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Abstract: The cyanoacetylationof1-methyl imidazole moiety gave 3-oxoproponanitrile I, which upon cycliza-

tion gave the corresponding 5-amino pyrazole II. The reaction of compound II with some reactive methylene 

reagents gave the corresponding imidazolyl pyrazolopyridine derivatives IIIa-e. The synthesized compounds 

were prepared by conventional heating and microwave irradiation technique. The structure of the prepared 

compounds was confirmed by different spectroscopic tools. The compounds IIIa-e were tested for antitumor 

activity against breast cancer cell line. The quantum chemical, molecular docking and SAR studies were per-

formed for the prepared compounds. The quantum chemical descriptors confirmed that inhibitor1-(4-

methoxyphenyl)-3-(1-methyl-1H-imidazol-4-yl)-6-phenyl-1H-pyrazolo[3,4-b]- pyridine-4-ol (IIIb) is the most 

potent and reactive one among the investigated compounds. This conclusion is congruent with the results ob-

tained experimentally. 
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1. INTRODUCTION 

Many functionalized imidazoles behave as antibiotics [1], fun-
gicides [2], antiulceretics [3], antidiabetics, antihypertensive and 
anti-inflammatory agents [4]. The 3-oxopropano- nitriles represent 
a category of versatile synthetic intermediate for the synthesis of 
pyrazole moiety [5, 6]. 

Pyrazolo [3,4-b] pyridine skeleton is an interesting class of het-
erocycles due to its diverse biological properties including antitu-
mor, antioxidant and antibacterial activities [7-18]. 

This attempt was made to provide a synergistic cytotoxic activ-
ity from the combination of pyrazole and imidazole moieties,  
resulting novel analogues, and evaluate their antitumor activity. 

The addition of computer-aided drug design (CADD) technolo-
gies to the research and drug discovery approaches could lead to a 
reduction of up to 50% in the cost of drug design. Designing a drug 
is the process of finding or creating a molecule which has a specific 
activity on a biological organism. Development and drug discovery 
is a time-consuming, expensive, and interdisciplinary process 
whereas scientific advancements during the past two decades have 
altered the way of pharmaceutical research producing new bioactive 
molecules. 

Development of powerful computer software and hardware will 
enable extensive studies of the protein structure and dynamics of 
new potential drug targets, a new challenge in the validation and 
calibration of computerized methods of bio-simulation. Quantum 
mechanical (QM) methods became popular in computational drug 
design and development mainly because the high accuracy is often  
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required to estimate (relative) binding affinity allowing one to com-
pute the binding interaction at the atomic level. However, as the 
macromolecules involved (in general, proteins) are very large, it is 
necessary to achieve a compromise between the computational cost 
of the calculations and the accuracy required to obtain trustful  
results [19, 20]. 

2. RESULTS AND DISCUSSION 

2.1. Chemistry 

Scheme (1) explains the reaction pathway for compounds I, II 
and IIIa-e derivatives. Compound I was synthesized by cyanoace-
tylation of 1-methyl imidazole by using cyanoacetic acid and acetic 
anhydride at 60-70 oC. The cyclization of corresponding -ketoni-
trile [3-(1-methyl-1H-imidazol-4-yl)-3-oxopropanenitrile] I with  
p-anisyl hydrazine hydrochloride in absolute ethanol for 4 h gave 
the corresponding 5-amino pyrazole II. 

Condensation of 1-(4-methoxyphenyl)-3-(1-methyl-1H-imida-
zol-4-yl)-1H-pyrazol-5-amine lI with some active methylene com-
pounds in acetic acid as ethyl acetoacetate, ethyl benzoylacetate, 
ethyl cyanoacetate, diethyl malonate and acetyl acetone in acetic 
acid for 5-8 h gave3-imidazolyl pyrazolo[3,4-b]pyridines IIIa-e. 
The synthesized compounds were confirmed by IR, 1HNMR, 
13CNMR and mass spectra (see experimental part). 

The microwave irradiation as a source of energy was used to 
improve the yield and to reduce the time of the reaction. Under this 
technique, interesting results were obtained, and the reaction time 
was reduced from 4-8 hours to 15-25 min. The yield of the reac-
tions for conventional heating was from 65% to 76 %, while for 
microwave irradiation, it was from 81% to 92%. Also, the obtained 
products were cleaner. The obtained data for the synthesized com-
pounds were mentioned in experimental part. 
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2.2. Pharmacology 

2.2.1. Antitumor Evaluation 

The search for novel drugs is still a priority goal for cancer 
therapy due to the rapid development of resistance to multiple che-
motherapeutic drugs. In addition, the high toxicity is usually associ-
ated with the cancer chemotherapy drugs and their undesirable side 
effects increase the demand for novel antitumor active drugs against 
untreatable tumors with fewer side effects and/or with greater 
therapeutic efficiency [21]. Breast cancer is a major health problem 
worldwide [22]. Breast cancer is the most frequently diagnosed 
cancer and causes death in females worldwide, accounting for 23% 
(1.38 million) of the total new cancer cases and 14% (458,400) of 
the total cancer death in 2008 [23]. 

2.2.2. Antitumor Activity 

The anticancer activities of compounds IIIa-e were investigated 
on one human cancer MCF7 (breast cancer) in the National Cancer 
Institute, Cairo University. The screening involved the calculation 
of the percentage growth of surviving fraction of the compound-
treated cell lines compared with the untreated control using Sulfor-
hodamie B (SRB)colorimetric assay. Sulforhodamie B is a bright 
pink aminoxanthene anionic dye with two sulfonic acid groups that 
bind electrostatically to the protein basic amino acid residues of 
trichloroacetic acid fixed cells under mild acidic conditions. Cul-
tures fixed with trichloroacetic acid were stained for 30 min with 
0.4% w/v Sulforhodamie B dissolved in 1% acetic acid, and the 
protein bound dye was extracted with 10 mM trisbase for the de-

termination of optical density in a computer-interfaced, 96-well 
microtiter plate reader Skehan et al. [24]. The measured optical 
density is linear to the cell number of the surviving fraction. There-
fore, the assay is a sensitive measurement of compound-induced 
cytotoxicity with the best signal to noise ratio. The assay also pro-
vides a colorimetric end point that is nondestructive, indefinitely 
stable and visible to naked eye. Data were collected, revised and 
analyzed by SPSS statistical package version 11. Excel computer 
program was used to tabulate the results (Table 1). Probit regression 
analysis procedure are introduced to select the best model that de-
scribes the relationship between the probit (percentages of protec-
tion) as a dependent variable in order to be used for the prediction 
of the concentration of the compound that caused inhibition of 50% 
(IC50) of cancer cells. In vitro, the growth inhibition properties of 
each compound were described by IC50 and the degree of inhibition 
of cancer cell line was calculated by the equation: 

The probit (P) = intercept + (regression coefficient x Conc.) 

Antitumor activities of the tested compounds were measured 
using SRB assay for the breast cancer (Fig. 1). The overall results 
indicated that the tested compounds IIIa-e have antitumor activity 
with IC50 ranged from 16.6-19.3μg/ mLthrough the induction of 
apoptosis in MCF-7 breast cancer cell line. Compound IIIb has the 
most antitumor activity (IC50 = 16.6 μg/ mL) through the induction 
of apoptosis in MCF-7 breast cancer cell line, suggesting that it 
might be a potential alternative agent for human cancer therapy. 
Compound IIId has the lowest antitumor activity with (IC50 
=19.3μg/ mL) apoptosis in MCF-7 cancer cell line. 
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Scheme 1. Synthesis of 3-(1-methyl-1H-imidazol-4-yl)-3-oxopropanenitrile (I), 1-(4-methoxyphenyl)-3-(1-methyl-1H-imidazol-4-yl)-1H-pyrazol-5-amine 
(II), and imidazolyl-pyrazolo[2,3-b]pyridines (IIIa-e). 
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3. EXPERIMENTAL  

3.1. General 

Melting points were recorded on a Gallenkamp melting point 
apparatus and reported uncorrected. The infrared spectra were re-
corded on Perkin–Elmer FTIR 1430 spectrophotometer using  KBr 
disk technique. The1H NMR and 13CNMR spectra were recorded on 
a Bruker AC spectrometer (300 MHz) at 25 °C in DMSO-d6 with 
TMS as an internal standard and chemical shifts were reported in 
ppm as  values. Reactions were conducted under microwave irra-
diation in closed vessels under a magnetic stirring in a Synthos 
3000 (Anton Paar) microwave with a dual magnetrons system and a 
maximum power of 1000 W. Mass spectra were measured on a 
Finnigan MAT 8222 EX mass spectrometer. Microanalyses were 
performed on Perkin-Elemer 2400 Elemental Analyzer at Micro 
Analytical Center at Cairo University. Reaction progress was moni-
tored by thin layer chromatography (TLC) using benzene/acetone 
(2/1 by volume) as eluent. It is worthy to note that compound I was 
prepared before in another way [25]. 

3.2. Method (A): Conventional Heating Technique 

4.2.1. Synthesis of 3-(1-methyl-1H-imidazol-4-yl)-3-oxopropane-
nitrile (I) 

To a solution of (0.85 g, 0.01 mole) of cyano acetic acid and 5 
ml acetic anhydride, 1-methyl imidazole(0.82 g, 0.01 mole) was 
added and the reaction mixture was heated at 60-70 oC with stirring 
for 10 min. The formed solid was filtrated, dried and crystallized 
from ethanol to give compounds I, M.p. 137-139oC, yield 76%; IR 
(KBr) max/cm-1 = 2920 (CHaliphatic), 2215 (CN),1690 (C=O),1620 

(C=N);1H NMR (300 MHz, DMSO-d6) :  ppm = 3.47 (s, 2H, 
CH2), 3.65 (s, 3H, CH3), 7.72, 7.91 (s,2H, Himidazole), 6.86-7.78 (m, 
4H, C6H4) ; 13C NMR (75MHz, DMSO-d6):  ppm = 35.61 (C1, 
CH3), 27 (CH2), 116 (CN), 132-145(3C, imidazole ) 196 (C=O); 
Anal. Cald. For C7H7N3O (149.15); C, 56.37; H, 4.73; N, 28.17: 
Found: C, 56.94; H, 5.42; N, 28.54; MS m/z 149(M+). 

3.2.2. Synthesis of 1-(4-methoxyphenyl)-3-(1-methyl-1H-imidazol-
4-yl)-1H-pyrazol-5-amine (II) 

A mixture compound I (1.5 g, 0.01 mole) and p-anisyl hydra-
zine hydrochloride (1.7 g, 0.01 mole) was refluxed for 4 h in a 20 
ml absolute ethanol. The reaction mixture was evaporated under 
reduced pressure and the obtained residue was treated with petro-
leum ether 40-60.The formed solid was filtered, washed with cold 
ethanol, dried and crystallized from ethyl acetate to give com-
pounds II, M.p. 215-217 oC, yield 72%; IR (KBr)  max/cm-1 = 
3327(NH2), 2896 (CHaliph,OCH3) ,1578 (C=Npyrazol);

1H NMR (300 
MHz, DMSO-d6) :  ppm = 3.66(s, 3H, CH3), 3.74 (s, 3H, OCH3), 
4.59 (s,2H, NH2),  6.75(s, H, CHpyrazole), 7.43, 7.98(s, 2H, Himidazole), 
6.83-7.80 (m, 4H, C6H4); 

13C NMR (75MHz, DMSO-d6):  ppm = 
40.23 (CH3N), 55.85 (CH3O), 97 (CHpyrazol), 135-148(3C, imidazole 
) ; Anal. Cald. For C14H15N5O (269.32);C,62.44;H,5.61; N, 26.04: 
Found:C,63.15; H, 6.13;N, 26.34; MS m/z 269(M+) 

3.2.3. Synthesis of imidazolyl-pyrazolo[2,3-b]pyridines (IIIa-e) 

A mixture of compound II (2.7 g, 0.01 mole) and active meth-
ylene compounds (0.01 mole), such as ethyl acetoacetate, ethyl 
benzoylacetate, ethyl cyanoacetate, diethyl malonate, and/or acetyl 
acetone, was refluxed for (5-8) h in a 10 ml glacial acetic acid. The 
reaction mixture was cooled, poured on ice/cold water. The formed 

Table 1. IC50 of the tested compounds on breast cancer. 

IC50 (μg /mL) Compound no 

Breast cancer  

18.7 IIIa 

16.6 IIIb 

18.4 IIIc 

19.3 IIId 

18.1 IIIe 

MCF7-DOX (4.40) Standard-DOX 

 
Fig. (1). IC50 of the tested compounds on MCF7 for breast cancer. 
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solid was filtered, washed with water, dried and crystallized from 
ethanol to give compounds IIIa-e 

3.2.3.1. 1-(4-Methoxyphenyl)-4-methyl-3-(1-methyl-1H-imidazol-
5-yl)-1H-pyrazolo[3,4-b] pyridin-6-ol  (IIIa) 

M.p. 214-216oC, yield 65%; %; IR (KBr)  max/cm-1  = 
3412(OH), 2954 (CHaliph,OCH3) ,1607 (C=Npyrazol);

1H NMR (300 
MHz, DMSO-d6):  ppm = 2.56 (s,3H,CH3pyridine), 3.48 (s, 3H, 
CH3),3.67(s,3H,OCH3), 5.26 (s,H,OH), 6.80 (s, H,CHpyridine), 7.32, 
7.87 (s, 2H, Himidazole), 6.88-7.89 (m, 4H, Haromatic); 

13C NMR 
(75MHz, DMSO-d6):  ppm = 35.6 (CH3N), 52.15 (CH3O), 
89.43(CHpyrazol), 135-146(3C, imidazole) ; Anal. Cald. For  
C18H17N5O2 (335.16); C, 64.47; H, 5.11; N, 20.88: Found: C, 64.93; 
H, 5.62; N, 21.14; MS  m/z  335(M+). 

3.2.3.2. 1-(4-Methoxyphenyl)-3-(1-methyl-1H-imidazol-4-yl)-6-

phenyl-1H-pyrazolo[3,4-b] pyridin-4-ol. (IIIb) 

M.p. 244-246 oC, yield 69%; %; IR (KBr) max/cm-1 = 
3411(OH),3055(CHaromatic) 2897 (CHaliph, OCH3) ,1632(C=Npyrazol); 
1H NMR (300 MHz, DMSO-d6):  ppm =3.54(s,3H, CH3), 3.67(s, 
3H,OCH3), 5.46 (s,H, OH), 6.48, 7.20 (s, 2H,H imidazole), 6.80 (s, 
H,CHpyridine), 7.42-7.75(m,9H,Haromatic); 

13C NMR (75MHz, DMSO-
d6):  ppm = 36.78(CH3N), 51.32 (CH3O), 92.6 (C,pyrazol), 135-
149(3C, imidazole), 130-156(3Cpyridine) ; Anal. Cald. For  C23H19N5O2 
(397.17); C, 69.51; H, 4.83; N, 17.62: Found: C, 70.11; H, 5.22; N, 
17.94; MS m/z 397(M+). 

3.2.3.3. 6-Amino-1-(4-methoxyphenyl)-3-(1-methyl-1H-imidazol-
4-yl)-1H-pyrazolo[3,4-b] pyridin-4-ol (IIIc) 

M.p. 189-192 oC, yield 72%; %; IR (KBr) max/cm-1 = 3376 
(OH), 3110(CHaromatic),  2924(CHaliph, OCH3), 1621(C=Npyrazol); 

1H 
NMR (300 MHz, DMSO-d6):  ppm =3.64(s,3H, CH3),3.75 (s, 3H, 
OCH3 imidazole) ,4.19 (s,2H,NH2), 5.46 (s, H, OH), 6.94, 7.31 (s, 
2H,H imidazole), 6.94 (s, H, Hpyridine), 6.85-7.45(m, 4H, Haromatic). 

13C NMR (75MHz, DMSO-d6):  ppm = 36.52(CH3N), 53.74 
(CH3O), 89.36  (C,pyrazol), 132-149(3C, imidazole ),125-156(3Cpyridine) ; 
Anal. Cald. For  C17H16N6O2 (336.17); C, 60.71; H, 4.79; N, 24.99: 
Found: C, 60.93; H, 5.02 ;N, 25.21; MS  m/z  336(M+). 

3.2.3.4. 1-(4-Methoxyphenyl)-3-(1-methyl-1H-imidazol-4-yl)-1H-
pyrazolo[3,4-b]pyridine-4,6-diol (IIId) 

M.p. 214-216 oC, yield 65%; %; IR (KBr) max/cm-1 = 
3435(OH), 3092(CHaromatic),  2944(CHaliph, OCH3), 1598 
(C=Npyrazol); 

1H NMR (300 MHz, DMSO-d6):  ppm =3.68 (s, 3H, 
CH3 imidazole), 3.71(s,3H,OCH3), 5.37, 5.42(s, 2H, 2OH), 6.46, 7.30 
(s, 2H,H imidazole), 6.51(s, H, Hpyridine), 6.78-7.36(m,4H,Haromatic); 

13C 
NMR (75MHz, DMSO-d6):  ppm = 14.8, 28.7(2CH3 imidazole), 48.74 
(CH3O), 88.34 (C,pyrazol), 124-138(3C, imidazole), 136-155(3Cpyridine) ; 
Anal. Cald. For  C17H15N5O3 (337.15); C, 60.53; H, 4.48; N, 20.76: 
Found: C, 60.88; H, 4.85; N, 21.26; MS m/z 337(M+).  

4.2.3.5. 1-(4-Methoxyphenyl)-4,6-dimethyl-3-(1-methyl-1H-imida-
zol-4-yl)-1H-pyrazolo[3,4-b]pyridine (IIIe) 

M.p.234-236 oC, yield 65%; %; IR (KBr) max/cm-1 =3123 
(CHaromatic), 2950 (CHaliph, OCH3, 2CH3), 1604(C=Npyrazol); 

1H 
NMR (300 MHz, DMSO-d6):  ppm =2.35, 3.46 (s, 
6H,2CH3pyridine), 3.58 (s, 3H, CH3), 3. 68 (s,3H,OCH3),7.18 
(s,H,Hpyridine), 6.82-7.25 (m,4H,Harom); 13C NMR (75MHz, DMSO-
d6):  ppm = 23.5, 27.4(2CH3 pyridine), 38.2(CH3,imidazole), 53.54 
(CH3O), 114-145(3C, aromatic); Anal. Cald. For  C19H19N5O (333.16); 
C, 68.43; H, 5.74; N, 21.02 Found: C, 68.94; H, 6.02; N, 21.46; MS 
m/z 333(M+). 

3.3. Method (B): Microwave Irradiation Techniques 

The procedure was similar to that described in method (A) ex-
cept that the mixture was capped in a closed vessel and irradiated in 
a microwave oven at 130-150 oC for the mentioned time. The reac-
tion mixture was worked up as usual to give compounds II and 
IIIa-e (Table 2). 

4. COMPUTATIONAL DETAILS: 

4.1. Quantum Chemical Calculations 

Full-unconstrained geometry optimizations of the investigated 
compounds were carried out at a gradient corrected DFT using 
Becke’s three parameter hybrid method and Lee–Yang–Parr corre-
lation functional (B3LYP) [26] combined with 6-31+G(d) basis set 
[27] using Gaussian 09 [28] in the gas phase. Frequency calcula-
tions showed that all structures have stationary points in the geome-
try optimization procedures with no imaginary frequencies in the 
vibrational analyses, indicating minimal energy structures.   

The optimized geometry of the studied molecules, molecular 
frontier orbitals HOMO (highest occupied molecular orbital), 
LUMO (lowest unoccupied molecular orbital) and the molecular 
electrostatic potential (MEP) were visualized with ChemCraft pro-
gram [29] and Gaussian View [30] respectively. 

4.2. Molecular Docking Simulation 

The computational study was carried out on Hp-pc (Hp pavilion 
dv6 Notebook pc) with AMD phenom (tm)  N930 Quad-Core 
processor 2.00 GHZ and RAM is 4.00 GB. Docking simulation was 
performed using Molegro Virtual Docker (MVD) [31, 32] a pro-
gram for predicting the most likely conformation of how a ligand 
will bind to a macromolecule.  This study began with the examina-
tion of known structure for cathepsin D obtained from the protein 
data bank (PDB code 4OBZ with resolution 2.9 Å). The native 
ligand was removed from the active site and redocked into the bind-
ing site of its enzyme in order to characterize the binding pocket of 

Table 2. Experimental data by conventional heating and microwave assisted synthesis. 

Time Yield (%) 

Comp. No. Microwave 

(130ºC, min) 
Conventional Heating (Reflux,h) 

Microwave 

Irradiation 
Conventional Heating 

II 20 4 87 72 

IIIa 25 5 90 65 

IIIb 15 6 92 69 

IIIc 15 8 81 72 

IIId 15 5 83 65 

IIIe 15 5 85 65 
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the enzyme (the grid dimensions were; x= -33.17, y= 0.48 and z= -
12.86 Å, and the radius is 15 Å). 

5. RESULTS AND DISCUSSION 

5.1. Quantum Chemical Descriptors 

For understanding various aspects of pharmacological science 
including drug design and the possible eco-toxicological character-
istics of the drug molecules, several new chemical reactivity de-
scriptors have been proposed. Conceptual DFT based descriptors 
have helped in many ways to understand the electronic structure of 
the molecules and their reactivity by calculating the energy of the 
highest occupied molecular orbital (EHOMO), the energy of the low-
est unoccupied molecular orbital (ELUMO), the energy gap E, 
(ELUMO-EHOMO), the dipole moment ( ), ionization potential (Pi), 
electron affinity (A), electronegativity ( ), chemical potential (Pi), 
the hardness ( ), the softness ( ), the electrophilicity index ( ), 
lipophilicity (log p) and the molecular volume (MV),which are 
proved to be useful quantities in chemical reactivity theory, Table 
3. 

Experimentally, the compound (IIIb) showed the highest bio-
logical activity, while the compound (IIId) had the lowest one 
among the investigated compounds. Accordingly, quantum chemi-
cal calculations were performed using DFT/B3LYP/6-31G +(d,p) to 
explain the effect of electronic and structural parameters on the 
efficiency of the studied compounds and try to find a correlation 
with the experimental results to predict  the mode of interaction of 
these inhibitors with the enzyme. 

The calculations showed that the compound (IIIb) with substi-
tuted phenyl group at pyrazolo-pyridine moiety has the lowest 
LUMO energy (-1.579 eV) and accordingly the highest EA 
(1.579eV) among the investigated inhibitors (Table 3), which could 
probably increase its ability to be attacked by nucleophile. This 
means that the compound (IIIb) is able to form a hydrogen bond 
interaction with the enzyme and accordingly increases its efficacy. 

HOMO-LUMO energy gap ( E) is an important stability index, 
which is applied to develop a theoretical model for explaining the 
structure and conformation barriers in many molecular systems. 
The calculations showed that inhibitor (IIIb) has the lowest separa-
tion energy, E, (3.654 eV), which could explain its highest reac-
tivity towards the enzyme comparing with the rest of compounds 
which is in a good agreement with the experimental observation.   

Absolute hardness, , and softness, , are important properties 
to measure the molecular stability and reactivity. Soft molecules are 
reactive because they easily offer electrons to an acceptor. The 
calculations indicated that the presence of phenyl group in com-
pound (IIIb) increases its global softness, (0.547 eV-1), which 
probably leads to improve its inhibition efficiency. It was shown 
from the calculation that the inhibitor (IIIb) has the highest electro-
negativity and chemical potential (-3.186 and 3.186 eV), respec-
tively, (Table 3) which could decrease its electron donating ability 
(lower oxidized) compared with the other investigated compounds. 

The polar molecules dissociate better than non-polar molecules 
whereby the polarity of the molecule is generally expressed in 
terms of dipole moment (DM). It is a physicochemical property of a 
drug candidate which is widely used in the medicinal chemistry as 
an index of lipophilicity and ability of drug molecule for crossing 
various biological membranes. The calculations showed that the 
inhibitor (IIIb) has the lowest dipole moment value (5.687D) 
among the studied molecules, Table 1. This means that this inhibi-
tor is the most lipophilic one which is confirmed from the calcu-
lated lipophilicity index log p. The more the values of log p, the 
more hydrophobicity, and the calculations showed that the inhibitor 
(IIIb) has the highest log p value (2.930) among the studied inhibi-
tors, which indicated the importance of the presence of phenyl sub-
stituent to accelerate the rate of diffusion across the membrane 
thereby showing a considerable anticancer effect. 

Electrophilicity index encompasses both the ability of an elec-
trophile to acquire additional electronic charge and the resistance of 
the system to exchange electronic charge with the environment. It 
was shown from the calculations that the compound (IIIb) has the 
highest electrophilicity index (3.175), which could explain its high-
est biological activity. 

It was concluded from the above discussion that the calculated 
quantum chemical parameters confirmed that the compound (IIIb) 
with phenyl substituent at position 6 in pyrazolopyridine moiety 
showed the highest biological activity comparable with the other 
inhibitors, which agrees well with the experimental observation. 

Also, it was found from the experimental results that the pres-
ence of methyl group at position 6 in the pyrazolopyridine moiety 
enhances the biological activity comparing with hydroxyl group at 
the same position, (compounds IIIa and IIId), respectively. The 
calculations showed that the presence of methyl group, compound 
(IIIa) decreases the ELUMO, E and  (-5.163eV, 3.954 eV and 
6.261D), respectively, compared with compound (IIId) (-5.199eV, 
4.088 eVand 7.766 D), respectively, Table 3, which probably leads 
to increase its potency. Also, the calculations showed that the pres-
ence of alkyl group increases the EHOMO by about 0.036 eV with 
respect to the hydroxyl group, which enhances the donation ability 
of compound (IIIa) towards the enzyme, which explains its bio-
logical activity. The calculations showed that the compound (IIIa) 
has higher ,  and Pi (0.506 eV-1, 2.567and 3.186eV), respec-
tively, than those of compound (IIId) (0.489 eV-1, 2.436 and 3.156 
eV), respectively, Table 3. According to the calculated quantum 
chemical parameters the presence of methyl group seems to be 
better than the hydroxyl one for enhancing the biological activity 
which agrees well with the experimental observation. 

Experimentally, the presence of two methyl groups at positions 
4 and 6 in pyrazolopyridine moiety (IIIe) is more biologically fa-
vored than the two hydroxyl groups at the same position (IIId) 
which is confirmed from the quantum chemical calculations. The 
presence of methyl groups increases the EHOMO to be (-5.185 eV) 
and decreases the ELUMO, E and  by about (0.245, 0.260 eVand 
1.696 D), respectively, which leads to improve the potency of com-

Table 3. The calculated quantum chemical parameters obtained from DFT  B3LYP/ 6-31g+ (d). For the investigated compounds. 

Molecule 
EHOMO 

(eV) 

ELUMO 

(eV) 

E 

(eV) 

μ 

(D) 

A 

(eV) 

I 

(eV) 

 

(eV) 

 

(eV
-1

) 

 

(eV) 
Pi (eV) 

 

(eV) 
log p M.V

IIIa -5.163 -1.209 3.954 6.261 1.209 5.163 1.977 0.506 -3.186 3.186 2.567 1.500 959.390 

IIIb -5.233 -1.579 3.654 5.687 1.579 5.233 1.827 0.547 -3.406 3.406 3.175 2.930 1118.400 

IIIc -5.199 -1.112 4.088 7.766 1.112 5.199 2.044 0.489 -3.156 3.156 2.436 1.520 926.660 

IIId -5.185 -1.357 3.828 6.070 1.357 5.185 1.914 0.523 -3.271 3.271 2.795 2.250 982.880 

IIIe -5.056 -0.849 4.207 6.672 0.849 5.056 2.104 0.475 -2.953 2.953 2.073 0.23 941.890 
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pound (IIIe) with respect to compound (IIId). Also, the calcula-
tions showed that the two methyl group increase the values of log p, 

, , pi and A to be (2.250, 0.523 eV-1, 2.795, 3.271 eV and 1.357 
eV), respectively, Table 3, which are responsible for the increasing 
of the biological activity of compound (IIIe) with respect to inhibi-
tor (IIId). 

The optimized molecular structures with the minimum energies 
obtained from the quantum chemical calculations are shown in Fig. 
(2).  

5.2. Frontier Molecular Orbital and Molecular Reactivity 

To explain several types of reaction and for predicting the most 
reactive sites in conjugated systems, molecular orbitals and their 
properties such as energy were calculated. The calculations showed 
that all tested compounds have similar charge density distribution at 
the HOMO level, Fig (3). The charge is localized over the whole 
skeleton of the molecules which explains the reactivity of the inves-
tigated compounds. Also, the charge density of the LUMO level is 
almost delocalized on pyrazolo-pyridine moiety for all investigated 
inhibitors, Fig. (3), which means that they will be reacted as elec-
trophile (electron acceptor). This explains the role of the substitu-
ents on the pyrazolo-pyridine moiety for future drug design. 

5.3. Molecular Electrostatic Potential (MEP) 

Molecular electrostatic potential (MEP) map is a very useful 
descriptor in understanding sites for electrophilic attack, nucleo-
philic reactions for the study of biological recognition process and 
hydrogen bonding interactions [33]. The color-coded maps region 
given as red or orange represent the areas with high electron den-
sity, whereas the blue areas represent electron poor sites. In order to 
predict the molecular reactive sites, MEP was calculated. One can 
observe that the most negative potential on all investigated inhibi-
tors was ascribed to the nitrogen atoms and oxygen atom of 
methoxy group. On the other hand, all investigated drugs have 
highly electron deficient on their whole skeleton which have de-
scribed as essential to hydrogen bond with the active site of cathep-
sin D, as shown in Fig (4).  The moieties with positive electrostatic 
potentials bind deeply into the negative electrostatic potential of the 
active site while the atoms with the negative electrostatic potentials 
bind to a positive part of the active site, which might be important 
to generate an ideal docking pose of the drug within the binding 
pocket. This study revealed that the catalytic active site of the target 
enzyme has a negative electrostatic potential which was comple-
mented with a positive electrostatic potential of the investigated 
inhibitors to form a stabilized complex.  

 
Fig. (2). The optimized molecular structures of the investigated compounds. 
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Fig. (3). The charge density distribution of frontier molecular orbitals HOMO (A) and LUMO (B). 
 

It was concluded from the above that the quantum chemical pa-
rameters confirmed with MEPs are able to describe the biological 
activity of compounds. 

5.4. Structure Activity Relationship (SAR) 

The aim of the present SAR study is to have a correlation be-
tween the biological activities of the investigated compounds with 
the most effective quantum chemical descriptors. Different descrip-
tors such as ELUMO, lipophilicity descriptor (Log p), dipole moment, 
energy gap ( E), electrophilicity ( ), softness, chemical potential 
and the molecular volume (MV) were correlated well with the ex-
perimental biological activity and have high correlation coefficient. 
Fig. (5). shows some representative plots of the correlations be-

tween the above quantum chemical parameters and experimental 
IC50. It was concluded from SAR analysis that the electronic, spa-
tial and fast descriptors are very useful tools for a better description 
of the potency of the tested compounds and good prediction for new 
potent anticancer drug.  

5.5. Molecular Docking Analysis for the Most Potent Inhibitor 
(IIIb) 

Cathepsin D is an aspartyl peptidase, founded in a wide variety 
of cell and tissue types [34] which is important in several physio-
logical and pathophysiological processes. Cathepsin D has recently 
been of interest in cancer research because of its putative role in the 
progress of cancer formation [35-38]. Cathepsin D activity has been 
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used as a predictive marker for diagnosis of breast cancer [39, 40]. 
Cathepsin D is also expressed in human breast cancer MCF-7 cell; 
estrogen receptor-positive cells [41]. Expression of Cathepsin D in 
cultured MCF-7 has also become a marker for assay of the estro-
genic activity of environmental chemicals, because Cathepsin D can 
be induced by estrogen in MCF-7 cells [42]. 

It is important to mention that the conformational analysis has 
been carried out for all rotatable bonds of the inhibitor (IIIb) in 
order to correctly evaluate the conformational space of the title 
inhibitor and the dihedral angles which cause important steric ef-
fects and also, to get the information about putative minima ob-
tained through the conformational search. The optimized molecular 
structure of inhibitor1-(4-methoxyphenyl)-3-(1-methyl-1H-
imidazol-4-yl)-6-phenyl-1H-pyrazolo[3,4-b]- pyridine-4-ol (IIIb ) 
was used as input file for the conformational analysis carried out 
with conformational search method implemented in material studio 
4.3 software package [43]. The molecular structure of the lowest 
energy conformer for the investigated compound is shown in Fig. 
(S1). The lowest energy conformer was used for the docking calcu-
lations. 

Molecular modeling and molecular docking studies were per-
formed on one of the most potent inhibitor, (IIIb), among our in-

vestigated drugs in order to determine the binding mode and under-
stand the mode of interaction of (IIIb) inhibitor and Cathepsin D. 
The calculations of the interaction between inhibitor (IIIb) and 
Cathepsin D binding pocket showed that there are four hydrogen 
bond interactions with the important amino acid residues:Tyr205 
(2.83Å and 3.42Å), Asp231 (2.01 Å) and Thr234 (2.83 Å). These 
interactions enhance the stabilization of Cathepsin D and inhibitor 
(IIIb), Fig. (6).  Additionally, the substituted phenyl moiety at posi-
tion 6 of (IIIb) nucleus plays an important role for its interaction 
with the lipophilic pocket of the enzyme. The docking calculations 
showed that the phenyl moiety forms a van der Waals interaction 
with Tyr78 residue with a distance (3.86 Å). It seems that these 
kinds of interactions are probably responsible for the stabilization 
of protein inhibitor complex, as shown in Fig. (S2) and Fig. (7). 
The electrostatic map contribution of protein with (IIIb) ligand 
complex, Fig. (S3) showed that the binding groove of cathepsin D 
has negative electrostatic potential and the inhibitor (IIIb) has posi-
tive electrostatic potential. This may be one of the structural reasons 
for a higher activity of this molecule. It was concluded from the 
above discussion that the substituted phenyl moiety at position 6 
increases the inhibitory potency, which agrees well with the ex-
perimental observations. 

 

Fig. (4). Molecular electrostatic potential for all optimized structures of the investigated inhibitors. 
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Fig. (5). Linear correlation between experimental biological activity (IC50) and quantum chemical descriptors for the investigated anticancer inhibitors. 
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Fig. (6). Putative binding modes and molecular interactions of IIIb in the active site of Cathepsien D. Hydrogen bond interactions are indicated by dotted lines, 
with numerals indicating distance in angstroms. Protein is represented by sticks and (IIIb) is represented by balls and sticks. 

 

Fig. (7). Surface representation of the hydrophobic pocket of Cathepsin D with the docked compound (IIIb). 
 
CONCLUSION 

The objective of this work was established in vitro antiprolif-
erative activities against MCF-7 (breast cancer) human cell lines for 
of the synthesized compounds IIIa-e. The quantum chemical  
descriptors confirmed that inhibitor1-(4-methoxyphenyl)-3-(1-
methyl-1H-imidazol-4-yl)-6-phenyl-1H-pyrazolo[3,4-b]- pyridine-
4-ol (IIIb) is the most potent and reactive among the investigated 
compounds. This conclusion is congruent with the results obtained 
experimentally. 
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