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Abstract:  

Treatment options for the management of breast cancer are still inadequate. This 

inadequacy is attributed to the lack of effective targeted medications, often resulting in 

the recurrence of metastatic disorders. Cumulative evidence suggests that epidermal 

growth factor receptor (EGFR-TK) and cyclin-dependent kinases-9 (CDK-9) 

Overexpression is associated with a lower overall survival rate in breast cancer patients. 

Pyranopyrazole and pyrazolone are privileged options for the development of anticancer 

agents. Inspired by this proven scientific fact, we report here the synthesis of two new 

series of suggested anticancer molecules incorporating both heterocycles together with 

their characterization by IR, 1H NMR, 13C NMR, 13C NMR-DEPT, and X-ray diffraction 

methods. An attempt to get the pyranopyrazole-gold complexes was conducted but 

unexpectedly yielded benzylidene-2,4-dihydro-3H-pyrazol-3-one instead. This 

unexpected result was confirmed by X-ray crystallographic analysis. All newly 

synthesized compounds were assessed for their anti-proliferative activity against two 

different human breast cancer cells, and the obtained results were compared with the 

reference drug Staurosporine. The target compounds revealed variable cytotoxicity with 

IC50 at a low micromolar range with superior selectivity indices. Target enzyme EGFR-TK 

and CDK-9 assays showed that compounds 22 and 23 effectively inhibited both biological 

targets with IC50 values of 0.143 and 0.121 µM, respectively. Both molecular docking 

experiments and molecular dynamics simulation were also conducted for further 

interpretations of the in vitro obtained results. 

Keywords: Crystal structure; Phenylpyrazole; Pyrazolone; EGFR-TK; CDK-9; 

Anticancer; Molecular dynamics  
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1 Introduction 

Breast cancer continues to terminate women’s lives globally. On February 2022, The 

WHO reported that the incidence of breast cancer is more than two million cases, with 

about 685,000 deaths occurring in 2020 [1]. Over the past few years, various strategies 

have been provided for prevention of breast cancer development and to halt patient 

deterioration. The over-expression and/or mutation of epidermal growth factor receptor 

tyrosine kinases (EGFR-TK) subtype in breast cancers have a great effect in cancer 

development and growth, these effects are metastasis, cell proliferation, angiogenesis and 

anti-apoptosis [2–5]. EGFR-TK thus has been proved to be a sticking target for the 

development of breast cancer chemotherapeutics [4,5]. Accordingly, a number of 

chemotherapeutic drugs like imatinib (1; Figure S1; see supplementary file), afatinib (2), 

erlotinib (3), and gefitinib (4) have been introduced globally to treat this malignant 

disease [4,6]. The primary goal of these medications' action targets is to affect the EGFR-

TK signal transduction pathway [7,8]. On the other hand, cyclin-dependent kinases 

(CDKs) also play a pivotal role in the regulation of the cell cycle. They are overexpressed 

in various malignant tumors including breast cancer in particular [9]. One of the crucial 

CDKs that is included in cellular transcription elongation and gene transcription is the 

CDK-9. Accordingly, CDK-9 has long been considered one of the main targets for cancer 

management [10]. The inhibition of CDK-9 with atuveciclib (5) has been proved as an 

effective strategy to reduce cell proliferation and survival of breast cancer cells [11]. To 

date, three CDK inhibitors have been previously authorized by the FDA for the 

management of different malignancies. These include palbociclib (6), ribociclib (7), and 

abemaciclib (8) [12]. CDK-9 inhibitors downregulate the anti-apoptotic family of myeloid 

cell leukemia-1 (MCL-1) and hence could alleviate breast cancer cells [13,14]. 

Arylpyrazoles are active motifs that possess various biological activities including 

anti-inflammatory [15], anticonvulsant [16,17], anticancer [18–20], antiviral [21], and 

neuroprotective activity [22]. In the present year, a series of N-arylpyrazoles has been 
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synthesized and estimated as potential anticancer candidates for breast (MCF-7 & MDA 

MB-231), lung (A549), prostrate (DU-145) cancers. Among the synthesized arylpyrazoles, 

compounds 9 and 10 (Figure 1) demonstrated more potent activity than etoposide. In 

particular, compound 10 showed the best efficiency compared to all other derivatives 

[IC50 = 0.31 µM (MCF-7), 0.37 µM (MDA MB-231), 0.47 µM (A549), and 0.19 µM (DU-145)] 

[19]. As well, many N-arylpyrazole derivatives have been synthesized through one-pot 

two-steps consecutive methodology. The produced N-arylpyrazoles were evaluated in 

vitro for their potential anticancer activity against a panel of eight human cancer cells 

including breast cancers (MCF-7). The N-phenylpyrazoles 11 and 12 exhibited good 

growth inhibitory activity against breast cancer cells with GI50 values of 72.44 µM and 

74.15 µM, respectively, with acceptable selectivity indices. They also showed good 

potential to interact with the crucial amino acid residues of the CDK target in the 

performed docking experiments [19]. On the other hand, numerous N-arylpyrazoles have 

been recently developed and presented good inhibitory activity against certain subtypes 

of CDKs [23,24]. Among these, 13 and 14  displayed better cytotoxicity than imatinib on 

MCF-7 breast cancer cell line with IC50 values of 3.0 µM and 4.0 µM, respectively. The 

former one demonstrated outstanding inhibitory activity against CDK-2  with IC50 value 

of 0.24 µM (62.5% inhibition in relative to imatinib) [25]. 
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Figure 1: Arylpyrazoles as effective anticancer candidates targetting EGFR-TK and CDK 

1.1 Rational design and aim of the work 

Our recent studies have led to the identification of benzopyran and pyranopyrazole 

scaffolds as a promising fused ring system with good anticancer activity [26–29]. They 

were designed with terminal aromatic lipophilic moiety and prepared through a one-pot 

three-component reaction. In the present work, inspired by the above proven scientific 

findings and in continuation of our recent records in the synthesis of bioactive 

heterocycles , we prepared a new set of suggested anticancer pyranopyrazoles with 

prominent activity against breast cancer cells. Driven by the tremendous advances in the 

development of anticancer gold-containing complexes [30,31], we tried to get a set of 

pyranopyrazole-gold coordinates by reacting this set with gold(III) chloride hydrate. 

Unexpectedly, an alternative set of benzylidene-2,4-dihydro-3H-pyrazol-3-ones has been 
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obtained instead. Consequently, we presented a proposed mechanism for the formation 

of the unexpected products. The single-crystal structure of one product was also 

confirmed through X-ray crystallography and different spectroscopic techniques. The 

newly synthesized molecules were evaluated for their antiproliferative effect on various 

invasive and non-invasive breast cancers (MCF-7andMDA-MB-231 ). For assessing the 

selectivity indices of target pyranopyrazoles and the obtained benzylidene-2,4-dihydro-

3H-pyrazol-3-one toward cancer cells, their cytotoxicity on normal cell lines, namely, 

Michigan Cancer Foundation-10A (MCF-10A) were also investigated. Then, the proposed 

mechanistic effect of these new compounds was also evaluated in vitro against two 

chemotherapeutic targets. Lastly, docking experiments and molecular dynamics 

simulations (MD) of the new compounds on EGFR-TK/CDK-9 were also conducted to 

further rationalize the obtained results of in vitro bioactivity. 

2 Results and discussion 

2.1 Chemistry 

The target compounds (18-20) were synthesized as represented in Scheme 1. 

pyrano[2,3-c]pyrazole derivatives (18-20) were easily attained in a satisfactory yield by a 

one-pot, three-component reaction of precursor phenylpyrazole (15), malononitrile (16) 

with three aromatic aldehydes (17) in an ethanolic solution containing a catalytic amount 

of piperidine. Alternatively, the target compounds (18-20) were also obtained by 

condensation of precursor phenylpyrazolone (15) with the same set of aldehydes (17) to 

afford the benzylidene-pyrazolone (21-23). These latter were lastly allowed to react with 

malononitrile (16) to give our target pyranopyrazoles (18-20). 
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Scheme 1: Synthesis of target pyranopyrazoles and  pyrazolone derivatives (18-23) 

The history of gold complexes as homogeneous catalysts indicates a very successful 

and attractive area of chemistry [32–34]. In a preliminary plan, our group tested the action 

of gold (III) chloride hydrate reagent on aryl pyrano[2,3-c]pyrazole-5-carbo-nitrile (18), 

in ethanol containing few drops of triethylamine; the product was 4-bromobenzylidene-

pyrazol-5(4H)-one (21) in low yield as red crystals, rather than the gold complex (24), 

Scheme 2. 
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Scheme 2: Synthesis of target compound 21 

A mechanism for the formation of product (21) under the catalytic effect of gold (III) 

chloride hydrate is depicted in Scheme 3. The catalytic effect of HAuCl4 hydrates is due 

to the dissociation equation as follow: 

 

 

It is, therefore, not surprising that for certain reactions, AuCl3 is a better catalyst than 

a HAuCl4 hydrate [35]. The formation of compound 21 is supposed to proceed via the 

nucleophilic opening of the pyran ring [36], followed by transformation into the 

pyrazolone intermediate (25), which then undergoes retro-decomposition [37,38] to form 

Benzylidenepyrazol-5(4H)-one (21) and malononitrile (16), Scheme 3. 
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Scheme 3: Suggested chemical analysis synthesis of final product 21 

2.2 Optical activities 

Compounds 18-20 are chiral. So, their specific rotation was measured using a Carl 

Zeiss polarimeter to adjust the 4-position stereochemistry of the pyrano[2,3-c]pyrazole 

moiety. The results indicated that these derivatives are optically inactive with  zero 

rotation present in a racemate (±) mixture [26,39,40]. 

 

2.3 Spectroscopic data 

The structures of compounds 18-20 and 21-23 were in great consistence with obtained 

spectroscopic data and the elemental analyses . The IR spectra disclosed absorption bands 

around υ 3492-3428, 3385-3361, 3232-3230 cm-1 for NH2 in addition to cyano groups 

absorption bands in the region υ 2189-2182 cm-1 for compounds 18-20 and the absorption 

maxima of carbonyl groups lies in the region of υ 1705-1701 cm-1 for compounds 21-23. 

Also, the 1H NMR spectra of compounds 18-20 resulted in diverse signals of the function 

groups; methine, amino, and methyl protons in the range of δ 7.31-7.20, 4.62-4.71, 1.79-
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1.78 ppm, respectively and the 13C NMR spectra exhibited the methine carbons signals in 

the range δ 58.05-55.48 ppm for compounds 18-20 and the carbons of carbonyl and 

olefinic groups at δ 164.25, 163.17 and 146.91, 148.69 ppm for compounds 22, respectively. 

Moreover, the 13C NMR-DEPT spectrum at 135°, HPLC-Mass Spectrometry for 

compounds 18-20, 21-23, and single-crystal X-ray analysis of compound 21 strongly 

confirmed the structure and the absolute configuration of target compounds (see 

experimental section and supplementary file).  

2.4 The X-ray characterization of compound 21. 

Single-crystal X-ray diffraction was done and characterized unexpected product 21 . 

The crystal structure shows disorder with the major component (66.2%) overlaying the 

minor component (33.8%). Each component in the structure is essentially planar; in the 

major component, each of the three-ring groups forms a good plane with a twist of 

7.55(12)° between the normals to the C(51-56) phenyl ring and the central pyrazolone 

ring; the angle between the normals to the second phenyl ring C(21-26) and the central 

pyrazolone ring is 9.5(2)°, (Figure 2). 



Page 11 of 36 
 

 

Figure 2: (a) View of the major component of 21, showing the atom numbering scheme. Thermal ellipsoids (  n 50% 

probability level); (b) Components of the disordered molecule 21; (c) The packing of molecules viewed along the b 

axis; (d) shows the distance between two planes 

The minor component is related to the major by a pseudo-twofold symmetry axis that 

passes through O(1) and C(31), sites common to both components. Other atoms in the 

two components that are coincident are C(24) and C(954), C(26) and C(954), Br and Cl(9), 

and Cl and Br(9); the two overlapping rings of C(21-26) and C(951-956) are quite distinct 

and resolved, but the corresponding pair of C(51-56) and the minor phenyl group on 

C(920) have not been resolved but were refined as a single, fully occupied six-membered 

ring. In the pyrazolone ring of the major component, there are, in addition to the carbonyl 

group, C(1)–O(1) 1.257(7) Å, short, double-bond contacts between C(3)–N(4), 1.271(12) Å 

and C(2)–C(20) 1.365(11) Å. Molecules (involving both components) are stacked by π…π 

interactions parallel to the a axis; adjacent molecules are related by the glide-plane 

symmetry of the structure. The experimental details for the measurement of diffraction 
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data, processing of the data, structure solution (by intrinsic phasing methods), and 

refinement of 21 are recorded in Table 1. Selected angles and bond lengths are listed in 

Table S1 in the supplementary file. 

Table 1: Crystallographic data and structure refinement for the pyrazolone derivative, 21 

Elemental formula                C17H12BrClN2O 
Formula weight                   375.65 
Crystal system, space group      Monoclinic,  C c  (no. 9) 
Unit cell dimensions             a = 10.5759(5) Å  α = 90° 
 b = 14.0729(5) Å  β = 105.502(4)° 
 c = 10.3189(4) Å  γ = 90° 
Volume                           1479.93(11) Å3 
Z, Calculated density           4,1.686 Mg/m3 
F(000)                           752 
Absorption coefficient           5.467 mm-1 
Temperature                     120(2) K 
Wavelength                       1.54184 Å 
Crystal colour and shape red blocks 
Crystal size                     0.148 x 0.110 x 0.092 mm 
Crystal mounting:       on a glass fibre, in oil, fixed in cold N2 stream   
On the diffractometer: 
Theta range for data collection  5.359 to 67.452 ° 
Limiting indices                -12<=h<=12, -16<=k<=14, -12<=l<=11 
Completeness to theta = 67.452   99.9% 
Absorption correction             Gaussian 
Max. and min. transmission        1.000 and 0.835 
Reflections collected (not including 
 absences)  2634 
No. of unique reflections         1690[R(int)for equivalents = 0.012] 
No. of 'observed' reflections (I > 2σI)  1668 
Structure determined by:     dual methods, in SHELXT 
Refinement:                   Full-matrix least-squares on F2, in SHELXL 
Data/restraints/parameters       1690 / 2 / 242 
Goodness-of-fit on F2 1.054 
Final R indices ('observed' data)  R1 = 0.022, wR2 = 0.057 
Final R indices (all data)         R1 = 0.023, wR2 = 0.058 
Reflections weighted: 
     w = [σ2(Fo2) + (0.0293P)2 +1.1085P]-1 where P = (Fo2 + 2Fc2)/3 
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Absolute structure parameter       0.20(3) 
Extinction coefficient             n/a 
Largest diff. peak and hole        0.22 and -0.30 e.Å-3 
Location of largest difference peak  near Br 
__________________________________________________________________ 

 

2.5 Biological evaluation. 

2.5.1 Assay of Cell proliferation and SAR analysis 

The interesting compounds were assessed by using an in vitro anti-cancer activities 

against three different breast cancer cell lines: MCF-7 (Michigan Cancer Foundation-7, 

Invasive ductal carcinoma), MDA-MB-231 (Breast Adenocarcinoma) and MCF-10A (a 

human normal breast cell), following the MTT assay technique [41–43]. Staurosporine 

was applied as the standardized positive effective therapy in breast cancer [44,45] to 

compare its cytotoxic  effect with those  obtained by our targeted compounds. IC50 of both 

target compounds and positive control are presented in Table 2. The IC50 results revealed 

variable responses to various cell lines. The growth inhibitory responses of compounds 

18-20 and 21-23 on the tested cell lines are also discussed. 

In general, the benzylidene derivatives 21-23 are more potent as cell cytotoxic 

compared to pyranopyrazole derivatives 18-20. Compound 18 has only 27% cytotoxic 

activity compared to the control in MCF-7 and ~25% in the MD-MB-231 breast cancer cell 

line, while compound 19 has ~ 42% cytotoxicity in both MCF-7 and MDA-MB-231 cell 

lines in comparison with the positive control. However, compound 20 shows ~93% 

growth inhibitory activity in MCF-7 and ~65% in MDA-MB-231 relative to the positive 

control, thus highlighting the selectivity of this compound for MCF-7 cell lines. 

Regarding the benzylidene derivatives, compound 21 showed a relatively weak cytotoxic 

activity in reference to the positive control against MCF-7 and MDA-MB-231 cell lines 

based on their IC50 values. The methoxy derivative 22 shows ~65% and 45% growth 

inhibition for MCF-7 and MDA-MB-231 respectively, which indicates that 22 is more 
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selective for MCF-7 than MDA-MB-231. For the ethoxy benzylidene derivative 23, the 

growth inhibitory activity in MCF-7 is more than twice as potent than the +ve control and 

nearly twice as potent in the MDA-MB-231 cell lines; this all reflects the high potency of 

this benzylidene derivative. 

 

Table 2: In vitro cellular antiproliferation  effects of the target compounds, and Staurosporine on  different breast 

cancer cell lines. 

Cpd. ID MTT assay IC50 (µg/mL) 1 Selectivity pattern 

MCF-7 MDA-MB-231 MCF-10A 

18 21.55 ± 1.28 35.14 ± 1.85 ND2 Active 

19 13.85 ± 0.82 21.87 ± 1.15 ND Active 

20 6.32 ± 0.37 13.88 ± 0.73 102.00 ± 1.41 MCF-7 selective 

21 29.44 ± 1.74 57.25 ± 3.02 ND Less active 

22 9.04 ± 0.54 20.29 ± 1.07 ND MCF-7 selective 

23 2.60 ± 0.15 5.14 ± 0.27 85.00 ± 2.15 Potent active 

Staurosporine 5.86 ± 0.35 9.02 ± 0.47 ND  

1 IC50 values are expressed mean ± standard error values of triplicates. P-value is < 0.05. 

2 ND = Not Determined 

2.5.2 Enzyme assay 

The inhibition of EGFR-TK (epidermal growth factor receptor ) and Cyclin-dependent 

kinase 9 (CDK-9) plays a crucial role in tumor suppression in breast cancer [2–5] [9]. All 

synthesized compounds were estimated for their in vitro EGFR-TK and CDK-9 inhibitory 

activities, and the IC50 values were calculated and compared to the reference drugs 

Lapatinib and Dinaciclib, respectively, Table 3. As seen, the benzylidene derivatives 22 

and 23 are stronger inhibitors for both EGFR-TK and CDK-9 compared to the 

dihydropyrano derivatives 18-20. Also, the alkyloxy derivatives 19 and 20 in both groups 

are more effective inhibitors than the bromo derivatives; this emphasizes the importance 

of the bromo substituent type on the activity. Compound 22 shows a promising inhibitory 



Page 15 of 36 
 

effect against EGFR-TK with compound 23 showing the highest inhibition against EGFR-

TK compared to the reference drug Lapatinib. With respect to the inhibitory activity 

against CDK-9 also 22 and c show the highest inhibition activity close to the drug 

Dinaciclib. 

Lipophilic characters of a compound are a good indicator of its potency. However, a 

balance between lipophilic and hydrophilic character is important for drugs to be orally 

active. Compounds with 2-3.5 lipophilic value range are optimal as oral drugs with 

prominent good bioavailability.. Leeson et al., has introduced the lipophilic efficiency 

concept(LPE), which measures how well a ligand uses the lipophilic property to attach to 

a specific target, and which brings together both potency and lipophilic properties as a 

criterion of drug-likeness. It could be used to increase drug potency without increasing 

Log P [46]. For further exploration of that concept for both EGFR-TK and CDK-9 

inhibitors, LPE values for the various derivatives and a reference drug have been 

calculateds, Table 3. The Log P values vary from 1.40 to 5.39, leading to a lipophilic 

efficiency range between 1.30 and 4.00 for EGFR-TK and 0.20 to 5.70 for CDK-9. 

Moreover, the improved solubility factors appeared in results of compounds and 

reference drugs increased the potential to be proper pharmacokinetic profile for these 

derivatives. This particular characteristic controlled the possibility of penetration and the 

relative excellent oral absorption. Table 3 illustrated that the target compounds 22 and 23 

have acceptable LPE 2.70 and 3.6, respectively compared with the selected reference 

drugs. 

2.6 EGFR-TK target docking simulations 

Docking studies are now a very important part of the process for the design and 

optimization of drug. [47–51].firstly, the 21, 22, and 23 compounds were docked into the 

crystal structure compared to bound ligand and exhibited binding energy range; -6.75, -

7.01, -7.41, and -8.50 respectively.  Focusing on the compound 23 which showed excellent 
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EGFR-TK inhibition to further justify the observed inhibitory activity. Previous studies 

[52–55] have indicated that 4-anilinoquinazoline-based drugs as Erlotinib affect their 

inhibitory mechanism through block of ATP-binding site. Erlotinib was found to locate 

well in the ATP pocket and is linked to Met769 by a hydrogen bond, at 3.09Å to nitrogen 

atom of the quinazoline ring at position 1, and hydrophobic interactions with Leu694 

with an aromatic ring at contact distance of 4.11Å with C-C stabilization through Gln767 

residue (Figure 3). Compound 23 interacts within the active sitethrough the pyrazolone 

group by a hydrogen bond with crucial amino acid Met769 through its carbonyl group 

within a distance of 3.25Å. There are two additional hydrophobic interactions with amino 

acids Leu694, and Gly772 (at distances of 4.22 and 4.77Å, respectively). This interaction 

pattern confirms that the pyrazolone fragment is an isostere of the quinazoline ring. The 

3D overlapping of compound 23 and the reference drug Erlotinib shows the alignment of 

both compounds within the ATP binding region of the EGFR-TK. These findings might 

indicate the potential of compound 23 as a new lead that merits further structural 

optimization in designing new anticancer agents. 

Table 3: In vitro dual inhibitory effect on EGFR-TK wild type and CDK-9 (IC50, µM) of new candidates 

Cpd. ID Target enzyme assay* Log P  Log S LPE 
EGFR-TK wild type CDK-9 EGFR-TK 

 
(CDK-9) 

18 0.433 ± 0.026 5.706 ± 0.289 4.48 -6.05 1.9 0.7 
19 0.265 ± 0.016 0.945 ± 0.048 3.52 -5.56 3.1 2.5 
20 0.211 ± 0.013 1.260 ± 0.064 3.86 -5.23 2.8 2.0 
21 0.200 ± 0.012 2.587 ± 0.131 5.39 -6.65 1.3 0.2 
22 0.143 ± 0.009 0.402 ± 0.02 4.15 -5.36 2.7 2.0 
23 0.121 ± 0.007 0.077 ± 0.004 4.54 -5.72 2.1 3.6 

Lapatinib 0.040 ± 0.002 - 4.42 -1.25 4.0 - 
Dinaciclib - 0.081 ± 1.23 1.40 -0.575 - 5.7 

 
* Results are expressed as IC50 ± SD (µM) values in triplicates. P-value is < 0.05 (Log p of 

reference drugs obtained from ChemAxon). 
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Figure 3: Docking modes of the active compound 23. The figure shown is predicted products of Erlotinib drug with 

the EGFR-TK binding site (upper raw); analog 23 with the EGFR-TK ATP pocket (middle raw); 3D aligned 23 
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superimposed with Erlotinib within the EGFR-TK ATP pocket (lower raw). Dashed lines are used for definition of 

possible hydrogen bonds between compound fragments and residues in pocket. 

2.7 Molecular dynamics simulation 

Both conformational changes and their stability were clearly explained through 

examination of protein's secondary structure of EGFR-TK coupled to the novel active 

analog 23 both prior to and after docking.., RMSD and RMSF data were predicted for the 

complex to reference EGFR-TK inhibitor and compound 23 by MD run of 100 ns [56]. 

Therefore, the protein’s secondary structures  were analyzed prior and post docking to 

get in depth the conformational changes resulted from ligand interaction. Figure 4 

displays the findings from the RMSD record of the EGFR-TK behavior prior to and during 

docking of pyranopyrazole derivative 23 and reached equilibrium after 100 ns. The 

acquired stable conformation of the target enzyme in the MD runs at RMSD 2Å, which is 

a reasonable result for a protein target enzyme and revealed the stability of the complex. 

The most effective molecule 23, in association with the EGFR-TK domain, was run 

to evaluate the stability and dynamic behavior along the simulation durations utilizing 

root-mean-square deviation (RMSD). Calculations of the radius of gyration (Rg) and the 

number of atomic interactions (#contacts) reflected the RMSD.. From the data,  

During the first 40 ns, RMSD values of the EGFR-TK/23 complex were slightly varied, 

these findings was strongly supported by the adaptation of atomic contacts within 

compound 23’s five 5 spheres during this period (first 40 ns), the equilibrium of an 

average value of 3 RMSD was then reached after 60 ns. Moreover, in the case of co-

crystallized ligand, in the first 10 ns, RMSD values was increased, followed by constant 

value with an average value of 1.5 RMSD until the final stage of MD simulation. During 

the whole simulation run and according to the Rg calculation, the compactness of the 

EGFR-TK domain remained constant at 20-21, which reflects the stable closed 

conformation of the EGFR-TK/23 complex (Figure 5). 
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Overall, the obtained results confirmed the high stability of the produced complex 

of compound 23 and EGFR-TK in an aqueous environment. 

 

 
Figure 4: Results of MD of EGFR-TK (PDB ID: 1M17) complex. RMSD of complex with reference compound 

(upper panel) and 23 (lower panel). The stability of RMSDs was reached after 100 ns. 
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Both residues of N- and C-terminals were oscillated below 4.0 for compound 23 and above 3.0 for 

the ligand, according to the RMSF plot for EGFR with the reference ligand and compound 23. The 

remaining secondary structures were kept stable during the trajectory, and the protein-ligand 

complex's projected RMSF (Figure 5A) was less than 2.0, demonstrating conformational stability. 

The EGFR-TK complex with reference (Figures 5B) had a secondary structure with 26% -helices 

and 15% of -strands, whereas the complex with 23 had a secondary structure with 25.04% -

helices and 15% of -strands. The assessment of the EGFR-TK complexes' intermolecular 

interactions during the MD simulation, as shown in Figures 6 A–B, showed that the studied 

trajectories had a range of interesting contacts of polar and non-polar interactions, supporting the 

findings of the docking studies. Furthermore, it was demonstrated by the plot of interaction fraction 

vs residues of binding sites that Met769 was the conserved residue of the given multiple 

interactions (interaction fraction greater than 0.3). Both molecular docking and the MD results 

were in great consistence, as extrapolated results revealed the involvement of the EGFR-TK 

complex binding site residues Met769, Cys773, Leu694, and Thr830 in hydrogen bonding for 

various simulation times, Figure 6B. Furthermore, it was found that the hydrophobic interactions 

of compound 23 with EGFR-TK complex residues (Thr766 and Leu694) were prominent through 

the pyrazole and terminal aromatic fragments. These interactions are consistent with the results of 

docking experiments and contributed to the stability of the complex for 50% of the simulation 

time.  
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Figure 5: MD data of EGFR-TK with PDB ID: 1M17) complexes. (A) Results of Ligand Root Mean Square 

Fluctuation (L-RMSF) for both reference (left) and 23  (right) complexed with EGFR. (B) Data of Secondary structure 

elements (SSE) of both reference (left) and 23 (right) complexed with EGFR. (C) Data of % SSE of the two reference 

and 23 compounds with EGFR-TK. It is clear shown that no changes in the percentage of SSE appears significantly 

between both the apo and bound proteins structures indicating their conformational stability. 
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Figure 6: MD results of EGFR complexes. (A) Data of of the total contacts of both reference  (up) and 23 (down) complexes with EGFR-TK. (B) Bar chart 

showing the normalized interactions during the trajectory with  the specific interactions of both reference (up) and 23 analog (down) with the complex EGFR-

TK.  
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3 Conclusion 

In summary, we have designed and synthesized diarylpyrazole-based derivatives. A trial 

of complexation of pyranopyrazole analogs with gold metal through the terminal nitrile 

and amino groups resulted in ring opening and formation of benzylidene-2,4-dihydro-

3H-pyrazol-3-one derivatives. This reaction was supported and confirmed with an X-ray 

analysis. All new derivatives were investigated for assay of their cytotoxicity against two 

different cancer cell lines of breast origin; (MCF-7 and MDA-MB-231). Also, the 

cytotoxicity against MCF-10A (as a human normal breast cell) was evaluated. The data of 

cytotoxic effect of all the novel derivatives showed active and selective analogs with IC50 

values ranging from of 57.0-2.6 µM. In particular, pyrazolone derivative 23 was the most 

potent against invasive and non-invasive cancer types, with IC50 values of 2.60 and 5.14 

µM, respectively. Moreover, rigid pyranopyrazole 20 was found to be selective against 

MCF-7 at 6.30 µM with very low normotoxicity. Moreover, EGFR-TK and CDK-9 

enzymatic assays revealed sub-micromolar inhibitory activities of compound 23. In 

addition, in silico docking was conducted, and their results confirmed consistent binding 

pattern of 23 with the target pockets of both biological targets. Finally, a molecular 

dynamic simulation experiment was introduced for the most active derivative 23 within 

EGFR-TK enzyme that showed a consistent target binding stability with range of proper 

types of interactions compatible with the docking results. 

4 Experimental Section 

4.1 Chemistry 

All chemicals and reagents used in synthesis process are described in supplementary 

section in detail. In addition, the synthetic routs and spectroscopic characterization are 

presented in supplementary part.  
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4.2 General procedure for synthesis of 3-methyl-1,4-dihydropyrano[2,3-c]pyrazole 

derivatives and their spectral characterization (18-20) see supplementary section. 

4.3 Reaction of compound 18 with gold (III) chloride hydrate 

A reaction mixture of compound (18) (0.01 mol), gold (III) chloride hydrate (0.01 mol) 

and triethylamine (0.5 ml) was refluxed in an absolute ethyl alcohol solution (30 ml) for 

1 hr. to give 21 in 66.2% afford final product as appeared in spectroscopic data. 

4.4 Cytotoxicity evaluation  

The cytotoxic effect was evaluated and determined by  MTT colorimetric technique 

that was commonly known and previously reported [41,58–61]. Briefly, 1.2 × 104 to 1.5 × 

104 of exponentially growing MCF-7 cells were seeded in 96-well plates containing RPMI-

1640 medium (200 µl) and  fetal bovine serum (10%). 96-well plates as six triplicates were 

prepared and the test compounds with different concentrations with range 0 to 50 µg/ml 

were then added into plates for all compound. Six vehicle controls with media or 0.5% 

DMSO were run for each 96-well plate as a control. Then, the number of viable cells were 

determined by the MTT test after incubation for 24 h.  

In brief, the medium in the 96 well plates were replaced with fresh culture medium (100 

L of RPMI 1640) without inclusion of phenol red, followed by addition of 10 L of the 

MTT(12 mM) stock solution composed of (5 mg MTT/1 mL PBS) in each well, with the 

untreated controls. The well plates were incubated for 4 hrs under specific conditions (37 

οC/5% CO2). Removal of about 85-µl aliquot of the medium from each well was done and 

replaced by 50 µl of DMSO and thoroughly mixed with the pipette immediately prior to 

incubation at 37 οC for 10 minutes. 

The optical density was then estimated by a microplate reader at 590 nm to determine the 

number of viable cells, and the percentage of viability was calculated using the formula: 

: % viability = (O.D. Treated well/O.D. Control well) x 100 [62,63].  where OD denotes 

the mean optical density. The survival curve of each tumor cell line after treatment with 
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the specified compound was obtained by plotting the relationship between surviving 

cells and drug concentration. The 50% inhibitory concentration (IC50), or the effective 

concentration required to produce toxicity in 50% of intact cells, was calculated using 

Graph Pad Prism software from graphic plots of the dose-response curve for each conc 

(San Diego, CA. USA). 

 

4.5 EGFR-TK wild type assay 

The methodology of assay occurred according to BPS Bioscience of the EGFR-TK kinase 

kit. In brief, 0.200 mg/mL EGFR-TK-ErbB1 (catalogue number PV3872) was employed. A 

solution of ATP as well as mixture of kinase/peptide were freshly and immediately 

prepared prior to the experiment, added to the plate wells and thoroughly mixed, 

followed by incubation at room temperature. for 1 hour. Following that, 5 ml of 

developing solution was added to each well. The plate was kept at room temperature for 

1 hour before being read using an ELISA Reader (PerkinElmer, USA). Graph Pad Prism 

was used to fit the curves. Each experiment was carried out three times. Data from three 

independent experiments were represented as means ±SD. 

4.6 Crystal structure analysis of a pyrazolone derivative, compound 21 

Crystal data: C17H12BrClN2O, M = 375.65. Monoclinic, space group Cc (no. 9), a = 

10.5759(5), b = 14.0729(5), c = 10.3189(4) Å, β = 105.502(4), V = 1479.93(11) Å3. Z = 4, Dc = 

1.686 g cm-3, F(000) = 752, T = 120(2) K, µ(Cu-Kα) = 54.7 cm-1, λ(Cu-Kα) = 1.54184 Å.  

The crystal was a red block. From a sample under Fomblin, one, ca 0.092 x 0.110 x 

0.148 mm was supported on a tiny loop and fixed in the cold nitrogen stream on a Rigaku 

Oxford Diffraction SuperNova diffractometer, connected to Cu-Kα radiation, Atlas S2 

detector and mirror monochromator. Results and statistics strength were calculated 

(University of Nottingham) by thin-slice ω-scans. Total number of reflections was 
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recorded to θmax = 67.5, it was 2634 of which 1690 were unique (Rint = 0.012 ); 1668 were 

'observed' with I > 2σI.  

Data processing was performed by applying the CrysAlisPro-CCD program [64]. The 

structure was assigned by the intrinsic phasing routines in the SHELXT program [65] and 

refined by full-matrix least-squares methods, on F2's, in SHELXL [66]. The structure is 

disordered, with the major component overlaid with the minor component, and the Br 

and Cl atoms of the major molecule sharing the same sites as Cl(9) and Br(9) of the minor 

molecule. The non-hydrogen atoms were refined with anisotropic thermal parameters. 

The parent carbon atoms' Ueq values were made to be dependent on the Uiso values of 

the hydrogen atoms, which were included in idealized positions. . At the conclusion of 

the refinement, wR2 = 0.058 and R1 = 0.023 (2B) for all 1690 reflections weighted w = [σ2(Fo2) 

+ (0.0293P)2 + 1.109P]-1 with P = (Fo2 + 2Fc2)/3; for the 'observed' data only, R1 = 0.022. The 

Flack parameter, x, was 0.20(3) which suggests that the absolute configuration of the 

major component is correctly shown in the Figure 3. In the final difference map, the 

highest peak (ca 0.22 eÅ-3) was near Br/Cl(9). Scattering factors for neutral atoms were 

brought from reference [67]. The software applied for current analysis have been 

mentioned before and were processed through WinGX [68] on a Dell Optiplex 780 PC at 

the University of East Anglia. The CIF file with these results has been deposited at the 

Cambridge Structure Database with CCDC deposition number 2152008. 

4.7 Molecular docking  

Molecular docking of the target compounds with the EGFR-TK protein enzyme (PDB ID: 

1M17) was obtained in high resolution from the PDB server (http://www.pdb.org) using 

the most active compounds 21 and 22 derivatives. All docking calculations were 

performed using AutoDock 3.0 [69] and MOE software. The detailed protocol was 

followed as described in reference [7,70]. The inhibition constants were calculated using 

the binding energy file generated by docking experiments. MOE 2012.10 was employed 
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to generate the protein-ligand interaction plots. The default parameter settings were 

used. 

A grid box size of 90×90×90 points with a spacing of 0.375 Å between the grid points 

was generated that covered almost the entire protein surface. Lamarckian GA was 

employed for the conformational space search with initial population set to 150, and 

fitness function evaluations set to 25000000. The most abundant low-energy clusters were 

selected for analysis.High-scoring binding poses were selected based on visual 

inspection. 

4.8 Molecular dynamics simulation 

Molecular dynamics simulations were performed by applying using templates of the 3D 

structure crystal of EGFR-TK complexed with the target active compound 23 (PDB ID: 

1M17) compared to co-crystallized ligand. The simulation was run with the Desmond 3.8 

package [71,72] and the OPLS2005 forcefield. The computational hardware in this 

simulation was SGI Rackalbe RP2 Standard-Depth Servers C2108-RP2 (Intel Xeon 

Processor E5-2670, 16CPU/node) at AIST. The initial docked model structure was refined 

in Maestro (Schrödinger, LLC) using the protein preparation wizard and placed into 

TIP3P water molecules solvated with 0.15 M NaCl. Following model minimization and 

relaxation, the production molecular dynamics phase was carried out in an isothermal-

isobaric (NpT) ensemble at 300 K and 1 bar for three independent 100 ns simulations. 
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