesis of compounds 1-10. 

We would like to emphasize that the desired products have been almost exclusively obtained 

in the -keto-enol tautomer form (> 90%). In fact, the -keto-enol form is greatly favored over 

the -diketone form due to the conjugation effect of the enol with the carbonyl group, and the 

increase in stability resulting from a strong six-centered intramolecular hydrogen bond. Indeed, 

the -keto-enol interconversion rate (> 90%) was determined from the NMR spectra by 
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integration of the signals associated to the enol =C-H and the ketone CH2. We noted the 

presence of the keto form only as traces visible around 4 ppm. In addition, a very small negative 

signal from CH2 was observed on the DEPT-135 spectra. Finally, crystals were isolated by slow 

evaporation from methanol for majority of the -keto-enol compounds.  

Two driving forces are responsible for the formation of the favored keto-enol isomer in 

solution, these forces have been postulated by Plessis et al.44 The first one is that related to the  

electronic driving force in which the formation of the preferred enol isomer is controlled by the 

group electronegativity (χR) of the substituents R and R′ fixed on the β-diketone R′COCH2COR. 

However, this driving force was not found to apply to the β-keto-enol obtained form. The 

second force for determining which keto-enol isomer will be favored is the resonance driving 

force which annuls the electronic driving force when one or the two substituents R and R' are 

aromatic. 

Accordingly, our previously prepared products were exclusively obtained in the -keto-enol 

tautomer form, governed by the resonance driving force, as confirmed by XRD. 22-27 Herein, as 

proved by its crystal structure determined from the X-ray diffraction study, compound 10 was 

also found to exist with the -keto-enol tautomer form. 

3.2. X-ray Crystal Structure Description 

The single crystal structure of C18H16N2O2 (compound 10) has been determined from X-ray 

diffraction data. The main crystal data and refinement parameters are reported in Table 1 and 

atom positional and equivalent displacement parameters are given in Table 2. Supplementary 

information can be obtained free of charge (CCDC 1874191) from the CCDC.45 
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Table 1. Crystal data and structure refinement for C18H16N2O2 (compound 10). 

Formula, M, Z C18H16N2O2, 292.33, 2 

Temperature 173(2) K 

Space group Monoclinic, P 21 (N° 4) 

Lattice a = 761.0(1), b = 581.1(1), c = 1634.3(3) pm 

 α = 90, β = 93.02(1), γ = 90° 

Crystal 0.26 × 0.10 × 0.07 mm 

θ range 2.50 to 29.23° 

Reflections 5522 collected / 3076 unique [Rint = 0.0396] 

Completeness to θ=25.242° 99.9 % 

Data / parameters 3076 / 209 

Final R indices [I>2 σ(I)] R1 = 0.0515, wR2 = 0.0940 

R indices (all data) R1 = 0.0745, wR2 = 0.1041 

Δρ Fourier residuals 0.168 / -0.170 e.Å-3 

 

The molecular unit C18H16N2O2 is built with three fragments, a dimethyl pyrazole ring 

connected through a -keto-enol unit to a naphthalene ring (Figure 2). The monoclinic lattice 

contains two symmetry dependent molecules. In this structure, each fragment is planar as 

indicated by the RMS deviations of the fitted atoms that are respectively 0.006, 0.008 and 0.019. 

Yet, the entire molecule deviates to flatness as reflected by the value of 6.8° for the dihedral 

angle between keto-enol and pyrazole fragments and that of 14.8° between keto-enol and 

naphthalene groups. The bonds lengths and angles in the molecule are comparable to those 

found in previous works for other similar compounds.22-27, 46 

 
Figure 2. Ortep molecular representation of C18H16N2O2 (10). 
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Table 2. Atomic coordinates (×10
4
) and equivalent displacement parameters (Å

2
×10

3
) for C18H16N2O2. 

Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

Atom x y z Ueq 

O1 55(3) 4641(4) 2434(1) 40(1) 

O2 285(3) 7380(4) 1272(1) 43(1) 

N1 3628(3) 11532(5) 1705(2) 32(1) 

N2 4015(3) 13244(5) 1198(2) 33(1) 

C1 1256(4) 5878(5) 2845(2) 30(1) 

C2 1997(4) 7762(6) 2498(2) 30(1) 

C3 1470(4) 8464(5) 1695(2) 31(1) 

C4 2266(4) 10454(5) 1319(2) 29(1) 

C5 1816(4) 11509(6) 570(2) 31(1) 

C6 2949(4) 13298(6) 502(2) 31(1) 

C7 3132(4) 15041(7) -144(2) 40(1) 

C8 5476(4) 14790(7) 1411(2) 44(1) 

C9 1688(4) 5076(5) 3694(2) 26(1) 

C10 1078(4) 2923(5) 3946(2) 29(1) 

C11 1386(4) 2202(5) 4735(2) 29(1) 

C12 2283(4) 3617(5) 5319(2) 25(1) 

C13 2546(4) 2988(6) 6156(2) 32(1) 

C14 3404(4) 4416(6) 6701(2) 36(1) 

C15 4054(4) 6542(6) 6443(2) 34(1) 

C16 3809(4) 7202(5) 5648(2) 28(1) 

C17 2912(4) 5792(5) 5068(2) 24(1) 

C18 2597(4) 6448(6) 4247(2) 25(1) 

 

Molecular packing in the monoclinic lattice is such that molecules superimpose along         the 

a and baxes as shown by the projections given in Figure 3. The shorter intermolecular 

contacts are found at atoms N1 and O2 that are involved in weak interactions N1∙∙∙∙H15iC15i 

(2.743 Å, angle 130.63°), O2∙∙∙∙H5iiC5ii (2.630 Å, angle 137.17°) and O2∙∙∙∙H7iiC7ii (2.596 Å, 

angle 151.59°) with two neighboring molecules (i: 1-x, ½+y, 1-z; ii: -x, -½+y, -z).  

 

Figure 3. Structural representation of 10 viewed along (left) a axis and (right) baxis of the monoclinic 

lattice. 
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3.3. Pharmacology 

All the newly synthesized -keto-enol pyrazoles were evaluated for their antibacterial activity 

against three bacterial strains namely Echerichia coli, Bacillus subtilis, and Micrococcus luteus 

and their antifungal activity against one fungal strain (Fusarium oxysporum f.sp albedinis ) by 

the agar diffusion method.  

Surprisingly, the antimicrobial assay revealed that all the screened compounds possessed 

very weak or no antibacterial effect against all used strains. They showed inhibition zones less 

than 7 mm when it's compared to that of the standard drug gentamicin (inhibition zone equal or 

greater than 20 mm). These findings can be possibly interpreted by the absence of 

pharmacophore sites which can act as potential and specific features to inhibit the growth of 

bacteria.47-48 

In contrast, most of these molecules exhibit potent antifungal activity against FOA in a 

manner dependent on the dose as indicated in Table 3. Their activity strongly depends on the 

structure activity relationships (SARs) and shows an interesting influence of the substitution 

pattern. When looking at the influence of the substituent R, we found that compound 8 with the 

3-thiophene group and compound 10 with the 2-naphtalene group lead to the same inhibition 

percentage of 94% as the benomyl fungicide. Interestingly, compounds 2 and 9 respectively 

containing the m-OMe-C6H4 and the 2-pyridine groups even display a slightly better activity of 

96%. The inhibitory concentration (IC50) is lower for these active compounds 2, 8, 9 and 10 

with IC50 values of 71.00, 48.00, 14.80 and 53.00 μM, respectively than the other compounds. 

Compared to our previous works in this era, these findings present the best obtained results for 

all the already tested analog products of this family against FOA fungus. 

In the context of a marked biological interest for heterocyclic compounds, this suggests that 

the nature of the R substituent should be further exploited to modify the properties and to 

determine the structure activity relationship for this novel class of antifungal agents.  
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Table 3. Structures and anti-Fusarium activities of synthetized pyrazole β-keto-enols. 

Comp. Structure 

Volume 

withdrawn 
(µL) 

Diameter of 

the strain 

(cm)* 

Inhibition 

(%) 
IC50 

μM (μg. mL-1) 

1 

 

50 3.5 30 

- 200 2.1 58 

500 1.8 64 

2 

 

50 4.2 16 

71.00 (260.74) 200 2.8 44 

500 0.2 96 

      3 17 

 

50 5 0 

150.00 (550.86) 200 3.6 28 

500 2.5 50 

 4 49  

 

50 5 0 

- 200 3.8 24 

500 2.7 46 

5 

 

50 4.0 20 

- 200 3.2 36 

500 2.6 48 

6 

 

50 3.6 28 

- 200 2.4 52 

500 1.3 74 

      7 46 

 

50 3.5 30 

- 200 2.1 58 

500 1.2 76 

8 

 

50 3.2 36 

48.00 (193.31) 200 1.8 64 

500 0.3 94 

9 

 

50 2.3 54 

14.80 (60.84) 200 1.2 76 

500 0.2 96 

10  

 

50 3.2 36 

53.00 (181.30) 200 2.1 58 

500 0.3 94 

Benomyl - 

50 2.3 54 

- 200 1.1 78 

500 0.3 94 

* Diameter of the FOA strain in the presence of the tested compound (cm) 
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3.4. Computational studies 

3.4.1. DFT calculations 

Calculation of the electronic parameters of a molecule is a well-established tool for the 

interpretation and the prediction of its reactivity in several types of reactions. The molecular 

frontier orbital descriptors HOMO (highest occupied molecular orbital) and LUMO (lowest 

unoccupied molecular orbital) are of great importance in the determination of the reactivity of 

a molecule. They respectively depict its electron donating and receiving ability. Also, the 

energy gap (ΔE = ELUMO - EHOMO) is an important parameter which measures the intramolecular 

charge transfer and the kinetic stability; it has been extensively used to explain the biological 

activity results.50-51 Generally, molecules with a large energy gap are associated with less 

chemical reactivity, high kinetic stability, while those with a small ΔE are more reactive and 

less stable.52  

In our case, the HOMO and LUMO energies of the most active antifungal compound i.e. 

compound 9 and of the standard drug i.e. benomyl were calculated at the DFT/B3LYP/6–31 G 

(d,p) level of theory to compare and understand their reactivity. The HOMO calculated energy 

(EHOMO) is comparable for compound 9 and benomyl. In contrast, their LUMO energies 

markedly differ by -1.036 eV. The ELUMO energies are -1.555 eV for compound 9 and -0.519 

eV for benomyl, leading to values of 4.218 and 5.303 eV for the calculated energy gaps, which 

means that benomyl is more stable (therefore less active) than compound 9. In conclusion, it 

was observed that the LUMO energy level has a critical effect on the increase in reactivity of 

compound 9 compared to benomyl. These findings are in good agreement with our experimental 

results. The shape and the location of LUMO orbital should also be considered, it can be 

affected by the presence (or not) of electron-donating or withdrawing groups in the molecule. 

Many investigations revealed that the placement of the LUMO orbitals, along with their energy, 

can together influence the biological activity.53 Here, the representation of the frontier 

molecular orbital shapes for both molecules (Figure 4) shows that the occupied orbital 

(HOMO) is mainly localized on the pyridine ring and the -keto-enol pharmacophore for 

compound 9 and on the benzimidazole moiety and the ester function for benomyl. On the 

contrary, the empty LUMO orbital is delocalized over the entire molecule in both cases.  
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Figure 4. HOMO and LUMO plots of compound 9 and benomyl. Positive and negative phases are 

shown in red and green colors, respectively. 

Additionally, many other quantum chemical parameters can be used as measures of the 

reactivity of molecules. Their values are generally calculated from the HOMO and LUMO 

energies. The hardness of a molecule is an important concept to evaluate the stability and 

reactivity of a species, it defines the resistance towards deformation or polarization of the 

electron density distribution of a chemical system in an electric field.54 This concept can be 

expressed as chemical hardness (η) and softness (σ).55 The electronegativity (χ) is a measure of 

the power of a molecule to attract electrons whereas the chemical potential (μ) evaluates the 

tendency of an electron to escape from the molecule. The ability of a species to accept electrons 

is quantified by the electrophilicity index.56 As a consequence, high chemical hardness values 

characterize stable compounds with low reactivity while high values for softness, 

electronegativity, chemical potential and electrophilicity denote less stable hence more reactive 

compounds. All these indices (Table 4) have been calculated from the computed HOMO and 

LUMO energies, using the appropriate equations.  

The analysis of these parameters clearly reveals a high reactivity for compound 9. In fact, it 

shows a weaker chemical hardness than benomyl, this means that benomyl is more resistant to 

the charge transfer and thus less reactive than compound 9. On the other hand, the values of σ, 

χ, μ and ω also denote a reactivity for compound 9 higher than for benomyl, which nicely 

correlates with the experimental antifungal findings.  
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Table 4. Calculated quantum chemical parameters for compound 9 and benomyl. 

Chemical reactivity indices (eV) 9 Benomyl 

EHOMO -5.768 -5.822 

ELUMO -1.550 -0.519 

ΔE = ELUMO - EHOMO 4.218 5.303 

Chemical hardness ( η = (ELUMO - EHOMO)/2) 2.109 2.651 

Softness ( σ = 1/η) 0.474 0.377 

Electronegativity ( χ = - (ELUMO + EHOMO)/2 ) 3.659 3.170 

Chemical potential ( μ = - χ ) -3.659 -3.170 

Electrophilicity index ( ω = μ2/2η ) 3.174 2.525 

Finally, a molecular electrostatic potential (MEP) investigation was carried out in order to 

identify and predict the reactive sites for nucleophilic and electrophilic attacks. MEP is 

commonly used to understand the biological recognition processes and hydrogen bonding 

interactions.57 The MEP plots have been generated for the DFT optimized geometries of 

compound 9 and benomyl, and they are given in Figure 5.  

 

Figure 5. Molecular electrostatic potential (MEP) maps of compound 9 (left) and benomyl (right). 

The electrostatic potential at the surface increases in the order red < orange < yellow < green 

< blue (see in Figure 5). It varies from negative regions (red, orange and yellow) related to 

electrophilic reactivity towards positive regions (green and blue) which represent the 

nucleophilic reactivity. For compound 9, the negative electrostatic potential regions are mainly 

centered over the oxygen atoms of the -keto-enol pharmacophore and the nitrogen atom of 

pyridine with values varying from -0.598 to -1.850 eV, while the positive regions are localized 
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on the CH3 groups of the pyrazole ring. For benomyl, the map shows negative values from -

0.952 to -1.387 eV mainly centered over the oxygen atoms of carbonyl groups (C=O) and the 

unsubstituted nitrogen atom of the benzimidazole ring while the positive values are focused 

over the NH groups. 

3.4.2. Homology modeling 

As described previously, all the prepared compounds containing -keto-enol pharmacophore 

site and important azole therapeutic moiety (pyrazole). And as is known, these groups act on 

the cell membrane of microorganisms. This fact encourages us to postulate that our compounds 

can interact with specific targets located on the membrane of the studied fungal. While, it is 

well established that fungal cell membranes and cell walls are of particular importance in the 

development of antifungal drugs.58 based on these considerations, Fusarium oxysporum 

Guanine nucleotide-binding protein beta (Fgb1) was chosen as a target in the present work. 

Actually, this protein is one of the most important membrane proteins and it is implicated in 

several biological processes of F. oxysporum fungal, which make it a potential target to develop 

new inhibitors.59-60  Unfortunately, till now there is no experimental structure of this protein in 

the Protein Data Bank. For these reasons, a homology study was performed to build a three-

dimensional structure of this protein based on an already known structure following the 

procedure described in our previous work.38 Briefly, the Fgb1 primary residues sequence 

(accession number Q96VA6) was used as a target. A BLASTp search was carried out to find a 

suitable template with already known 3D structure for this amino acid sequence. With a 

similarity of 67% to Fgb1 sequence, the 3SN6_chain B (Rattus norvegicus Guanine nucleotide-

binding protein G(I)/G(S)/G(T) subunit beta-1) was identified as the best template. Sequence 

alignment performed between the target and the template, revealing a total conservation of 

63.23% of residues (227 residues), strong similarity of 15.04% (54 residues) and weak identity 

of 5.30% (19 residues) (Supporting Information (SI), Figure S1). While, 59 amino acids 

(16.43%) of the FGB1 were found non-matching those of the selected template. based on the 

obtained aligned sequence; a 3D model was generated for the Fgb1 protein (SI, Figure S2). 

Then the PROCHECK suite was utilized to check the quality of this model. Superimposing the 

generated model on the template backbone (3SN6_ chain B experimental structure) results in a 

very low RMS deviation of 0.257 Å between their main chain atoms. The Ramachandran plot 

was used to evaluate the structure quality by visualizing the energetically allowed regions, it 

provides the amount of residues belonging to the favored (>90%), additional allowed, 
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generously allowed and disallowed regions. As can be seen from Figure 6, the majority of the 

amino acid residues are located in the most favored regions (red color) of the phi-psi distribution 

with a percentage of 90.9%. While 7.2%, 1.3% and 0.7% of residues were found to locate the 

additional allowed (yellow color), generously allowed (light yellow color) and the disallowed 

regions (white color) respectively which is very comparable with the values obtained with the 

experimental structure of the used template (92.5% of residues are in the most favored regions, 

6.7% for additional allowed regions, 0.7% for generously allowed regions and 0.0% for the 

disallowed regions). Additionally, the mean G-factor takes respectively the values of -0.21 and 

0.11 for the generated model and the template, both placed in the optimal region (values below 

-0.5 are unusual). In conclusion, all these parameters attest reliability and good quality for the 

generated model of the Fgb1 protein.  

 

Figure 6. Ramachandran plot analysis of (A) the generated Fgb1 model and (B) the template model 

3SN6_chain B.  
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3.4.3. Molecular docking 

In the present work, to rationalize the antifungal results obtained and to investigate the most 

probable binding mode, the modeled Fgb1 protein was targeted to perform a docking study of 

benomyl and of the most active compound 9 of the β-keto-enol pyrazolic series. The binding 

energy ΔGbinding, the H-bonds and their lengths have been used to evaluate the binding affinity 

of each molecule to Fgb1 protein. The most negative value of ΔGbinding corresponds to the most 

stable ligand-receptor complex, giving valuable information about the most active compound. 

The calculated parameters have been reported in Table 5.  

Table 5. Intermolecular interactions between the ligands docked with Fgb1. 

Compound ΔGbinding (kcal/mol) Hydrogen bond Bond length (Å ) 

9 -7.161 

N1(pyrazole) – Arg167 1.73 

N1(pyrazole) – Arg167 2.82 

O(OH) – Gln251 2.21 

O(C=O) – Val338 2.58 

Benomyl -6.985 

O(C=O) – Leu209 2.17 

O(C=O) – Thr212 2.35 

     N3(benzimidazole) – Gln251 2.46 

 

According to in silico protein–ligand calculations, with a binding score of -7.461 kcal/mol, 

the compound 9 is found better complexed with the Fgb1 receptor than benomyl (binding score 

of -6.985 kcal/mol). Based on this finding, compound 9 seems more active than benomyl, which 

is in total accordance with the experimental antifungal measurements.  

As depicted in Figure 7, compound 9 and benomyl can both form many hydrogen bonds 

with the active site residues of the Fgb1 protein. Compound 9 makes four H-bonds with the 

protein: two bonds of 1.73 and 2.82 Å between the N1 atom of pyrazole and the amino acid 

residue Arg167, one bond of 2.21 Å between the O atom of the alcohol function and the Gln251 

residue and one bond of 2.58 Å between the O atom of the carbonyl group (C=O) and the Val338 

residue. The molecule of benomyl (standard drug) shows interactions with the Leu209 (2.17 

Å), Thr212 (2.35 Å) and Gln251 (2.46 Å) residues through respectively the two carbonyl groups 

and the N3 atom of the benzimidazole ring. Interestingly, a good correlation is found between 

our docking results and the electronic calculations discussed above. In fact, the interactions 

between the studied molecules and the amino acid residues of the receptor Fgb1, occur at the 

high electron density regions of the molecule identified previously by the MEP maps. However, 
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more theoretical calculations and/or experiment investigations are required to confirm the 

validity of these docking results. 

 

Figure 7. Binding mode of compound 9 (A) and benomyl (B) into the active pocket of the Fgb1 protein. 

In addition, the influence of protonation states and tautomeric forms on virtual screening 

results has been well established and an extensive research was made in this field.61-65 It can 

influence the hydrogen bonding ability of the ligand to the receptor. In this context, and in order 

to investigate the possible effects of both these phenomena during our docking simulation, the 

tautomeric form (9t) and the protonated state (9p) at the physiological pH (pH = 7-8) of 

compound 9 were docked against the same Fgb1 protein model used previously. The docking 

results are summarized and displayed in Table S1 and Figure S3 in Supporting Information. 

With a binding score of - 6.780 kcal/mol, the best pose of the tautomeric form (9t) was found 

to be linked to the active pocket of Fgb1 by three bonds involving the amino acid residues 

Ser206, Thr118 and Cys165 with distances of 2.33 Å, 2.74 Å and 2.76 Å, respectively. While, 

in protonated form (9p) docking result (Figure S3B) indicates that Asn340 and Gln251 formed 

hydrogen bonds with O- (C-O-) and N2(pyrazole) respectively. The distances were found to be 

2.23 Å with Asn340 and 2.43 Å with Gln251. Furthermore, through comparing the binding 

energies of the three forms, it was found that the enol form (9) has slightly better binding score 

value in comparison with the keto isomer (9t) and the protonated form (9p) due to the presence 

of more polar properties and more interaction with protein in the case of the enol tautomeric.66 

However, it is important to mention that the calculated binding energies do not always reflect 
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the biological response, 67 and also none of the compounds 9t and 9p has tested in vitro against 

the studied fungal. 

Finally, these important observations open up the way for investigation into various 

structural and chemical modifications in order to make our compounds even more efficient. 

Furthermore, within the general context of development of new anti-Fusarium agents targeting 

proteins and specially Fgb1, additional suitable experimental assays are required to confirm the 

good capacity of these active compounds. 

4. Conclusion 

This manuscript described the first synthesis of novel -keto-enol embedded with pyrazolic 

moiety compounds, and evaluated their in vitro antifungal activities. Some of the prepared 

compounds show better antifungal activity than the reference. Interestingly, compounds 2 and 

9 display 96% antifungal activity which is even better than the benomyl fungicide reference. 

DFT calculations were performed to determine the reactivity of the most active compound i.e. 

compound 9 and of benomyl and to demonstrate the correlation with our experimental results. 

Furthermore, molecular docking study was carried out to determine the binding mode of 

compound 9 and benomyl into the Fgb1 protein pocket. The possible effects of ligand 

protonation and tautomeric states on the docking simulation results were also investigated for 

the compound 9. Hopefully, the obtained results in this study will present a guideline to 

facilitate a better understanding of the mode of action of ligand-enzyme complex and give a 

clear insight to design new molecules in the future. However, appropriate in vitro experiments 

on the inhibition of Fgb1 with the novel -keto-enol pyrazolic compounds should be performed 

in the future and their interaction should be identified by others performing methods such as 

molecular dynamics simulations and free-energy calculations. 
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