
Nickel Catalyzed Coupling Reactions and Studies on 

Pyranopyrazole Heterocyclic Molecules 

THESIS 

 

Submitted in partial fulfillment of the requirements for the degree  

of  

DOCTOR OF PHILOSOPHY 

by 

Ashok Sharma 

 

Under the supervision of 

Dr. Paritosh Shukla 

 

 

 

 

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE 

PILANI (RAJASTHAN) INDIA 

2016 



 

 

 

 

Dedicated to  

My Parents and My 

Supervisor 
 



i 

 

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE  

PILANI (RAJASTHAN) 

 

CERTIFICATE 

 

 

This is to certify that the thesis entitled “Nickel Catalyzed Coupling Reactions and Studies on 

Pyranopyrazole Heterocyclic Molecules.” submitted by Mr. Ashok Sharma ID No 

2010PHXF009P for the award of Ph.D Degree of the Institute embodies the original work done 

by him under our supervision. 

 

 

         

          Signature in full of the Supervisors:  

 

 

          Name in capital block letters: Dr. PARITOSH SHUKLA  

                                      Designation: Assistant Professor  

 

Date:    

 

 

 

     

 

 

       

       

 



ii 

 

ACKNOWLEDGEMENT 

I would like to express my sincere and everlasting gratitude to my supervisor Dr. Paritosh Shukla 

for his excellent guidance throughout my research. He instilled in me the knowledge and 

motivation to learn more about the research. Without his trust and constant support, successful 

accomplishment of this work would have remained a dream.  

I am extremely obliged to the Vice-Chancellor, Director, Deputy Directors, and Deans of Birla 

Institute of Technology & Science, Pilani (BITS Pilani) for giving me the opportunity to pursue 

my doctoral studies by providing necessary facilities and financial support.  

My whole-hearted gratitude to Prof. Sanjay Kumar Verma, Dean, Academic Research Division 

(ARD), BITS Pilani, Pilani Campus and Prof. Ajay Kumar Sah, Convener, Departmental 

Research Committee (DRC), Department of Chemistry, BITS Pilani, Pilani Campus for their 

official support and encouragement. I owe my sincere thanks to Dr. Hemanth Jadav, Dr. Navin 

Singh, and Dr. Sharad Srivastava nucleus members of ARD. I overwhelmingly acknowledge the 

office staff of ARD, whose secretarial assistance helped me in submitting the various evaluation 

documents in time.  

I am grateful to the members of my Doctoral Advisory Committee, Prof. Inamur Rehman Laskar 

and Dr. Indresh Kumar for their great cooperation in refining my thesis.  

I am thankful to all the respectable faculty members, our research collaborators, office staff, 

library staff, workshop staff, my dear colleagues, and my friends (Surender Pratap, Tridev Mishra, 

Dinesh Kumar, Ashish Kumar Pal, Ravi Trivedi, Amar Singh, Amit Tiwari, Samarjeet Siwal, 

Riddhidev Banerjee, Prashant Raut, Emil Joseph, Vadiraj Kurdekar, Amrit Sharma, Kashi 

Pericherla, Nishant Sharma, Vineet Sharma, Lokesh Gambhir, Siddharth Singh, Gourav Gupta,  

and Pallavi Rao) for their generous help and support.  

It would be irony to say that I would not be the person I am today without my family. A special 

gratitude and indebtness to my father (Mr. Ram Mehar) and my mother (Mrs. Sajani Devi) for 

always believing in me and encouraging me over the years. A special thanks to my brother Mr. 

Sonu Kaushik and Mr. Kailash Kaushik, who always considered my success as his own which 

gave me immense pleasure to achieve the best in my life.  

I thank to all my relatives, my sister Mrs. Suman Kaushik and brother in law Mr. Deepak Kumar 

who constantly motivated me and supported me throughout my research in PhD. 

I deeply acknowledge BITS, Pilani for the financial assistance provided during my PhD tenure.  

         

Ashok Sharma 

 



 

iii 

 

ABSTRACT 

Nitrogen containing heterocyclic compounds and coupling reactions have been known to have a 

tremendous potential in multidisciplinary fields. The thesis entitled “Nickel Catalyzed Coupling 

Reactions and Studies on Pyranopyrazole Heterocyclic Molecules.” deals with designing and the 

synthesis of some selected N-fused heterocycles by employing the multi-bond forming procedures like 

tandem sequences, multicomponent reactions, and also utilizing transition metal catalyzed alkene-alkyl 

reductive coupling reactions. The thesis is divided into six chapters. 

The first chapter of thesis describes the brief literature overview on recent progress in the alkene-alkyl 

reductive coupling reactions and this strategy was further extended to couple oxabenzonorbornadiene 

with the alkyl halides resulting in ring opening to give rise to bicyclic alcohol products. The mechanism 

for both the reactions appears to be the usual oxidative-addition driven alkene insertion reaction where 

the water appears to act as the protonating agent. The brief literature overview on recent progress in the 

construction of pyranopyrazole scaffolds and a detailed mechanisms for multi-component reactions, 

tandem processes, Knoevenegeal Condensation followed by Michael addition  have been discussed for 

the selected transformations. The brief idea about the molecular docking has been discussed to 

understand the protein ligand interaction and to know about the protein stability in the system as well as 

the stability of the designed molecules in the binding pocket of the protein. The brief overviews of the 

copper metal corrosion inhibitors designed and synthesized by the researchers were discussed in detail. 

The second chapter describes the Ni/Co catalyzed coupling of alkyl halide with various alkenes.  

Although transition metal catalysed reactions have come long way, still some areas remain virtually 

unexplored. Our interest in nickel and cobalt-catalyzed reactions prompted us to explore the coupling of 

alkyl halides with alkenes. Herein, we describe an efficient nickel and cobalt-catalyzed C-C
 
bond forming 

process via the reductive coupling of 1
º
, 2

º
 and 3

º
 alkyl halides with electron withdrawing alkenes under 

mild conditions. The catalytic mechanism appears to be different from that proposed previously 

involving the addition of alkyl radical to C-C double bond. The fact that our strategy can work equally 

well with nickel as well cobalt catalysts makes the protocol all the more attractive. An efficient Nickel 

and cobalt-catalyzed reductive coupling reaction of alkyl halides with electron-withdrawing alkenes 

(CH2=CR
1
EWG, EWG is electron-withdrawing group) in the presence of water and zinc powder in 

acetonitrile to give the corresponding Michael-type addition product (RCH2CR
1
EWG) was described. 

For the alkyl halides used in the reaction, the iodides generally gave better yields compared to those of 

the corresponding bromides. It is a unique method employing NiCl2(PPh3)2, NiBr2(PPh3)2 and CoI2dppe, 

zinc, and alkyl halides, affording conjugate addition products in high yields. Mechanistically, the reaction 

appears to follow an oxidative addition driven route rather than the previously reported radical route. 

The third chapter demonstrates about the synthesis of pyranopyrazole by various methodologies and 

their biological application. The chapter is divided into three parts as:  
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Part A: In this part a series of compounds having the pyrazolopyran pharmacophore were synthesized by 

the traditional method and then by an unreported rapid four-component microwave assisted method. The 

prepared molecules were tested in-vitro for their cytotoxic activity against the Hep3B cancer cell lines. 

The activity results were subsequently rationalized for a quick structure-activity relationship leading to 

the conclusion that the presence of certain heteroatom substituent’s at a given position of the 

pharmacophore may be crucial for anticancer potency. The X-ray crystallographic analysis of 6-amino-

1,4-dihydro-3-methyl-4-phenylpyrano[2,3-c]pyrazole-5-carbonitrile crystallizes in the triclinic crystal 

system with space group P–1. The crystal structure as elucidated by X-ray diffraction methods shows the 

presence of different intermolecular interactions, and the nature and energetics associated with these 

interactions have been characterized using PIXEL software. 

Part B: The spiro and non-spiro pyranopyrazole heterocyclic molecules were synthesized by 

conventional method and the synthesized compounds were tested in-vitro for their cytotoxic activity 

against the Hep3B cancer cell lines and their binding study on the calf thymus DNA. The binding of the 

molecules with DNA has been confirmed by UV-visible spectroscopy. A quick SAR (Structure-activity 

relationship) study of all the synthesized molecules and their activity results has been subsequently 

streamlined which lead to the idea that presence of certain heteroatom substituent’s at a given position of 

the pharmacophore may be decisive for anticancer potency. Finally, the molecule with the best activity 

was docked against CDK-2 receptor to get an insight into the mode of interaction. The results showed 

that these pyranopyrazoles could act as potential cytotoxic agents. 

Part C: In this part all the pyranopyrazole compounds were synthesized by novel grinding methodology 

and were evaluated for their in-vitro antibacterial activity against three different bacterial and three 

different fungal strains. The highlight of this work is that the synthesis was activity-driven. The brief 

SAR correlation found that the tested compounds showed better activity against fungal strains. Another 

interesting observation was that the new chemical entities exhibited complementary activity such that 

most molecules that were active against bacteria were inactive against fungi and vice-versa. Also, the 

presence of H-bond donors at a particular position of the pharmacophore seemed to enhance antibacterial 

potency. Later on, the 7 best selected anticancer compounds from the previous part A and B of Chapter-3 

were evaluated for their in-vitro and in-vivo oxidative stress activities. The results obtained showed that 

compounds AK-62 and AK-50 possessed significant in-vitro as well as in-vivo antioxidant properties.  

The fourth chapter of the thesis describes the designing of pyranopyrazole molecules as CDK-2 

inhibitors. The chapter is divided into two parts.  

Part-A: In this part we have designed 69 novel pyrazolopyran analogues as Cyclin Dependent Kinase-2 

(CDK-2) inhibitors in three consecutive series-I, II & III (23 molecules in each series). Docking studies 

of the designed analogs were performed by molecular modeling software autodock 4.2 using CDK-2 

(PDB ID: 1HCK) which is the class of aurora kinase protein, a small family of serine/threonine kinase 

receptors. Lipinski’s rule of five parameters and toxicity parameters were derived through online servers 

like Molinspiration and Osiris property explorer. Docking parameters such as binding free energy and 
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predicted inhibitory constant (Ki) values of the designed analogues were compared with standard drug 

olomoucine. Among the designed analogues, AK-26, AK-72K and AK-60E from series-I, II and III 

respectively showed significant and comparable binding free energy and predicted inhibitory constant 

values as that of standard drug. These results indicate that the designed analogs adopt a similar 

orientation and share the same binding mode as that of some of the classical CDK-2 inhibitors within the 

active site of 1HCK inhibitory binding pocket of Aurora kinase. 

Part-B: In this part we have designed 62 Coumarin derivatives as CDK-2 inhibitors (PDB ID: 1HCK). 

The idea behind the designing was to check out the effect of variation of different molecules at position 

no. R
1
, R

2
, R

3
, and R

4
 on binding energy and inhibitory constant value. All the designed analogues were 

CDK-2 inhibitors and were docked by using autodock 4.2 using CDK-2 (PDB ID: 1HCK) which is the 

class of aurora kinase, a small family of serine/threonine kinase receptors. Very well known online 

software’s like Molinspiration and Osiris property explorer were used to derive the molecular properties 

like toxicity and Lipinski’s rule of five. A close observation reveals out that the substitution at R
1
 and R

4
 

enhances the binding energy and inhibitory constant values from nanomolar to picomolar range. Among 

the designed analogues THC-42, THC-43, THC-58 and THC-59 showed the significant binding energy 

and inhibiotory constant values as that of the standard drug. Most of the designed analogues showed 

similar binding mode and orientation inside the active site of the protein as that of the standard drug 

which give us hope that the molecules should be potent in the inhibition of 1HCK protein.  

The fifth chapter describes the inhibitory corrosion effect of five substituted pyranopyrazole on Cu 

metal surface. Five substituted pyranopyrazole (ppz) derivatives were selected from the chapter-3 (Part: 

C). The differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) analyses and the 

corrosion inhibitor properties on mild copper in 1 M HCl were investigated using open circuit potential 

(OCP) and impedance measurements. Scanning electron microscopy (SEM), energy dispersive 

spectroscopy (EDS), and X-ray diffraction (XRD) analysis showed good anti-corrosion behavior as did 

the conductivity study and mechanical property investigations. Finally, the inhibition action was 

evaluated by quantum chemical parameters. All the experimental results pointed that the ppz molecules 

acted as excellent anti-corrosion surface active agents. 

The sixth chapter of the thesis demonstrates the overall conclusions of the thesis work and is 

summarized here. The future scopes of the research work have also been highlighted in this chapter.  
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Section A: Transition metal catalyzed Heck and Reductive Heck reactions 

1.1 Introduction: Transition metal catalyzed reactions represents a recognized area of continuous effort 

from last few decades and shows significant new and often unexpected developments in organometallic 

chemistry area. Remarkably, till now three Nobel Prizes (2001, 2005, and 2010) have been awarded in the 

area of organometallic chemistry, shared among nine scientists for their outstanding contributions. It 

would not be surprising if another Nobel Prize is awarded in the same area because transition metal 

catalyzed reactions platforms are experiencing rapidly increasing application. The most fundamental 

operation in organic chemistry is the formation of Carbon-Carbon (C-C) bonds and the development of 

new bond forming technique is one of the most challenging and significant task in organic synthesis. 

Furthermore, the construction of various C-C bonds including open chain, carbocyclic, and heterocyclic 

compounds
[1]

 has been undertaken by very powerful tools like transition metal-catalyzed couplings, 

carbocyclizations, and heterocyclizations. Even though, the transition metal catalyzed reactions have 

come long way, but some areas still remain practically unexplored. That may be because of the relative 

inertness of some types of substrates towards customary organic reagents in general and transition metal 

reagents in particular. Among such substrates, we may include unreactive C-H bonds, C-C bonds etc. 

Now a days, transition metal mediated C-H activation is much in vogue
[2-3]

 and quite at the forefront of 

such research. The Heck reaction
[4]

 has long been the beacon of activation of alkenic C-H bonds in the 

presence of palladium catalyst, wherein vinylic or arylic halides react with alkenes to form coupled 

products (Figure 1.1) and is one of the most influential methods for the construction of C-C bonds. 

 

 

Figure 1.1 The Heck coupling reaction among alkyl halide and alkene. 

1.2 Mechanism of Heck Reaction: The Heck reaction is catalyzed by Pd(0) species and the catalyst is 

stabilized by two phosphine ligands. The reaction mechanism (Figure 1.2) includes four steps: (1) 

Oxidative addition involving the formation of a σ-aryl-Pd(II) or σ-alkenyl-Pd(II) complex (2) Either one 

of the phosphine ligands or the halide anion dissociates from the complex, leaving behind a vacant co-

ordination site that is occupied by the olefin substrate. Insertion of the olefin at the aryl-Pd or alkenyl-Pd 

bond takes place consequently (3) The coupling product is given by an intramolecular β-hydride 
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elimination (4) PdL2 catalyst is regenerated after the removal of HX from the complex mediated by the 

base. 

 

Figure 1.2 Mechanism for Heck coupling reaction. 

The Heck reaction is one of the significant tool in organic synthesis and its scope and limitations have 

been extensively investigated since last few decades.
[5]

 However, the major limitation of the Heck 

reaction is that one can not use alkyl halide having β-hydrogen, because of β-hydride elimination 

problem
[6] 

by such type of substrates. Therefore, if a strategy could be developed for Heck coupling which 

encompassed the successful use of sp
3
 alkyl halides, it would go a long way in satisfying the requirement 

of modern day transition metal mediated synthesis. After close observation, we find that the C=C (from 

the alkene moiety) is still intact in Heck product (Figure 1.3a). The presence of the intact double bond 

may be more attractive synthetically, but when the double bond be desired in the product. If, however, 

there is desire of saturated product as in the preparation of saturated esters, then the Heck product needs 

further reduction to convert it to a saturated product (Figure 1.3b). Hence, to obtain reductively coupled 

product, through one step route, from an alkene and alkyl halide makes an interesting challenge worth 

taking up. 
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Figure 1.3 Shows the (a) Heck coupling and, (b) Reductive Heck coupling reaction. 

Generally, the transition metal mediated construction of C-C bonds can be divided into two main types as: 

(1) The first one involves catalytic or stoichiometric coupling of saturated alkyl halides with alkenes in 

the presence of transition metal complexes (2) The second approach is the cross coupling reaction of alkyl 

electrophiles (halide, sulfonate, etc.) with main group metal alkyls mediated by transition metal 

complexes of palladium, nickel, iron, etc. However, to bring about the desired C-C bond formation most 

previous available reports pertaining to such couplings have used stoichiometric amounts of the metal 

complexes. The latter strategy suffers from a major drawback because of the use of large amounts of 

metallic species. It is undesirable not only from the standpoint of economic viability but also from the 

standpoint of chemistry as well as environment.  

1.3 First Approach of Coupling Reactions 

1.3.1 Zinc-copper coupled organometallic reaction: Fourrey and coworkers
[7] 

reported a zinc-copper 

couple induced addition of carbohydrate or amino acid residues derived from their primary iodides to 

various activated olefins brought about by vibromixing. The reaction of methyl 5-deoxy-5-iodo-2,3-O-

isopropylidineribofuranoside (1) with methyl acrylate (2) in the presence of zinc/cuprous iodide in a 

stirred vibromixer, the chain extended compound 5-(6-methoxy-2,2-dimethyltetrahydrofuro[3,4 

d][1,3]dioxol-4-yl)pentanoate 3 was obtained in a moderate yield of 50% (Scheme 1.1). Later on, a 

modified version of the above reaction was reported by the same author,
[8]

 wherein other electron sources 

in Zn/MCln [where M = Ni (n = 2), Co (n = 2), and Fe (n = 3)] were examined. 
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Scheme 1.1 Shows the synthesis of methyl 5-(6-methoxy-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-

4-yl)pentanoate. 

1.3.2 Reactions of Iodotriflate with Olefins: Maurino et al. reported
[9] 

conjugate addition of iodo triflate 

derivatives to electron deficient olefins by ultrasonic induced method. They prepared the upper fragment 

of vitamin D3 by ultrasonic methodology (Scheme 1.2) and reported the preparation of side chain of the 

hormone 1α, 25-dihydroxyvitamin D3. Treatment of the triflate 4 with methyl acrylate 5 under 

sonochemical aqueous conditions, gave the reduced product methyl 5-((1R,7aR)-7a-methyl-4-

(((trifluoromethyl)sulfonyl)oxy)-2,3,3a,6,7,7a-hexahydro-1H-inden-1-yl)hexanoate 6 in 73% yield. 

 

Scheme 1.2 Shows the synthesis of methyl 5-((1R,7aR)-7a-methyl-4-(((trifluoromethyl)sulfonyl)oxy)-

2,3,3a,6,7,7a-hexahydro-1H-inden-1-yl)hexanoate. 

1.3.3 Nickel catalyzed organometallic reaction: Manchand
[10]

 and his group reported the coupling of sp
3
 

iodides 7 with ethyl acrylate 8 in presence of nickel(0) catalyst to give esters 9 in good yields (Scheme 

1.3) with 10 as side product and also reported that how to introduce side chain of hormone calcitriol. 
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Scheme 1.3 Shows the synthesis of ester and calcitriol hormone. 

1.3.4 Fe or Mn radical catalyzed reaction: Giese et al.
[11]

 reported the radical C-C bond formation by 

using dimeric metal complexes as mediators. They used the complexes of Fe (11) or Mn (12) as radical 

electron initiators in the presence of irradiations. Treatment of alkyl halide 13 with alkene 14 in presence 

of radiation gives both saturated 15 as well as unsaturated product 16 (Scheme 1.4). 

 

 

Scheme 1.4 The synthesis of saturated and unsaturated product. 

It is interesting to note that all the above discussed methods for C-C bond formation not only involve the 

stoichiometric quantities of the corresponding metals but also require electrolysis, photochemical 

irradiation, or sonication methods to accomplish the desired coupling. Moreover, all the above mentioned 

reactions are radical mediated reactions and this makes the strategies more demanding. However, very 

few reports are available on reductive coupling of an alkyl halide with alkenes in the presence of catalytic 

amounts of the metal. Beletskaya’s group
[12] 

reported the condensation of organic bromides with vinyl 

compounds in the presence of nickel catalyst.  
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1.3.5 Reaction of alkyl bromide with alkene: Sustmann and coworkers
[13]

 too exposed the similar types 

of nickel-catalyzed reactions (Scheme 1.5) where they solely reported reductive coupling of alkyl 

bromides 17 with a variety of electron withdrawing alkenes 18 and yielded the product 19 with 60-80% 

yield. The yields, once again were not quite high and they also reported an unavoidable employment of 

pyridine in excess.  

 

Scheme 1.5 Reductive coupling of alkyl bromide with various EW alkenes. 

1.3.6 Reaction of α, β-unsaturated esters with alkyl iodides: Yoon et al. showed a polymer supported 

nickel-catalysed reductive coupling (Scheme 1.6) of alkyl iodides 20 with α, β-unsaturated esters 21.
[14]

 

The catalyst used was a borohydride exchange resin Ni2B-BER, in methanol solvent at room temperature. 

Although the yields of saturated ester 22 obtained were pretty good but the use of polymeric resin 

shackles the whole procedure. They also reported that not only secondary and tertiary bromides are 

readily reduced as primary bromide with comparable rate, but also 1-phenethyl bromide is coupled to 2,3-

diphenylbutane (30%) beside the expected reduction to ethylbenzene (70%). This strongly recommended 

an involvement of radical intermediate. 

 

Scheme 1.6 Reductive coupling of alkyl iodide with α, β-unsaturated esters.  

1.3.7 Homoallylation of aldehydes with 1,3-dienes: Masanari Kimura
[15]

 reported for the first time that 

Ni-catalysts are able to promote the homoallylation of aldehydes 23 and 26 with a wide variety of 1,3-

dienes 24 in the presence of triethylborane or diethylzinc to yield bishomoallyl alcohols 25 and 27 with 

excellent regio- and stereoselectivities (Scheme 1.7). 
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Scheme 1.7 Homoallylation of aldehydes with 1,3-diene. 

1.3.8 Synthesis of allylic amines: Qi-Lin Zhou et al.
[16]

 reported  the nickel-catalyzed reductive coupling 

reaction of aryl-substituted alkynes 28, imines 29, and Et2Zn 30, providing allylic amines 32 in high 

yields (up to 96%) and excellent chemoselectivities (RC/AC up to 42:1). They also accomplished an 

asymmetric version of this reaction by using chiral spiro phosphine ligands 31, and high 

enantioselectivities (up to 94% ee) were achieved (Scheme 1.8a). They initially conducted the nickel-

catalyzed reductive coupling of 1-phenyl-1-propyne 33 with imines 34 by using Et2Zn 30 as a reducing 

agent. Fortuitously, the N-tosyl protected imine 34 underwent the three-component coupling reaction 

smoothly in the presence of 10 mol % nickel catalyst formed in situ from Ni(acac)2 and PPh3. The 

expected reductive coupling product 35 was isolated along with the alkylative coupling product 36 and 

the direct Et2Zn addition by-product 37 in a ratio of (35/36/37) 2:1:1 (Scheme 1.8b). Other 

organometallic reagents such as Et3B, Et3Al, and HSiEt3 were ineffective in this reaction. Replacement of 

the tosyl group with another protecting group such as phenyl, methyl, or P(O)Ph2 was also unsuccessful 

for increasing the yield and chemoselectivity of the reaction. Both monodentate and bidentate phosphorus 

ligands can promote the coupling reaction; however, only the less-hindered and electron-rich ligand n-

Bu3P yielded the reductive coupling product in good yield (66%) and excellent chemoselectivity 

(35/36/37 ) 23:1:3. When the catalyst precursor Ni(COD)2 was used the yield increased to 86%. Under the 

optimal conditions, the catalyst loading was reduced to 5 mol % and the ratio of the alkyne, imine, and 

Et2Zn was lowered to 2:1:1. Imines with other sulfonyl protecting groups were also suitable substrates. 

Because the N,N dimethylsulfamoyl protecting group is easy to remove,
[17]

 they chose imine 38 for further 

investigation. An isotope-labeling experiment between 1-phenyl-1-propyne 33, imine 38 and Et2Zn 30 

showed that the transferred hydrogen was most likely from the ethyl group of Et2Zn (Scheme 1.8c). The 

studies for accurate mechanism are undergoing in this laboratory and will be reported in due course. 
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Scheme 1.8 Reductive coupling (RC) of alkynes and imines. 

1.3.9 Synthesis of Ketones: Hegui Gong et al.
[18]

 reported Ni-catalyzed ketone 43 formation through 

mild reductive coupling of a diverse set of unactivated alkyl bromides and iodides 40 with particularly 

aryl acid anhydrides 41 (or acid 42 with Boc2O additive)  was successfully developed using zinc as the 

terminal reductant (Scheme 1.9a). These conditions also allow direct coupling of alkyl iodides 44 with 

aryl acids 45 in the presence of ligand 46 and additives Boc2O and MgCl2 which finally yielded ketone 47 

(Scheme 1.9b). 
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Scheme 1.9 Reductive coupling (RC) of alkyl halides and aryl acid anhydride. 

1.3.10 Palladium catalyzed corbonylation of olefins: Inomata and co-workers
[19]

 revealed interesting 

palladium catalyzed mono- and bis(alkoxy carbonylation) of olefins 48 with carbon mono-oxide 49 in the 

presence of  Cu(I) or Cu(II) chloride (Scheme 1.10). Instead of high yield obtained by the Inomata 

reaction methodology there were some demerits associated in following the reaction procedure. The first 

demerit was the formation of mixture of products (50, 51) and the second was the requirement of carbon 

monooxide gas for carbonylation, making the procedure toxic and difficult to handle.  

 

Scheme 1.10 Mono(alkoxycarbonylation) of terminal olefins. 

1.4 Second Approach of Coupling Reaction 

1.4.1 Cross coupling reaction: The second approach, presently a hot topic,
[20]

 involves the cross 

coupling reaction for bringing about C-C bond formation. The usual strategy to synthesize such type of a 



Chapter I 
 

10 

 

cross coupling product 54 through cross coupling reaction is to bring about the reaction of metal alkyls 52 

with an alkyl electrophile 53 (halide, sulfonate, etc.) mediated by transition metal complexes of iron, 

nickel, palladium etc (Scheme 1.11). 

  

Scheme 1.11 Cross coupling reaction of metal alkyls and metal electrophiles. 

The use of unactivated alkyl halides for the construction of C-C
 
bonds catalyzed by transition metal 

complexes is very much challenging
[21] 

because of the low reactivity of the unactivated alkyl halides 

toward transition metal complexes and the difficulty to overcome -hydrogen elimination.  

1.4.2 Cross-coupling reaction between alkyl electrophiles and organometallic nucleophiles:  The 

well organized formation of Csp3-Csp3 57 from organic electrophiles 55 and mild nucleophiles 56, 

compatible with a wide variety of functional groups, represents one of the subjects remaining to be solved 

in transition-metal-catalysed synthetic organometallic chemistry. The development of methods intended 

to accomplish the objective (Scheme 1.12) may almost complete the scope of metal-catalysed cross-

coupling reactions.
[22]

  

 

Scheme 1.12 A general metal-catalysed alkyl-alkyl cross-coupling reaction. 

The mechanisms of the metal-catalyzed cross coupling reaction involves an oxidative-addition of an 

organic electrophile to a coordinatively unsaturated metal complex and form the intermediate species in 

the first step, followed by transmetalation from the nucleophile to the intermediate species and give di-

organometal derivative. The coupled product obtained from a fast C-C reductive elimination generally 
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regenerates the active catalyst. The first step in case of alkyl halides or sulfonates is relatively slow and, 

in contrast, gives an alkyl metal complex and is suffered from β-hydride elimination which prevents the 

coupling process. For these reasons the coupling between sp
3
-carbon atoms has not been developed as 

well as other C-C bond-forming reactions. 

1.4.3 Suzuki cross coupling reaction: A few research groups have been fanatically concerned in such 

alkyl-alkyl cross-couplings reactions. Some of the foremost cross coupling reactions which have been 

recently reported by several researchers, involving in the construction of Csp3-Csp3 bonds are as follows. 

Suzuki et al. revealed
[23] 

a palladium catalyzed Suzuki cross-coupling reaction between primary alkyl 

iodide 58 and boron reagents 59, in presence of base and bis(tert-butyl)methyl phosphine ligand as an 

additive and got the alkyl-alkyl cross coupling product 60 (Scheme 1.13). 

 

Scheme 1.13 Suzuki cross coupling reaction of alkyl halide with boron reagent. 

1.4.4 Negishi cross coupling reaction: Fu and co-workers
[24]

 once again reported the formation of C-C 

sigma bond through Negishi cross-coupling of primary alkyl chlorides, bromides and iodides with alkyl, 

alkenyl and arylzinc reagents in the presence of palladium complex. Benzyl heptyl ether 63 (Scheme 

1.14) was obtained by the treatment of benzyl 3-bromopropyl ether 61 with the zinc reagent 62 in the 

presence of Pd2(dba)3, tricyclopentyl phosphine ligand, and N-methylimidazole in THF-NMP cosolvent. 

 

Scheme 1.14 Negishi cross coupling reaction of benzyl 3-bromopropyl ether with the zinc reagent. 
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1.4.5 Kumada cross coupling reaction: Kambe and coworkers
[25]

 reported the formation of C-C sigma 

bond and published a report which outlining the nickel catalyzed Kumada cross coupling of primary alkyl 

halides like alkyl chloride, bromides and tosylates with Grignard reagents. Here they used the 1,3-

butadiene as an additive to avoid the β-hydride elimination. The treatment of bromoethyl cyclopropane 64 

with n-octyl magnesium chloride 65 give nonylcyclopropane 66 in good yield (Scheme 1.15). 

 

Scheme 1.15 Kumada cross coupling reaction of bromoethyl cyclopropane with n-octyl magnesium 

chloride.  

1.4.6 Stille cross coupling reaction: The Stille cross-coupling reaction
[26]

 is a very powerful method for 

the construction of new carbon-carbon bonds that has found application in disciplines ranging from 

natural-products synthesis (e.g., chloropeptin I
[27]

 and apoptolidin
[28]

) to materials science (e.g., 

conducting polymers
[29]

). Unfortunately, the conditions that had previously been described for Negishi,
[30]

 

Suzuki,
[31]

 and Hiyama
[32]

 couplings of secondary alkyl halides were ineffective for the corresponding 

Stille reactions.  

However, Gregory and his co-workers
[33]

 again reported an tremendous exploitation of nickel catalysis to 

carry out a Stille cross-coupling of secondary alkyl halide 67 ( bromides and iodides) with an assortment 

of tin reagents 68 to get C-C bond formation products 69 (Scheme 1.16). 

 

Scheme 1.16 Stille cross coupling of secondary alkyl halide with tin reagent. 

1.4.7 Cross-coupling of aliphatic N-tosylaziridines with aliphatic organozinc reagents: Jamison et al. 

reported
[34]

 on the first ligand (72) controlled, nickel-catalyzed cross-coupling of aliphatic N-

tosylaziridines 70 with aliphatic organozinc 71 reagents (Scheme 1.17). The reaction protocol displays 
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complete regioselectivity for reaction at the less hindered C−N bond, and the products 73 are furnished in 

good to excellent yield for a broad selection of substrates. Moreover, they developed an air-stable 

nickel(II) chloride/ligand precatalyst that can be handled and stored outside a glovebox. In addition to 

increasing the activity of this catalyst system, this also greatly improves the practicality of this reaction, as 

the use of the very air-sensitive Ni(cod)2 is avoided. Finally, mechanistic investigations, including 

deuterium-labeling studies, show that the reaction proceeds with overall inversion of configuration at the 

terminal position of the aziridine by way of aziridine ring opening by Ni (inversion), transmetalation 

(retention), and reductive elimination (retention). 

 

Scheme 1.17 Nickel-catalyzed cross-coupling of aliphatic N-tosylaziridines with aliphatic organozinc 

reagent. 

1.4.8 Suzuki–Miyaura cross-coupling reactions: Diganta et al. reported a highly efficient green 

protocol for palladium acetate-catalysed ligand-free Suzuki–Miyaura
[35]

 cross-coupling reactions in neat 

‘water extract of banana (WEB)’ was developed (Scheme 1.18). This method offers a mild, efficient and 

highly economical alternative to the existing protocols since the reaction proceeds in WEB at room 

temperature in air at very short reaction times (5–90 min) under ‘ligand/external base/external 

promoter/organic medium’ free conditions.  

 

Scheme 1.18 Suzuki–Miyaura cross-coupling reactions in neat ‘water extract of banana (WEB). 
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The Scheme 1.18 shows the synthesis of Suzuki–Miyaura cross coupling product 76 by the coupling of 

aryl/ heteroaryl halide 74 with aryl boronic acid 75 in presence of palladium acetate catalyst at room 

temperature. 

1.4.9 Stereospecific nickel-catalyzed cross-coupling reaction: Alkyl Grignard reagents that contain β-

hydrogen atoms were used in a stereospecific
[36]

 nickel-catalyzed cross-coupling reaction to form C(sp3)-

C(sp3) bonds (Scheme 1.19). Aryl Grignard reagents were also utilized to synthesize 1, 1-diarylalkanes. 

Several compounds synthesized by this method exhibited selective inhibition of proliferation of MCF-7 

breast cancer cells. Here the scheme 1.19 shows the stereospecific synthesis of 1, 1-diarylalkane/1, 1-

triarylalkane 79 by the coupling of benzylic ether 77 and alky/aryl Grignard reagent 78 in presence of 

Nickle catalyst. 

 

Scheme 1.19 Stereospecific nickel-catalyzed cross-coupling reactions of alkyl grignrd reagent and 

identification of anti breast cancer agents 

From the literature, it is worth noting that till now very few reports are available on secondary alkyl 

halide where they have been used as the coupling partner. All the other reports have been mainly 

concerned with the use of primary alkyl halides as coupling partner only. Till now, no report has been 

published on tertiary alkyl groups as coupling partners.  

1.5 Ring Opening Coupling Reaction 

1.5.1 Nickel catalysed cyclisation of bicyclic alkenes with β-Iodo-(Z)-propenoates and o-

Iodobenzoates 

Oxabenzonorbornadienes and their aza- counterparts are long established as excellent substrates for 

coupling, coupling followed by ring opening, and various cyclisation reactions.
[37]

 Although many ring 

opening reactions of oxabicyclic alkenes are known, unfortunately none of them describe the use of alkyl 

halides to accomplish the desired ring opening. In an effort to extend the recently developed strategy, 

there was an effort to explore the possibility of employing saturated alkyl halides to bring about the ring 

opening of oxabicyclic alkenes.  
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1.5.1.1 Reaction of oxabicyclic alkenes with arylic and vinylic halides: Cheng group reported
[38]

 

Palladium-catalyzed reductive couplings of organic halides with 7- heteroatom norbornadienes and 

developed new synthetic methods for substituted aryls and cis-1,2-dihydro-l-naphthyl alcohols and 

carbamates. This reaction involves the ring opening of bicyclic alkenes 80 with arylic and vinylic halides 

81 to form mainly a ring opening product 82 and 83 (Scheme 1.20). 

 

Scheme 1.20 Reductive coupling of organic halides with Norbornadienes.  

1.5.1.2 Stereoselective ring opening reaction: Later, Chien-Hong Cheng and coworkers disclosed 

another similar report
[39]

 wherein nickel (II) catalyst was used to bring about the highly stereoselective 

ring opening of 7-Oxa and Azanorbornenes with organic halides (Scheme 1.21). Nickel-catalyzed ring-

opening reactions of 7-heteroatom norbornadienes and norbornenes with various organic halides to give 

products with multiple stereocenters were described. Treatment of 7-oxabenzonorbornadiene 84 and 7-

carbomethoxy-7-azabenzonorbornadiene 85 with aryl iodides 86 in the presence of NiCl2(PPh3)2 and Zn 

powder gave the corresponding ring-opening addition products cis-1,2-dihydro-2-aryl-1-naphthol 87 and 

methyl N-[cis-1,2-dihydro-2-aryl-1-naphthyl]-carbamate 88 completely stereoselectively in 40-99% 

yields (Scheme 1.21a). In most cases, addition reaction of aryl iodides 86 and 84 in the presence of 

NiCl2(PPh3)2/Zn produces small amounts of(1S,2R)-2-phenyl-1,2-dihydronaphthalen-1-ol 89, 1-naphthol 

90 and 1,2-dihydro-1-naphthol 91
[40-41]

 (combined yields are less than 10%) as shown in scheme 1.21b. 

Compound 91 became a major product when the catalyst was changed from NiCl2(PPh3)2 to NiCl2(dppe). 

Addition of water (0.5 equiv.) increased the yield of 1,2-dihydro-1-naphthol  to 44% yield ((91:89 ) 7:1). 

If MeOH was employed as solvent, product 91 was isolated in 81% yield. 
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Scheme 1.21 Shows the ring opening of 7-Oxa and Azanorbornenes with organic halides . 

1.5.1.3 Ring opening reactions of Oxabicyclic alkenes with terminal alkynes: Xue-Long Hou
[42]

 and 

co-workers reported switch of addition and ring opening reactions of oxabicyclic alkenes 92 with terminal 

alkynes by sp
2
-C-palladocycle 95 and sp

3
-C-palladacycle 96 catalysis (Scheme 1.22a). Palladacycles 

were found to be efficient catalysts for the reaction of oxabicyclic alkenes with terminal alkynes. A 

switch of reaction selectivity was realized using a palladacycle with a sp
2
 or sp

3
 C−Pd bond. Addition 

products 93 were afforded predominantly using a palladacycle with a sp
3
 C−Pd bond, while ring-opening 

compounds 94 were the major products when palladacycles having a sp
2
 C−Pd bond were used. DFT 

calculations revealed that the different trans-effects of the sp
2
-C and sp

3
-C donors in palladacycles are 

responsible for the switch in selectivity.  

On the basis of the previous results,
[43a-d]

 the reaction of 7-oxabenzonorbornadiene 97 with 

phenylacetylene 98 was tested in the presence of palladacycle 95 with an sp
2
 C−Pd bond in 1,2-

dichloroethane (DCE) at 50 °C (Scheme 1.22b). The ring-opening product 99 was afforded in 84% yield 

accompanied by an 11% yield of addition product 100. The substrate scope was investigated under the 

optimized conditions, and the reaction scheme is shown in as Scheme 1.22c where 101 and 102 give rise 

to 103 and 104. 
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Scheme 1.22 Shows the switch of addition and ring opening reactions of Oxabicyclic alkenes with 

terminal alkynes by sp
2
-C, P- and sp

3
-C, Palladacycle catalysis. 

To diversify and to enhance the utility of this reductive Heck reaction we planned to use 

oxabenzonorbornadienes as the alkene coupling partner. One of the reasons for doing so was that having 

already tested the veracity of our protocol with acrylates, which were electron-withdrawing alkenes, we 

wanted to try out another alkenic system, which was not conventionally electron-withdrawing. 

Oxabenzonorbornadienes and their aza counterparts are long established as excellent substrates for 

coupling, coupling followed by ring opening, and various cyclization reactions.
[44]

 Although many ring- 

opening reactions of oxabicyclic alkenes are known, unfortunately none of them describe the use of 

saturated (sp
3
) alkyl halides to accomplish the desired ring opening. The first such ring-opening report 

appeared in 1993, involving the ring opening of bicyclic alkenes with arylic and vinylic halides to form 

mainly fully aromatic ring-opening products.
[45]

 Later, another report
[46]

 appeared from the same lab 

wherein nickel catalyst was used to bring about the desired ring opening. In an effort to extend the 

reductive coupling strategy developed by Cheng group (described above), we wanted to explore the 
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possibility of employing saturated alkyl halides to bring about the ring opening of oxabicyclic 

alkenes.We, however, were more interested in using those substrates all of which contained β-hydrogens 

in their framework. Therefore, amplifying the scope of the reaction to substrates possessing β-hydrogen 

posed a challenge worth taking up. The results of the reaction between oxabenzonorbornadiene and 

saturated alkyl halides under nickel-catalyzed conditions have been discussed in chapter-2.  

Section B: Heterocyclic molecules and their applications 

1.6 A brief overview of heterocyclic molecules: A cyclic organic compound, in general termed as 

carbocyclic compound comprises a ring system containing all the carbon atoms in its skeleton. When at 

least one of the carbon atom in the carbocyclic ring is replaced by other atom (referred as heteroatom) 

then they are stated as heterocyclic compounds.
[47-49]

  

The chemistry of heterocycles has great theoretical as well as practical importance. In fact, heterocyclic 

compounds filled more than half basket of the total chemical inventory of organic molecules. These 

structures form the basis for numerous pharmaceutical, agrochemical and biologically active compounds. 

Diverse compounds like alkaloids, antibiotics, essential amino acids, vitamins, haemoglobin, hormones 

and many synthetic drugs and dyes contains heterocyclic rings as core skeletons.
[50]

 Though heterocyclic 

compounds with several heteroatoms are known in the literature, nitrogen is the most common which 

follows oxygen and sulfur among the others.
[51-52]

 Nitrogen-containing heterocycles has importance in 

medical as well as organic chemistry because they constitute the main structure within a huge number of 

natural products and also because of their broad range of biological properties.
[53]

 Particularly, condensed 

heterocycles act as synthetic building blocks and pharmacophores. Fused azaheterocycles comprise a 

family of biological agents with particularly interesting pharmacological properties related to planarity of 

the system and consequently to its DNA-chain intercalating ability, which make them suitable for anti-

neoplastic and mutagenic applications.
[54-57]

 Because of their useful applications in the biological field, 

synthesis of fused heterocycles has attracted the interest in modern drug discovery.
[58-61]

  

Environmental considerations and simplicity of preparative procedure have bound organic chemists to 

look for greener synthetic choices and hence multicomponent reactions (MCRs) are now emerging as a 

responsible alternative tool in organic synthesis.
[62]

 MCRs are also crucial in the design of new and 

bioactive small organic molecules
[63a-h]

 as these procedures have distinctive green-chemistry
[64]

 and atom-

economy benefits.
[65a-b] 

Multicomponent reactions (MCRs) are one-pot reactions employing more than two starting materials, 

where most of the atoms of the starting materials are incorporated in the final products.
[66]

 MCRs 

protocols are atom economic, for example, the majority if not all of the atoms of the starting materials are 
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incorporated in the product; they are efficient, for example, they efficiently yield the product since the 

product is formed in one step instead of multiple sequential steps; they are convergent, for example, 

several starting materials combine in one reaction to form the product; they exhibit a very high bond 

forming-index (BFI), for example, several non hydrogen atom bonds are formed in one synthetic 

transformation.
[67]

  

Therefore MCRs are often a useful alternative to sequential multistep synthesis. Additionally, since 

MCRs are often highly compatible with a range of unprotected orthogonal functional groups, on a second 

level, the scaffold diversity of MCR can be greatly enhanced by the introduction of orthogonal functional 

groups into the primary MCR product and reacting them into subsequent transformations, e.g. ring 

formation reaction. This two layered strategy has been extremely useful in the past leading to a great 

manifold of scaffolds now routinely used in combinatorial and medicinal chemistry for drug discovery 

purpose.
[68a-b]

  

 

Scheme 1.23 UDC strategies allows for the great scaffold diversification of an initial Ugi reaction by 

using orthogonal protected bifunctional starting materials. 

Thus, the initial MCR derived product can be considered as a synthetic hub to a vast diversity of novel 

cyclic or acyclic scaffolds by employing different secondary transformations. Typically, only 1-3 

synthetic steps are needed to synthesize libraries of drug-like advanced compounds. A versatile example 
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of this strategy are the UDC- procedures (Ugi- Deprotection Cyclization) leading to a great scaffold 

diversity, e.g. benzimidazole (105, 106, 107), benzodiazepinedione (108), tetrazolodiazepinone (109), 

quinoxalinone (110), γ-lactams (111), and piperazines (112) (Scheme 1.23).
[69a-n]

 The rapid and easy 

access to biologically relevant compounds by MCRs and the scaffold diversity of MCRs has been 

recognized by the synthetic community in industry and academia as a preferred  method to design and 

discover biologically active compounds. The biological chemistry of MCRs however is very rich and 

provides great opportunities for drug hunters and researchers interested in small molecular weight 

compounds with biologically activity. 

1.7 Pyranopyrazole as bioactive scaffold: As the section B of thesis chapter is mainly focused on 

chemistry of pyranopyrazole, diverse procedures reported for the synthesis of pyranopyrazole are briefly 

reviewed. Additionally, functionalization of these motifs has also been discussed systematically.  

Pyranopyrazoles are important class of biologically active heterocyclic compounds. They find 

applications as antibacterial,
[70a-e]

 antifungal,
[70a]

 antimicrobial,
[71a-b]

 molluscicidal,
[72]

 anti 

inflammatory,
[73a-b]

 analgesic,
[73b,74a-b]

 and biodegradable agrochemicals like insecticidal,
[75]

 herbicidal 

agents
[76]

 etc. Some substituted pyrano[2,3-c]pyrazoles have been found to be effective antiplatelet 

molecules
[77a-b]

 which effect K
+
 induced calcium dependent aortal contaction. Several pyrano[2,3-

d]pyrazol-4-ones have demonstrated an affinity toward A1 and A2a adenosine receptors.
[78a-b]

 Also 6-

amino-5-cyano-dihydropyrano[ 2,3-c]pyrazoles have been identified as a screening hit for human Chk1 

kinase inhibitors.
[79]

  

1.8 Synthesis of Pyranopyrazole via two component reaction (2CR) 

1.8.1 Synthesis of 4-aryl-4H-pyranopyrazoles: The first report of synthesis of dihydropyrano[2,3-

c]pyrazoles was the reaction between 3-methyl phenylpyrazolin-5-one and tetracyanoethylene.
[80]

 H. Otto 

and co-workers reported a base catalyzed two-component Michael type reaction between 4-arylidiene-1-

phenyl-1H-pyrazol-5-one 113 and malononitrile 114 for the synthesis of various 4-aryl-4H-pyrano[ 2,3-

c]pyrazoles 115 (Scheme 1.24).
[81a-d] 

 

Scheme 1.24 Synthesis of 4-aryl-4H-pyrano[2,3-c]pyrazoles. 
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1.8.2 Synthesis of 4-alkyl and 4-aryl substituted Pyranopyrazole: Subsequently, 4-alkyl and 4-aryl-

substituted pyranopyrazoles 118 were synthesized from reaction of 3-methyl-1H-pyrazol-5-one 116 with 

alkyl and arylidenemalononitrile 117 (Scheme 1.25).
[82a-c] 

 

Scheme 1.25 Synthesis of 4-alkyl and 4-aryl substituted Pyranopyrazole. 

1.8.3 Synthesis of Pyranopyrazole via CMUI: Y. Peng and co-workers have developed a two-

component reaction involving pyran derivatives 120 and hydrazine hydrate 119 to obtain pyranopyrazoles 

121 in water (Scheme 1.26).
[83]

 The reaction was promoted by a combination of microwave and ultrasonic 

irradiation (CMUI). The reported work had not only led to a practical synthetic method but also expand 

the usefulness of clean organic reactions in water. 

 

Scheme 1.26 Synthesis of Pyranopyrazole through CMUI. 

1.8.4 EDDA catalyzed synthesis of tetrahydroquinoline bearing Pyranopyrazole: Rameshwar Prasad 

Pandit and his colleagues
[84]

 developed a new synthetic route to biologically interesting diverse 

tetrahydroquinolines 124 bearing pyranopyrazoles by reacting pyrazolones 122 and N,N-dialkylated 

aminobenzaldehydes 123 in the presence of EDDA (Scheme 1.27). The key strategy underlying the 

methodology used was the domino Knoevenagel/heteroDiels–Alder reaction. This synthetic method 

provides a variety of novel tetrahydroquinolines in good yields. 



Chapter I 
 

22 

 

 

Scheme 1.27 Shows the one-pot synthesis of tetrahydroquinoline derivatives bearing pyranopyrazole 

rings. 

1.9 Synthesis of Pyranopyrazole via three component reaction (3CR) 

1.9.1 Synthesis of Pyranopyrazole in ethanol: The most common and convenient approach toward 

diverse pyranopyrazoles is a base catalyzed three-component reaction
[85a-d]

 (3CR) of pyrazol-5-one 116, 

aldehydes 125, and malononitrile 114. Yu. A. Sharanin et al.
[85a] 

have first developed this 3CR protocol 

for pyranopyrazole scaffolds 126 in ethanol using triethylamine as the catalyst (Scheme 1.28). Later, S. 

Laufer and co-workers modified this 3CR protocol for combinatorial library of pyranopyrazole 

scaffolds.
[85a-e]

 

 

Scheme 1.28 Synthesis of pyranopyrazole scaffolds by 3CR. 

1.9.2 Synthesis of spiro pyranopyrazole: A. M. Shestopalov and co-workers reported the synthesis of 

spiro pyrazolopyran 129 via a three-component condensation between pyrazol-5-one 128, N-

methylpiperidone 127 and malononitrile 114 in absolute ethanol.
[86a-b]

 However, this reaction occurred 

only on heating or when induced by electrochemical methods under an inert atmosphere (Scheme 1.29). 
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Scheme 1.29 Shows the synthesis of spiro pyranopyrazole by electrochemical method. 

1.9.3 Synthesis of spiro-oxindole via sequential one pot approach: Anshu Dandia et al.
[87]

 developed a  

direct and efficient approach for the preparation of medicinally promising pyrazolopyridinyl 

spirooxindoles 133, 134 has been developed through a sequential one-pot, three-component reaction of 

easily available isatin 130, a-cyanoacetic ester or malononitrile 132, and 5-amino-3-methylpyrazole 131 

catalyzed by sodium chloride in water (Scheme 1.30). Desired products were obtained in high to 

excellent yields using a simple workup procedure. The product synthesized by using cyanoacetic ester 

showed high diastereoselectivity in which the stereochemistry of major diastereomer was confirmed by 

X-ray diffraction analysis.  

 

Scheme 1.30 Synthesis of spiro[indoline-3,4
’
-pyrazolo[3,4-b]pyridines]. 
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The present green synthesis shows attractive characteristics such as the use of water as the reaction 

medium, one pot conditions, short reaction period, easy workup/purification, and reduced waste 

production, without use of any acid or metal promoters. 

1.9.4 Synthesis of spiro-Pyranopyrazole annulated oxindole scaffolds: Combinatorial library of spiro 

pyranopyrazole annulated oxindole scaffolds 137 were synthesized by base catalyzed or elctrochemical 

3CR between pyrazol-5-one 116, cyclic ketones like istain 136 and malononitrile 114 in ethanol (Scheme 

1.31).
[88a-d]

 

 

Scheme 1.31 Synthesis of spiro Pyranopyrazole annulated oxindole scaffolds. 

1.9.5 Synthesis of 4-alkyl-6-amino-5-cyano-3-methyl(propyl,phenyl)-2H,4H-pyrano[2,3-c]pyrazoles: 

V. D. Dyachenko and co-workers
[89]

 obtained 4-alkyl-6-amino-5-cyano-3-methyl(propyl, phenyl)-2H,4H-

pyrano[2,3-c]pyrazoles 142 or 143 by reaction of 4-alkylmethylene-3-substituted 5-pyrazolones 138 with 

cyanothioacetamide 139 or malononitrile 114 in ethanol in the presence of morpholine.  

 

Scheme 1.32 Synthesis of 4-alkyl-6-amino-5-cyano-3-methyl(propyl, phenyl)-2H,4H-pyrano[2,3-

c]pyrazoles. 
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Both routes probably include formation of the corresponding Michael adducts 140 and 141, 

regioselectively undergoing ring closure under the reaction conditions to form the substituted pyrano[2,3-

c]pyrazoles 142 and 143 (Scheme 1.32). 

1.9.6 Microwave-assisted Knoevenagel–Hetero-Diels–Alder reaction: Radi et al. reported an 

organocatalyzed microwave-assisted Knoevenagel–Hetero-Diels–Alder reaction for the synthesis of 2,3-

dihydropyran[2,3-c]pyrazoles 147 from pyrazol-2-one 144, ethoxyethene 145 and aldehyde 146 (Scheme 

1.33).
[90]

 Using proline derivatives as catalyst in t-BuOH, the two diastereomers of the desired product 

were isolated in good yields with a 4:1 diastereomeric ratio. 

 

Scheme 1.33 Shows the synthesis of 2,3-dihydropyran[2,3-c]pyrazol.  

1.9.7 Synthesis of dihydropyrano[c] chromenes from Friedländer reaction: Mehdi Khoobi et al.
[91]

 

proposed the novel hybrid derivatives of two known scaffolds; tetrahydroaminoquinoline and coumarin 

were synthesized and evaluated for both acetylcholinesterase(AChE) and butyrylcholinesterase (BuChE) 

activities. By means of an efficient nanocatalyst, the reaction time for the syntheses of the target 

compounds was reduced. Subsequently, Ellman’s modified method was used to evaluate the enzyme 

inhibitory activity of the synthesized structures.  

The synthesis of a novel series of Tacrine analogues 154 in a rather convenient way is described in this 

work. As outlined in Scheme 1.34, these compounds could be easily prepared by the AlCl3 promoted 

Friedländer reaction
[91]

 between the corresponding known dihydropyrano[c]chromenes 152 and 

cyclohexanone 153. Several methods have been reported for the synthesis of dihydropyrano[c] chromenes 

152. Recently, the successful usage of magnetic nanocatalyst including (2-aminomethyl) phenol moiety 

on the surface of hydroxyapatite encapsulated maghemite γ-Fe2O3) in aqueous medium for the synthesis 

of 2-amino-5-oxo-4,5-dihydropyrano[3,2-c]chromene-3-carbonitriles has been reported. In refluxing 

water and in the presence of magnetic nanocatalyst 149, the addition of 4-hydroxycoumarin 151 to the 

stirring mixture of various aldehydes, 148, and malonitrile 114 yielded 7-substituted 2-amino-5-oxo-4,5- 

dihydropyrano[3,2-c]chromene-3-carbonitriles 152. This ‘onepot’ reaction protocol proceeds through 
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formation of alkylidene or arylidenemalononitrile intermediate 150. Treatment of pyranochromene 152, 

with cyclohexanone 153, in the presence of aluminum trichloride and in refluxing 1,2-dicholorethane as 

solvent, afforded the target molecules 154. A notable feature of this procedure is the straightforward 

product isolation without formation of any side-products. 

 

Scheme 1.34 Synthetic pathway of the target compounds 2-amino-5-oxo-4,5-dihydropyrano[3,2-

c]chromene-3-carbonitriles and tacrine analogues. 

1.9.8 Synthesis of Pyran derivatives in DES: Najmedin Azizi et al.
[92]

 reported an ecofriendly one-pot 

multicomponent reaction of 1,3-dicarbonyl compounds 156, aldehydes 155, and malononitrile 114 was 

carried out in a different deep eutectic solvent (DES) based on choline chloride, to synthesize highly 

functionalized benzopyran and pyran derivatives 157 under catalyst-free conditions (Scheme 1.35a).  

 

Scheme 1.35 Shows the (a) Green syntheses of pyran and benzopyran derivatives in DES and, (b) Deep 

eutectic solvent preparation (DES). 
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The results showed that urea: choline chloride based DES is the best solvent and is successfully 

applicable to a wide range of aldehydes, active methylene compounds with high yields (75–95%) and 

short reaction times (1–4 h). DES 160 forms by mixtures of quaternary ammonium salt 158 and a simple 

hydrogen bond donor (HDB) such as urea 159, carboxylic acid, sugar and amide (Scheme 1.35b). DESs 

exhibit some properties similar to ionic liquids such as non-volatility, biodegradability, low cost, thermal 

stability, and ready availability from bulk renewable resources without any further modification.
[93–102]

 

1.10 Synthesis via four component reaction (4CR)  

1.10.1 Synthesis and mechanism of 6-amino-5-cyano-3-methyl-4-aryl-2H,4H-dihydropyrano[2,3-

c]pyrazoles: Vasuki and Kumaravel reported
[103]

 an environmentally benign four-component reaction of 

hydrazine hydrate 119, ethylacetoacetate 161, aldehyde 162 and malononitrile 114 in aqueous medium at 

room temperature developed for the synthesis of 6-amino-5-cyano-3-methyl-4-aryl/heteroaryl-2H,4H-

dihydropyrano[2,3-c]pyrazoles 163 (Scheme 1.36a). The formation of the product is proposed to involve 

the following tandem reactions: pyrazolone 116 formation by reaction between 119 and 161, 

Knoevenagal condensation between 162 and 114 give 164, Michael addition of 116 to 164, followed by 

cyclization of 165 and tautomerization of 166 give the final product 163 (Scheme 1.36b). 

 

Scheme 1.36 Shows the (a) Synthesis of 6-amino-5-cyano-3-methyl-4-aryl/heteroaryl-2H,4H-

dihydropyrano[2,3-c]pyrazoles (b) Mechanism of the reaction. 
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1.10.2 Imidazole catalyzed synthesis of Pyranopyrazole: Aisha Siddekha Aatika Nizam and M.A. 

Pasha
[104]

 describe a one-pot four component synthesis of pyranopyroles 168 from aryl aldehydes 167, 

ethyl acetoacetate 161, malononitrile 114 and hydrazine hydrate 119 in the presence of catalytic amounts 

of an organocatalyst imidazole in water as medium (Scheme 1.37). A plausible mechanism for the 

formation of imidazole catalyzed pyranopyrazoles has been envisaged. This method is rapid, simple, 

provides products in good yield, and is eco-friendly. In addition, based on the optimized geometry, the 

frequency and intensity of the vibrational bands of 6-amino-4-(4-methoxyphenyl)-5-cyano-3-methyl-1-

phenyl-1,4-dihydropyrano[2,3-c]pyrazole were obtained by the density functional theory (DFT) 

calculations using 6-31G(d,p) basis set.  

 

Scheme 1.37 Synthesis of Pyranopyrazole from various substituted aromatic aldehydes. 

1.10.3 L-proline catalyzed synthesis of Pyranopyrazole: Hormi Mecadon et al.
[105]

 reported an efficient 

four-component synthesis of 6-amino-4-alkyl/aryl-3-methyl-2,4-dihydropyrano[2,3-c]pyrazole-5- 

carbonitriles 170 involving ethyl acetoacetate 161, hydrazine hydrate 119, malononitrile 114, and various 

aldehydes 169 using L-proline (10 mol %) in water under mild reaction condition in excellent yields is 

established (Scheme 1.38). A comparative study of L-proline with γ-alumina, basic alumina, and KF-

alumina was also carried out. The generality and functional tolerance of this convergent and 

environmentally benign method is demonstrated. 

 

Scheme 1.38 Synthesis of 6-amino-4-alkyl/aryl-3-methyl-2,4-dihydropyrano[2,3-c]pyrazole-5-

carbonitriles. 
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1.10.4 Synthesis of Pyranopyrazole via non-catalytic approach: Santhosh Reddy Mandha et al.
[106]

 

envisaged an ecofriendly green approach for synthesis of substituted pyrano[2,3-c]pyrazoles (173, 175) 

via a multicomponent one pot approach from ethylacetoacetate, hydrazine hydrate, malononitrile and 

various substituted aldehydes in aqueous ethanol medium (1:1) at 100
o
C under totally non-catalytic 

conditions. The formation of 172 is believed to involve the Knoevenagel condensation of aldehyde 171 

and malononitrile 114. The intermediate 172 undergoes Michael addition with pyrazolin-5-one 116 

(formed in situ from ethylacetoacetate and hydrazine hydrate) followed by an intra-molecular cyclization 

to give polyfunctionalized pyrano[2,3-c]pyrazoles 173 (Scheme 1.39 route a). In similar manner 

intermediate 172 react with 174 (formed in situ from ethylacetoacetate and phenylhydrazine) and finally 

give rise to 175 (Scheme 1.39 route b). The synthesized compounds were evaluated for their 

antibacterial, anti-inflammatory and cytotoxic activities.  

 

Scheme 1.39 Construction of various substituted pyrano[2,3-c]pyrazoles. 

1.10.5 Ionic liquid catalyzed synthesis of Pyranopyrazole: Javed Ebrahimi et al.
[107]

 reported a simple, 

green and efficient protocol for synthesis of dihydropyrano[2,3-c]pyrazole derivatives 177 is developed 

by a four component reaction of hydrazine hydrate 119, ethyl acetoacetate 161, malononitrile 114 and 

various benzaldehydes 176,  in the presence of 3-methyl-1-(4-sulphonic acid)butylimidazolium hydrogen 

sulphate [(CH2)4SO3HMIM][HSO4], an acidic ionic liquid and as a catalyst, under solvent-free conditions 

(Scheme 1.40]. The key advantages of this process are high yields, shorter reaction times, easy work-up, 

purification of products by non-chromatographic method and the reusability of the catalyst. 
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Scheme 1.40 [(CH2)4SO3HMIM][HSO4] catalysed synthesis of pyranopyrazole. 

1.10.6 Barium hydroxide catalyzed synthesis of Pyranopyrazole: Sadeq Hamood Saleh Azzam
[108]

 and 

M. A. Pasha reported Ba(OH)2 catalyzed simple and efficient one-pot four-component reaction of 

Meldrums acid 179, ethyl acetoacetate 161, hydrazine hydrate 119, and aromatic aldehydes 178 to give 3-

methyl-4-aryl-4,5-dihydro-1H-pyrano[2,3-c]pyrazol-6-ones 180 in refluxing water is reported (Scheme 

1.41). The yields are high and the reactions go to completion in 1–2 h. 

 

Scheme 1.41 Synthesis of 3-methyl-4-aryl-4,5-dihydro-1H-pyrano[2,3-c]pyrazol-6-ones. 

1.10.7 Synthesis of bis-pyranopyrazole: A simple and efficient method was developed for the synthesis 

of multisubstituted bispyrano[2,3-c]pyrazole derivatives (183a-f and 185a-f) via one-pot reaction of β-

keto esters 181, hydrazine (or phenylhydrazine) 119 (184), terephthalaldehyde 182, and malononitrile 114 

in the presence of CeCl3.7H2O (10 mol%) as a catalyst (Scheme 1.42) by Keyume Ablajan et al.
[109]

. This 

method provides the products in good yields after a simple workup procedure without further purification.  
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Scheme 1.42 Four-component one-pot syntheses of multisubstituted bis-pyrano[2,3-c]pyrazoles. 

1.10.8 Catalyst-free synthesis of novel spiro-pyranopyrazole derivatives: D. M. Pore
[110]

 and his 

colleagues reported the catalyst-free multicomponent reaction (MCR) capable of affording a wide range 

of novel spiro-pyranopyrazole derivatives 188 from pyrazolone (in situ formed from acetylenic esters 187 

with hydrazine hydrate 119) at room temperature with isatin 186 and malononitrile 114 (Scheme 1.43). 

Catalyst- free conditions along with green solvent system make the process ecofriendly as well as 

economical. Simple reaction conditions and easy work-up procedure that resulted into simple isolation 

and purification of products by non-chromatographic methods, that is, by simple recrystallization from 

methanol as well as novelty are the significant advantages of the present protocol.  

 

Scheme 1.43 An unprecedented catalyst-free, multicomponent synthesis of novel spiro pyrano[2,3-

c]pyrazole derivatives. 

1.10.9 Synthesis of spiro[indoline-3,4
’
-pyrano[2,3-c]pyrazole]-3

’
-carboxylate derivatives: Suman Pal 

and her colleagues
[111]

 reported one pot four-component reaction for the efficient synthesis of 
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spiro[indoline-3,4
’
-pyrano[2,3-c]pyrazole]-3

’
-carboxylate derivatives 189. A novel one pot protocol has 

been developed to synthesize various spiro-[indoline-3,4
’
-pyrano[2,3-c]pyrazole]-3

’
-carboxylate 

derivatives (Scheme 1.44a) from the four-component reaction of isatin 136, malononitrile 114, hydrazine 

derivatives 119 and dialkyl acetylenedicarboxylates 187. In this process two C–C bonds, two C–N bonds 

and one C–O bond have formed in one pot. The notable features of this protocol are simple and 

environmentally benign reaction condition, easy isolation of products, applicable to a wide range of 

readily available starting materials and good yields.  

On the basis of the above results a plausible reaction mechanism is shown in Scheme 1.44b. They believe 

that the initial step is formation of intermediate 190 by Knoevenagel condensation of isatin 136 and 

malononitrile 114. The next step is the formation of pyrazolone 191 from the reaction of dialkyl 

acetylenedicarboxylate 187 and hydrazine hydrate 119. Then intermediate 190 undergoes Michael 

addition to 191 in the presence of a base followed by enolization affording intermediate 192 which 

undergoes intramolecular cyclization to form 193. In the final step 193 undergoes tautomerization and 

transforms into the desired product 189. 

 

Scheme 1.44 Shows the (a) synthesis and (b) mechanism for the synthesis of [indoline-3,4
’
-pyrano[2,3-

c]pyrazole]-3
’
-carboxylate derivatives. 
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1.10.10 Organocatalyst sodium benzoate catalyzed synthesis of Pyranopyrazole: Hamzeh Kiyani
[112]

 

and their colleagues reported an efficient, green, and facile four-component reaction for the preparation of 

pyrano[2,3-c]pyrazole derivatives 195 through the condensation reaction of aryl aldehydes 194, ethyl 

acetoacetate 161, malononitrile 114, and hydrazine hydrate 119 or phenyl hydrazine 184 in the presence 

of commercially available organocatalyst sodium benzoate under aqueous condition is reported (Scheme 

1.45). The products are produced with high yields and in shorter reaction times.  

 

Scheme 1.45 Shows the synthesis of pyrano[2,3-c]pyrazole derivatives. 

1.10.11 DMAP catalyzed synthesis of spiro-oxindole derivatives: Jun Feng et al.
[113]

 developed an 

efficient and clean reaction process for the convenient and cheap synthesis of spirooxindole derivatives 

(Scheme 1.46) with one-pot reactions of isatins 136, malononitrile 114 (or ethyl cyanoacetate 196), and 

5-pyrazolone derivatives 197 or 198.  

 

Scheme 1.46 Shows the synthesis of spirooxindole derivatives.  

They also synthesized the compounds 199 (Scheme 1.46a) and 200 (Scheme 1.46b) by four component 

one pot reactions of isatins 136, malononitrile 114 (or ethyl cyanoacetate 196), hydrazine hydrate 119 (or 
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phenylhydrazine 184), 1,3-dicarbonyl compounds 156/161 and compared the yield with three component 

one pot reaction. Both sets of reaction were conducted in EtOH in the presence of 4-DMAP catalyst. A 

series of spiro[indoline-3,4
’
-pyrano[2,3-c]pyrazole] derivatives 199 and 200 were quickly obtained in 

excellent yields by using the four-component one-pot reaction method. 

1.10.12 DABCO catalyzed synthesis of pyrazolopyranopyrimidines: Majid M. Heravi
[114]

 and their 

colleagues developed novel tricyclic fused pyrazolopyranopyrimidines 203 containing both biologically 

active pyranopyrazole and pyranopyrimidine templates and are synthesized by using a one-pot, four-

component reaction involving ethyl acetoacetate 161, hydrazine hydrate 119, aldehydes 202, and 

barbituric acid 201 catalyzed by DABCO in water (Scheme 1.47). Pure target compounds are obtained in 

very good to excellent yields over short reaction times and with a straight forward work-up procedure.  

 

Scheme 1.47 Four-component synthesis of pyrazolopyranopyrimidines catalyzed by DABCO in water. 

1.10.13 Synthesis of pyrano[4,3-c]pyrazoles: Ajay Kumar et al.
[115]

 reported the synthesis of two series 

of compounds namely, 4-aryl/heteroaryl hydrazino-3-acetyl-6-methyl-2H-pyran-2-ones 206a-j and 

pyrano[4,3-c]pyrazoles 208a-g. The synthesis of 206a-j is from 3-acetyl-4-chloro-6-methyl-2H-pyran-2-

one 204 and various aryl/heteroaryl hydrazines 205 (Scheme 1.48a). Similarly they synthesis the 4-

chloro-6-methyl-3-(1-(2-phenylhydrazono)ethyl)-2H-pyran-2-one 207 from 204 and 205 at different 

condition. Finally, pyrano[4,3-c]pyrazoles 208a-g was synthesized by the reaction of 206a-g and 207 via 

method A and B (Scheme 1.48b). Estimation of pharmacotherapeutic potential, possible molecular 

mechanism of action, toxic/side effects and interaction with drug-metabolizing enzymes were made for 

the synthesized compounds on the basis of prediction of activity spectra for substances (PASS) prediction 

results and their analysis by PharmaExpert software. COX inhibition predicted by PASS was confirmed 

by experimental evaluation and validated via docking studies. Out of all the compounds, compounds 

206h, 206j, 208e, 208g exhibited good anti-inflammatory activity, whereas compounds 206b, 206c, 206h, 
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206i, 206j, 208b, 208e, 208g showed excellent analgesic activity compared with standard drug 

Diclofenac sodium.  

 

Scheme 1.48 Shows the synthesis of (a) 4-aryl/heteroaryl hydrazino-3-acetyl-6-methyl-2H-pyran-2-ones 

and (b) pyrano[4,3-c]pyrazoles. 

1.10.14 Synthesis of pyrano[2,3-c]pyrazoles: Mahavir Parshad et al.
[116]

 reported Iodine-mediated 

efficient synthesis of pyrano[2,3-c]pyrazoles and their antimicrobial activity. In this paper he  

synthesized, 1-phenyl-3-methyl-4-acetylpyrazol-5-one 210 from 1-phenyl-3-methylpyrazol-5-one 209 

and used as starting material for the synthesis of s-cis-(E)-1-(5- hydroxy-3-methyl-1-phenyl-1H-pyrazol-

4-yl)-3-aryl/hetarylprop-2-en-1-ones 212 in good yield (70–88 %) by condensation with aromatic 

aldehydes 211 (Scheme 1.49a). The s-cis-(E)-1-(5-hydroxy-3 methyl-1-phenyl-1H-pyrazol-4-yl)-3-

arylprop-2-en-1-one 212 was heated in dimethyl sulfoxide at 110 °C in the presence of iodine that 

resulted in the formation of pyranopyrazole 213 rather than furanopyrazole 214 (Scheme 1.49b). 
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Scheme 1.49 Shows the synthesis of  (a) s-cis-(E)-1-(5-hydroxy-3-methyl-1-phenyl-1H-pyrazol- 

4-yl)-3-arylprop-2-en-1-one and (b) pyranopyrazoles. 

Section C: Drug designing and their molecular docking study 

1.11 Introduction to Computer Aided Drug Design: Drug design or rational drug design, is the 

inventive method of finding new medications based on the information of the biological target. In the 

most basic sense, drug design involves design of small molecules that are complementary in shape and 

charge to the bimolecular target to which they interact and therefore will bind to it. In computational drug 

discovery we are using computational tools and softwares to simulate drug receptor interactions. In 

experimental based approach drugs were discovered through trial and error method. And also it was 

taking high R & D cost and also time consuming. Using computational drug discovery helps scientists to 

understand large insight to the drug receptor interactions. And also it helps to reduce the time and cost. 

There are two major types of drug design. The first is referred to as ligand-based drug design and the 

second, structure-based drug design.  

1.11.1 Ligand-based design and screening: Computational approaches to drug design and screening can 

be either ligand- or target-based. If for a given therapeutic project, a set of active ligand molecules is 

known for the macromolecular target, but little or no structural information exists for the target, ligand-

based computational methods can be employed. More specifically, quantitative structure activity 

relationship (QSAR) methods can be used, pharmacophore models developed, and shape searches 

performed based on the set of ligands. QSAR approaches involve the statistical analysis of a set of 

properties or descriptors for a series of biologically active molecules; the statistical model that is 
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developed is then used to predict the activity of additional compounds against the target. For example, the 

QSAR model can be used to predict which members of a series of proposed compounds are likely to be 

active and therefore should be synthesized and tested. As new compounds are assayed, the additional 

experimental data are used to refine the model. This general approach has been used in the 

pharmaceutical industry for many years to guide medicinal chemistry efforts. Typical small molecule 

descriptors include physicochemical properties such as molecular weight and clogP and hash codes based 

on the 2D structure of the ligands. Statistical approaches for determining the model may involve 

traditional least-squares optimization, neural networks, principal component analysis, etc. A 

pharmacophore model can also be derived from a set of known ligands for the target. Traditionally, a 

pharmacophore is the set of features common to a series of active molecules, where features can include 

acceptors, donors, ring centroids, hydrophobes, etc. A 3D pharmacophore specifies the spatial 

relationship between the groups or features, often defining distance ranges between groups, angles 

between groups or planes, and exclusion spheres. The programs like Phase, catalyst and UNITY can 

search large 2D or 3D molecular databases for additional molecules that possess the pharmacophore. 

Given just one active ligand known to bind to the target, a shape search can be performed, whereby 3D 

molecular databases are searched for other compounds that have the same shape. Knowledge of the bound 

conformation of the ligand is highly desirable and again can be obtained via NMR. If the bound ligand 

structure is not known experimentally, the lowest energy conformation of the small molecule in solution 

can be calculated and used for the shape search. With certain shape search methods some chemical 

matching can also be specified in addition to shape fit. 3D molecular databases can then be searched for 

other compounds that fit into that shape.  

1.11.2 Target/structure-based drug design and screening: ‘Structure-based’ computational approaches 

require the 3D structure of the target. Typically, a high-resolution (< 2.5 Å) structure from X-ray 

crystallography or a suitably well-defined structure from NMR spectroscopy is used. It is also possible to 

design ligands for and screen against a homology model for which there is a high degree of confidence. In 

the structure-based drug design process, once a lead compound is identified, the 3D structure of the lead 

compound bound to target is solved. The structure of the ligand-target complex is examined and the 

interactions that the small molecule makes with the target are identified. At this point, computational 

methods play an important role in designing modifications to existing leads. The same computational 

methods can also be used for the design of entirely new compounds based on the 3D structure of the 

target alone. Given a lead compound, an iterative process of designing improvements to the existing lead, 

synthesizing and testing the designed compounds, and solving the 3D structure of each improved 

compound with the target begins. Many iterations of this cycle are carried out with the computational 
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chemist/molecular modeler working closely with medicinal chemists and biologists, until a highly potent 

compound or series of compounds has been developed. The best compounds then enter animal trials 

where efficacy, toxicity, and pharmacokinetic properties are studied. Efforts to identify toxic components 

or potential pharmacokinetic problems such as solubility, serum albumin binding, etc, during the design 

phase of the project are beginning to have an impact as the necessary computational tools are improved.  

1.12 Present and future: Today, computer-aided drug design and screening methods impact the efforts 

of all pharmaceutical companies. As the computational technologies advance, the role they play in 

improving the efficiency of the drug discovery process will become increasingly important. In addition, as 

the body of structural information on potential therapeutic targets dramatically expands, which is 

expected to happen in the next few years, it will drive the development of the computational 

methodology. Greater automation, faster algorithms, and improved information management techniques 

will be required to handle the sheer volume of target-related information that will need to be processed. 

On a genomic scale, instead of looking at individual targets, families of related targets will be studied. 

The information available on ligand binding to these families will be vastly expanded. The job of the 

molecular modeler will be to effectively mine this data as well as translate the available structural 

information into a form directly usable by the bench chemist. This mission will ultimately cause a greater 

interface of bio- and chemoinformatics, leading to improved structural and functional genomics 

knowledge. 

Before going in much detail about the drug designing process, it becomes very important to know about 

the cancer, wordwide distribution of cancer, their management and cancer targets so that a medicinal 

chemist can contribute in cure of cancer. 

1.13 Cancer management by Inhibition 

1.13.1 Cancer-the menace: Cancer is a group of diseases all corresponding to unregulated cell growth. In 

cancer, cells divide and grow unchecked, forming malignant tumors, and invade nearby parts of the body. 

It can spread also through the lymphatic system or the bloodstream. There are over 200 different known 

cancers that afflict humans.
[117]

 Determining what causes cancer is complex. Many things are known to 

increase the risk of causing cancer, including tobacco used excessively, certain infections, radiation, 

lacking of physical activity, obesity, and environmental pollutants.
[118]

 These can directly interfere with 

the genetic makeup of a person or combine with already present cellular genetic faults to trigger the 

disease.
[119]

  

It is estimated that approximately 20,000 cancer deaths and 40,000 new cases of cancer each year in the 

U.S. are attributable to occupation.
[120]

 Up to 10% of invasive cancers are related to radiation exposure, 

https://en.wikipedia.org/wiki/Cancer#cite_note-1
https://en.wikipedia.org/wiki/Cancer#cite_note-Kinz-3
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including both ionizing radiation and non-ionizing ultraviolet radiation. Additionally, the vast majority of 

non-invasive cancers are non-melanoma skin cancers caused by non-ionizing ultraviolet radiation. Cancer 

can be detected in a number of ways, including the presence of certain signs and symptoms, screening 

tests, or medical imaging. Once a possible cancer is detected it is diagnosed by microscopic 

examination of a tissue sample. 

1.13.2 Management of cancer:  The treatment of cancer has undergone evolutionary changes as 

understanding of the underlying biological processes has increased. Tumor removal surgeries have been 

documented in ancient Egypt, hormone therapy was developed in 1896, and radiation therapy was 

developed in 1899. Chemotherapy, Immunotherapy, and newer targeted therapies are products of the 20th 

century. As new information about the biology of cancer emerges, treatments will be developed and 

modified to increase effectiveness, precision, survivability, and quality of life. There are many ways to 

manage cancer like surgery, radiation therapy, chemotherapy, immunotherapy and targeted therapy. All 

these cancer treatment techniques have some merits and demerits but our focus here is on target therapy 

and is discussed below in detail.  

1.13.2.1 Targeted therapy: It became available in the late 1990s, has had a significant impact in the 

treatment of some types of cancer, and is currently a very active research area. This constitutes the use of 

agents specific for the deregulated proteins of cancer cells. Small molecule targeted therapy drugs are 

generally inhibitors of enzymatic domains on mutated, over-expressed, or otherwise critical proteins 

within the cancer cell. Prominent examples known in the market are the protein kinase inhibitors imatinib 

(Gleevec/Glivec) and gefitinib (Iressa). Monoclonal antibody therapy is another strategy in which the 

therapeutic agent is a cancer cell surface protein binding antibody. Examples include the anti-HER2/ 

neu antibody trastuzumab (Herceptin) used in breast cancer, and the anti-CD20 antibody rituximab, used 

in a variety of B-cell malignancies. Targeted therapy can also involve small peptides as "homing devices" 

which can bind to cell surface receptors or affected extracellular matrix surrounding the tumor. 

Radionuclides which are attached to these peptides eventually kill the cancer cell if the nuclide decays in 

the vicinity of the cell. Of these, our current interest lies in targeted therapy, in selective inhibition of the 

molecules promoting uncontrolled cell division. A lot of targeted enzymes have been approved, some 

waiting for approval as the Figure 1.4
[121]

 indicates below. For study purposes, CDKs have been chosen 

for their targeting by commonly known drugs, and specifics which shall be elaborated later. The only 

problem with this ‘smart drugs’ approach is that it has not been successful yet due to factors like 

complexity of the process, incorrect target selection due to vast gene pool, poor efficacy and undesirable 

side effects, in spite of years of extensive preclinical and clinical testing.   

 

https://en.wikipedia.org/wiki/Cancer_signs_and_symptoms
https://en.wikipedia.org/wiki/Cancer_screening
https://en.wikipedia.org/wiki/Cancer_screening
https://en.wikipedia.org/wiki/Gefitinib
https://en.wikipedia.org/wiki/Rituximab


Chapter I 
 

40 

 

 

Figure 1.4 Target approved and under investigation for rational drug design.
[121] 

We shall be looking into this domain with a little more detail and see the approaches that people have 

used to design and synthesize the molecules that may as well be the solution to the long problem of using 

continual chemotherapy. 

1.13.2.2 The Target-CDK: Our interest lies in this particular class of compounds, protein kinases, and so 

we need to answer the question of what their importance is. From the 1970s, research was focused on 

trying to discover the cellular factors which were leading to cancer, due to external factors. Focus was 

more on cellular signaling pathways, and it was found out that protein kinases
[122]

 are a lot involved in this 

mechanism. However, lack of knowledge about these kinases, their number in the human body and 

structural complexity made it hard to immediately propose strategies for targeting. With time, various 

factors pointed out that several oncogenes were involved with protein kinases. Transformed cells contain 

more phosphoprotein than normal cells, and this imbalance is much more marked for phosphotyrosine 

than for phosphoserine or phosphothreonine. To reproduce, cells have to go through the cell cycle 

(Figure 1.5).
[123]

 A non-replicating cell (said to be in G0) has no machinery to replicate DNA or separate 

its chromosomes, and once the decision is made to replicate, it first expresses genes which produce the 
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proteins which allow DNA to be duplicated, which is done in the G1phase of the cell cycle. (G stands for 

gap because it was originally thought cells were doing nothing at the gap times.) Then the DNA is 

reproduced during the (synthesis) S-phase. In the G2 phase, the S-phase proteins are demolished and the 

machinery to separate the chromosomes is built. Then in the final phase, the M-phase (mitosis), the 

chromosomes are separated and packed into two different nuclei, the cells are physically separated, the 

M-phase machinery is demolished, and the cells either stop reproducing (G0) or start another cell cycle 

(G1). Each of these phases of the cell cycle is marked by very heavy and distinctive bursts of 

phosphorylation, with a very highly regulated family of kinases, the so-called cyclin-dependent kinases 

(CDKs), playing a primary role.
[122]

 Hence our interest lies with this class of protein kinases. We shall be 

describing them in details. They are also involved in regulating transcription, mRNA processing, and the 

differentiation of nerve cells.
[124]

 They are present in all known eukaryotes, and their regulatory function 

in the cell cycle has been evolutionarily conserved. In fact, yeast cells can proliferate normally when their 

CDK gene has been replaced with the homologous human gene.
[125]

  

 

Figure 1.5 Schematic of the cell cycle. Outer ring: I= Interphase, M= Mitosis; Inner ring: M= Mitosis; 

G1= Gap Phase; S= Synthesis; G2= Gap Phase-2. The duration of mitosis in relation to the other phases 

has been exaggerated in this diagram.
[123] 

This means that novel drugs for treatment of chronic inflammation diseases such as arthritis and cystic 

fibrosis could be developed. Flavopiridol (Alvocidib) is the first CDK inhibitor to be tested in clinical 

trials after being identified in an anti-cancer agent screen in 1992. It competes for the ATP site of the 

CDKs.
[126]

 More research is required, however, because disruption of the CDK-mediated pathway has 

potentially serious consequences; while CDK inhibitors seem promising, it has to be determined how 

https://en.wikipedia.org/wiki/Eukaryotes
https://en.wikipedia.org/wiki/Cell_cycle
https://en.wikipedia.org/wiki/Cyclin-dependent_kinase#cite_note-2
https://en.wikipedia.org/wiki/Mitosis
https://en.wikipedia.org/wiki/S_phase
https://en.wikipedia.org/wiki/Chronic_(medicine)
https://en.wikipedia.org/wiki/Arthritis
https://en.wikipedia.org/wiki/Cystic_fibrosis
https://en.wikipedia.org/wiki/Cystic_fibrosis
https://en.wikipedia.org/wiki/Alvocidib
https://en.wikipedia.org/wiki/Cyclin-dependent_kinase#cite_note-9
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side-effects can be limited so that only target cells are affected. As such diseases are currently treated with 

glucocorticoids, which have often serious side-effects, even a minor success would be an improvement. 

Complications of developing a CDK drug include the fact that many CDKs are not involved in the cell 

cycle such as transcription, viral infection and neural physiology.
[127]

  

The docking studies conducted later will involve a closer look at one of the proteins of the CDK Class 

(PDB ID: 1HCK and is shown in Figure 1.6)
[128]

 and some of our compounds will be tested by means of 

virtual screening. Selected molecules will be docked using this program and the results will be compared 

with those obtained by well known general inhibitor drugs as a theoretical analysis, and later against some 

known CDK inhibitors. 

 

 

Figure 1.6 Shows the 3D view of 1HCK protein with ATP ligand.
[128] 

1.13.2.3 Designed Pyranopyrazole pharmacophore scaffold: This class of compounds has been chosen 

as the molecules to be docked in one of the CDK’s of our choice, which will enable us to determine, after 

checking with some known drugs in the market, at least from a theoretical point of view, what could be 

selected for further scrutiny and further experimentation. It has been garnering a lot of attention from 

people (esp. synthetic chemists) due to its diverse bioactivity profile including anticancer, antimicrobial, 

anti-inflammatory and analgesic properties.
[129]

 Also, discovering the inhibitory activity on CHK1 kinase, 

after pyranopyrazoles (or to be precise, dihydropyrano[2,3-c]pyrazole derivatives) were part of the 

enormous electronic database of compounds which was used in its entirety for docking studies on the 

ATP-binding site of CHK1,
[130]

 and being part of an assay of small prioritized compounds, its impressive 

https://en.wikipedia.org/wiki/Glucocorticoid
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results have prompted further research, experimentation and a number of strategized synthetic routes for 

this compound. The general structure of the compound is as such as shown in Figure 1.7 below. 

Experiment suggests that its melting point increases from 131
◦
C onwards (varying R

2
 from aliphatic 

chains to complex aromatic ones, depending on whether there are any contributions to hydrogen bonding 

or not).  

 

Figure 1.7 Designed pharmacophore of Pyranopyrazole scaffold. 

These molecules are also being sought to be synthesized due to MCR strategies working out in case of 

them and hence, contributing heavily to atom economy and it is the ideal situation for creating large 

molecular libraries for bioactivity screening. The conservation of a large amount of reactants 

corresponding to success obtained in achieving a single product also hints that green synthesis can be 

attempted in the future with further experimental data on these compounds. Hence, we will be focusing on 

using these compounds for virtual screening on a CDK of our choice (within the basic rules of the 

docking software to be used). Finally we did the molecular dynamic study of the protein 1HCK to know 

about the stability of the protein and their flexible residues. 

1.13.2.4 Designed Coumarin pharmacophore scaffold: Later on we extended our strategy for designed 

coumarin scaffolds (Figure 1.8) as CDK-2 inhibitors. Several researchers have proved the role of 

coumarins in the regulation of immune response, cell growth and differentiation.
[131-132] 

The mechanism of 

action of anti-tumor drugs is basically to target the dividing cells that interrupt cell division. Coumarins 

are effectual not only for handling of cancer like renal cell carcinoma, malignant melanoma, leukemia
[133-

134]
,
  
prostate cancer, and breast cancer

[135-141]
,
 
but also to treat the side effects caused by radiotherapy. In 

renal cell carcinoma
[142] 

Coumarins have a cytotoxic mechanism and possess potential therapeutic 

function. Coumarin derivatives have also been found very effective anti-proliferative agents by regulating 

the release of cyclin D1
[143-152]

 in case of leukemia, prostate, and breast cancer.
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Several researchers have reported various anticancer coumarin based drugs eg. Genistein, Imperatorin,
[153]

 

Osthole,
[154]

 Esculetin,
[155-156]

 Fraxin,
[157]

 Grandivittin,
[158]

 Agasyllin,
[158]

 Aegelinol benzoate,
[158]

 

Chartreusin
[159]

 and Demethylchartreusin
[159]

 etc. It has been established that coumarin and 7-

hydroxycoumarin not only inhibit the cell growth of various types of cancer cell lines
[160-162]

 but also used 

for the treatment of some human carcinomas.
[163-166]

 There have been no adverse effects of coumarin 

reported in humans using doses upto 7 g daily, after two weeks of continued treatment.
[167-168]

 The 

substitution patteren of various heterocyclic moieties influenced the biochemical, pharmacological, and 

therapeutic applications of simple coumarins. Our interest in anticancer drug discovery
[169]

 motivated us 

to look up coumarins as potential CDK-2 inhibitor agents. 

The designed pharmacophores not only focuses on designing of the coumarin molecules but also explores 

the effect of the substitution of OH group of the coumarin with various heterocyclic moieties at R
1
, R

2
, R

3 

and R
4
 position of the coumarins skeleton. All the designed analogues are shown in Figure 1.8. After 

docking them all, the best four molecules were selected and again docked by using GLIDE in Schrodinger 

for the authentication of the results. Furthermore, the molecular dynamics (MD) study was done for the 

best molecules selected from the studied positions R
1
, R

2
, R

3 
and R

4
. 

 

Figure 1.8 Designed pharmacophores of coumarin scaffold. 

1.14 Molecular Docking: Molecular docking is a well established computational technique which 

predicts the interaction energy between two molecules. This technique mainly incorporates algorithms 

like molecular dynamics, Monte Carlo simulation, fragment based search methods which are mentioned 

in details in later part. Molecular docking studies are used to determine the interaction of two molecules 

and to find the best orientation of ligand which would form a complex with overall minimum energy. The 

small molecule, known as ligand usually fits within protein’s cavity which is predicted by the search 

algorithm. These protein cavities become active when come in contact with any external compounds and 

are thus called as active sites. The results are analyzed by a statistical scoring function which converts 

interacting energy into numerical values called as the docking score; and also the interacting energy is 
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calculated. The primary criteria for evaluating docking strategies are docking accuracy, scoring accuracy, 

screening utility and speed.
[170]

  

Docking accuracy reflects an algorithm’s ability to discover a conformation (pose) and alignment of a 

ligand relative to a cognate protein that is close to that experimentally observed and to recognize the pose 

as correct. Scoring accuracy is the ability to correctly predict the rank order of binding affinities of 

ligands to a particular protein. Screening utility measures the ability of a docking algorithm to detect true 

ligands of a protein within a background of random ligands not thought to bind the protein. Speed denotes 

the time required for the completion of one successful docking process. The 3D pose of the bound ligand 

can be visualized using different visualizing tools like PyMOL, RasMol etc which could help in inference 

of the best fit of ligand. Predicting the mode of protein-ligand interaction can assume the active site of the 

protein molecule and further help in protein annotation. Moreover molecular docking has major 

application in drug discovery and designing.
[171] 

1.14.1 Different types of Interactions: Interactions between particles can be defined as a result of forces 

between the molecules contained by the particles. These forces are divided into four categories: 

(A) Electrostatic forces: Forces with electrostatic origin due to the charges residing in the matter. The 

most common interactions are charge-charge, charge-dipole and dipole-dipole. 

(B) Electrodynamics forces: The most widely known is the Van der Waals interactions. 

(C) Steric forces: Steric forces are generated when atoms in different molecules come into very close 

contact with one another and start affecting the reactivity of each other. The resulting forces can affect 

chemical reactions and the free energy of a system. 

(D) Solvent-related forces: These are forces generated due to chemical reactions between the solvent and 

the protein or ligand. Examples are hydrogen bonds (hydrophilic interactions) and hydrophobic 

interactions. 

A common characteristic of all these forces is their electromagnetic nature. Other physical factors like 

conformational changes in the protein and the ligand are often necessary for successful docking. 

1.14.2 Molecular docking sections: Molecular docking can be divided into two separate sections. 

(1) Search algorithm- These algorithms determine all possible optimal conformations for a given 

complex (protein-protein, protein-ligand) in a environment i.e. the position and orientation of both 

molecules relative to each other. They can also calculate the energy of the resulting complex and of each 

individual interaction. The different types of algorithms that can be used for docking analysis are given 

below. 

• Molecular dynamics 

• Monte Carlo methods 
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• Genetic algorithms 

• Fragment-based methods 

• Point complementary methods 

• Distance geometry methods 

• Systematic searches 

(2) Scoring function– These are mathematical methods used to predict the strength of the non-covalent 

interaction called as binding affinity, between two molecules after they have been docked. Scoring 

functions have also been developed to predict the strength of other types of intermolecular interactions, 

for example between two proteins or between protein and DNA or protein and drug. These configurations 

are evaluated using scoring functions to distinguish the experimental binding modes from all other modes 

explored through the searching algorithm. For example (calculating for the software AUTODOCK) the 

scoring potential is
[172]

: 

 

The weighting constants W have been optimized to calibrate the empirical free energy based on a set of 

experimentally determined binding constants. The first term is a typical 6/12 potential for dispersion/ 

repulsion interactions. The parameters are based on the Amber force field. The second term is a 

directional H-bond term based on a 10/12 potential. The parameters C and D are assigned to give a 

maximal well depth of 5 k.cal/mol at 1.9 Å for hydrogen bonds with oxygen and nitrogen, and a well 

depth of 1 k.cal/mol at 2.5 Å for hydrogen bonds with sulfur. The function E(t) provides directionality 

based on the angle t from ideal H-bonding geometry. The third term is a screened coulomb potential for 

electrostatics. The final term is a desolvation potential based on the volume of atoms (V) that surround a 

given atom and shelter it from solvent, weighted by a solvation parameter (S) and an exponential term 

with distance-weighting factor σ = 3.5 Å. 

1.14.3 Types of Docking: The following are majorly used type of docking are- 

 Lock and Key or Rigid Docking– In rigid docking, both the internal geometry of the receptor and 

ligand is kept fixed during docking. 

 Induced fit or Flexible Docking– In this model, the ligand is kept flexible and the energy for different 

conformations of the ligand fitting into the protein is calculated. Though more time consuming, this 

method can evaluate many different possible conformations which make it more reliable. 

1.14.4 Major steps in molecular docking: 

Step I– Building the Receptor: In this step the 3D structure of the receptor should be downloaded from 

PDB; and modified. Before modification, the Ramachandran Plot of the protein should be analyzed to see 
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if its maximum residues are in the acceptable region. Residues universally accepted are Glycine and 

Proline. Now, for corrections to unwanted residues, the editing and deleting can be done using the full 

versions of software like Discovery Studio and Schrodinger. This should include removal of the water 

molecules from the cavity, stabilizing charges, filling in the missing residues, generation the side chains 

etc according to the parameters available. After modification the receptor should be biological active and 

stable. 

Step II– Identification of the Active Site: After the receptor is built, the active site within the receptor 

should be identified. The receptor may have many active sites but the one of the interest should be 

selected. Most of the water molecules and heteroatoms if present should be removed. 

Step III– Ligand Preparation: Ligands can be obtained from various databases like ZINC, PubChem or 

can be created using tools like Chemsketch, Chemdraw.
[173]

 Then the 3D structure of the compound 

should be energetically minimized using the tools available in the software (for example, in Chem3D, the 

MM2 tool section contains the ‘Minimize Energy’ function). While selecting the ligand, the LIPINSKY’S 

RULE OF 5 should be applied. The rule is important for drug development where a pharmacologically 

active lead structure is optimized stepwise for increased activity and selectivity, as well as drug-like 

properties, as described. For the selection of a ligand using LIPINSKY’S RULE the ligand should have to 

follow the following rules as mentioned below: 

 Not more than 5 H bond donors. 

 Molecular weight not more than 500 Dalton. 

 Log P not over 5 for octanol water partition coefficient. 

 Not more than 10 H bond acceptors. 

 Log S value should be inbetween -6 to -3. 

However, LIPINSKY’s RULE is not absolute as many drugs often exhibit extreme potency and selective 

inhibition after violating some of them, like Lapatinib, and others. 

Step IV- Docking: This is the last step, where the ligand is docked onto the receptor and the interactions 

are checked. The scoring function generates docking scores depending on which the ligand with the best 

fit is selected, and what parameters were entered in the first place. The software commonly used for 

docking are Schrodinger, AUTODOCK Tools, DOCK, iGemdock and Discovery Studio.     

1.14.5 An Introduction to AUTODOCK: AUTODOCK is a suite of automated docking tools, created 

by the people of the Scripps Research Institute. It is designed to predict how small molecules, such as 

substrates or drug candidates, bind to a receptor of known 3D structure. Current distributions of 

AutoDock consist of two generations of software: AUTODOCK 4 and AUTODOCK VINA.
[174]

  

http://zinc.docking.org/
http://www.ncbi.nlm.nih.gov/pccompound
http://vina.scripps.edu/
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 (a) AUTODOCK 4: It actually consists of two main programs: autodock performs the docking of the 

ligand to a set of grids describing the target protein; autogrid pre-calculates these grids. In addition to 

using them for docking, the atomic affinity grids can be visualized. This can help, for example, to guide 

organic synthetic chemists design better binders.  

(b) AUTODOCK VINA: It does not require choosing atom types and pre-calculating grid maps for 

them. Instead, it calculates the grids internally, for the atom types that are needed, and it does this 

virtually instantly.  

The workers of Scripps Research Institute have also developed a graphical user interface called 

AutoDockTools, or ADT for short, which amongst other things helps to set up which bonds will treated as 

rotatable in the ligand and to analyze dockings. AUTODOCK has applications in: 

 X-ray crystallography;  

 Structure-based drug design; 

 Lead optimization; 

 Virtual screening(HTS); 

 Combinatorial library design; 

 Protein-protein docking; 

 Chemical mechanism studies 

It is very fast, provides high quality predictions of ligand conformations, and good correlations between 

predicted inhibition constants and experimental ones. AUTODOCK has also been shown to be useful in 

blind docking, where the location of the binding site is not known. Plus, AUTODOCK is free software 

and version 4 is distributed under the GNU General Public License and it’s easy to obtain it. We shall be 

concentrating our efforts on AUTODOCK 4.2 only, from now on to avoid confusion with the 

AUTODOCK VINA Version. 

1.14.6 Docking Procedure in AUTODOCK 

Step 1: To start at the root of the problem, the enzyme to be considered must be selected carefully as we 

deal with the apoenzyme (protein body) of it and study its interactions. The files of these molecules are 

available at the Protein Data Bank in pdb format and will be downloaded and used for AUTODOCK. To 

start with the general information, the structural data of the proteins is available either from 

crystallographic studies or nuclear magnetic resonance, from which the crystal structure needs to be 

selected (for software compatibility) and the resolution of the structure must be less than 2.5 Å for 

producing accurate results. Its R-free value should be more than its observed R-value.  

Step 2: The ligand information needs to be viewed, as the crystal structural data reveal ligands co-

crystallized with the protein, hence if the already co-crystallized ligand structure is one that is structurally 

http://vina.scripps.edu/
http://autodock.scripps.edu/resources/adt
http://autodock.scripps.edu/faqs-help/faq/can-autodock-be-used-for-blind-docking
http://autodock.scripps.edu/faqs-help/faq/can-autodock-be-used-for-blind-docking
http://autodock.scripps.edu/downloads
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similar to the ligands that need to be docked (also following Lipinsky’s Rule of Five). The protein is then 

input into the AutoDock window for docking (Figure 1.9).  

 

Figure 1.9 The protein input in the window of Autodock Tools. 

Step 3: To prepare the protein for docking, we need to delete any residual water molecules related with it, 

remove the co-crystallized ligand (Figure 1.10), add polar Hydrogens and Gasteiger charges (as per the 

rules of AUTODOCK) and consider its torsional activity (Figure 1.11), whether any parts of the 

molecule are flexible or not. The reason for separating the molecule into flexible and rigid parts is that the 

amino acid acid residues belonging to the active site show definite rotation with respect to different 

interactions with variance in the ligands, in accordance with the Induced Fit Theory of enzymes. After 

merging the non-polar Hydrogens with the polar ones, we can proceed with the selection of the residues 

from the selected macromolecule. About two to three residues should be perfect for selection in 

AUTODOCK for flexible portion of the molecule. Those parts are cordoned off as the flexible section of 

the protein, and the rest as the rigid portion. 

             

Figure 1.10 Protein section with ATP removed.            Figure 1.11 Residues in the protein with 

                                                                                                  torsional activity.  
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Step 4: The ligand may have definitive torsional activity (Figure 1.12), so that data must be input in the 

AUTODOCK software for later purpose. Firstly, its root of torsion can be auto-detected by the software 

or manually input, with its root expansion, then the ligand saved in the executable format of 

AUTODOCK, a pdbqt file (c.f pdb format, in the form of codes). The torsion detection has been based on 

the closest possible van der Waals and steric interactions. 

          

 Figure 1.12 Input the ligand with auto detecting         Figure 1.13 Creation and alignment of Grid box.    

 its center of torsion.                                                                            

Step 5: The active sites of the particular protein must be isolated, as they will be used for creating the grid 

(Figure 1.13) for the center of activity with respect to the virtual interaction with the inhibitor ligand. The 

rigid section is generally used to create the grid box, with the active site being the center (the alignment is 

done after offsetting the grid box to proper coordinates). The grid map consists of a three-dimensional 

lattice of regularly spaced points, surrounding (either entirely or partly) and centered on some region of 

interest of the macromolecule under study. This could be a protein, enzyme, antibody, DNA, RNA or 

even a polymer or ionic crystal. Typical grid point spacing varies from 0.2 Å to 1.0 Å, and the default is 

0.375 Å (roughly a quarter of the length of a carbon-carbon single bond). Each point within the grid map 

stores the potential energy of a ‘probe’ atom or functional group that is due to all the atoms in the 

macromolecule. The grid specifications can be handled with the help of the software, creating a grid 

parameter file, which is locked on and optimized with the help of the autogrid command, the output being 

a grid log file and then proper docking can be carried out without any interruptions. Generally while 

inputting the different types of atoms to consider, it is best to input as many as possible in the default 

window that chooses the basic atoms for mapping (for flexibility and for creating a universal grid 

parameter fie that will be able to handle a molecular library in terms of variance in terms of substituents 

in the ligands). 
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Step 6: To finally dock the molecule, the rigid and flexible residues are imported, along with the ligand, 

after finalizing the grid maps using autogrid4 executable/terminal. The docking search parameters are set 

to Genetic Algorithm (by default, as it is the most accurate search method as compared to the other two, 

Simulated Annealing and Local Search), where the most important parameter that is changed often, is the 

number of runs. The more the number of runs, the more the number of conformers, obtained in the final 

energy chart which can give a lot of details about the way in which the ligand oriented itself to fit into the 

active site. Finally, the output is saved as a docking parameter file (.dpf format) that may be of origin 

Lamarckian Genetic Algorithm, Genetic Algorithm, Simulated Annealing or Local Search (Lamarckian 

producing best results). Now the docking parameter file is called into the GUI window, with the external 

executable (A single command line is used in Terminal for Linux types, as mentioned earlier) and the 

docking results are written into a docking log file (.dlg format), generated automatically from the 

parameter file. The program running time is directly proportional to the number of runs input, ranging 

from 10 minutes for 3 runs to 1 hour 25 minutes for 20 runs (per file). The log file can be imported now, 

when analyzing the dockings, where the conformers are energetically grouped from best to worst, which 

can be played, giving a visual account of where the individual conformers bound and in which possible 

orientation. 

Step 7: The docking results with analysis reveals interactional energies of the various conformations of 

the ligand within the active site of the protein body, and the one with minimum energy is chosen as the 

best result of the entire simulation. The root mean square expansion values are also chosen as the part of 

the energy calculations. The output parameters are saved as a docking log file (dlg format, obviously) 

where all the minimalistic interactional details are given, from the individual atoms, to entire sets of 

molecules. The dlg files can be analyzed for docking scores, and can be used to view the conformational 

interactions, and any individual conformer can be saved as a pdbqt file, along with the complex formed 

with the ligand from that particular conformation. Sometimes, in order to obtain a better graphical view, 

plugins like Rasmol and PyMOL or software like Discovery Studio Visualizer are used. 

1.14.7 The Target: Human Cyclin Dependent Kinase 2: The molecular information of our target has 

been obtained from RCSB protein data bank. Further PDB data is shown in Table 1.1. 

Table 1.1: PDB Data on Human Cyclin Dependent Kinase 2.
[128]

 

PDB Entry 1HCK 

Polymer 1 

Classification Protein Kinase (catalytic subunit) 

Structure Weight (Da) 34508.29 
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Organism Homo Sapiens 

Gene Names CDK2 CDKN2 

Residues 298 

Richest ATP Binding Site (Biological Codes, continuous)  GTYG (13-16) 

Co-crystallized Ligand Mg-ATP 

Resolution 1.9 Å 

R-Value 0.185 

R-Free Value 0.272 

Space Group P 21 21 21 

Unit Cell Lengths(a, b, c – in Å) 72.82, 72.66, 54.07 

Unit Cell Angles (α, β, γ in degrees) 90, 90,90 

 

1HCK has acceptable number of residues in the correct region as seen from its Ramachandran Plot 

(Figure 1.14). So, we can go ahead with the docking procedure. The structure of CDK-2 (PDB ID: 

1HCK) protein with co-crystallized Mg-ATP ligand in 3D and 2D view are shown in Figure 1.6 and 1.15 

respectively.
[128]

 The closer examination of 2D image (Taken from RCSB protein data bank) of the Mg-

ATP ligand in the binding pocket of the protein give us the idea about the interaction shown by the co-

crystallized ligand with the closer amino acids VAL18A, LEU134A, LYS129, LYS33A, THR14A, 

GLU81A, LEU83A, GLN131A, ASP86A and metal ion MG401A.  

In Figure 1.15 black dashed lines indicate hydrogen bonds, salt bridges, and metal interactions. Green 

solid line shows hydrophobic interactions. As can be expected from the relative hydrophilicity of the ATP 

molecule, most hydrogen bonds and salt bridges are formed with the phosphate moiety, while the adenine 

base and ribose are involved in only two hydrogen bonds each.  

The hexacoordinate Mg
2+

 ion is bound to one oxygen from each phosphate with coordination bonds 

ranging in length from 1.82 to 2.29 Å. The coordination of all three phosphates of ATP by a single Mg
2+

 

ion is very unusual and to our knowledge has never been observed before. The electron density for the 

Mg
2+

 ion is relatively weak which is reflected in the refinement of its occupancy to 0.6 with a B value of 

32 Å.
[175]

 Although the electron density in the presumed metal binding site is relatively weak for a Mg
2+

 

atom, it was interpretated as Mg
2+

 because of the short coordination bonds (average 2.0 Å) to its ligands, 

octahedral coordination that is the preferred geometry for alkaline earth metal ions in complexes with 

oxygen donor groups. 

 



Chapter I 
 

53 

 

 

Figure 1.14 Ramachandran plot of the prepared protein 1HCK. 

 

Figure 1.15 2D view of the Mg-ATP co-crystallized ligand inside the binding pocket of 1HCK.
[128] 

1.14.8 Docking on designed experimental and known drug molecules: From an academic interest 

point of view, some selected drugs were docked in the protein 1HCK, followed by the experimental 

molecules from the Pyrazolopyran class and designed coumarin derivatives after optimizing their 3D 

structures using the MM2 function of Chem3D Ultra 8.0 following the principles of competitive 
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inhibition of active ATP site of 1HCK. Though the docking has been restricted to AutoDock, a visual 

representation has required the use of Discovery Studio Client 3.5 (Visualier) from time to time. The 

docking was performed using AutoDock Tools Version 1.5.6 in a laptop with an i3 Core Processor, 2.3 

GHz having 4GB RAM with a dedicated Graphics Card of 2GB. The docking was performed using 

THR14 (T) and TYR15 (Y) residues of the GTYG cluster of ATP binding sites (residues 13 to 16) as 

flexible ones, the Genetic Algorithm search set to 50 runs, which will generate 50 conformers, of which 

the best conformer has been chosen for every molecule (from an energetic perspective). The binding 

energies and the Ki (Inhibition Constants – here theoretical) values are the ones which will be compared 

with each other.  

1.15 Drug-like properties: The properties which can distinguish drugs from other chemicals can be 

considered as drug like properties. Good pharmacokinetic
[176]

 properties and toxicity profiles are 

necessary for any ligand to complete drug discovery process and to become successful drug.
 
The crutial 

properties that should be considered for compounds with oral delivery (Lipinski’s ‘rule-of-five’) includes 

molecular mass <500 daltons (Da), calculated octanol/water partition coefficient (ClogP) <5, number of 

hydrogen-bond donors <5, number of hydrogen-bond acceptors <10 and solubility property i.e log S 

value should be inbetween -6 to -3. These properties are then typically used to construct predictive 

ADME models and form the basis for what has been called property-based design. Molecular properties 

like molecular weight, ClogP, logS (solubility), number of hydrogen bond acceptors, number of hydrogen 

bond donors, drug likeness and toxicity risks like mutagenic, tumorigenic, irritant, effect on sexual 

reproduction and drug score were predicted for the designed analogs using online tools, OSIRIS property 

explorer and Molinspiration cheminformatics. 

1.16 ADME study: Drug discovery and development are expensive and time-consuming processes. 

Recognition by the pharmaceutical industry that undesirable absorption, distribution, metabolism and 

excretion (ADME) properties of new drug candidates are the cause of many clinical phase drug 

development failures has resulted in a paradigm shift to identify such problems early in the drug 

discovery process. Thus, in-vitro approaches are now widely used to investigate the ADME properties of 

new chemical entities and, more recently, computational (in-silico) modelling has been investigated as a 

tool to optimise selection of the most suitable drug candidates for development. The objectives of in-silico 

modeling tools for predicting these properties to serve two key aims- first, at the design stage of new 

compounds and compound libraries so as to reduce the risk of late-stage attrition; and second, to optimize 

the screening and testing by looking at only the most promising compounds. The prediction of ADME 

and related properties are described below: 
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(A) Absorption: For a compound crossing a membrane by purely passive diffusion, a reasonable 

permeability estimate can be made using single molecular properties, such as log D or hydrogen-bonding 

capacity. The simplest in-silico models for estimating absorption are based on a single descriptor, such as 

log P or log D, or polar surface area, which is a descriptor of hydrogen-bonding potential. Different 

multivariate approaches, such as multiple linear regressions, partial least squares and artificial neural 

networks, have been used to develop quantitative structure–human-intestinal-absorption relationships. 

(B) Bioavailability: Important properties for determining permeability seem to be the size of the 

molecule, as well as its capacity to make hydrogen bonds, its overall lipophilicity and possibly its shape 

and flexibility. 

(C) Blood–brain barrier penetration: Drugs that act in the CNS need to cross the blood–brain barrier 

(BBB) to reach their molecular target. By contrast, for drugs with a peripheral target, little or no BBB 

penetration might be required in order to avoid CNS side effects. ‘Rule-of-five’-like recommendations 

regarding the molecular parameters that contribute to the ability of molecules to cross the BBB have been 

made to aid BBB-penetration predictions; for example, molecules with a molecular mass of <450 Da or 

with PSA <100 Å are more likely to penetrate the BBB. 

(D) Dermal and ocular penetration: The existing transdermal models are typically a function of the 

octanol/water partition coefficient and terms that have been associated with aqueous solubility, including 

hydrogen-bonding parameters, molecular weight and molecular flexibility. Commercial models for the 

prediction of solute-permeation rates through the skin are available, for example, the QikProp and 

DermWin programs. 

(E) Metabolism: In-silico approaches to predicting metabolism can be divided into QSAR and three-

dimensional- QSAR studies, protein and pharmacophore models and predictive databases. Some of the 

first-generation predictive-metabolism tools currently require considerable input from a computational 

chemist, whereas others can be used as rapid filters for the screening of virtual libraries, for example, to 

test for CYP3A4 liability. Perhaps the most intellectually satisfying molecular modeling studies are those 

based on the crystal structure of the metabolizing enzymes and several approaches that use databases to 

predict metabolism are available. Ultimately, such programs might be linked to computer-aided toxicity 

prediction on the basis of quantitative structure–toxicity relationships and expert systems for toxicity 

evaluation 

1.17 In-silico prediction of toxicity issues: Toxicity is responsible for many compounds failing to reach 

the market and for the withdrawal of a significant number of compounds from the market once they have 

been approved. It has been estimated that ~20–40% of drug failures in investigational drug development 

can be attributed to toxicity concerns. The existing commercially available in-silico tools for forecasting 
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potential toxicity issues can be roughly classified into two groups. The first approach uses expert systems 

that derive models on the basis of abstracting and codifying knowledge from human experts and the 

scientific literature. The second approach relies primarily on the generation of descriptors of chemical 

structure and statistical analysis of the relationships between these descriptors and the toxicological end-

point.  

The primary emphasis of the current software packages is carcinogenicity and mutagenicity, although 

some packages do also include models and/or knowledge bases for other end-points, such as 

teratogenicity, irritation, sensitization, immunotoxicology and neurotoxicity. There is currently an unmet 

need for in-silico predictive toxicology software for other end-points important in drug development, such 

as QT prolongation hepatotoxicity and phospholipidosis. Molecular properties and toxicity risks were 

calculated by online tool OSIRIS property explorer and molinspiration cheminformatics. QikProp is a 

quick, accurate, easy-to-use absorption, distribution, metabolism, and excretion (ADME) prediction 

program present in the Schrödinger suite. QikProp predicts physically significant descriptors and 

pharmaceutically relevant properties of organic molecules, either individually or in batches. In addition to 

predicting molecular properties, QikProp provides ranges for comparing a particular molecule’s 

properties with those of 95% of known drugs. QikProp also flags 30 types of reactive functional groups 

that may cause false positives in high-throughput screening (HTS) assays. 

Section D: Corrosion inhibition study of the copper metal by designed inhibitors 

1.18 Introduction of corrosion inhibitors 

1.18.1 Corrosion is a natural process, which converts a refined metal to a more stable form, such as its 

oxide or hydroxide. It is the gradual destruction of materials (usually metals) by chemical reaction with 

their environment. Rusting, the formation of iron oxide is a well-known example of electrochemical 

corrosion. Many structural alloys corrode merely from exposure to moisture in air, but the process can be 

strongly affected by exposure to certain substances. Corrosion can be concentrated locally to form a pit or 

crack, or it can extend across a wide area more or less uniformly corroding the surface. Because corrosion 

is a diffusion-controlled process, it occurs on exposed surfaces. As a result, methods to reduce the activity 

of the exposed surface, such as passivation and chromate conversion, can increase a material's corrosion 

resistance. However, some corrosion mechanisms are less visible and less predictable. 

1.18.2 Forms of Corrosion 

The forms of corrosion described here use the terminology in use at NASA-KSC (Kennedy Space 

Centre).
[177]

 There are other equally valid methods of classifying corrosion, and no universally accepted 

https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Rusting
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Alloy
https://en.wikipedia.org/wiki/Corrosion#Pitting_corrosion
https://en.wikipedia.org/wiki/Passivation_(chemistry)
https://en.wikipedia.org/wiki/Chromate_conversion_coating
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terminology is in use. Keep in mind that a given situation may lead to several forms of corrosion on the 

same piece of material. Some different forms of corrosion (Figure 1.16) are described below:  

1. Uniform Corrosion: This is also called general corrosion. The surface effect produced by most direct 

chemical attacks (e.g. as by an acid) is a uniform etching of the metal. 

2. Galvanic Corrosion: Galvanic corrosion is an electrochemical action of two dissimilar metals in the 

presence of an electrolyte and an electron conductive path. It occurs when dissimilar metals are in contact. 

3. Concentration Cell Corrosion: Concentration cell corrosion occurs when two or more areas of a 

metal surface are in contact with different concentrations of the same solution. 

4. Pitting Corrosion:  Pitting corrosion is localized corrosion that occurs at microscopic defects on a 

metal surface. The pits are often found underneath surface deposits caused by corrosion product 

accumulation. 

5. Crevice Corrosion: Crevice or contact corrosion is the corrosion produced at the region of contact of 

metals with metals or metals with nonmetals. It may occur at washers, under barnacles, at sand grains, 

under applied protective films, and at pockets formed by threaded joints.  

6. Filiform Corrosion: This type of corrosion occurs on painted or plated surfaces when moisture 

permeates the coating. Long branching filaments of corrosion product extend out from the original 

corrosion pit and cause degradation of the protective coating. 

7. Intergranular Corrosion: Intergranular corrosion is an attack on or adjacent to the grain boundaries of 

a metal or alloy. 

8. Stress Corrosion Cracking:  Stress corrosion cracking (SCC) is caused by the simultaneous effects of 

tensile stress and a specific corrosive environment. Stresses may be due to applied loads, residual stresses 

from the manufacturing process, or a combination of both. 

9. Corrosion Fatigue:  Corrosion fatigue is a special case of stress corrosion caused by the combined 

effects of cyclic stress and corrosion. No metal is immune from some reduction of its resistance to cyclic 

stressing if the metal is in a corrosive environment. 

10. Fretting Corrosion: The rapid corrosion that occurs at the interface between contacting, highly 

loaded metal surfaces when subjected to slight vibratory motions is known as fretting corrosion. 

11. Erosion Corrosion: Erosion corrosion is the result of a combination of an aggressive chemical 

environment and high fluidsurface velocities.  

12. Dealloying: Dealloying is a rare form of corrosion found in copper alloys, gray cast iron, and some 

other alloys. Dealloying occurs when the alloy loses the active component of the metal and retains the 

more corrosion resistant component in a porous "sponge" on the metal surface. 
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13. Hydrogen Damage: Hydrogen embrittlement is a problem with highstrength steels, titanium, and 

some other metals. Control is by eliminating hydrogen from the environment or by the use of resistant 

alloys. 

14. Corrosion in Concrete: Concrete is a widely used structural material that is frequently reinforced 

with carbon steel reinforcing rods, post-tensioning cable or prestressing wires. The steel is necessary to 

maintain the strength of the structure, but it is subject to corrosion. 

15. Microbial Corrosion: Microbial corrosion (also called microbiologically influenced corrosion or 

MIC) corrosion that is caused by the presence and activities of microbes. This corrosion can take many 

forms and can be controlled by biocides or by conventional corrosion control methods.  

  

Figure 1.16 Shows the different forms of corrosion images.
[177] 

1.18.3 Consequences of Corrosion: The consequences of corrosion are many and varied and the effects 

of these on the safe, reliable and efficient operation of equipment or structures are often more serious than 

the simple loss of a mass of metal. Failures of various kinds and the need for expensive replacements may 

occur even though the amount of metal destroyed is quite small. Some of the major harmful effects of 

corrosion can be summarised as follows: 

1. Reduction of metal thickness leading to loss of mechanical strength and structural failure or 

breakdown. When the metal is lost in localised zones so as to give a crack like structure, very 

considerable weakening may result from quite a small amount of metal loss. 

2. Hazards or injuries to people arising from structural failure or breakdown (e.g. bridges, cars, aircraft). 

3. Loss of time in availability of profile-making industrial equipment. 
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4. Reduced value of goods due to deterioration of appearance. 

5. Contamination of fluids in vessels and pipes (e.g. beer goes cloudy when small quantities of heavy 

metals are released by corrosion). 

6. Perforation of vessels and pipes allowing escape of their contents and possible harm to the 

surroundings. For example a leaky domestic radiator can cause expensive damage to carpets and 

decorations, while corrosive sea water may enter the boilers of a power station if the condenser tubes 

perforate. 

7. Loss of technically important surface properties of a metallic component. These could include frictional 

and bearing properties, ease of fluid flow over a pipe surface, electrical conductivity of contacts, surface 

reflectivity or heat transfer across a surface.  

8. Mechanical damage to valves, pumps, etc, or blockage of pipes by solid corrosion products. 

9. Added complexity and expense of equipment which needs to be designed to withstand a certain amount 

of corrosion, and to allow corroded components to be conveniently replaced.  

1.18.4 Corrosion Prevention: By retarding either the anodic or cathodic reactions the rate of corrosion 

can be reduced. This can be achieved in several ways:  

1. Conditioning the Metal: This can be sub-divided into two main groups: 

(a) Coating the metal, in order to interpose a corrosion resistant coating between metal and environment. 

The coating may consist of: 

(i) Another metal, e.g. zinc or tin coatings on steel, 

(ii) A protective coating derived from the metal itself, e.g. aluminium oxide on “anodised” aluminium, 

(iii) Organic coatings, such as resins, plastics, paints, enamel, oils and greases. 

(b) Alloying the metal to produce a more corrosion resistant alloy, e.g. stainless steel, in which ordinary 

steel is alloyed with chromium and nickel. Stainless steel is protected by an invisibly thin, naturally 

formed film of chromium sesquioxide Cr2O3. 

2. Conditioning the Corrosive Environment 

(a) Removal of Oxygen: The removal of oxygen could be achieved by the use of strong reducing agents 

e.g. sulphite. However, for open evaporative cooling systems this approach to corrosion prevention is not 

practical since fresh oxygen from the atmosphere will have continual access. 

(b) Corrosion Inhibitors: A corrosion inhibitor is a chemical additive, which, when added to a corrosive 

aqueous environment, reduces the rate of metal wastage. It can function in one of the following ways- 

(i) Anodic inhibitors: As the name implies an anodic inhibitor interferes with the anodic process. 
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If an anodic inhibitor is not present at a concentration level sufficient to block off all the anodic sites, 

localised attack such as pitting corrosion can become a serious problem due to the oxidising nature of the 

inhibitor which raises the metal potential and encourages the anodic reaction (equation 1). Anodic 

inhibitors are thus classified as “dangerous inhibitors”. Other examples of anodic inhibitors include 

orthophosphate, nitrite, ferricyanide and silicates. 

(ii) Cathodic inhibitors: The major cathodic reaction in cooling systems is the reduction of oxygen 

(equation 2). 

 

There are other cathodic reactions and additives that suppress these reactions called cathodic inhibitors. 

They function by reducing the available area for the cathodic reaction. This is often achieved by 

precipitating an insoluble species onto the cathodic sites. Zinc ions are used as cathodic inhibitors because 

of the precipitation of Zn(OH)2 at cathodic sites as a consequence of the localised high pH. Cathodic 

inhibitors are classed as safe because they do not cause localised corrosion. 

(iii) Adsorption type corrosion inhibitors: Many organic inhibitors work by an adsorption mechanism. 

The resultant film of chemisorbed inhibitor is then responsible for protection either by physically 

blocking the surface from the corrosion environment or by retarding the electrochemical processes. The 

main functional groups capable of forming chemisorbed bonds with metal surfaces are amino (-NH2), 

carboxyl (-COOH), and phosphonate (-PO3H2) although other functional groups or atoms can form co-

ordinate bonds with metal surfaces. 

(iv) Mixed inhibitors: Because of the danger of pitting when using anodic inhibitors alone, it became 

common practice to incorporate a cathodic inhibitor into for mulated performance was obtained by a 

combination of inhibitors than from the sum of the individual performances. This observation is generally 

referred to a ‘synergism’ and demonstrates the synergistic action which exists between zinc and chromate 

ions. 

3. Electrochemical Control: Since corrosion is an electrochemical process its progress may be studied 

by measuring the changes which occur in metal potential with time or with applied electrical currents. 

Conversely, the rate of corrosion reactions may be controlled by passing anodic or cathodic currents into 

the metal. If, for example, electrons are passed into the metal and reach the metal/electrolyte interface (a 

cathodic current) the anodic reaction will be stifled while the cathodic reaction rate increases. This 

process is called cathodic protection and can only be applied if there is a suitable conducting medium 

such as earth or water through which a current can flow to the metal to be protected. In most soils or 

natural waters corrosion of steel is prevented if the potential of the metal surface is lowered by 300 or 400 
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mV. Cathodic protection may be achieved by using a DC power supply (impressed current) or by 

obtaining electrons from the anodic dissolution of a metal low in the galvanic series such as aluminium, 

zinc or magnesium (sacrificial anodes). Similar protection is obtained when steel is coated with a layer of 

zinc. Even at scratches or cut edges where some bare metal is exposed the zinc is able to pass protective 

current through the thin layer of surface moisture. In certain chemical environments it is sometimes 

possible to achieve anodic protection, passing a current which takes electrons out of the metal and raises 

its potential. Initially this stimulates anodic corrosion, but in favourable circumstances this will be 

followed by the formation of a protective oxidised passive surface film. 

1.19 Corrosion inhibitors study of Copper metal: The aim of this section was to study about the 

corrosion inhibitors for copper metal. Till now several researchers reported many inorganic, organic 

copper corrosion inhibitors but still there is need to develop the more stable, environmentally friendly, 

less costly corrosion inhibitors. 

1.19.1 Corrosion inhibition by 2-Mercapto-1-methylimidazole: L. Larabi et al.
[178]

 reported 2-

Mercapto-1-methylimidazole (Figure 1.17) as corrosion inhibitor in hydrochloric acid for copper metal. 

The inhibition was investigated by dc polarization, ac impedance and weight loss techniques. Fukui 

indices, which are reactivity descriptors derived from density functional theory (DFT), was used to 

explain the great efficiency of this compound as corrosion inhibitor relatively to other imidazole 

derivatives. 

 

Figure 1.17 Shows the chemical structure of (a) MMI (b) IM and, (c) TMI. 

1.19.2 Corrosion inhibition by MAP: The inhibiting effects of 2-mercapto-4-amino-5-nitroso-6-hydroxy 

pyrimidine (MAP, Figure 1.18) in 3.5% NaCl solutions at 25 °C on the copper metal was examined by K. 

F. Khaled.
[179]

 Various techniques like weight loss, potentiodynamic polarization, electrochemical 
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impedance spectroscopy (EIS), and electrochemical frequency modulation (EFM) measurements were 

used to calculate the corrosion inhibition efficiency of MAP.  

 

Figure 1.18 Shows the chemical structure of MAP. 

1.19.3 Corrosion inhibition by ATA and AMTA: The corrosion behavior of unalloyed copper 

(99.999% Cu) in freely aerated 0.50M HCl solution and its corrosion inhibition by 3-amino-1, 2, 4-

triazole (ATA, Figure 1.19a) and 3-amino-5-mercapto-1, 2, 4-triazole (AMTA, Figure 1.19b) at various 

concentarations were reported by El-Sayed and M. Sherif.
[180]

 The analytical techniques like weight-loss, 

chronoamperometry (CA), potentiodynamic polarization (PDP), electrochemical impedance spectroscopy 

(EIS), and Raman spectroscopy were used to carry out the investigations. The inhibition of copper 

corrosion in the acid solution is achieved by strong adsorption of these organic molecules onto the copper 

surface and preventing the formation of cuprous chloride and oxy-chloride complex compounds. 

 

Figure 1.19 shows the chemical structures of (a) ATA and, (b) AMTA. 

1.19.4 Corrosion inhibition by MBT and BTA: The cyclic voltammetry techniques (CV) and rotating 

disc electrode (RDE) technique was used by Hui Cang et al.
[181] 

and reported the behaviour of pyrazole 

(Figure 1.20a) as corrosion inhibitor with their synergistic effect with benzotriazole (BTA, Figure 1.20b) 

or 2-mercaptobenzothiazole (MBT, Figure 1.20c) on the corrosion of copper in 0.05M NaHCO3 solution.  
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Figure 1.20 Shows the chemical structures of (a) Pyrazole (b) BTA and, (c) MBT. 

They also reported the synergetic effect between pyrazole and BTA, but it was unconspicuous between 

pyrazole and MBT. Frumkin adsorption isotherm was obeyed by the adsorption of Pyrazole on copper 

surface. 

1.19.5 Corrosion inhibition by ETDA: 5-Ethyl-1,3,4-thiadiazol-2-amine (Figure 1.21) was reported as 

corrosion inhibitor for copper metal by El-Sayed and M. Sherif
[182] 

in neutral and acidic chloride 

solutions. The entire corrosion study was done by using a combination of electrochemical impedance 

spectroscopy (EIS) and weight-loss measurements; in addition to potentiodynamic polarization and 

chronoamperometry. The increase in polarization resistance of copper with increase in concentration of 

ETDA, decreases the corrosion current density and hence act as corrosion inhibitor. They recorded higher 

inhibition efficiency of ETDA for copper in NaCl solutions than HCl  

 

Figure 1.21 Shows the chemical structure of 5-Ethyl-1,3,4-thiadiazol-2-amine (ETDA). 

1.19.6 Corrosion inhibition by pharmaceutical compounds: The inhibition effect of some 

pharmaceutical compounds (Figure 1.22) 6-Chloro-1,1-dioxo-3,4-dihydro- 2H-1,2,4 benzothiadiazine-7- 

sulfonamide (CDDBS), 1-((s)-3-mercapto-2-methyl propanoyl) pyrrolidine-2- carboxylic acid (MMPPC), 

and 3-(2-methoxy phenoxy) propane 1,2-diol (MPPD) in 2M HNO3 at 30°C was investigated by Fouda et 

al.
[183] 
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Figure 1.22 Shows the chemical structure of (a) CDDBS (b) MMPPC, and (c) MPPD. 

They investigated the corrosion inhibition behaviour by using electrical frequency modulation (EFM) 

techniques, weight loss measurements, potentiodynamic polarization and electrochemical impedance 

spectroscopy (EIS). The Temkin’s adsorption isotherm was followed by these compounds on copper 

surface. The relationships between the inhibition efficiency and some quantum chemical parameters have 

also been discussed. 

1.19.7 Corrosion inhibition of CMA by BTA: The corrosion behaviour of a new type copper 

manganese-aluminium (CMA) alloy in artificial seawater was investigated by H. Gerengi et al.
[184] 

They 

reported benzotriazole (BTA, Figure 1.20b ) as corrosion inhibitor for CMA and investigated the detailed 

corrosion study using dynamic electrochemical impedance spectroscopy (DEIS), linear polarization 

resistance, and Tafel extrapolarization methods. The percent inhibition efficiency, IE (%), values obtained 

from the charge transfer resistance (Rct) values by DEIS method. 

1.19.8 Corrosion inhibition by Benzotriazole, Salicylaldoxime and Cysteine: The comparative study 

of the active Benzotriazole (Figure 1.20b), Salicylaldoxime (Figure 1.23a) and Cysteine (Figure 1.23b) 

as corrosion inhibitors were reported by Ian D. MacLeod and their coworkers.
[185] 

They reported these 

inhibitors
  

for the active chloride-based corrosion of Copper and Bronze artifacts. The aim of the study 

was to replace the widely used environmentally unfriendly benzotriazole with potential salicylaldoxime 

and cysteine inhibitors. Finally, they concluded that for most conservation applications salicylaldoxime 

behave as a pertinent and effective corrosion inhibitor on corroded copper and bronze, while cysteine 

presented the potential environmentally friendly replacemet for benzotriazole as corrosion inhibitor for 

metal artifacts. 

 

Figure 1.23 Shows the chemical structure of (a) Salicylaldoxime and (b) Cysteine. 
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1.19.9 Corrosion inhibition by amino acid Cysteine: Ana and co-worker
[186]

 reported cysteine (Figure 

1.23b) as corrosion inhibitor and their aim was to investigate a “green” non-toxic eco-friendly corrosion 

inhibitor for copper metal in an acidic solution of sodium sulphate. They used four basic methods such as 

optical microscopy, potentiodynamic measurements, chronoamperometric measurements, and open 

circuit potential measurements (OCP) in the investigation of corrosion inhibitor. The Langmuir 

adsorption isotherm was followed by the cysteine inhibitor and is chemisorbed on the surface of the 

metal. 

1.19.10 Corrosion inhibition by various amino acids: The two well known gravimetric and 

potentiodynamic polarization methods were used by the Barouni group
[187]

 in the investigation of various 

amino acids (Figure 1.24) such as: Acid aspartic (Asp), Acid Glutamic (Glu), Alanine (Ala), Asparagine 

(Asn), Glutamine (Gln), Leucine (Leu), Methionine (Met), and Threonine (The) as corrosion inhibitor for 

copper in 1M HNO3 solution. The comparable results obtained by both the techniques show that Met 

behaves as the best inhibitor for the corrosion of copper in 1M HNO3. Semi empirical (AM1 and MNDO) 

and ab-initio methods were used for correlation between inhibition efficiency and quantum chemical 

calculations 

 

Figure 1.24 Shows the chemical structures of aminoacids tested (a) Aspartique (b) Glutamique (c) 

Alanine (d) Asparagine (e) Glutamine (f) Leucine (g) Methionine and, (h) Threonine. 

1.19.11 Effect of Benzotriazole on corrosion inhibition under flow conditions: Parook and his 

colleagues
[188]

 reported the benzotriazole (Figure 1.20b) as corrosion inhibitor in static environment for 
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copper metal. The proof for the protection of copper in dynamic flowing environment is inadequate. 

Therefore, they investigated the corrosion control of copper by using rotating cage in 3.5% NaCl solution 

in presence of benzotriazole. The flow test experiment was performed at different velocities 0.5–3.0 m/s 

(100– 700 rpm). Scanning electron microscopy, atomic force microscopy and contact angle measurements 

were used to examine the morphology of the copper surface. Adsorption of benzotriazole on copper 

surface in dynamic flowing environment follows the Langmuir adsorption isotherm. 

1.20 Conclusions 

The first chapter of the thesis is divided into four sections and each section gives the detailed overview of 

the various flovour of chemistry as:  

(a) Reductive Heck type and cross coupling reactions.  

(b) Biological significance and various synthetic methodologies for synthesis of Pyranopyrazole 

molecules by 2CR, 3CR and 4CR.  

(c) Drug designing via molecular docking by using AutoDock tool 4.2 as well as Discovery Studio 

Viewer. 

(d) Study of corrosion inhibitors for copper metal. 

Although the lot of literature is available in all the four different areas discussed above but still there is 

gap in research discussed and somewhere thrust remain in researchers in search of new chemical entity. 

There is strong need to fill the gap in all the areas discussed above, that’s why we tried our best to fill up 

the gap upto some level and discussed all these areas in detail with experimental proof in chapter-2, 3, 4, 

and 5 respectively. 
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2.1 Introduction  

Activation of C-H bonds is now much in vogue and transition metal mediated activations quite at the 

forefront of such research.
[1a-b ] 

The Heck reaction, though strictly not a C-H activation, has long been the 

beacon of alkenic C-H bond activation wherein vinylic or arylic halides react with alkenes in the presence 

of palladium catalyst to form coupled products
[2a-g]

 (Scheme 2.1). This reaction is one of the most 

powerful methods for the formation of C-C bonds. However, its major limitation is that one cannot use 

alkyl halides having hydrogen at the β-position to the halide atom, because such substrates suffer from β-

hydride elimination problem.
[3a-b]

 Therefore, if a strategy could be developed, which encompassed the 

successful use of sp
3
 alkyl halides for such Heck couplings, it would go a long way in fulfilling the much 

sought after requirement of modern day transition-metal mediated synthesis.  

 

Scheme 2.1 The Heck and reductive Heck type reactions in the presence of metal catalyst. 

Broadly, approaches to transition-metal mediated construction of C-C bonds can be subdivided into two 

main types. One of the approaches for bringing about C-C bond formation, presently a hot topic,
[4a-k]

 

involves the cross coupling reaction. The other approach involves stoichiometric
[5a-e] 

or catalytic coupling 

of saturated alkyl halides with alkenes in the presence of transition metal complexes. Some researchers 

have reported methodologies, which outline the use of catalytic amounts of the metals to bring about the 

reductive coupling of an alkyl halide with alkenes.
[6a-f]

 As regards reductive Heck type couplings, 

Amatore and others reported a related conjugate addition of aryl halides and triflates to activated olefins 

using cobalt catalyst.
[7]

 Similarly, Shukla et al.
[8]

 revealed a cobalt-catalyzed version of the reductive 

coupling of sp
3
 alkyl halides with acrylates. Some other groups have also recently outlined nickel-

catalyzed reductive couplings between: an alkyne and an epoxide;
[9a]

 an aldehyde and an alkyne;
[9b]

 dienes 

and aldehyde;
[9c]

 enones and allenes;
[9d]

 alkynes and imines;
[9e]

 anhydrides and alkyl halides in the 

presence of Ni(COD)2 catalyst.
[9f]

 However, none of the reports have described a simple nickel-phosphine 

mediated reductive coupling of unactivated alkyl halides as most have used Ni(COD)2 as the catalytic 

species along with some sort of an additive to bring about the desired coupling reaction. Furthermore, our 

reaction pathway appears to be the usual oxidative-addition driven rather than the complicated Ni
II
/Ni

III 

route as envisaged by some of the previous reports. Nickel catalysis has its distinct advantages such as 

cheapness, availability, relative environment friendliness, and an unambiguous mechanistic pathway.
[10]

 

Additionally, saturated esters have been investigated for biodiesels, in food and pharmaceutical industries, 
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as emulsifying agents,
[11a-b]

 etc. In our effort to find simple method to couple together a saturated alkyl 

halide and an electron withdrawing alkene, we decided to develop the simple Ni-catalyzed route to 

saturated esters. 

2.2 Results and Discussion 

At first we optimized the conditions for this reductive coupling reaction and Table 2.1 demonstrates the 

effect of varying the catalyst and solvent on the overall reaction yield. In the absence of the nickel 

catalyst, i.e., with only zinc and solvent, there is no reaction at all and we recovered the starting bromo 

compound (entry 1). 

The use of nickel (II) species without any phosphine ligand, i.e., Ni(acac)2 (entry 14) does not lead to 

formation of the product emphasizing the importance of phosphine ligands for this reductive coupling 

reaction. When bidentate phosphine containing nickel catalysts, e.g., Ni(dppe)Br2 or Ni(dppe)Cl2 are 

employed, there is some reaction but the yields are pretty low (entries 2, 3). Comparing the activities of 

these bidentate ligands to others like Ni(dppm)Br2, Ni(dppm)Cl2 (entries 4, 5) it is clear that only dppe 

shows some activity, which may have an enhanced activity because of the bite angle of this particular 

ligand. Still, none of the bidentate phosphine ligands show any appreciable activity. The results obtained 

from monodentate phosphine ligands were, however, more encouraging. When Ni(PPh3)2Br2 was 

employed, the yield was substantially enhanced to 66% (entry 6). The best catalyst turned out to be 

Ni(PPh3)2Cl2 giving 3k in 82% yield (entry 7). With the best catalyst in hand, we set out to examine the 

role of solvent. The use of tetrahydrofuran (entry 9) indicates some activity as the desired product is 

formed in 54% yield. However, using other solvents viz. toluene, DMF, dichlormethane, or ether, lead to 

much lower yields of 18, trace, 27, and 15%, respectively (entries 10-13). Therefore, the solvent of 

choice is acetonitrile, which gives the best yield of 3k (entry 7). 

Table 2.1: Effect of catalyst and solvent on the reductive coupling of saturated alkyl halides with 

acrylates.
a
 

 

No. Catalyst Solvent Yield (%)
b 

1 -- CH3CN 0 

2 Ni(dppe)Br2 CH3CN 17 
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3 Ni(dppe)Cl2 CH3CN 22 

4 Ni(dppm)Br2 CH3CN 5 

5 Ni(dppm)Cl2 CH3CN 10 

6 Ni(PPh3)2Br2 CH3CN 66 

7 Ni(PPh3)2Cl2 CH3CN 82 

8 Ni(PPh3)2I2 CH3CN 55 

9 Ni(PPh3)2Cl2 THF 54 

10 Ni(PPh3)2Cl2 Toluene 18 

11 Ni(PPh3)2Cl2 DMF Trace 

12 Ni(PPh3)2Cl2 DCM 27 

13 Ni(PPh3)2Cl2 Ether 15 

14 Ni(acac)2Br2 CH3CN 0 

a
Unless stated otherwise, all reactions were carried out with Ni-catalyst (0.1 mmol), Zn (2.5 mmol), 

(2-Bromoethyl)benzene 1a (1.0 mmol), methyl acrylate 2a (3.0 mmol), H2O (1.0 mmol) and solvent 

(3.0 ml) at 80 
°
C for 12 h under 1 atm N2. 

b
Yields were measured by 

1
H NMR, using mesitylene as an 

internal standard. 

2.2.1 Effect of varying of the amount of acrylate (2a) on the reaction 

Since we were interested in knowing the most favorable condition for the reaction, we experimented with 

varying the amount of acrylate. It was quite interesting to note the impact of quantity of acrylate used on 

the reaction yield. Initially, we were tempted to take 1.2 equiv of the acrylate as compared to 1.0 equiv of 

the alkyl halide, for our reaction. But, the yields were found to be far below our expectations. So, we 

decided to change the amount of acrylate used at the beginning of the reaction, and we were pleasantly 

surprised to see that the increased concentration of the acrylate had a remarkable effect on reaction yields 

(Table 2.2). When only 0.8 equiv of methyl acrylate is used, the yield is relatively low (entry 1, Table 

2.2). Progressively increasing the concentration of methyl acrylates, leads to corresponding increase in 

yield (entries 2-4). However, after a certain optimum level of concentration has reached, there is no 

appreciable increase in the yield of 3k (entry 5). So, for all subsequent reactions, we used 3.0-3.5 equiv 

of the acrylate to get the best results.  
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Table 2.2 Results of varying the quantity of methyl acrylate (2a) against 1.0 mmol of alkyl bromide (1a).
a
 

No. Acrylate Yield
b 

1 0.8 45 

2 1.2 58 

3 2.0 68 

4 3.0 85 

5 4.0 78 

 
a
Unless stated otherwise, all reactions were carried out with Ni-catalyst (0.10 mmol), Zn (2.50 

mmol), (2-Bromoethyl)benzene 1a (1.0 mmol), methyl acrylate 2a (given amount), H2O (1.0 mmol) 

and acetonitrile solvent (3.0 ml) at 80 
°
C for 12 h under 1 atm N2. 

b
Yields were measured by 

1
H 

NMR, using mesitylene as an internal standard. 

2.2.2 Synthesis of saturated esters 

A range of sp
3
 alkyl bromides and iodides were treated with α, β- unsaturated esters in the presence of 

nickel catalyst to beget the saturated esters as shown in Table 2.3. Clearly, the strategy sustains a wide 

variety of esters including n-butyl acrylate, tert-butyl acrylate, and even substituted acrylates. The yields 

were reasonably good and one of the reasons for lower isolated yields was the inability of the products to 

appear clearly under the hand-held UV-lamp leading to loss of material during column chromatography. 

When 2
’
-bromoethylbenzene was treated with benzyl acrylate in the presence of [Ni(PPh3)2Cl2] catalyst, 

acetonitrile solvent, and water as additive, at 80 °C,  under inert conditions, the benzylic ester (3a) was 

obtained in 79% isolated yield. Similarly, the tert-butyl ester (3b) and the simple methyl ester (3c) 

derivatives were prepared in good yields by identical catalytic methods. Then, we tried the long chain 

decyl bromide to obtain the methyl tridecanoate (3d), followed by the benzyl substituted long chain ester 

(3e) in modest yields. Likewise, the butyl 4,4-dimethylpentanoate (3f) and the bromo ester (3g) were 

obtained in reasonable yields. The heterocyclic dioxoindolinyl ester (3h) was also obtained albeit in 

moderate yield. Our methodology worked well even for the β-methyl substituted acrylate (3i). The 

isobutyl halide too gave the desired ester by reacting with the tolyl acrylate (3j). Finally, 3k was obtained 

in good yield by treating 2
’
-bromoethylbenzene with methyl acrylate.  
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Table 2.3: Results of nickel-catalyzed reductive coupling of alkyl halides (1) with α, β-unsaturated esters 

(2).
a
 

 

Entry 
R-X 

(1) 

Alkene 

(2) 

Product 

(3) 
Yield(%)

b 

1 
1a 

1g 
2b 

3a 

79 

85 

2 
1a 

1g 
2c 

3b 

75 

74 

3 1b 2a 

3c 

70 

4 1c 2a 

3d 

72 

5 1c 2b 

3e 

61 

6 1d 2d 

3f 

77 
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7 1e 2a 

3g 

66 

8 1f 2a 

3h 

       65 

9 

1g 

1a 

2f 

3i 

      80 

      78 

10 1h 2e 

3j 

      81 

11 1a 2a 

3k 

      82 

a
Unless stated otherwise, all reactions were carried out with Ni-catalyst (0.10 mmol), Zn (2.50 mmol), 

Alkyl halide (1) (1.0 mmol), acrylate (2) (3.0 mmol), H2O (1.0 mmol), CH3CN (3.0 ml) at 80 
°
C for 12 h 

under 1 atm N2. 
b
Isolated yields. 

2.2.3 Mechanism 

Based on the above results and known organometallic chemistry of nickel,
[12]

 a plausible mechanism is 

proposed as depicted in Scheme 2.2. The catalytic reaction is likely initiated by the reduction of 

NiCl2(PPh3)2 to Ni(0) in the presence of zinc powder. Then, oxidative- addition of alkyl bromide to Ni(0) 

occurs such that alkyl nickel(II) intermediate (M1) is generated. The coordination of double bond of the 

enone to the nickel center then takes place, forming the intermediate M2. Insertion of the coordinated 

double bond of acrylate to Ni-alkyl bond then occurs, giving rise to the saturated nickel intermediate 

(M3). Then, either (a) transmetalation of the latter with the zinc bromide generated in the reaction forms 

zinc intermediate along with the regeneration of Ni(II), which is again reduced to Ni(0) active catalyst in 

presence of zinc powder, or (b) direct protonation of nickel intermediate leads to the formation of the final 

reductive coupling product 3. In either case, protonation is supposedly the last step before the final 

formation of the product takes place. The protonation step was particularly crucial, as the addition of 1 

equiv of water appeared to enhance the yield in all the cases.  
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Scheme 2.2 Proposed mechanism of the reductive coupling of alkyl halides with electron-withdrawing 

alkenes in the presence of nickel catalyst. 

The support for the final protonation step was provided by the deuterium labeling experiment we 

performed (Figure 2.1). The reaction of 1a with 2a in presence of the usual nickel catalyst and D2O (1.0 

mmol) afforded 3k
’
 with 70% deuterium at the α-carbon to the ester based on 

1
H NMR. Thus, the 

relatively high percentage of deuterium in the product reinforces our proposed mechanism.  

 

Figure 2.1 The formation of the deuterated product 3k
’
. 

2.2.4 Extension of the present reductive coupling to oxabicyclic alkene 

To diversify and to enhance the utility of this reductive Heck reaction we planned to use 

oxabenzonorbornadienes as the alkene coupling partner. One of the reasons for doing so was that having 

already tested the veracity of our protocol with acrylates, which were electron-withdrawing alkenes, we 

wanted to try out another alkenic system, which was not conventionally electron-withdrawing. 

Oxabenzonorbornadienes and their aza-counterparts are long established as excellent substrates for 

coupling, coupling followed by ring opening, and various cyclization reactions.
[13a-b]

 Although many ring- 



Chapter II 
 

82 

 

opening reactions of oxabicyclic alkenes are known, unfortunately none of them describe the use of 

saturated (sp
3
) alkyl halides to accomplish the desired ring opening. The first such ring-opening report 

appeared in 1993, involving the ring opening of bicyclic alkenes with arylic and vinylic halides to form 

mainly fully aromatic ring-opening products.
[14a-b]

 Later, another report
[15]

 appeared from the same lab 

wherein nickel catalyst was used to bring about the desired ring opening. In an effort to extend the 

reductive coupling strategy developed by us (described above), we wanted to explore the possibility of 

employing saturated alkyl halides to bring about the ring opening of oxabicyclic alkenes. We, however, 

were more interested in using those substrates all of which contained β-hydrogens in their framework. 

Therefore, amplifying the scope of the reaction to substrates possessing β-hydrogen posed a challenge 

worth taking up. The results of the reaction between oxabenzonorbornadiene and saturated alkyl halides 

under nickel-catalyzed conditions have been discussed herein. When oxabenzonorbornadiene (4a) was 

treated with 2
’
-iodoethylbenzene (1a

’
) in presence of NiBr2(dppe) and Zn powder in acetonitrile solvent, 

the reaction seemed somewhat complicated as the proton NMR of the crude product showed more than 

expected peaks. After separation, the desired product 5a was obtained in 25% yield along with 1, 2-

dihydronaphthol (6) in 50% and 1-naphthol (7) in 10% yields, respectively (Figure 2.2).  

 

Figure 2.2 The usual products formed upon alkylative ring-opening reaction. 

Such type of sometimes undesirable ring-opening products, i.e., dihydronaphthol (6) and naphthol (7) has 

also been reported during similar reactions as discussed earlier. Undaunted by such low yield, we set out 

to examine conducive reaction conditions so as to minimize the formation of naphthol type side products. 

To get a better idea of the conditions for this ring-opening reaction, the role of extra triphenylphosphine 

ligand was investigated by varying the quantity of extra PPh3 added during the reaction and the results 

have been summarized briefly in Table 2.4. After experimenting with several reaction conditions, we 

found that the use of NiCl2(PPh3)2 (0.1 mmol), extra PPh3 (0.1 mmol), zinc powder (2.5 mmol) in THF 

solvent at 80°C afforded the desired product 5a in 65% isolated yield. Thus, the amount of extra PPh3 

added was critical for the reaction as the addition of other phosphine ligands such as dppe or dppb (not 

shown in Table 2.4) proved rather detrimental. On the other hand, adding just 1 equiv of 

triphenylphosphine turned out to be ideal for the reaction. The formation of this product was somewhat 

intriguing due to the presence of β-hydrogen in the alkyl iodide starting material. Nevertheless, we were 

stimulated to test other such alkyl iodides, which possessed β- hydrogens in their framework. The results 
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of our study involving reaction of various oxabicyclic alkenes with saturated alkyl halides are 

summarized in Table 2.5. 

Table 2.4: Results of varying the amount of phosphine ligand relative to 0.1 mmol of nickel(0) catalyst 

used in the reaction. 

 

No. Ligand Amount
a Yield

b 

1 dppe 0.1 23 

2 dppe 0.2 18 

3 PPh3 0.1 65 

4 PPh3 0.2 58 

5 PPh3 0.3 46 

6 PPh3 0.4 40 

a
Unless stated otherwise, all reactions were conducted as follows: oxabicyclic alkene (4) (2.0 mmol); 

alkyl halide (1) (1.0 mmol); NiCl2(PPh3)2 (0.1 mmol); zinc powder (2.5 mmol), ligand (given amount); 

solvent (2.5 mL) at 80º C for 10h.
b
isolated yields. 

Treatment of oxabenzonorbornadiene (2.0 mmol) with (2- iodoethyl)benzene (1.0 mmol) in the presence 

of NiCl2(PPh3)2 (0.1 mmol), zinc metal powder (2.5 mmol) in THF solvent at 80 °C, resulted in the 

formation of 2(2-phenylethyl)-1,2-dihydronaphthol (5a) in 65% isolated yield (entry 1, Table 2.5).  

Table 2.5: Results of ring-opening reaction of oxabenzonorbornadienes (4) with alkyl halides (1).
a 

No. 
Alkyl 

halide(1) 
Alkene(4) Product Yield(%)

b 

1 1a′ 4a 

 

5a    (65) 
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2 1l 4a 

 

5b    (68) 

3 

1h 

1h′ 

4a 

 

5c    (54) 

4 1m′ 4a 

 

5d    (50) 

5 1a 4a  5a     15
c 

6 1h 4a  5c     12
c 

7 1m 4a  5d     10
c 

 
a
Unless stated otherwise, all reactions were conducted as follows: oxabicyclic alkene (4) (2.0 mmol); 

alkyl halide (1) (1.0 mmol); NiCl2(PPh3)2 (0.1 mmol); zinc powder (2.5 mmol), PPh3 (0.1 mmol); solvent 

(2.5 mL) at 80º C for 10h; 
b
isolated yields; 

c
crude NMR yield. 

When the same oxabenzonorbornadiene was treated with 1-iodooctane (1l), the anticipated coupling 

product 5b was obtained in 68% yield (entry 2). The next substrate we used was a secondary alkyl iodide 

1h. We were delighted to find that when secondary isobutyl iodide (1h
’
) was employed, the expected 

product (5c) was formed (entry 3), although in a moderate yield of 54%. Incidentally, introduction of this 

secondary alkyl group (1h) had previously proved defiant under similar conditions vide Nakamura.
[16]

 We 

were curious to know what happened when a hindered alkyl iodide was used. The relatively hindered 

neopentyl iodide (1m
’
) too went on to form the expected product (5d) in 50% of isolated yield (entry 4). 

When the corresponding saturated bromides, instead of the usual iodides were used, the yields were 

substantially reduced (entries 5-7) presumably due to the lower rates of oxidative-addition in the former 

(Scheme 2.3).  

To get a better perspective on the role of catalyst, cobalt complexes were also examined but were found 

less effective. Among the cobalt catalysts scanned, e.g., CoI2(dppe), CoCl2(dppe), CoCl2(PPh3)2, and 

CoI2(PPh3)2, only the latter showed some promise (results not shown). Cobalt does not appear to be a 

good catalyst for the reaction. It would be pertinent to mention that all of the 1, 2-dihydronaphthol 
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products (5) were completely regio- and stereoselective as no other isomer was detected in the crude 

NMR spectra. The lower yields for these reactions were frustrating but not without reason. In all these 

cases, the inevitable ring opening of the oxabicyclic alkene to form 6 was the main impediment to the 

reaction, being formed in 30-40% yield in each case. Such ring opening, though common in reactions 

involving oxabenzonorbornadienes,
[17a-b]

 was exacerbated by the rapid and unavoidable β-hydride 

elimination before the coupling step could effectively occur (Scheme 2.4). The overall mechanism of this 

reaction appears the same as that reported earlier by Cheng lab.
[15]

 However, the probable path to the 

formation of ring-opening product 6 is rationalized in Scheme 2.4. 

 

Scheme 2.3 Reaction of various oxabicyclic alkenes (4) with alkyl halides (1). 

 

Scheme 2.4 Proposed pathway for the formation of product 6. 
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The reaction starts with the usual oxidative-addition across the carbon-halogen bond. Immediate β-

hydride elimination leading to the formation of nickel hydride species 8 (Scheme 2.4). In the next step, 

insertion of the oxabicyclic alkene takes place followed by β-oxy elimination and subsequent formation 

of the nickel alkoxide intermediate.
[18]

 Transmetalation with zinc then forms zinc alkoxide, which 

eventually yields 1,2-dihydronaphthol 6.  

2.3 Conclusion 

Thus, we have demonstrated a new nickel mediated reductive Heck type reaction whereby sp
3 

alkyl 

halides are reductively coupled with alkenes to give saturated esters. The strategy accommodates 1°, 2°, 

and 3° alkyl halides as also variously substituted acrylates. The versatility of this methodology was 

successfully extended to include oxabenzonorbornadiene type alkenes. The latter alkenes too coupled 

with the sp
3
 alkyl halides to give the corresponding alkylated bicyclic ring-opening products. 

2.4 Experimental 

2.4.1 Synthesis of benzyl acrylate (2b) 

A two-neck, 250 mL capacity round bottom flask with a stir bar was taken and benzyl alcohol (solid, 1.2 

g, 10.0 mmol) added to it. It was kept under vacuum for about 10 min and then flushed with nitrogen gas. 

Ether solvent was then added to the alcohol while stirring so as to dissolve the alcohol. Triethylamine 

(liquid, 1.4 mL, 10.2 mmol) was then added to the ether solution under nitrogen atmosphere. The 

resulting solution was allowed to stir for about half an hour. Acryloyl chloride (fuming liquid, 1.1 mL, 

14.0 mmol) was added drop wise over a period of 20 min to the ether solution. Immediate pale 

precipitation occurred. The reaction mixture was allowed to stir for about 4 h. When TLC examination 

revealed the consumption of the starting alcohol, the flask was opened to air and allowed to stir. Brine 

solution was slowly added to the stirring mixture: the white precipitate slowly dissolved. After an ether 

work up, the organic layer was collected and dried over anhydrous MgSO4, filtered, and concentrated. 

The desired benzyl acrylate (2b) was collected as colorless oil (yield 84%). An analogous procedure was 

used for the synthesis of all the acrylates.  

2.4.2 Procedure for the reductive coupling of (2-bromoethyl) benzene 1a with methyl acrylate 2a 

A sealed tube (20 mL) containing NiCl2(PPh3)2 (0.1 mmol) and zinc powder (2.5 mmol) was evacuated 

and purged with nitrogen gas three times. Freshly distilled CH3CN (2.5 mL), (2-bromoethyl) benzene 1a 

(1.0 mmol), methyl acrylate 2a (4.0 mmol) and H2O (1.0 mmol) were added to the sealed tube via 

syringes. The reaction mixture was heated with stirring at 80 °C for 12 h and was then cooled, diluted 

with dichloromethane, and stirred in the air for 10 min. The mixture was filtered through a Celite and 

silica gel pad and washed with dichloromethane. The filtrate was concentrated and the residue was 
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purified on a silica gel column using hexane/ethyl acetate as eluant to afford the desired product 3a. All 

the rest of the compounds of the 3 series were prepared similarly.  

2.4.3 Procedure for the reductive coupling of 1a with oxabenzonorbornadiene
[4]

 

The procedure was analogous to the one described above for the preparation of compounds of the 3 series. 

For 
1
H and 

13
C-NMR see the Appendices A-1. 

Benzyl 5-phenylpentanoate (3a)  

1
H NMR (400 MHz, CDCl3): d 7.32 (m, 5H), 7.25 (m, 2H), 7.18 (m, 3H), 5.13 (s, 2H), 2.59 (t, 2H, J=6.4 

Hz), 2.41 (t, 2H, J=6.4 Hz), 1.69 (m, 4H). 
13

C NMR (100 MHz, CDCl3): d 173.4, 142.1, 136.1, 128.5, 

128.4, 128.3, 128.2, 128.2, 125.8, 66.1, 35.5, 34.1, 30.8, 24.6. HRMS calcd for C18H20O2 268.1463; found 

268.1469.  

tert-Butyl 5-phenylpentanoate (3b) 

1
H NMR (400 MHz, CDCl3): d 7.28 (d, 2H, J=7.2 Hz), 7.19 (t, 3H, J=7.2 Hz), 2.62 (t, 2H, J=6.4 Hz), 

2.23 (t, 2H, J=6.4 Hz), 1.64 (m, 4H), 1.25 (s, 9H). 
13

C NMR (100 MHz, CDCl3): d 170.0, 142.3, 128.4, 

128.3, 125.7, 80.0, 35.6, 35.4, 30.9, 28.1, 24.7. HRMS calcd for C15H22O2 234.1620; found 234.1621. 

Methyl 6-phenylhexanoate (3c) 

1
H NMR (400 MHz, CDCl3): d 7.29 (d, 2H, J=7.2 Hz), 7.18 (t, 3H, J=7.2 Hz), 3.66 (s, 3H), 2.61 (t, 2H, 

J=8.0 Hz), 2.31 (t, 2H, J=8.0 Hz), 1.63 (m, 4H), 1.36 (p, 2H, J=8.0 Hz). 
13

C NMR (100 MHz, CDCl3): d 

174.1, 142.4, 128.3, 128.2, 125.6, 51.4, 35.6, 33.9, 31.0, 28.7, 24.7. HRMS calcd for C13H18O2 206.1307; 

found 206.1311. 

Methyl tridecanoate (3d) 

1
H NMR (400 MHz, CDCl3): d 3.65 (s, 3H), 2.28 (t, 2H, J=7.2 Hz), 1.26 (br s, 20H), 0.87 (t, 3H, J=7.2 

Hz). 
13

C NMR (100 MHz, CDCl3): d 174.4, 70.9, 51.4, 34.1, 31.9, 29.6, 29.4, 29.3, 29.2, 29.1, 26.2, 24.9, 

22.7, 14.1. HRMS calcd for C14H28O2 228.2089; found 228.2091. 

Benzyl tridecanoate (3e) 

1
H NMR (400 MHz, CDCl3): d 7.33 (m, 5H), 5.12 (s, 3H), 2.35 (t, 2H, J=7.6 Hz), 1.64 (m, 4H), 1.25 (br 

s, 20H), 0.87 (t, 3H, J=7.2 Hz). 
13

C NMR (100 MHz, CDCl3): d 169.9, 142.5, 129.4, 128.5, 128.7, 66.1, 

34.2, 31.9, 29.6, 29.5, 29.4, 29.3, 29.2, 26.5, 24.9, 24.5, 22.8, 14.2. HRMS calcd for C20H32O2 304.2402; 

found 304.2406. 

n-Butyl 4,4-dimethylpentanoate (3f) 

1
H NMR (400 MHz, CDCl3): d 4.04 (t, 2H, J=6.5), 2.25 (t, 2H, J=6.2 Hz), 1.45-1.51 (m, 4H), 1.31-1.38 

(m, 2H), 0.91 (t, 3H, J=7.2 Hz), 0.86 (s, 9H). 
13

C NMR (100 MHz, CDCl3): d 174.6, 64.2, 38.6, 30.7, 

30.1, 30.0, 28.9 (3C), 19.1, 13.7. HRMS calcd for C11H26O2 186.1620; found 186.1622.  
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Methyl 6-bromohexanoate (3g) 

1
H NMR (400 MHz, CDCl3): d 3.65 (s, 3H), 3.39 (t, 2H, J=6.8 Hz), 2.31 (t, 2H, J=7.2 Hz), 1.84 (p, 2H, 

J=14.4 Hz), 1.62 (p, 2H, J=14.4 Hz), 1.44 (m, 2H). 
13

C NMR (100 MHz, CDCl3): d 173.1, 51.9, 33.7, 

33.6, 32.4, 27.5, 24.1. HRMS calcd for C7H13BrO2 208.0099; found 208.0102. 

Methyl 6-(1,3-dioxoisoindolin-2-yl)hexanoate (3h) 

1
H NMR (400 MHz, CDCl3): d 7.79 (m, 2H), 7.67 (m, 2H), 3.65 (t, 2H, J=7.6 Hz), 3.61 (s, 3H), 2.27 (t, 

2H, J=7.2 Hz), 1.63 (m, 4H), 1.34 (m, 2H). 
13

C NMR (100 MHz, CDCl3): d 174.2, 168.6, 134.1, 132.3, 

123.4, 51.7, 38.0, 34.0, 28.5, 26.5, 24.7. HRMS calcd for C15H17NO4 275.1158; found 275.1158. 

Methyl 3-methyl-5-phenylpentanoate (3i) 

1
H NMR (400 MHz, CDCl3): d 7.23 (m, 2H), 7.15 (m, 3H), 3.67 (s, 1H), 2.59 (m, 2H), 2.34 (m, 1H), 2.17 

(m, 1H), 1.58 (m, 2H), 1.02 (d, 3H, J=6.4 Hz). 
13

C NMR (100 MHz, CDCl3): d 173.5, 142.4, 132.0, 

128.6, 125.7, 51.4, 41.5, 38.5, 33.3, 30.1, 19.6. HRMS calcd for C13H18O2 206.1307; found 206.1310. 

4-Methylbenzyl 4-methylhexanoate (3j) 

1
H NMR (400 MHz, CDCl3): d 7.26 (d, 2H, J=8.0 Hz), 7.15 (d, 2H, J=8.0 Hz), 5.05 (s, 3H), 2.36 (s, 3H), 

2.34 (m, 2H), 1.61 (m, 1H), 1.42 (m, 1H), 1.32 (m, 2H), 1.14 (m, 1H), 0.82 (m, 6H). 
13

C NMR (100 MHz, 

CDCl3): d 173.1, 138.0, 133.1, 129.2, 128.3, 128.1, 128.0, 66.3, 34.0, 32.1, 31.5, 29.1, 21.2, 18.8, 11.2. 

HRMS calcd for C15H22O2 234.1620; found 234.1622.  

1,2-Dihydro-2-phenethylnaphthalen-1-ol (5a) 

1
H NMR (400 MHz, CDCl3): d 7.25 (m, 6H), 7.19 (m, 3H), 6.78 (d, 1H, J=7.0 Hz), 5.85 (m, 1H), 5.22 (s, 

1H), 4.62 (d, 1H, J=4.0 Hz), 2.82 (m, 2H), 2.49 (m, 1H), 2.15 (m, 1H), 1.87 (m, 1H). HRMS calcd for 

C18H8O 250.1358; found 250.1360. 

1,2-Dihydro-2-octylnaphthalen-1-ol (5b) 

1
H NMR (400 MHz, CDCl3): d 7.26 (d, 1H, J=8.0 Hz), 7.24 (m, 2H), 7.21 (d, 1H, J=8.0 Hz), 6.51 (m, 

1H), 5.81 (m, 1H), 4.56 (d, 1H, J=4.4 Hz), 2.45 (m, 1H), 1.77 (m, 1H), 1.25 (br s, 12H), 0.88 (t, 3H, 

J=7.2 Hz). HRMS calcd for C18H26O 258.1984; found 258.1985. 

2-sec-Butyl-1,2-dihydro-2-naphthalen-1-ol (5c) 

1
H NMR (400 MHz, CDCl3): d 7.28 (m, 3H), 7.23 (t, 1H, J=6.4 Hz), 6.61 (m, 1H), 5.96 (m, 1H), 4.64 (d, 

1H, J=4.0 Hz), 2.19 (m, 1H), 1.79 (m, 1H), 1.32 (m, 2H), 1.18 (m, 3H), 1.01 (m, 3H). HRMS calcd for 

C14H18O 202.1358; found 202.1364. 

1, 2-Dihydro-2-neopentylnaphthalen-1-ol (5d) 

1
H NMR (400 MHz, CDCl3): d 7.26 (m, 3H), 7.09 (d, 1H, J=7.2 Hz), 6.48 (m, 1H), 5.89 (m, 1H), 4.50 (t, 

1H, J=6.0 Hz), 2.56 (m, 1H), 1.84 (m, 1H), 1.46 (m, 1H), 0.93 (s, 9H). HRMS calcd for C15H20O 

216.1514; found 216.1515. 
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From the perspective of organic chemistry, synthesis of bioactive heterocyclic scaffolds with high 

molecular complexity, in minimum number of synthetic steps is an unending demand of chemistry 

Tandem reactions are one of the best alternative which fulfils the above discussed requirements.
[1-2]

 The 

Figure 3.1 shows the simple representation of the tandem process where product D could be synthesized 

in a single step  as compared to conventional method where D could be synthesized via intermediate C 

also.  

 

Figure 3.1 Shows the representation of Tandem process. 

The major advantage of tandem reactions are that they 

 build a large number of complexity in a target molecule in a single step 

 evade separation of reaction intermediates and reduces the labor and time required for the given 

target molecule 

 minimize the waste generation 

This chapter describes the synthesis of pyranopyrazoles by various methodologies and their application in 

anticancer, antibacterial, antifungal, DNA binding, anti-oxidant and pharmacology study. Although many 

reports are available on the synthesis of these compounds, there is still paucity of studies pertaining to 

their studies on Hep3b liver toxicity cell line, calf thymus DNA binding, and antioxidant study on Wistar 

rats. So, our strategy was to plan, design, and synthesis of these molecules and then tests their biological 

activity in the hope of getting a drug lead. 

Pyrazolopyridines were recognized as analgesic and anti-inflammatory agents.
[3]

 Ueda et al.
[4]

 thought 

that the introduction of a pyran ring instead of the pyridine ring might give pharmacologically better 

active compounds (Figure 3.2). So, pyrano[2,3-c]pyrazoles were synthesized and tested for analgesic 

activity in mice. The analgesic activities 1, 2, 3 and 4 were examined in comparison with aminopyrine by 

oral administration to mice. The pharmacological result of compounds 1, 2 were almost the equal to that 

of aminopyrine (70% inhibition) and 3, 4 showed 50% inhibition. 
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Figure 3.2 Shows the structures of pyrano[2,3-c]pyrazoles as analgesic agent. 

Abidi et al.
[5]

 synthesized a series of 6-amino-4-aryl-3-methyl-2,4-dihydropyrano[2,3-c]pyrazole-

carbonitrile derivatives (Figure 3.3) and investigated the in-vitro cytotoxic activity of the synthesized 

compounds against cancer cell lines (SW48, A549, KB, HepG2) in comparison with anticancer drug 

doxorubicin, using MTT colorimetric assay. The synthesized compounds showed good and reasonable 

cytotoxicity compared with doxorubicin in some studied cell lines and the compounds 5, 6, 7 in KB cell 

line, 8 in A549 cell line, 8 in SW48 cell line showed the best results in close to the control drug. 

 

Figure 3.3 Shows the structures of 6-amino-4-aryl-3-methyl-2,4-dihydropyrano[2,3-c]pyrazole-

carbonitrile as anticancer agent. 

Later on
 
6-amino-5-cyno-3-trifluoromethylpyranopyrazole-4-spiro-oxindole derivatives were synthesized 

by Erugu et al.
[6]

 and evaluated for in-vitro cytotoxicity against cell lines B16F10 (mouse 

mealanocarcinoma) and U937 (human histolytic lymphoma) by using MTT assay.
[7]

 The potency of the 

compound 9 was best when nitro group was present in spiro- oxindole moiety and a chlorine atom in 

pyrazole moiety.  

Huang et al.
[8]

 reported a series of 1- and 2-arylmethyl-3,4-dimethylpyrano[2,3-c]pyrazol-6-one 

derivatives (Figure 3.4) and examined for their antiplatelet activities. Some of these compounds showed 

significant inhibitory activities. Among them, 1-phenylmethyl-3,4-dimethylpyrano[2,3-c]pyrazol-6(1H)-

one (10) and 2-(2'-methoxyphenyl)methyl-3,4-dimethylpyrano[2,3-c]pyrazol-6(2H)-one (11) were the 

most effective. These inhibitors acted in a concentration-dependent manner. Later on Foloppe et al.
[9] 

identified the compound 4-(6-amino-3-methyl-2,4-dihydropyrano[2,3-c]pyrazol-4-yl)benzene-1,2-diol 

(12) as a potential inhibitor of human Chk1 kinase.
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Figure 3.4 Shows the structures of arylmethyl-3,4-dimethylpyrano[2,3-c]pyrazol-6-one. 

Ramtekkar et al.
[10]

 reported the six hits out of 2499 pyranopyrazole derivatives through virtual screening 

against the ATP-binding site of Chk1 kinase using Glide 5.0 program.  

Yu and their coworkers
[11]

 demonstrated the in-vivo pharmacological effects (Figure 3.5) of 2-

(4′methoxyphenylmethyl)-3,4-dimethylpyrano[2,3-c]pyrazol-6(2H)-one (13) and 2-(2′-thienylmethyl)-

3,4-dimethylpyrano[2,3-c]pyrazol-6(2H)-one (14) on isolated thoracic aorta of rat.  

Colotta et al.
[12]

 synthesized a series of 1,4 dihydro-1-phenyl-3-methyl-6-(3-aminophenyl)-pyrano[2,3-

c]pyrazol-4-one 15 and evaluated for bovine brain adenosine A1 and A2A receptor binding affinity, Ki 

value of 84 nM. 

 

Figure 3.5 Shows the structure of pyrano[2,3-c]pyrazol-4-one as adenosine A1 and A2A receptor. 

Mandour et al.
[13]

 synthesized and comprehensively studied analgesic, anticonvulsant, and anti 

inflammatory activity of pyranopyrazole (Figure 3.6) scaffolds (16a-g, 17a-g and 18a-g). Majority of the 

newly synthesized compounds possess potential antimicrobial activity against E. coli and P. aeruginosa.  

 

Figure 3.6 Shows the pyranopyrazole scaffolds as analgesic, anticonvulsant, and anti inflammatory agent. 
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Kassem et al.
[14]

 reported new fused pyranopyrazoles (Figure 3.7), 19a-e incorporated to 8-

hydroxyquinoline through a sulfonyl bridge at position 5 and evaluated for antimicrobial activity by disc 

diffusion method, at different doses against a variety of pathogenic microorganisms, E. coli, P. 

aeruginosa, S. aureus, B. cereus, and one strain of fungi C. albicans. 

 

Figure 3.7 Shows the pyranopyrazoles scaffold as antibacterial and antimicrobial activity. 

Katariya et al.
[15]

 synthesized a series of pyrano[2,3-c]pyrazoles (Figure 3.7) compounds 20a-c and tested 

their antifungal and antibacterial activity (MIC) in vitro by broth dilution method with two fungal strains 

A. niger and C. albicans and two bacterial strains S. aurues and B. subtillitis.  

Amin et al.
[16]

 synthesized a series of novel 6-amino-4-(aryl/heteroaryl)phenyl-3-methyl-2,4- 

dihydropyrano[2,3-c]pyrazole-5-carboxylate (Figure 3.7) derivatives (21a-e) and screened for their 

antibacterial and antifungal activity against E. coli and A. niger. and S. aureus. 

Thus, as is clear from the foregoing discussion, many reports are available pertaining to the 

pyranopyrazoles as active antibacterial or ant-fungal agents, but only one report is available on their 

anticancer activity. This finding encouraged us to investigate further into their faster synthesis, and delve 

into their antioxidant, DNA binding, etc. activity. The sub-parts of this chapter give the details of the 

various eco-friendly synthetic methods of synthesis and the in-vitro and in-vivo biological activity testing 

of the synthesized pyranopyrazoles. 



 

 

 

Chapter III 

Part A 

Fast Microwave Assisted Synthesis of 

Pyranopyrazole Derivatives as New 

Anticancer Agents 

 

 



Chapter 3(Part-A) 
 

95 

 

3.1 Introduction 

Today, cancer is responsible for one in every eight deaths worldwide–more than HIV/AIDS, tuberculosis, 

and malaria combined
[17]

 leading to increased research on small organic molecules that target cancer cells. 

4H-Pyrans have been reported as the basic structural motifs for an array of useful compounds including 

natural products.
[18]

 Similarly, pyrazoles have also been reported as useful starting materials for various 

bioactive small organic molecules.
[19]

 Likewise, many reports are available concerning the applications of 

pyranopyrazoles as physiologically active compounds.
[20-23]

 Pyrazole fused pyrans or pyranopyrazoles 

have been shown to possess various biological and pharmacological activities, such as antimicrobial
[24-25]

, 

antiviral
[26-27]

, sex pheromone
[28]

, analgesic
[29]

, and central nervous system active agents.
[30]

 Some of these 

compounds are widely employed as cosmetics and pigments and as potential biodegradable 

agrochemicals
[31]

, therefore, the planning, synthesis, and cytotoxic study of such compounds has attracted 

strong interest. To the best of our knowledge, there is only one report of a single pyrano[2,3-c] pyrazole 

derived pyranopyrazole compound as CHK-1 inhibitor antitumor agent.
[32]

 Moreover, this report pertains 

to an in-silico evaluation of the said compound without any in-vitro experimental data. Keeping in mind 

the aforementioned biological applications, we embarked on a project to synthesize functionalized 

pyranopyrazoles as potential antitumor agents and the following paper describes the highlights of our 

preliminary synthetic and cytotoxicity results. The pyranopyrazoles were prepared and then evaluated for 

in-vitro anticancer activity against Hep3B cells. 

Regarding the chemical synthesis of the pyranopyrazole pharmacophore, several reports are available in 

the literature. The first such reported synthesis described the reaction between 3-methyl-1 

phenylpyrazolin-5-one and malonodinitrile.
[33]

 A three-component reaction between N-methylpiperidone, 

pyrazoline-5-one, and malonodinitrile was reported by Shestopalov and co-workers
[34-35]

 although the 

reaction required either heating or the use of electrochemical methods. Later, the same group reported a 

new four-component synthesis of pyranopyrazole.
[36]

 Peng and co-workers
[37]

 outlined an interesting 

variation by utilizing the environmentally benign technology of combined microwave and ultrasound 

irradiation. Vasuki et al. reported a fast four-component reaction in water.
[38]

 Schlager and coworkers 

disclosed a very different multistep synthesis of pyranopyrazoles starting with 1–phenylpyrazole.
[39]

 

Recently, a few papers have been reported revealing the use of catalyst
[40-41]

, nanoparticles
[42]

, solvent-free 

method
[43]

 or traditional refluxing conditions.
[44-45]

 None of the groups however, reported a quick and 

exclusive microwave assisted (MWA) synthetic route to the pyranopyrazoles.  

3.2 Results and Discussion  

Now a days, the increased use of microwave in organic synthesis is considerably reducing the generation 

of hazardous waste and reaction times thereby contributing to the greening of modern organic 
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synthesis.
[46-48]

 We, therefore, decided to develop the faster and relatively environmentally gentle MWA 

protocol for the synthesis of four-component condensation of malononitrile (3), ethyl acetoacetate (1), 

hydrazine hydrate (2), and various aldehydes (4a1-4a14). When starting with the synthesis of the desired 

pyranopyrazole pharmacophores (5a1-5a14) we first experimented with the previously mentioned two-

step traditional method.
[39]

 Herein, ethyl acetoacetate was mixed with hydrazine hydrate to yield 3-

methylpyrazolone in the first step followed by condensation with malononitrile and aldehyde to yield the 

desired pyranopyrazoles in the second step.  

 

Scheme 3.1 Traditional and MWA routes for the synthesis of pyranopyrazoles. Route A: Et3N, EtOH, 1-2 

h, rt, average yields 85%. Route B: MWA reaction, EtOH, Et3N, 3-5 mins, average yields 81%. 

The whole procedure took 5 to 6 hours and required two work-up stages. Therefore we decided to try out 

the faster one-step route where all the four components were sequentially added to give the desired 

compounds which took us about one to two hours reaction run times. Here again, though the reaction 

times were reduced it was not enough to lead to the sufficient greening of the overall synthetic technique. 

Hence, we finally experimented with the MWA synthetic strategy. To accomplish the MWA protocol, the 

aldehyde, malononitrile, and triethylamine were first mixed together in ethanol in the microwave 

apparatus followed by the addition of ethyl acetoacetate and hydrazine hydrate. Then the reaction mixture 

was placed in microwave and the reaction was completed within 3-5 minutes. The whole reaction usually 

took less than six minutes followed by a usual work up procedure. As shown in Scheme 3.1, it appeared 

that the overall yields were somewhat reduced for the MWA route. But then the slight loss of yields was 

more than compensated by the rapid reaction times. The various compounds prepared by this MWA 

method have been presented in Table 3.1.  
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The latter Table 3.1 shows that our methodology works well for a variety of substituted aldehydes that 

were used as the starting materials: strongly and weakly electron-donating groups (4a1, 4a11, 4a12), 

mildly electron withdrawing groups (4a2, 4a3, 4a8, 4a9, 4a14), strongly electron withdrawing group 

(4a4), and heterocyclic compounds (4a5, 4a6, 4a7, 4a13). Also, the aldehydic moieties were selected 

such that these contained variously substituted heteroatomic substituent’s at 1-, 2-, 3-, or 4- positions of 

the corresponding heterocycles or the benzene ring. 

Table 3.1: MWA assisted synthesis of pyranopyrazoles via route A and route B. 

a
isolated yields; 

b
reaction time in minutes. 

With the synthesized pyranopyrazole pharmacophores in hand, we selected the prepared compounds and 

tested them for in-vitro anticancer activity against the Hep3B hepatocellular carcinoma cell line as shown 

in Figure 3.8. The reason for testing them selectively for anticancer activity was that very few reports 

have appeared on the antineoplasmic activity of pyranopyrazole and that such a study would be the 

stepping stone for our undergoing anticancer project. The Hep3B cell line has been previously used by 

various scientists for evaluating the cytotoxicity of several systems.
[49]

 When the designed pyranopyrazole 

No. R 

(4a1-4a14) 

Product Route A 

(%)
a
      (T)

b
 

Route B 

(%)     (T) 

m. p. 

(C) 

Ref 

1 3-HO-C6H4 (4a1) 5a1 88    100 82     4 230-232 32 

2 4-Br-C6H4 (4a2) 5a2 82    130 80     3 177-178 18 

3 3-Br-C6H4 (4a3) 5a3 80    110 77     5 223-224 29 

4 3-NO2-C6H4 (4a4) 5a4 86    140 81     5 191-192 30 

5 3-thiophenyl (4a5) 5a5 88     90 80     4 230-231 - 

6 2-pyrrolyl (4a6) 5a6 85     90 80     4 220-221 - 

7 3-indolyl (4a7) 5a7 81    110 79     5 210-212 - 

8 4-Cl-C6H4 (4a8) 5a8 77    130 70     3 175-176 28 

9 2-I-C6H4 (4a9) 5a9 80    140 75     5 250-251 - 

10 C6H5 (4a10) 5a10 86     70 81     4 168-170 28 

11 n-butyl (4a11) 5a11  82    120 83     5 238-240 32 

12 4-Me-C6H4 (4a12) 5a12 88     60 87     3 218-220 30 

13 4-pyridinyl (4a13) 5a13  94    100 85     4 228-230 28 

14 2-F-C6H4 (4a14) 5a14  90    110 87     5 267-268 - 
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compounds were tested for the above-mentioned anti-tumor studies, we found that all of them were active 

showing sub-micromolar activity thus displaying better inhibition than the control (without drug).  
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Figure 3.8 Plot of % viability of cells against each compound at 64 ug/ml. 

3.2.1 Effect of drugs on cell viability of hepatocellular carcinoma cell line 

Hep3B cells were treated with all the drugs each having six different concentrations for 24 hrs. The cell 

viability was determined using MTT assay. These compounds inhibited the cell viability of hep3B cell 

line in a dose-dependent manner (Figure 3.9, 3.10 and 3.11).  

 

Figure 3.9 Graphical representation of % cell viability at various concentrations of drugs (Product entry 

no. 1 – 5). 
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Figure 3.10 Graphical representation of % cell viability at various concentrations of drugs (Product 

entry no. 6 – 10). 

 

 

Figure 3.11 Graphical representation of % cell viability at various concentrations of drugs (Product 

entry no. 11 – 14). 
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IC50 values for all the compounds (Table 3.2) were found to be around 1 (5a1) - 32μg/ml, 2 (5a2) - 

16μg/ml, 3 (5a3) between 4μg/ml to 16μg/ml , 4 (5a4) - 32μg/ml , 5 (5a5) - 16μg/ml to 32μg/ml, 6 (5a6) - 

128μg/ml, 7 (5a7) - 64μg/ml, 8 (5a8) - in between 64μg/ml and 128μg/ml, 9 (5a9) in between 64g/ml to 

128μg/ml, 10 (5a10) - 128μg/ml and similarly for compounds 11 (5a11) and 12 (5a12) between 8 and 

32μg/ml, for 13 (5a13) between 32 to 64μg/ml, and for 14 (5a14)- 32μg/ml (Figure 3.9, 3.10, and 3.11).  

Table 3.2: Cytotoxicity results of first seven and next seven compounds.  

No.
a         

IC50
b No.

a 
       IC50

b 

1        32 

2        16 

3        4-16 

4        32 

5        16-32 

6        128 

7        64 

8       64-128 

9       64-128 

10     128 

11     8-32 

12     8-32 

13     32-64 

14     32 

 
a
compound no.; 

b
in μg/ml. 

3.2.2 SAR (Structure-Activity Relationship) analysis 

A rational analysis of the SAR (Structure-Activity Relationship) results of the first ten compounds reveals 

some interesting trends. The first five compounds 1 (5a1) to 5 (5a5) have an average IC50 value of 22.8 

μg/ml while the next five have an average cytotoxicity of 102.4 μg/ml. Hence, it is evident that the first 

five compounds are relatively more potent. Now, observing the structures of the first five compounds (as 

depicted in Table 3.1), we find that all compounds except 2 (5a2) have heteroatom substituent’s at the 3-

position of the top-right sector (Figure 3.12, circled) of the pyranopyrazole skeleton. On the other hand, 

considering the structures of the last five compounds from 6 (5a6) to 10 (5a10), none of them possess 

heteroatom substituent’s at the aforementioned 3-position of the pyranopyrazole except 7 (5a7) which 

again is the most active among the last five compounds. Therefore, it is quite clear that compounds 

having a heteroatom substituent at the 3-postion display better activity than those which bear either 1-, 2-, 

or 4- substituent. This leads to the rationale that the presence of heteroatom substituent’s at or around the 

3-position of the designed pyranopyrazole small molecules might play a critical role in enhancing the 

compounds anticancer activity under our experimental conditions.  
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Figure 3.12 Pyranopyrazole pharmacophore scaffold. 

Additional investigations related to this curious finding are required and further proof of concept 

experiments are currently being examined in our labs.  

3.2.3 X-ray crystallographic study of the 6-amino-3-methyl-4-(p-tolyl)-1,4-dihydropyrano[2,3-

c]pyrazole-5-carbonitrile (5a12 or entry no. 12 in Table 3.1) 

3.2.3.1 Data collection, structure solution and refinement 

Single crystal X-ray diffraction data of the title compound was collected on X’ Calibur CCD area detector 

diffractometer, Oxford Diffraction using Mo Ka radiation (λ=0.7107 Å) at 293(2) K.
[50]

 The crystal 

structure was solved by direct methods using SHELXS97
[51]

 and refined by the full matrix least squares 

method using SHELXL97
[52]

 present in the program suite WinGX.
[53]

 All the non-hydrogen atoms are 

refined anisotropically and all the hydrogen atoms (except N1 H atoms) were geometrically fixed and 

allowed to ride on their parent C/N atoms with C-H= 0.93-0.98 Å and N-H distance of 0.86 Å. They were 

refined isotropically with Uiso (H)=1.2Ueq (C) or 1.5Ueq (C) for methyl H atoms. An ORTEP view of 

the molecule indicating atom numbering scheme (thermal ellipsoids drawn at 40% probability level) is 

shown in Figure 3.13a and the corresponding 2D structure of the crystallographic molecule is shown in 

Figure 3.13b. ORTEP diagram of the compound was generated using ORTEP32
[54]

 and packing diagram 

was generated using PLATON21 software. Geometrical calculations were performed using PLATON
[55]

 

and PARST.
[56]

 Table 3.3 lists all crystallographic and refinement data. Intermolecular interactions are 

listed in Table 3.4. PIXEL calculations were performed in order to estimate the nature and energies 

associated with the intermolecular interactions which will enable us to explore the role of these 

interactions in the stabilization of the crystal lattice.  
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(a)  

 

(b) 

 

 

 

Figure 3.13 (a) ORTEP view of the molecule with displacement ellipsoids drawn at 40%. H atoms are 

shown as small spheres of arbitrary radii (b) 2D view of the molecule. 

Table 3.3 Crystal and experimental data. 

CCDC No                                                 991567 

Crystal description                                     Block 

Crystal colour                                           White  

Crystal size                                               0.3 x 0.2 x 0.2 mm 

Empirical formula                                    C15H14N4O 

Formula weight                                        266.30 

Radiation, Wavelength                            Mo Kα,  0.71073 Å 

Unit cell dimensions                                 a =6.3757(4), b = 9.8950(8),c = 10.6311(9) Å, 

α = 78.519(7), β = 84.605(7), γ =88.623(6)º 

Crystal system                                           Triclinic 

Space group                                               P -1 

Unit cell volume                                        654.35(9) Å
3
 

No. of molecules per unit cell, Z               2 

Temperature 293(2)   

Absorption coefficient                              0.089 mm
-1

 

F(000)                                                        280 
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Scan mode                                                 ω scan    

θ range for entire data collection              3.61 <θ< 26.00º 

Range of indices                                       h= -7 to 6, k= -11 to 12, l= -13 to 12  

Reflections collected/unique                   4421/2561       

Reflections observed (I > 2σ(I))               1831 

Rint   0.0239 

Rsigma     0.0470 

Structure determination                             Direct methods 

Refinement Full-matrix least-squares on F
2
 

No. of parameters refined                          192 

Final R 0.0467 

wR(F
2
)                                                       0.1181 

Weight 1/[σ
2
(Fo

2
)+( 0.069 8P)

2
+0.0000P], where P=[Fo

2 
+2Fc

2
] / 3   

Goodness-of-fit                                          1.032 

( Δ )max                                                                               0.001 (for tors H15A) 

Final residual electron density                   -0.229 <Δρ<0.239 Å
-3

 

Measurement X’calibur system – Oxford diffraction make, U.K. 

Software for structure solution                 SHELXS97 (Sheldrick, 2008) 

Software for refinement                           SHELXL97 (Sheldrick, 2008) 

Software for molecular plotting               ORTEP-3 (Farrugia, 2012)   PLATON (Spek, 2009) 

Software for geometrical calculation         PLATON (Spek, 2009) PARST (Nardelli, 1995) 

  

Table 3.4 Intermolecular hydrogen bonding (e.s.d.`s in parentheses) 

D–H…A D–H (Å) H…A (Å) D…A (Å) D–H…A (deg) Symmetry code 

N1-H1…N2 0.92(2) 2.32(2) 3.147(3) 174(1) -x, -y+1, -z+1 

N1-H2…N4 0.92(2) 2.33(2) 3.169(2) 171(2) -x+1, -y+1, -z 

C15-H15C ...N2 0.96 2.57 3.352(3) 139 -x-1, -y, -z+1 

 

3.2.3.2 Theoretical calculations 

To get a better understanding of the contribution of intermolecular interactions to the crystal packing, it is 

important to get a quantitative evaluation of these interactions. Calculation of the lattice energy not only 

offers a possible way for polymorph prediction but may also help to understand the supramolecular 

chemistry and self-assembly during the nucleation and crystal growth processes and helps to predict the 
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melting and solubility behavior of the compounds. The lattice energy of the title compound was 

calculated by PIXELC module in Couloumb-London- Pauli (CLP) computer program package (version 

13.2.2012)23. The total lattice energy is partitioned into its coulombic, polarization, dispersion and 

repulsion contributions (Table 3.5). In CLP, the coulombic terms are handled by Coulomb's law while the 

polarization terms are calculated in the linear dipole approximation, with the incoming electric field 

acting on local polarizabilities and generating a dipole with its associated dipole separation energy; 

dispersion terms are simulated in London's inverse sixth power approximation, involving ionization 

potentials and polarizabilities; repulsion is presented as a modulated function of wave function overlap 

All the stabilizing molecular pairs involved in crystal packing were selected from the mlc output file, 

which is generated after PIXEL energy calculations and were analyzed with their interaction energies. 

The symmetry operator and centroid–centroid distance along with coulombic, polarization, dispersion, 

repulsion and total interaction energies between the molecular pairs are presented in Table 3.6. The 

molecular pairs are arranged in decreasing order of their stabilization energies. The PIXEL method has 

been preferred for the quantification of intermolecular interactions, primarily because of the following 

reasons: 

(1) It is computationally less demanding.
[57]

 

(2) It allows partitioning of total interaction energy into corresponding coulombic, 

polarization, dispersion, and repulsion contribution which facilitates a better understanding of the nature 

of intermolecular interactions contributing towards the crystal packing.
[58]

  

(3) The energies obtained from PIXEL calculation are generally comparable with high level quantum 

mechanical calculations.
[59-60]

 

Table 3.5 Lattice energy from CLP (in kcal mol
–1

). 

 ECou EPol EDisp ERep ETot 

Molecule 1 -22.90 -10.25 -38.26 30.64 -40.77 

 

Table 3.6 PIXEL interaction energies (I.E. in kcal mol
–1

) between molecular pairs related by a symmetry 

operation and the associated intermolecular interactions in the crystal. 

Motif Centroid 

distance 

(Å) 

ECou EPol EDisp ERep ETot Symmetry Important 

Interactions 

1 9.438 -14.58 -5.38 -4.35 10.16 -14.15 –x, 1 – y, 1 – z N1-H1….N2 

2 6.542 -5.88 -5.45 -12.55 10.78 -13.10 –x, –y, –z N3–H3A….Cg1 

N3–H3A….C15 

C7–H7C….C6 



Chapter 3(Part-A) 
 

105 

 

3 9.069 -11.38 -4.78 -5.19 8.72 -12.62 1 – x, 1 – y, –z N1–H2….N4 

O1….O1 

4 6.088 -1.67 -1.22 -12.59 7.72 -7.77 –x, 1 – y, –z C14–H14….O1 

C3–H3….O1 

5 7.276 -2.44 -1.07 -8.96 4.92 -7.52 –x, –y, 1 – z C15–H15A….N1 

C11–H11….C10 

6 6.376 -2.22 -1.15 -7.40 3.78 -7.03 –1 + x, y, z C7–H7B….N4 

7 8.907 -3.89 -1.91 -7.60 7.74 -5.66 –1 – x, –y, 1 – z C15–H15B….N2 

 

The compound 6-Amino-1,4-dihydro-3-methyl-4-phenylpyrano[2,3-c]pyrazole-5-carbonitrile, crystallizes 

in the triclinic crystal system with space group P-1. The molecule comprises of a pyrazole, pyran and a 

tolyl ring (Figure 3.13). The bond distances in the title compound are within normal ranges
[61]

 and 

comparable to the closely related structures.
[62-63]

 The dihedral angle between the tolyl ring and the 

pyrazole ring is 86.46(5)° and between the tolyl and pyran ring is 84.07(5)
o
. The dihedral angle between 

the mean planes of the pyrazole and pyran ring is 2.39(6)° which confirms their coplanar character. All 

the rings are planar with a maximum deviation of 0.003(2) Å for the tolyl C11 atom, -0.002(2) Å for the 

pyrazole C5 atom and 0.022(2) Å for the pyran C3 atom. The carbonitrile group exhibits linearity, a 

feature commonly observed in carbonitrile compounds.
[64]

 

Two N-H···N and one C-H···N intermolecular hydrogen bond interactions (Figure 3.14) are observed for 

maintaining the crystal packing, in which the N1-H1···N2 intermolecular interaction are observed to form 

R
2
2(12) ring motifs

[65]
 (Figure 3.15). Details of intermolecular hydrogen bonds are given in Table 3.4. 

 

Figure 3.14 The crystal packing of the title compound viewed down the a-axis, showing intermolecular 

hydrogen bonding interactions as dashed lines. 
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Figure 3.15 View of R
2 

2
 
(12) ring motifs formed by N–H….N interaction between two molecules. 

The lattice energy calculation for the title compound is given in Table 3.5. Molecular pairs of the title 

compound extracted from crystal structure along with their respective interaction energies are shown in 

Figure 3.16. The maximum stabilization to the crystal structure comes from N-H…N intermolecular 

interaction involving H1 with N2.  
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Figure 3.16 Molecular pairs (1–7) with their interaction energies. 
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The stabilization energy of this pair is -14.15 kcal mol
-1

 obtained using PIXEL and the interaction is 

mainly coulombic in nature. The next most stabilized pair shows the presence of bifurcated donor atom 

N3 involving H3A with Cg1 and C15, along with this interaction the molecular pair also shows the 

presence of C-H…C interaction (involving H7C with C6) and hence form dimer. The stabilization energy 

of this pair is -13.10 kcal mol
-1

. Molecular pair 3 shows the presence of N-H…N interaction (involving 

H2 with N4) and O1…O1 interaction resulting in a stabilization energy of -12.62 kcal mol
-1

. Another 

molecular pair (Motif 4) shows the presence of bifurcated acceptor atom O1 with H3 and H14 having 

interaction energy of -7.77 kcal mol
-1

 with major contribution from dispersion component. The next most 

stabilized molecular pair involves C-H…N and C-H…C hydrogen bonding involving H15A interacting 

with N1 and H11 interacting with C10, respectively with an interaction energy of -7.53 kcal mol
-1

 and the 

stabilization mainly comes from dispersion component. Molecular pair 6 and 7 shows the presence of C-

H…N interaction involving H7B with N4 and H15B with N2 having interacting energies of -7.03 kcal 

Mol
-1

 and -5.66 kcal mol
-1

, respectively providing additional stabilization to the crystal packing. The 

combined nature of these interactions is mainly dispersive in nature.  

3.3 Conclusions 

In this part of chapter-3, we have outlined the initial findings of the design, synthesis, anticancer activity, 

and a brief SAR evaluation of a series of compounds having pyranopyrazole pharmacophore. The 

synthesis involved an unprecedented rapid, environment friendly, and MWA strategy. The synthesized 

compounds were tested for anticancer cytotoxic activity against Hep3B cells and all were found to be 

potent and showed reasonably good IC50 values as shown in Table 3.2. A quick SAR of the resulting 

compounds revealed that the presence of heteroatom substituent’s at the 3- position of the top right part of 

the pyranopyrazole might be significant in anticancer studies. Further research based on these preliminary 

studies is going on in our labs. Crystallographic analysis of 6-amino-3-methyl-4-(p-tolyl)-1,4-

dihydropyrano[2,3-c]pyrazole-5-carbonitrile and energy calculations show the presence of different key 

structural motifs which aid in the stabilization of crystal packing. Analysis of different structural motifs 

shows that weak intermolecular interactions are also the major contributors that stabilize the crystal 

packing in addition to strong interactions. This demonstrates that the calculation of lattice energies is a 

useful approach to assess the stability of molecular crystals in which dispersion type interactions make up 

an essential part of the intermolecular interactions.  

3.4 Experimental 

3.4.1 General methods of synthesis 
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Two-step method: Typical reaction procedure for the synthesis of pyranopyrazoles at room temperature 

on magnetic stirrer (two-step): Ethyl acetoacetate (1.0 equiv, 2.0 mmol, 0.25 ml) was taken in a round 

bottom flask and mixed with ethanol (3 ml) with dropwise addition of hydrazine hydrate (1.0 equiv, 2.0 

mmol, 0.10 ml). The mixture was stirred for about 1 hour at 60°C. The solid obtained was filtered, 

washed with distilled water and cold methanol, and then recrystallized from ethanol. In another round 

bottom flask, the required aldehyde (1.1 equiv) and malononitrile (1.1 equiv, 2.2 mmol, 0.12 ml) were 

taken and mixed with 4 ml of ethanol followed by drop wise addition of triethylamine (1.5 equiv, 3.0 

mmol, 0.42 ml). The mixture was allowed to stir for about 3-4 hours(while being monitored by TLC) at 

room temperature, filtered and washed with water, and then with a mixture of ethyl acetate : hexane (20 : 

80). The final pyranopyrazole compound obtained was eventually recrystallized from ethanol.  

Method A (one-step): the aldehyde (1.1 equiv), malononitrile (1.1 equiv, 2.2 mmol, 0.12 ml), and 

triethylamine (1.5 equiv, 3.0 mmol, 0.42 ml) were added successively to about 4ml of ethanol kept in a 

round bottom flask at ambient temperature. The mixture was allowed to stir vigorously for a few minutes. 

Ethyl acetoacetate (1.0 equiv, 2.0 mmol, 0.25 ml) and hydrazine hydrate (1.0 equiv, 2.0 mmol, 0.10 ml) 

were added to the reaction mixture and the contents of the flask were stirred for about one hour. The solid 

thus precipitated was subjected to a similar work up as in the two-step method described above.  

Method B (MWA synthesis): The microwave instrument used for the MWA synthesis experiments was 

CEM Discover BenchMate Reactor. All the reactions were performed in 10 mL pressure vials at 80–100 

Watt power at 60°C under high stirring mode. The reactants were added in the microwave apparatus in a 

similar fashion as in method B and stirred for 3-5 minutes. After the reaction, the contents of the flask 

were filtered, and analogous work up, purification, and recrystallization was done. 

3.4.2 Materials and method for biological activity 

For determining the in-vitro cytotoxicity, Hep3B cells (procured from NCCS Pune) growing in log phase 

were briefly seeded at a density of 2000 cells per well in a 96 well plate and incubated for 24 hours with 

5% CO2 at 37°C. The cells were treated with different drugs (namely compounds entry no. 1-10) at 

concentrations of 0.25μg/mL, 1μg/ml, 4μg/ml, 16μg/ml, 32μg/ml and 64μg/ml diluted with DMSO 

(SDFCL, cat no- 20323 L05) for 24 hours with respective controls. Following drug treatment, 20ul 

MTT/PBS (MTT: Sigma, cat no-M5655) (Stock concentration 5mg/ml) PBS (Invitrogen, cat no-21300-

025) was added and incubated for 4hours. The formazan crystals thus formed were solubilized using 

DMSO and readings were obtained at 495nm using an enzyme-linked immune-sorbent assay (ELISA) 

micro-plate reader (Start-fax 2100). Percentage of viable cells was calculated using formula: 

Viability (%) = (mean absorbance value of drug treated cells) / (mean absorbance value of control) *100 

3.4.3 Characterization of compounds not reported in the literature 
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Our data for the previously reported compounds was found to be identical and the corresponding 

references have been included in the Table 3.1. (For 
1
H and 

13
C-NMR spectra see Appendices A-1). 

6-amino-3-methyl-4-(thiophen-3-yl)-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile (5a5) 

Light creamy yellow solid, 
1
HNMR (400 MHz, d6- DMSO) δ: 12.10 (s, 1H), 7.28 (1H), 7.26 (2H), 6.83 

(2H), 4.73 (s, 1H), 1.86 (s, 3H). 
13

CNMR (100 MHz, d6-DMSO) δ: 160.7, 154.5, 145.0, 135.5, 126.6, 

125.9, 120.7, 120.7, 96.8, 78.5, 57.0, 31.3, 9.6. HRMS calcd for C12H10N4OS 258.058, found 258.057. 

6-amino-3-methyl-4-(1H-pyrrol-2-yl)-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile (5a6)  

Very light creamy yellow solid, 
1
HNMR (400 MHz, d6- DMSO) δ: 12.05 (s, 1H), 10.51 (1H), 6.56-6.73 

(3H), 5.84 (2H), 4.64 (s, 1H), 1.84 (s, 3H). 
13

CNMR (100 MHz, d6-DMSO) δ: 160.7, 154.7, 135.6, 133.2, 

120.8, 116.8, 106.6, 105.1, 96.7, 78.6, 56.9, 29.5, 9.4. HRMS calcd for C12H11N5O 241.096, found 

241.098.  

6-amino-4-(1H-indol-3-yl)-3-methyl-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile (5a7)  

White solid, 
1
HNMR (400 MHz, d6-DMSO) δ: 12.01 (s, 1H), 10.86 (1H), 6.84-7.36 (5H), 6.75 (2H), 4.85 

(s, 1H), 1.77 (s, 3H). 
13

CNMR (100 MHz, d6-DMSO) δ: 160.5, 154.9, 136.8, 135.4, 125.5, 121.0, 120.7, 

118.1, 116.7, 11.4, 78.6, 58.1, 28.2, 9.6. HRMS calcd for C16H13N5O 291.112, found 291.111. 

6-amino-4-(2-iodophenyl)-3-methyl-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile (5a9)  

Very light yellow solid, 
1
HNMR (400 MHz, d6-DMSO) δ: 12.15 (s, 1H), 7.01-7.35 (multiplet, 4H), 6.75 

(2H), 4.96 (s, 1H), 1.76 (s, 3H). 
13

CNMR (100 MHz, d6-DMSO) δ: 160.9, 154.7, 135.4, 128.6, 120.0, 

78.4, 56.3, 18.3, 9.9. HRMS calcd for C14H11N4O 377.998, found 377.996. 

6-amino-4-(2-fluorophenyl)-3-methyl-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile (5a14) 

Dirty white solid, 
1
HNMR (400 MHz, d6-DMSO) δ: 12.13 (s, 1H), 6.94 (2H), 7.24 (m, 4H), 4.87 (s, 1H), 

1.81 (s, 3H). 
13

CNMR (100 MHz, d6-DMSO) δ: 161.3, 154.9, 135.2, 129.7, 128.5, 124.5, 115.4, 99.5, 

96.5, 78.8, 55.6, 29.8, 9.4. HRMS calcd for C14H11FN4O 270.092, found 270.095.  
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3.5 Introduction 

Cancer is one of the highly deadly diseases of worldwide importance and is one of the leading causes of 

death globally.
[66] 

The mortality to incidence ratio is one of the highest for hepatocellular carcinoma cases. 

Cirrhosis (scarring of the liver) is the most common cause of liver cancer,
[67]

 and it may be caused by 

alcohol abuse, hepatitis B or C virus infection, autoimmune diseases of the liver, hemochromatosis (iron 

overload in the body), or chronic inflammation of the liver. 

Among the available chemical scaffolds, most of the heterocycles containing Nitrogen have always 

attracted immense interest in cancer research because of their widespread presence as part of the skeletal 

backbone of many therapeutic agents. For instance, several researchers reported pyrazole fused 

heterocycles including pyrazolo[1,5-a]pyrimidine,
[68]

 pyrazolo[4,3-d]pyrimidin-7-one,
[69]

 pyrazolo[3,4-

d]pyrimidine,
[70-72]

 pyrazolo[1,5-a]pyridine
[73]

 and pyrazolo[3,4-b]pyrrolo[3,4-d]pyridine
[74] 

etc. Similarly, 

substituted pyrano[2,3-c]pyrazoles are also much sought after because of their various potential 

applications in pharmaceutical field. They possess a wide range of biological activities like anticancer,
[75-

76]
 anti-inflammatory,

[76]
 antimicrobial,

[77-78]
 human Chk1 kinase

[79]
 and also as biodegradable 

agrochemicals.
[79]

 

Regarding the synthesis of pyranopyrazoles, several researchers reported multistep protocols
[80-81]

 and 

multi-component reaction
[82]

 (MCR) protocols etc. Thus, literature survey reveals a variety of three and 

four component MCR’s for the construction of different pyranopyrazoles. In this part of thesis, we report 

synthesis of non-spiro (5a-j, scheme 3.2, Table 3.7) and spiro (9a-h and 13a-c, scheme 3.3 and 3.4, 

Table 3.8) substituted pyranopyrazole scaffolds through MCR in one step by one pot approach. Although 

the conventional synthetic methodologies have a broad scope but the major disadvantage associated is the 

generation of copious amount of waste as side product. In this aspect, in modern drug discovery, the 

MCRs have evolved as a precious tool because of their inherent atom economy, structural multiplicity of 

the products, and efficiency when compared to conventional multistep syntheses. Following the synthesis, 

the preliminary biological evaluation of all the synthesized molecules through scheme 3.2, 3.3, and 3.4 as 

shown in Table 3.7 and 3.8 has been done in-vitro on Hep3B hepatocellular carcinoma cell line. The best 

five molecules, from each Table 3.7 and 3.8 which showed significant IC50 values were selected and 

tested for calf thymus DNA binding study by UV-visible spectroscopy by taking the OD in presence and 

absence of drug molecule with DNA. This type of study was imperative to get an insight into the possible 

mechanism of the anticancer study. Finally, the most potent compound (5h) was docked with CDK-2 

kinase to get a clearer picture of the binding mode of the ligand. To the best of our knowledge, this study 

is first of its kind in-depth combined investigation comprising synthesis, in-vitro exploration, and in-silico 

docking of pyranopyrazoles. 

http://www.nlm.nih.gov/medlineplus/ency/article/000279.htm
http://www.nlm.nih.gov/medlineplus/ency/article/000284.htm
http://www.nlm.nih.gov/medlineplus/ency/article/000816.htm
http://www.nlm.nih.gov/medlineplus/ency/article/000327.htm
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3.6 Chemistry of non-spiro and spiro pyranopyrazole moieties 

3.6.1 Chemistry of non-spiro pyranopyrazole compounds 

To accomplish the aim of identifying new physiologically active compounds, several researchers reported 

the synthesis of substituted 6-amino-4H-pyrazolo[3,4-b]pyrans. Junek et al.
[79]

 were the first group to 

represent this class of compounds which was obtained from the reaction of 3-methyl-1-phenylpyrazolin-

5-one with tetracyanoethylene. Various other groups
[83-85] 

synthesized varieties of 6-amino-5-cyano-4-

aryl-4H-pyrazolo[3,4-b]pyrans by condensation of 4-arylidenepyrazolin-5-ones with malononitrile or by 

arylidenemalononitriles with 3-methylpyrazolin-5-ones. Sharanin and co-workers
[84]

 developed the simple 

approach towards the synthesis of 6-amino-5-cyano-4-aryl-4H-pyrazolo[3,4-b]pyrans by condensation of 

aromatic aldehydes, malononitrile, and substituted pyrazolin-5-ones in ethanol medium using 

triethylamine as a catalyst.  

In the present paper, all the non-spiro compounds (5a-j) were synthesized by successive addition of the 

four components ethylacetoacetate, hydrazine hydrate, malononitrile, and the aldehyde to give the desired 

compounds (scheme 3.2, route A, Table 3.7) within 2-3 hour. Although the reaction yields were 

reasonable, the methodology was not adequate to lead to the satisfactory greening of the overall synthetic 

technique. Hence, we eventually experimented with the microwave assisted (MWA) synthetic strategy. 

To accomplish the MWA protocol (scheme 3.2, route B, Table 3.7), we mixed the aldehyde, 

malononitrile, and triethylamine in ethanol in the microwave apparatus followed by the addition of ethyl 

acetoacetate and hydrazine hydrate. Finally, the reaction mixture was kept in the microwave apparatus 

and the reaction was accomplished within 3-5 minutes. The overall reaction took less than 6 minutes for 

completion. From Table 3.7, it is observed that the general yield of the MWA protocol and the traditional 

protocol was comparable and the slight loss of yield for the MWA methodology was more than 

compensated by the rapid reaction times. The reduction in reaction time and cleaner reactions leading to 

comparable yields are the two main advantages of the microwave assisted synthesis over the conventional 

method. In addition, the use of microwave irradiation not only minimizes the formation of unwanted by 

products but also reduces the need for organic solvents; sometimes even leading to solvent free reactions. 

In a previous paper, we reported that some pyrazole-fused heterocyclic compounds could be synthesized 

by microwave irradiation strategy.
[86]

 These results encouraged us to adopt microwave irradiation for the 

synthesis of pyrazole derivatives with structural diversity. The comparison of the percentage yield and the 

reaction completion time for both conventional as well as microwave assisted synthesis is shown in Table 

3.7 and the corresponding graphs are shown in Figure 3.17 and 3.18 respectively. 
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Scheme 3.2 Synthesis of non-spiro pyranopyrazole via (a) conventional method and (b) Microwave 

assisted synthesis. 

Table 3.7: Synthesized pyranopyrazoles (non-spiro), yields, time, and references. 

No. Aldehyde 

(R = ) 

Product Route A
a 

(%)
c
    (T)

d 

Route B
b 

(%)    (T) 

Observed 

m.p. (°C) 

Ref 

1 2-Furanyl (4a) (5a)   92     130 82      5 240-244  87 

2 2-thiophenyl (4b) (5b)   93     100 90      5 187-189 88 

3 2-pyridinyl (4c) (5c)   85     150 76      3 245-247 91 

4 2-HO-C6H4 (4d) (5d)   91     70 81      4 213-215 87 

5 4-HO-C6H4 (4e) (5e)   84     120 78      4 223-226 87 

6 4-O2N-C6H4 (4f) (5f)   77     110 73      5 195-196 89 

7 4-F-C6H4 (4g) (5g)   83     100 80      3 244-246 87 

8 4-(N,N-dimethylamino)-C6H4 (4h) (5h)   90     120 83      3 232-234 87 

9 3,4-di-MeO-C6H3 (4i) (5i)   78     120 85      2 194-195 89 

10       3-OH-C6H4 (4j) (5j)   84     120 82      2 169-170 90 

a
one-step traditional heating; 

b
one-step MWA synthesis; 

c
isolated yields; 

d
time in minutes. 
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Figure 3.17 Shows the plot of compound entry vs 

% yield. 
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 Figure 3.18 Shows the plot of compound entry vs      

% reaction time. 

3.6.2 Chemistry of spiro-pyranopyrazole compounds 

Similar to the non-spiro derivatives, all the novel spiro-pyranopyrazole compounds (9a-h and 13a-c, 

scheme 3.3 and 3.4) were synthesized by conventional method as well as through the reflux method. 

Although, the procedure is the same for both the methods the difference lies in the time of completion of 

the reactions. All the spiro compounds were prepared by mixing of the analogous three components 

wherein substituted ketones (8a-h and 12a-c, scheme 3.3 and 3.4) were used in place of aromatic 

aldehydes as shown in Table 3.8. Anatoliy et al.
[92]

 reported the synthesis of substituted 6-amino-5-

cyanospiro-4-(piperidine-4
'
)-2H,4H-dihydropyrazolopyrans, 9d from the base-catalyzed reaction of 

substituted piperidin-4-ones (8d, scheme 3.3, in Table 3.8), pyrazol-5-ones (6), and malononitrile (7) in 

ethanol at 20 °C. In our case, we found that there was no need of triethylamine as a catalyst in synthesis 

of 9d as shown in Table 3.8 because the presence of alkyl substituent at nitrogen atom of the piperidinone 

increases its basicity high enough to make the process autocatalytic. However, it was observed during the 

experiment that a base catalyst, such as triethylamine is necessary for all other reactions (preparation of 

9a-h and 13a-c, Table 3.8). The structures of all the spiro compounds that were prepared were confirmed 

by the usual method and by comparison with the known structures of 6-amino-5-cyanospiro-4-

(piperidine-4
'
)-2H,4H-dihydropyrazolopyrans such as 9d which have been determined by available IR 

and NMR data in literature. According to Anatoliy et al.
[92] 

the compound 9d exists in the tautomeric form 

9d(A) as opposed to 9d(B) as shown in Figure 3.19 which was corroborated in our findings as well. 
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Figure 3.19 The tautomeric forms of the spiro-pyranopyrazole scaffold 9d. 
 

 

Scheme 3.3 Synthesis of nitrile substituted spiro pyranopyrazole compounds: (a) without heating (room 

temperature) and (b) under reflux. 

We observed that for the synthesis of spiro compounds (9a-h and 13a-c), reflux method (80-100°C) is 

much better than the room temperature method in terms of the yields. This is because of the better yield 

obtained and the lesser time taken by the reaction through the refluxing protocol (route B) as shown in 

scheme 3.3 and 3.4. The comparison of percentage yield and the reaction completion time for both 

refluxing as well as the room temperature methods (20-25 °C) is shown in Table 3.8 and the 

corresponding graphs are shown in Figure 3.20 and 3.21 respectively. In Table 3.8, the first eight 

compounds from 9a-h were synthesized by scheme 3.3 and the last three compounds 13a-c were 

synthesized by scheme 3.4. Interestingly, a close observation of scheme 3.3 (-CN substituent at the 5′ 

position of the pyran ring) and scheme 3.4 (-COOC2H5 substituent at the 5′ position of the pyran ring) 

reveals that there is not much difference in the yield or time of the reaction after substitution of the ester 

group in place of nitrile group (scheme 3.4) at 5
th
 position in the pyran ring. 

 

Scheme 3.4 Synthesis of ester substituted spiro pyranopyrazole derivatives: (a) without heating (room 

temperature) and (b) under reflux. 
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Table 3.8: Synthesized substituted spiro-pyranopyrazoles. 

 

a
 one-step room temperature; 

b
 one-step reflux; 

c
 isolated yields; 

d
 time in minutes. 
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Figure 3.20 Shows the plot of compound entr vs 

% yield for spiro-molecules. 
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Figure 3.21 Shows the plot of compound entry 

vs % reaction time for spiro-molecules. 

3.7 Anticancer activity on Hep3B cell line   

3.7.1 Cell line and culture medium: Human hepatocellular carcinoma cell line, Hep3B were obtained 

from NCCS, Pune, India, cultured in a humidified incubator set at 37°C, 5% CO2, in minimal essential 

medium (MEM; Hi media, # 41500-067) supplemented with 10% fetal bovine serum (FBS; Invitrogen, 

#26140-079) and 100U/mL penicillin, 100μg/mL streptomycin (Invitrogen, # 10378-016). Cells were 

No Ketones Compd. Route  A
a Route  B

b Observed Ref 

 (R = )  (%)
c
    (T)

d (%)    (T) m.p. (°C)  

1 Isatin (8a) (9a)   60     600   70      10 272-274 93 

2 5-Cl-isatin (8b) (9b)   70     600   85      12 270-272 94 

3 5-Br-isatin (8c) (9c)   75     480   82      10 290-291 - 

4 N-methyl-piperidione (8d) (9d)   72     660   80      15 160-162 95 

5 1,4-Cyclohexanedi-one (8e) (9e)   60    1200   70      20 158-160 - 

6 1-Benzyl-4-piperidone (8f) (9f)   65    720   78      20 188-190 - 

7 Acetophenone (8g) (9g)   77     600   85      10 212-213 96 

8 4-OH-acetophenone (8h) (9h)   78     720   90      10 111-112 - 

9 Isatin (12a) (13a)   80     600   85      10 279-280 94 

10 5-Cl-isatin (12b) (13b)   65     600   75      12 269-270 94 

11 5-Br-Isatin (12c) (13c)   80     720   90      10 265-267 - 
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typically grown to 60–70% confluence, rinsed in phosphate-buffered saline (PBS), detached by treating 

with trypsin (0.05% trypsin) for 2 min and placed into fresh medium prior to treatments. 

3.7.2 Determination of in-vitro cell cytotoxicity by MTT assay: For determining the in-vitro 

cytotoxicity, Hep3B cells were seeded at a density of 4000 cells per well in 96 well plates and incubated 

overnight at optimum culture conditions. The drug stocks at different dilutions were prepared in 100μl 

volume of DMSO (0.2%; SDFCL, # 2032). A DMSO control was also performed. For each compound, 

five dilutions were prepared and measurements were performed in triplicates. Following treatment for 

24h, 20μl of MTT (Stock concentration 5 mg/ml; Sigma, #M5655) dissolved in 1 X PBS was added to 

each well at a final concentration of 1mg/mL and incubated for 4h. After 4 h, media was aspirated from 

all wells. Formazan crystals formed due to presence of live cells were solubilized in 150 μL DMSO. 

Readings were obtained at 495 nm with a differential filter of 630 nm using an enzyme-linked immune-

sorbent assay (ELISA) micro-plate reader (Start-fax 2100, Awareness Tech. Ltd). The concentration 

required for 50% inhibition of viability (IC50) was determined graphically. Percentage of viable cells was 

calculated using the formula: 

Viability (%) = (mean absorbance value of drug treated cells) / (mean absorbance value of control) *100 

3.8 Calf Thymus DNA binding study by OD method 

3.8.1. Materials and methods for DNA intercalation study: DNA intercalation studies were performed 

using UV-Visible spectroscopy with calf thymus DNA (CT-DNA, Calbiochem). Stock solution of CT-

DNA was prepared by dissolving it in Tris-EDTA (TE) buffer solution and the concentration of dissolved 

DNA was determined by Nanodrop (Simply Nano, GE Healthcare Life Sciences) at 260 nm. Purity of 

DNA was checked by monitoring the ratio of the absorbance at 260 nm to 280 nm. The spiro and non-

spiro compounds at IC50 concentration, obtained from cell cytotoxicity assay were used for DNA 

interaction study. Briefly, each compound was mixed separately with different concentrations of CT-

DNA prepared by serial dilution. The absorption spectra of only DNA at different dilutions and DNA in 

mixture with different drug concentrations were measured through nanodrop at 260 nm. The readings 

were taken either just after mixing the drug and DNA (0h) or after 3h of incubation at 37°C. TE and TE 

with individual compound were set as blank while measuring the optical density of DNA and DNA plus 

compounds respectively.  

3.9 Results and Discussion 

3.9.1 Anticancer activity of non-spiro pyranopyrazole scaffolds: With the synthesized non-spiro 

pyranopyrazole pharmacophores in hand, we selected all the prepared compounds and tested them for in-

vitro anticancer activity against the Hep3B hepatocellular carcinoma cell line and the results are shown in 
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Figure 3.22 and 3.23. The reason for testing them selectively for anticancer activity was that very few 

reports had appeared on the antineoplasmic activity of pyranopyrazoles; we did a preliminary cytotoxic 

study and found promising results. Thus encouraged, we decided to test the DNA binding of these 

synthesized compounds to get some insight into the mechanism of their antineoplasmic activity. The 

Hep3B cell line has been previously used by various scientists for evaluating the cytotoxicity of several 

systems.
[97]

 

0 1 2 3 4 5 6 7 8 9 10

0

20

40

60

80

100

%
 V

ia
b

il
it

y
 o

f 
c
e
ll

s

Compound entry

 Control(without compound)

 

Figure 3.22 Shows the plot of compound entry vs % viability of cells at 64 µg/ml.  
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Figure 3.23 Shows the plot of compound entry vs % viability of cells at 128 µg/ml.  
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The IC50 values of all the synthesized non-spiro compounds are shown in Table 3.9. Although the values 

obtained are significant but a closer observation shows that compound entry no. 8 (5h) and 10 (5j) as 

shown in Table 3.9 are the best molecules showing the IC50 value of 8μm. The molecules which show the 

significant IC50 values are in the order as: 5j≈5h>5b>5f>5a≈5g> 5d≈5e≈5i>5c and is represented by the 

corresponding compound entries as 10≈8>2>6>1≈7>4≈5≈9>3 as shown in Table 3.9. The overall activity 

and the graphical representation of % cell viability at various concentrations are shown in Figure 3.24. 
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Figure 3.24 Shows the graphical representation of % cell viability at various concentrations of drugs. 

Table 3.9: Cytotoxicity results of first five and next five (non-spiro) compounds. 

 

 

 

 

 

 

 

a
compound no.; 

b
in μg/ml. 

3.9.2 Anticancer activity of spiro pyranopyrazole scaffolds 

The in-vitro anticancer activity of all the synthesized spiro compounds were tested against Hep3B cell 

line and the results obtained at 64 µg/ml and 128 µg/ml are shown in Figure 3.25 and 3.26 respectively. 

The spiro compounds show more cytotoxic effect at 128 µg/ml as shown in Figure 3.26. A closer look of 

the Figure 3.25 and 3.26 shows that for compound entry no. 10 (13b) the cytotoxic activity is not reliable 

at 128 µg/ml because the compound 13b increases the number of cancer cells (Hep3B cells) by labor of 

No.
a
 IC50

b
 No.

 
IC50

 

1 64 6 32 

2 8-32 7 64 

3 >>128 8 8 

4 128 9 128 

5 128 10 8 
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division at this concentration but at 64µg/ml the compound 13b shows the significant activity. The 

calculated IC50 values of all the spiro compounds are shown in Table 3.10. 
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Figure 3.25 Shows the plot of compound entry vs % viability of cells at 64 µg/ml. 
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Figure 3.26 Shows the plot of compound entry vs % viability of cells at 128 µg/ml. 
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Figure 3.27 Shows the graphical representation of % cell viability at various concentrations of drugs. 

All the compounds show significant anticancer activity except compound entry no. 1 (9a) and 9 (13a) 

showing IC50 values in the range of 64-128 μm. A closer observation of Table 3.10 shows that the -CN 

substituted compounds (synthesized by scheme 3.3, entry no. 1-8, 9a-h) and COOC2H5 (synthesized by 

scheme 3.4, entry no. 9-11, 13a-c) substituted compounds show comparable anticancer activity. Some -

CN substituted compounds like 9b, 9e, and 9f (entry no. 2, 5, 6) show much better IC50 values than all 

other in -CN substituted spiro series as well as COOC2H5 substituted spiro series. The overall activities of 

all the spiro compounds at various concentrations are shown in Figure 3.27. 

Table 3.10: Cytotoxicity results of first six and next five (spiro) compounds. 

 

 

 

 

 

  
 

 

 

 

a
compound no.; 

b
in μg/ml. 

3.9.3 DNA binding studies 

3.9.3.1 DNA binding study of Calf Thymus DNA (CT-DNA) by the best five non-spiro 

pyranopyrazole scaffolds 

No.
a
 IC50

b
 No.

a 
IC50

b 

1 64-128 7 32-64 

2 32-64 8 64 

3 64 9 64-128 

4 64 10 64 

5 32-64 11 64 

6 32   
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The two strands of DNA are bound together mainly by stacking interactions, hydrogen bonds and 

hydrophobic effect between the complementary bases. The bonds limit the resonance of the aromatic ring 

and hence the absorbance of UV light is limited; when the DNA double helix is treated with agents that 

disrupt the interactive force holding the double helical structure, the absorbance increases. These two 

spectral features
[98]

 of DNA are known as hypochromic and hyperchromic effect respectively which 

provides information about the conformational and structural changes in DNA. Here, out of ten non-spiro 

pyranopyrazole compounds tested against Hep3b cell line, the best five molecules 5a, 5f, 5g, 5h, and 5j 

were selected and tested for DNA binding study of CT- DNA by Nanodrop at 260 nm and all the results 

obtained at 0 hour and after 3 hour are shown in Table 3.11 and the corresponding graphs are shown in 

Figure 3.28 and 3.29 respectively. At 0 (zero) hour, we observed that after addition of compounds 5a, 5f, 

5g, 5h, and 5j at different concentrations there was no significant difference in OD values. However, after 

3 hour the OD value of DNA with compound shows a trend towards an increase in absorption or a 

hyperchromic shift which can be taken as a confirmation of drug binding with the CT-DNA molecule. 

The hyperchromic effect can be putatively attributed to several effects like, a damage of the DNA by the 

drug molecule resulting in unfolding or unzipping of the secondary structure or the double helix resulting 

in increased absorbance. The results were more prominent at lower concentrations of the DNA when 

incubated for 3 hours with DNA. Therefore, the results certainly confirm that these compounds have the 

potential to interact with DNA altering their spectral properties and simultaneously exert a cytotoxic 

effect to cancer cells. 

Table 3.11: DNA binding study of CT DNA by non-spiro pyranopyrazole molecules. 

Readings at 0 hour 

TE + Drug (Blank) 

Readings after 3hour 

TE + Drug (Blank)  

S.

No 

DNA 

conc.µ

g/ml 

OD values from nano drop exp. OD values from nano drop exp. 

DNA 5a 5f 5g 5h 5j DNA 5a 5f 5g 5h 5j 

1 1.30 26.25 22.38 24.7 24.98 24.64 23.55 26.75 27.63 26.15 26.24 26.09 24.94 

2 0.655 13.25 11.48 15.97 13.26 13.6 18.56 14.2 18.97 15.48 15.67 16.29 16.83 

3 0.338 7.33 5.34 10.65 18.22 7.08 8.31 6.53 8.14 9.68 7.54 9.36 8.64 

4 0.167 3.58 1.27 4.39 12.71 3.9 4.32 3.18 4.18 4.9 4.67 7.72 4.48 

5 0.089 1.98 1.67 7.66 11.47 3.31 1.76 1.45 5.19 7.56 2.31 7.09 1.71 

6 0.046 0.99 2.46 3.26 18.34 4.72 1.01 0.87 2.28 3.18 4.99 4.59 0.84 

7 0.024 0.68 1.24 1.18 5.84 0.76 0.58 0.24 1.49 2.26 1.26 0.8 0.63 

8 0.010 0.24 0.86 0.78 5.51 0.14 0.28 0.13 0.47 1.31 1.95 0.04 0.58 
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Figure 3.28 Absorption spectra of DNA in the absence and in the presence of increasing amounts of non-

spiro-pyrazolopyran compounds at 0 hour. 
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Figure 3.29 Absorption spectra of DNA in the absence and in the presence of increasing amounts of non-

spiro-pyrazolopyran compounds after 3 hour. 
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3.9.3.2 DNA binding study of Calf Thymus DNA by the best five spiro pyranopyrazole scaffolds 

Based on the principle of different type of interactions of compounds with DNA described above, out of 

the eleven spiro molecules tested against Hep3B cell line, the best five molecules were selected for DNA 

binding study. The absorption spectra of only DNA at different dilutions and in mixture with different 

drug concentrations was measured as described before. The results obtained are presented in Table 3.12. 

No significant difference in OD values after immediate addition of the drug and even after incubating the 

spiro compounds for 3 hours with DNA was observed. The change in OD values were not as significant 

compared to incubation of non-spiro compounds with DNA. This does suggest that spiro and non-spiro 

compounds probably have different mechanism induction of cytotoxicity; where majority of non-spiro 

compounds showed interaction with DNA resulting in a hyperchromic effect, similar observations were 

not obtained with spiro compounds. 

Table 3.12: DNA binding study of CT-DNA by spiro-pyranopyrazole molecules. 

Readings at 0 hour 

TE+Drug (Blank) 

Readings after 3 hour 

TE+Drug (Blank)  

No DNA 

conc.µg/

ml 

OD values from nano drop exp. at 260 nm OD values from nano drop exp. at 260 nm 

DNA 9c 9d 9g 9h 13c DNA 9c 9d 9g 9h 13c 

1 1.000 21.37 19.7 21.69 19.82 22.94 19.93 20.89 20.80 22.25 21.30 23.16 20.09 

2 0.561 11.22 11.48 12.25 11.07 13.57 11.37 11.82 11.76 11.90 11.31 13.91 11.67 

3 0.291 5.8 5.39 5.41 5.64 5.54 6.24 5.91 5.96 5.49 5.51 5.81 6.71 

4 0.143 2.8 2.1 2.86 2.75 2.66 3.04 2.74 2.86 2.78 2.83 2.82 3.42 

5 0.073 1.38 1.84 1.36 0.94 1.24 1.29 1.23 2.18 1.37 0.89 1.43 1.46 

6 0.037 0.67 0.31 0.64 0.8 0.61 0.11 0.54 0.62 0.71 0.82 0.70 0.17 

7 0.018 0.32 0.11 0.32 0.3 0.2 0.16 0.33 0.19 0.28 0.46 0.28 0.21 

8 0.008 0.16 0.02 0.19 0.004 0.03 0.03 0.13 0.05 0.18 0.03 0.20 0.02 

 

The absorbance graph at 0 (zero) and 3 hour of the best selected spiro compounds at various 

concentration are shown in Figure 3.30 and 3.31 respectively. The comparison of absorbance values for 

non-spiro and spiro pyranopyrazole compounds at concentration of 1.30 and 1 µg/ml at 0 (zero) hour and 

after 3 hour are shown in Figure 3.32. From the analysis of bar graph (Figure 3.32) we can say that the 

non-spiro compounds have higher intensity and are showing hyperchromic shift after 3 hour. On the other 

hand spiro compounds also showed hyperchromic shift after adding of drug but it is very less intense and 

prominent in case of spiro molecules as compared to non-spiro one. 
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Figure 3.30 Shows the absorbance spectra of DNA in the absence and in the presence of spiro 

Pyranopyrazole at 0 hour. 
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Figure 3.31 Shows the absorbance spectra of DNA in the absence and in the presence of spiro 

Pyranopyrazole after 3 hour. 
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Figure 3.32 (Left): the absorbance spectra of DNA in the absence and presence of non-spiro 

Pyranopyrazole compounds at 1.30 μg/ml; (right): absorbance spectra of DNA in the absence and 

presence of spiro pyranopyrazole compounds at 1.00 μg/ml. 

3.10 Molecular Docking of the non-spiro molecule 5h 

3.10.1 Software required 

Molecular modeling software Auto Dock 4.2 installed on a PC with 2.3GHz processor, 4GB RAM with a 

dedicated Graphics Card of 2GB with windows XP SP2 as the operating system was used for the entire 

docking study.  

3.10.2 Receptor used for docking 

CDK-2 (Cyclin Dependent Kinase) enzyme co-crystallized with Mg-ATP ligand (PDB ID: 1HCK) is 

used as target receptor.  

3.10.3 Experimental procedure of molecular docking 

Among the reasons why CDK-2 was chosen as the target protein was that Foloppe et al.
[99]

 had previously 

reported the pyranopyrazole scaffold as a potentialCDK-2 inhibitor in a virtual screening study. Thus, the 

molecular docking study was done on target protein CDK-2 which was downloaded from RCSB protein 

data bank. THR14 (T) and TYR15 (Y) residues of the GTYG cluster of ATP binding sites (residues 13 to 

16) were used as flexible ones. Later on, the refinement of the target protein was done by removal of 

water molecules, adding polar hydrogens and kollmann charges. The grid was centered on the active site 

of the protein and a grid spacing of 0.375 Å and 60 × 60 × 60 number of points was used for the docking 

study. The separate grid maps were generated by the auto grid program for all types of atom of the ligand 

structure and one for the electrostatic interaction. The energy minimized conformations of the synthesized 

ligand 5h was obtained by using PRODRG online server (http://davapc1.bioch.dundee.ac.uk/prodrg/). 

The calculation of Gasteiger- Huckel charges for the energy minimized conformation of ligand 5h was 

http://davapc1.bioch.dundee.ac.uk/prodrg/
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done and saved in default format of Autodock. For 50 runs, around 50 possible binding confirmations 

were generated by Autodock using LGA search. A maximum number of 2.5×10
5
 energy evaluations and 

2.7×10
4
 generations has been done by default protocol with initial population of 150 randomly placed 

individuals. A mutation rate of 0.02 and a crossover rate of 0.8 were used. 

3.10.3.1 Validation of docking 

Standard drug Flavopiridol is used for calibration and validation of docking process. Subsequently, the 

hydrogen-bonding (Figure 3.33) and van der Waals interaction (Figure 3.34) of the standard drug (CDK-

2 inhibitor) with the receptor protein was also determined for validation. 

 

 

Figure 3.33 H-bonding interaction of standard drug Flavopiridol with CDK-2 and the structure of 

Flavopiridol. 
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Figure 3.34 Showing the van der Walls interaction of standard drug Flavopiridol with CDK-2. 

3.11 Hydrogen bonding interaction 

Hydrophilic body (–NH) in pyrazolon ring and cyano group (–CN) attached with pyran ring behave as 

hydrogen bond donor and hydrogen bond acceptor respectively in the designed analog 5h and are 

responsible for hydrogen bonding interaction with hydrophilic amino acids GLY-13 and GLU-12 (Figure 

3.35) of target protein.  

 

Figure 3.35 Showing the H-bonding interaction of non-spiro pyranopyrazole 5h with CDK-2. 
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GLY-13 and GLU-12 are active site amino acid residues that are mainly involved in hydrogen bond 

interaction with designed analogs and might be responsible for CDK-2 inhibition activity as depicted. 

Docking studies revealed that, cyano (–CN) and –NH of designed ligands act as hydrogen bond acceptor 

and hydrogen bond donor, respectively, in the ligand-receptor interactions.  

3.12 Van der Waals interaction 

Van der Waals interaction plays a major role in the determination of binding free energy of ligand-

receptor complex. Amino acids GLU12, GLY13, TYR15, GLY16, VAL18, LYS33, LYS129, and 

GLN131 of target receptor are indeed responsible for van der Waals interaction (Figure 3.36) with 

ligands 5h (Table 3.7) to form stable receptor-ligand complex. van der Waals interaction exhibited by 

prototype compound 5h with target protein and amino acid residues present within the van der Waals 

radius are shown in Figure 3.36. In addition, another docking parameter, namely, predicted inhibitory 

constant (Ki) was also determined. The inhibitory constant is a measure of compound’s inhibitory potency 

of a biological or biochemical function. Inhibitory constant is exponential to the binding free energy of 

receptor ligand complex. The synthesized analog 5h showed significant inhibitory constant values of 

60.68 nM against CDK-2 enzyme with that of standard Flavopiridol (129.29 nM). The synthesized 

analogue 5h not only showed a huge increase in the binding energy (-9.85 kcal/mol) vis-à-vis Flavopiridol 

but also in line with the theoretical values obtained for the calibration of other well-known CDK 

inhibitors like kenpaullone (-10.68 kcal/mol), indirubin (-11.20 kcal/mol) and olomoucine (-8.90 

kcal/mol). 

 

Figure 3.36 Showing the van der Walls interaction of non-spiro pyranopyrazole 5h with CDK-2. 
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3.13 Conclusions 

Two series of pyranopyrazole compounds (spiro and non-spiro substituted) were synthesized by 

environmental friendly MCR methodology. The synthesized molecules were tested for their cytotoxicity 

on Hepatocellular carcinoma Hep-3B cell line and it was found that many compounds, especially the non-

spiro ones, inhibited the growth of cancer cells in dosage dependent manner. To get an insight into the 

mechanism of antineoplasmic activity, their DNA intercalation study was performed by UV-visible 

spectroscopy which showed that the non-spiro molecules do interact with DNA. The latter result also 

correlates to their relatively better in-vitro activity. Finally, the molecule with best IC50 value was selected 

and docked against CDK-2 protein. The docking results conferred with the overall experimental findings 

that there is significant binding interaction with the vital amino acid residues which may be contributing 

to their cytotoxic activity. 

3.14 Experimental  

3.14.1 General procedure for synthesis of non-spiro pyranopyrazole
[86]

 

Scheme 3.2 (Route A): Here although the synthesized non-spiro molecules are different from Part A 

of Chapter-3 but we follow the same procedure in the synthesis of these molecules as discussed in 

Part A of Chapter-3. 

Scheme 3.2 (Route B): (MWA synthesis): For MWA synthesis also we follow the same procedure 

as discussed in Part A of Chapter-3. 

3.14.2 General procedure for synthesis of spiro-pyranopyrazole 

Scheme 3.3 (Route A): A solution of the corresponding ketone (10.0 mmol), malononitrile (10.0 

mmol), pyrazol-5 one (10.0 mmol), and 0.5 mL of triethylamine (no Et3N in the synthesis of 9d) was 

also added in absolute ethanol (25 mL) and stirred for 10-12 h at room temperature. The precipitate 

that formed was filtered off, washed with ethanol and hexane, and recrystallized from ethanol. 

Scheme 3.3 (Route B): A solution of the corresponding ketone (10.0 mmol), malononitrile (10.0 

mmol), pyrazol-5-one (10.0 mmol), and 0.5 mL of triethylamine (no Et3N in the synthesis of 9d) in 

absolute ethanol (25 mL) was refluxed (80-100C) for 10-20 min. The precipitate that formed was 

filtered off, washed with ethanol and hexane, and recrystallized from ethanol. 

Scheme 3.4 (Route A): A solution of the corresponding ketone (10.0 mmol), ethylcyanoacetate 

(10.0 mmol), pyrazol-5 one (10.0 mmol), and 0.5 mL of triethylamine was added in absolute ethanol 

(25 mL) and stirred for 10-12 h at room temperature. The precipitate that formed was filtered off, 

washed with ethanol and hexane, and recrystallized from ethanol. 
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Scheme 3.4 (Route B): A solution of the corresponding ketone (10.0 mmol), ethylcyanoacetate 

(10.0 mmol), pyrazol-5-one (10.0 mmol), and 0.5 mL of triethylamine in absolute ethanol (25 mL) 

was refluxed for 10-20 min. The precipitate that formed was filtered off, washed with ethanol and 

hexane, and recrystallized from ethanol. 

3.14.3 Characterization data: For 
1
H and 

13
C-NMR spectra see Appendices A-1. 

6'-amino-5-bromo-3'-methyl-2-oxo-1'H-spiro[indoline-3,4'-pyrano[2,3-c]pyrazole]-5'-carbonit- 

rile (9c): Brown solid. 
1
HNMR (400MHz, d6-DMSO) : 12.31 (s, 1H), 10.73 (1H), 6.81-7.40 (3H), 

2.46 (2H), 1.53 (s, 3H).
 13

CNMR (400MHz, d6-DMSO) : 178.41, 162.62, 155.52, 141.05, 135.59, 

134.54, 131.69, 127.45, 118.74, 114.57, 112.02, 95.17, 54.93, 47.83, 9.77.  

6'-amino-1,3'-dimethyl-1'H-spiro[piperidine-4,4'-pyrano[2,3-c]pyrazole]-5'-carbonitrile(9d): 

White solid. 
1
H NMR (400MHz, d6-DMSO) : 11.97 (s, 1H, NH); 6.49 (s, 2H, NH2); 2.81 (m, 2H); 

2.62 (m, 2H); 2.26 (s, 6H); 2.10 (m, 2H); 1.77 (m, 2H). 
13

CNMR (400MHz, d6-DMSO) : 172, 

161.1, 139.1, 135.2, 130.2, 128.20, 68.10, 54.35, 33.35, 33.17. 

6'-amino-3'-methyl-4-oxo-1'H-spiro[cyclohexane-1,4'-pyrano[2,3-c]pyrazole]-5'-carbonitrile (9 

e): Dark yellow solid. 
1
H NMR (400MHz, d6-DMSO) : 12.62 (s, 1H, NH); 5.11 (s, 2H, NH2); 2.81 

(m, 2H); 2.62 (m, 2H);; 2.10 (m, 2H); 1.77 (m, 2H); 1.93 (s, 3H). 
13

CNMR (400MHz, d6-DMSO) : 

140.98, 130.40, 127.54, 102.75, 40.57, 39.95, 12.06.  

6'-amino-1-benzyl-3'-methyl-1'H-spiro[piperidine-4,4'-pyrano[2,3-c]pyrazole]-5'-carbonitrile (9f): 

Yellow solid. 
1
HNMR (400MHz, d6-DMSO) : 12.17 (s, 1H), 10.51 (1H), 6.72-7.25 (3H), 3.64 (2H), 0.72 

(s, 3H), 1.56 (t, 3H), 2.45 (q, 2H). 
13

CNMR (400MHz, d6-DMSO) : 129.28, 128.54, 119.9, 62.45, 53.28, 

50.15, 40.56, 29.17, 12.21.  

Ethyl 6'-amino-6-bromo-3'-methyl-3-oxo-1'H-spiro[indoline-2,4'-pyrano[2,3-c]pyrazole]-5'-carbox- 

-ylate (13c): White solid. 
1
HNMR (400MHz, d6-DMSO) : 12.17 (s, 1H), 10.51 (1H), 6.72-7.25 (3H), 

3.64 (2H), 0.72 (s, 3H), 1.56 (t, 3H), 2.45 (q, 2H).
 13

CNMR (400MHz, d6-DMSO) : 179.72, 163.39, 

154.76, 141.75, 130.16, 130.59, 125.97, 113.74, 111.19, 96.86, 73.97, 59.27, 47.70, 39.93, 13.64, 9.45 
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3.15 Introduction 

Environmental considerations and simplicity of preparative procedure have bound organic chemists to 

look for greener synthetic choices and hence multi-component reactions (MCRs) are now emerging as a 

responsible alternative tool in organic synthesis.
[100]

 MCRs are also crucial in the design of new and 

bioactive small organic molecules
[101a-i]

 as these procedures have distinctive green-chemistry
[102a-d]

 and 

atom-economy benefits.
[103a-b]

 With the emergence of drug-resistant pathogens, there has been increasing 

research towards the discovery of new small organic molecules that target these pathogens.
[104a-b]

 

Moreover, there has been a more than 40 year gap between the discovery of new small molecule 

antibiotics: fluoroquinolones (in 1962) and the oxazolidinone linezolid (in 2000).
[105]

 Hence, the search 

for better and resilient antimicrobials continues. Similarly, fungal-infections have been unremittingly 

increasing especially in immunity-deficient patients such as those suffering from AIDS, cancer, etc.
[106a-b]

 

Fluconazole, itraconazole, and ketoconazole are some of the azole containing compounds that have been 

well established as first line of defense against fungal infections. 

Our efforts to prepare pyrazole and pyran based heterocyclic compounds as potential bioactive molecules, 

led us to the synthesis of pyranopyrazoles, i.e. pyran fused pyrazoles. 4H-Pyrans have been reported as 

the basic structural pharmacophores for a range of useful compounds such as natural products
[107a-b]

, other 

biologically and pharmacologically active compounds
[108a-d]

, agrochemicals
[109]

, etc. Therefore, the 

synthesis of such compounds has generated strong scientific interest. Similarly, pyrazoles have also been 

reported as excellent starting materials for various bioactive small organic molecules.
[110a-b]

 

Pyranopyrazoles have also been described as physiologically active compounds having applications such 

as antimicrobial
[111]

, antiviral
[112]

, sex pheromone
[113]

,
 
etc. Therefore, the designing and synthesis of such 

heterocyclic fused-core compounds continues to draw scientific curiosity.  

Regarding the chemical synthesis of the pyranopyrazole pharmacophore, several reports are available in 

the literature. The first reported synthesis related to the reaction between 3-methyl-1-phenylpyrazolin-5-

one and tetracyanoethylene.
[114]

 Subsequently, other groups reported related syntheses of a series of 6-

amino-5-cyano-4-aryl-4H-pyrazolo[3,4-b]pyrans.
[115a-b]

 A useful three-component reaction between N-

methylpiperidone, pyrazolin-5-one and malonodinitrile was reported by Shestopalov and co-workers.
[116a-

b]
 Subsequently, the same group described a new four-component MCR assisted synthesis of 

pyranopyrazoles.
[117]

 Peng and co-workers
[118]

 outlined an interesting variation of the MCR strategy by 

utilizing the environmentally safe technology of combined microwave and ultrasound irradiation. Vasuki 

et al. reported a fast four-component reaction in water.
[119]

 Schlager and co-workers disclosed an altered 

multistep synthesis of pyranopyrazoles starting with 1-phenylpyrazole.
[120]

 Recently, a few papers have 

revealed the use of catalyst
[121a-b]

, nanoparticles
[122]

, or traditional refluxing conditions.
[123a-b]

 A three-
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component proline-catalysed grinding method was disclosed by Guo and co-workers
[124] 

followed by a 

similar DBU-catalysed report by Bhavanarushi et al.
[125]

 However, none of the groups reported an 

exclusive four component, solvent-free grinding method assisted synthesis. In the same vein, while many 

reports are available regarding the applications of pyranopyrazoles but the full extent of their 

antimicrobial potential has not been explored given the fact that the search for multidrug resistant 

antimicrobials is the need of the hour. Furthermore, we wanted a novel and quick green route to the 

synthesis of these interesting pharmacophores, which encouraged us to take up their detailed synthesis 

and evaluation.  

3.16 Results and Discussion 

In this part of the thesis we report an efficient, eco-friendly, and solvent-free four-component reaction 

protocol for the synthesis of pyranopyrazole derivatives by grinding method. To the best of our 

knowledge, this is the first report of four component grinding synthesis of pyranopyrazoles. The prepared 

compounds were subsequently tested for their in-vitro antibacterial and antifungal activities. Initially, we 

followed the reported two-step grinding methodology where in the first step 3-methyl-1H-pyrazol-5(4H)-

one was synthesized by grinding together ethyl acetoacetate and hydrazine hydrate in a mortar with 

pestle. In the next step, the resulting pyrazolon was collected without further purification and subjected to 

additional grinding by adding the aldehyde, malononitrile, and triethylamine as base for 5 min as shown 

in Scheme 3.5.  

 

Scheme 3.5 Route A, two-step strategy for the synthesis of N-phenyl substituted pyranopyrazole 6c18. 
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The reaction was continuously monitored by TLC. But, when we tested 6c18 (entry no. 18, Table 3.14) 

against the E. coli bacterial strain and then against F. oxyparum fungal strain, it was found to be inactive. 

The latter SAR (Structure-Activity Relationship) result coupled with the observation that the whole 

synthetic procedure took two steps, prompted us to look for: i) a modified pharmacophore and ii) a 

simpler swifter synthetic procedure. Hence, instead of going for the tedious two-step synthetic protocol 

we investigated the faster one-step route. In the swifter one-step protocol, all the four components viz. 

ethyl acetoacetate, hydrazine hydrate, aldehyde, malononitrile, and triethylamine were collected in a 

mortar and ground thoroughly using the pestle (Scheme 3.6). Thus, by employing the one-step grinding 

assisted protocol the whole reaction sequence was over in 5 to 8 minutes. To get a better comparative 

idea, all the subsequent pyranopyrazoles were prepared by both the routes: route A (two-step grinding) 

and route B (one-step grinding), an appraisal of which is shown in Table 3.13.   

 

Scheme 3.6 Route B, one-step grinding protocols for synthesizing pyranopyrazoles. 

Table 3.13 presents all the pyranopyrazole compounds that were prepared for antimicrobial activity. The 

compounds were synthesized by both route A and route B, and their reaction timings and the respective 

isolated yields have been detailed in Table 3.13. A look at the table brings out the clear conclusion that 

the one-step scheme gave comparatively better yields to the two-step scheme with the additional benefit 

of significantly reduced reaction run times. A range of variously substituted aldehydic compounds were 

selected for synthesis. As shown in Table 3.13, the strongly electron-donating OH-substituted compound 

9c2 (entry no. 2) that mimicked 6c18 (entry no. 18), was prepared followed by its 4-hydroxy analogue 

9c1 (entry no. 1). Similarly, mildly electron-withdrawing group (9c3, 9c4, 9c9, 9c12, 9c13 or entry no. 

3, 4, 9, 12, 13), strongly electron-withdrawing (9c5 or entry no. 5), heterocyclic (9c6, 9c11, 9c14, 9c15, 

9c16, 9c20 or entry no. 6, 11, 14, 15, 16, 20), and some compounds having non-polar moieties (9c7, 9c8, 

9c19 or entry no. 7, 8, 19) were also inducted into the pyranopyrazole core and tested consequently for 

antibacterial and antifungal activity.  
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Table 3.13: Characterization of the synthesized pyranopyrazoles by route A and B. 

No. Structure % yield
a
 

(time)
b 

Mp 

(C) 

Ref
c
 No. Structure % yield

a
 

(time)
b
 

 

Mp 

(C) 

Ref
c
 

  A
 d
 B

 e
     A

 d
 B

 e
   

1 

 

84 

(15) 

85 

(5) 

223-225 119 7 

 

90 

(18) 

90 

(8) 

169-170 119 

2 

 

85 

(20) 

88 

(5) 

230-232 - 8 

 

85 

(20) 

90 

(6) 

220-221 119 

3 

 

80 

(22) 

82 

(5) 

177-178 113 9 

 

70 

(19) 

74 

(6) 

267-268 - 

4 

 

79 

(18) 

81 

(6) 

223-224 118 10 

 

85 

(18) 

90 

(5) 

232-234 121a-b 

5 

 

85 

(24) 

82 

(7) 

191-192 119 11 

 

92 

(15) 

92 

(6) 

228-230 108 

6 

 

87 

(15) 

91 

(5) 

210-211 - 12 

 

79 

(25) 

80 

(8) 

175-176 113 
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a
isolated yields; 

b
time in minutes; 

c
end-of-text reference; 

d
Route A; 

e
Route B. 

The SAR analysis of the microbial activity results shown in Table 3.14 and their graphical illustration as 

depicted in Figure 3.38 and Figure 3.39 brings out the following facts. Considering only the antibacterial 

activity first, it is found that compound 9c4 (entry no. 4) bearing the m-Br substituent is the solitary 

compound that is mildly active against all the three strains. In fact, most of the pyranopyrazoles are only 

slightly active against the Gram-negative strains while only analogue 9c4 (entry no. 4) showed activity 

against Gram-positive strains. Significantly, none of the compounds is active against S. aureus, the Gram-

positive bacterial strain. At least a couple of inferences are unequivocal. Comparing the activities of 

13 

 

75 

(18) 

80 

(8) 

250-252 - 18 

 

85 

(15) 

84 

(5) 

169-170 121a-b 

14 

 

90 

(15) 

82 

(5) 

240-242 114 

 

19 

 

72 

(25) 

70 

(10) 

239-240 112 

 

15 

 

89 

(16) 

85 

(5) 

220-222 - 20 

 

87 

(20) 

85 

(7) 

240-241 114 

16 

 

76 

(20) 

79 

(6) 

230-231 - 21 

 

78 

(18) 

80 

(6) 

244-246 110a-b 

17 

 

89 

(23) 

89 

(7) 

194-195 110 
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analogs 9c2 (bearing N-H, entry no. 2) and 6c18 (bearing N-Ph, entry no. 18), it becomes obvious that the 

presence of N-H bearing HBD (Hydrogen-Bond Donor) ability as opposed to the presence of N-Ph in the 

pyrazole moiety increases the activity. Furthermore, analogues 9c2 (entry no. 2) and 9c6 (entry no. 6) 

bearing HBD capacity are the most potent among all the compounds. Although it may be too early to 

generalize, nevertheless based on the preliminary activity data available in Table 3.14, the SAR reveals 

that the presence of HBD capable group at the 3-position (Figure 3.37) of the top right sector of the 

pharmacophore might be crucial for improved activity against Gram-negative bacterial strains. Similarly, 

looking at the antifungal activity data in isolation, it is found that in general, the synthesized 

pyranopyrazoles are relatively more active against tested fungal strains than the tested bacterial strains. A 

total of eleven compounds are active against fungal strains. Also, the fact emerges that among the 

compounds active against fungi there seems discrimination on the basis of position or nature of the 

attached groups. Now, considering the overall of the activity results, it can be safely concluded that the 

compounds that are active against bacteria inactive against the fungal strains and vice versa. In other 

words, the tested compounds show complementary activity. Interestingly, comparing our antifungal 

results with a previous report,
[111]

 our compounds returned better activity. Of course, this inference 

requires further investigation before a generalization can be made. 

Table 3.14: Antibacterial and antifungal activities of the synthesized pyranopyrazole. 

  Bacterial strains Fungal strains 

No. Prod.

code 

E. coli S. aureus Pseudomonas 

Putida 

F. oxysporum F. 

gramillarium 

F. monalliforme 

inhib 

zone
a
 

MIC
b
 inhib 

zone 

MIC inhib 

zone 

MIC inhib 

zone 

MIC inhib 

zone 

MIC inhib 

zone 

MIC 

1 9c1 13 128 - - - - - - - - - - 

2 9c2 18 64 - - 16 64 - - - - - - 

3 9c3 14 128 - - - - - - - - - - 

4 9c4 12 128 13 >128 14 >128 - - - - - - 

5 9c5 12 128 - - 14 >128 - - - - - - 

6 9c6 18 64 - - 14 128 14 64 15 64 14 64 

7 9c7 14 128 - - - - 14 64 14 64 15 64 

8 9c8 15 128 - - - - 14 64 15 64 15 64 

9 9c9 15 128 - - - - 15 128 15 128 - - 



Chapter 3(Part-C) 
 

138 

 

10 9c10 12 128 - - 12 >128 14 >64 - - 16   64 

11 9c11 0 - - - - - - - - - - - 

12 9c12 0 - - - - - 16 64 14 64 14  64 

13 9c13 0 - - - - - 14 64 14 >64 14 >64 

14 9c14 0 - - - - - 16 >64 16 >64 16 >64 

15 9c15 0 - - - - - 16 64 16 64 18  64 

16 9c16 0 - - - - - 16 128 16 128 18 >64 

17 9c17 0 - - - - - 14 >64 14 >64 16 >64 

18 6c18 0 - 14 >128 15 >128 - - - - - - 

19 9c19 0 - - - - - - - - - - - 

20 9c20 0 - - - - - - - - - - - 

21 9c21 0 - - - - - - - - - - - 

22
c
 - 22 16 22 16 22 16 - - - - - - 

23
d 
 - - - - - - - 20 30 18 30 20 30 

a
zone of inhibition in mm; 

b
Minimum Inhibitory Concentration assay in μg/mL; 

c
control: 

Chloramphenicol (used for antibacterial assay only); 
d
control: Amphotericin-B (used for antifungal 

assay only). 

 

 

Figure 3.37 Depicting the top right sector (dotted) where the 3-position is found crucial for antibacterial 

activity. 
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Figure 3.38 Shows Zone of Inhibition vs Compound entry for E. coli, S. aureus, Pseudomonas putida. 
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Figure 3.39 Zone of Inhibition vs Compound entry for F. oxysporum, F. gramillarium, F. monalliforme. 
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3.17 Anti-oxidant study of the selected Pyranopyrazole 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, and its incidence increases 

with age.
[126]

 AD is characterized by the presence of extracellular deposits of amyloid beta (Aβ) caused by 

an abnormal processing of amyloid-beta precursor protein (APP), intracellular neurofibrillary tangles 

(NFT) composed of aggregated hyperphosphorylated tau proteins in brain. These features are 

accompanied by mitochondrial dysfunction and alterations in neuronal synapses.
[126]

 The exact molecular 

and pathophysiological mechanisms of AD are still elusive. Although most studies have suggested that 

the Aβ peptide (amyloid cascade hypothesis) may initiate and/or contribute to the pathogenesis of AD, the 

mechanisms through which it causes neuronal loss, and tau abnormalities still remain poorly understood. 

Reactive oxygen species (ROS) and reactive nitrogen species (RNS), contribute to the pathogenesis of 

numerous human degenerative diseases
[127]

 and have been implicated in the pathogenesis of 

neurodegenerative disorders including AD and Parkinson’s disease, among others.
[128]

 Brain tissue is 

particularly susceptible to oxidative damage. It is very rich in easily oxidizable polyunsaturated fatty 

acids and transition metal, such as iron and ascorbate, which are key players in oxidation and facilitate the 

formation of oxygen free radicals. Moreover, it is also characterized by a low content of antioxidant 

defence systems.
[129]

  

Intracerebroventricular (ICV) administration of streptozotocin (STZ) in rats is commonly employed to 

study experimental sporadic dementia of Alzheimer’s type. STZ has been reported to produce behavioral, 

neurochemical, biochemical and histopathological changes similar to aging brain.
[130-132]

 The present 

study was designed to investigate the effect of pyranopyrazole compounds against streptozotocin induced 

oxidative stress in rats.  

The researchers from all over the world tried to explore the heterocyclic compounds of the medium size 

ring
[133-134]

 from last two-three decades
[135]

 because of their characteristic property in the medicinal 

chemistry.
[136]

 The fused heterocyclic compounds become the main research focus in the recent years 

because of their pharmacological importance and among them pyranopyrazole class has drawn the 

attention world-wide. In pyranopyrazole six membered pyran ring fused with the five membered pyrazole 

ring and its nucleus is a versatile source of biologically important molecule. The fused heterocycle 

pyranopyrazole have the four possible isomers- pyrano[2,3-c]pyrazole, pyrano[3,2-c]pyrazole, 

pyrano[4,3-c]pyrazole, pyrano[3,4-c]pyrazole. Out of four possible isomers pyrano[2,3-c] pyrazoles have 

been explored the most because of their pharmacological importance and their role in the field of 

medicinal chemistry. Herein, the best seven anticancer compounds (Figure 3.40) we selected from the 

Part A of Chapter-3
[137]

 and finally all the compounds were tested for their in-vitro/in-vivo oxidative 

stress study. All the seven selected compounds have given different compound codes (AK-16, 18, 20, 26, 
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28, 50, 62) here to avoid the confusion. All the selected pyranopyrazole scaffolds with AK series and their 

previous code as given in part A of Chapter-3 are listed below in Figure 3.40. 

 

Figure 3.40 Shows the seven best selected pyranopyrazole anticancer molecules. 

3.18 Pharmacological evaluation 

3.18.1 In-vitro oxidative stress assay: Nitric oxide scavenging activity was estimated using Griess 

IlIosvoy reaction.
[138]

 Briefly, sodium nitroprusside is known to decompose in aqueous solution at 

physiological pH (7.2) producing Nitric oxide (NO). Under aerobic conditions, NO reacts with oxygen to 

produce stable products (nitrate and nitrite). The quantities of which can be determined using Griess 

reagent. Scavengers of nitric oxide compete with oxygen leading to reduced production of nitrite ions.
[139]

  

For this experiment, sodium nitroprusside (5 mM) in phosphate buffered saline was mixed with all 

samples (0.25 mg/ml) prepared using methanol. Ascorbic acid and blank dilutions were prepared in a 

similar manner. Solutions were incubated at 25ºC for 2 hours. Thereafter, 1.5 ml of Griess reagent (1% 

sulphanilamide, 0.1 % N-(1-naphthyl) ethylenediamine dihydrochloride and 3% phosphoric acid) was 

added to each test tube. The absorbance was measured, immediately, at 546 nm and percentage 

scavenging activity (Figure 3.41) was calculated using following equation: 

Inhibition (%) = (A0 – A1 / A0) × 100 

Where A0 is the absorbance of control and A1 is the absorbance of test. 
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Figure 3.41 Shows the compound entry vs mean % inhibition of oxidative stress. 

3.18.2 In-vivo oxidative stress activity: Based upon their in-vitro antioxidant activity, we screen two 

best compounds for evaluation of their in-vivo antioxidant property. For in-vivo study, we divided the 

animals into 4 groups,  

Group 1: Sham control, (served as double vehicle control), received citrate buffer ICV in a volume of 5 µl 

in each ventricle on day 1 as a vehicle for STZ and 30 % v/v DMSO in normal saline (i.p), as a vehicle 

for AK-50 and AK-62 for 7 days. 

Group 2: Rats were infused with ICV-STZ (3 mg/kg) dissolved in citrate buffer in a volume of 5 µl in 

each ventricle on day 1. 

Group 3 and 4: Rats received AK-50 (0.1 mg/kg i.p.) and AK-62 (0.1 mg/kg i.p.) after the STZ 

administration starting from day 1 and continued once daily for a period of 7 days.  

The doses were selected based upon the action of these drugs on spontaneous locomotor activity as 

evaluated using actophotometer. We administer various doses (0.1-1 mg/kg i.p.) of AK-50 and AK-62 to 

small number of animals and observed any change in locomotor activity. Higher doses of these 

compounds resulted in toxicity in animals. Based upon the locomotor activity as well as in-vivo toxicity 

we selected the doses. To induce central oxidative stress we administered the male Wistar rats with 

intracerebroventricular streptozotocin (3 mg/kg) bilaterally using following coordinates: 0.8 mm posterior 

to bregma; 1.5 mm lateral to sagittal suture; 3.6 mm ventral from the surface of the brain (Paxinos and 

Watson 1986).
[140]

 After this, the animals were treated with AK-62 and AK-50 (0.1mg/kg i.p.) once daily 

for 7 days. At the end of treatment phase, we sacrifice the animals and their brains were removed. The 

brains were then homogenized with ice cold 0.1 M phosphate buffer (pH 7.4) in a volume 10 times (w/v). 

The homogenate was centrifuged at 12,000 g for 15 min (4 °C) and aliquots of supernatant were separated 

and used for biochemical estimations. The experimental procedures on animals were in compliance with 

the Institutional Animal Ethics Committee of BITS, Pilani, Rajasthan (India). 
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3.18.3 Estimation of Malondialdehyde (MDA): The quantitative measurement of MDA
[141]

, an end 

product of lipid peroxidation, in brain homogenate was performed according to the method of Wills 1996. 

The amount of MDA (Figure 3.42) was measured after its reaction with thiobarbituric acid at 532 nm 

using spectrophotometer (Shimadzu, UV-1700). 

 

Values are expressed as mean ± SEM. (
*
P <0.05 vs ICV-STZ). 

Figure 3.42 Shows the estimation of malondialdehyde. 

3.18.4 Estimation of Reduced glutathione (GSH): Reduced glutathione is an established indicator of 

the oxidative stress.
[142]

 Its amount in brain was estimated (Figure 3.43) according to the usual method 

described by Ellman in 1959. 1 ml supernatant was precipitated with 1 ml of 4% sulfosalicylic acid and 

cold digested at 4 °C for 1 h. The samples were centrifuged at 1200g for 15 min. To 1 ml of the 

supernatant, 2.7 ml of phosphate buffer (0.1 M, pH 8) and 0.2 ml of 5,5′-dithiobis-(2-nitrobenzoic acid) 

(DTNB) were added. The yellow color that developed was measured immediately at 412 nm using a 

spectrophotometer. 

 

Values are expressed as mean ± SEM. (
*
 P <0.05 vs ICV-STZ). 

Figure 3.43 Shows the estimation of reduced glutathione. 
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3.18.5 Results and discussion of Pharmacological study 

In the present study, all the compounds (AK-16, 18, 20, 26, 28, 50 and 62) were tested for their 

antioxidant properties using nitric oxide radical scavenging assay. The percentage of inhibition was 

calculated and it was observed that free radicals were scavenged by the test compounds at 0.25 mg/ml 

concentration. The maximum and minimum percentage of inhibition was shown by AK-62 (88.4%) and 

AK-26 (3.43%), respectively. The level of MDA, an end product of lipid peroxidation was found to be 

significantly higher in STZ treated animals as compared to sham group. However, treatment with both 

AK-50 and AK-62 significantly attenuated MDA levels as compared to ICV-STZ treated animals. 

Moreover, the level of endogenous antioxidant, reduced glutathione, was found to be reduced in ICV-STZ 

treated animals. However, treatment with AK-62 significantly restored the level of GSH. 

In this study, it is evident that the compounds from AK-series possess effective antioxidant activities. In- 

vitro antioxidant activity of this series of compounds was investigated in the present study by nitric oxide 

scavenging assay and hydrogen peroxide radical scavenging activity.  

In nitric oxide scavenging assay, the radicals generated from sodium nitroprusside in aqueous solution at 

physiological pH interact with oxygen to produce nitrite ions which is estimated with Griess reagent.
[139]

 

This method has proved the antioxidant potential of the compound (AK-50 and AK-62) in comparison 

with the reference antioxidant, ascorbic acid. Moreover, in the hydrogen peroxide radical scavenging 

activity assay, we found significant antioxidant activity for AK-62 against the standard, ascorbic acid. 

Based upon these results, it was assumed that these compounds could prove to be beneficial in conditions 

with elevated oxidative stress, such as AD. However, the major concern was related to their ability to 

cross the blood brain barrier (BBB). To induce AD like oxidative stress condition in brain, we 

administered STZ bilaterally in ICV region of rat brain. ICV-STZ administration results in significant 

elevation in MDA levels as well as reduction in reduced glutathione (GSH). Similar elevation in oxidative 

stress markers after STZ administration has been reported previously.
[132, 143-144]

  

During the in-vivo studies, we found a significant increase in oxidative stress marker, MDA and a 

significant reduction in antioxidant enzyme, GSH level as a result of STZ treatment. These results are 

consistent with earlier reports.
[143-144]

 However, treatment with AK-62 and AK-50 attenuated the MDA 

levels and restored the level of GSH, suggesting the antioxidant potential of these compounds. Thus based 

upon these observations, it could be suggested that these compounds hold significant antioxidant 

potential. However more future studies are warranted to prove their efficacy and molecular mechanisms 

involved in in-vivo conditions.  
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3.19 Conclusions 

In conclusion, we have developed a novel, benign, and fast four-component, one-pot, solvent-free 

grinding based MCR strategy for obtaining a variety of useful pyranopyrazole compounds. The three-

component and the four-component protocols were fully investigated and their relative reaction yields and 

reaction timings well contrasted. The analogues were designed and chosen for synthesis based on the 

initial activity of compound 6c18 (Table 3.13, entry no. 18). The synthesized compounds were tested 

against a Gram-positive and two Gram-negative bacterial strains and three different fungi and many of the 

molecules were found to be active against the fungal assays. Two of the synthesized compounds 9c2 

(entry no. 2) and 9c6 (entry no. 6) turned out to be more potent against Gram-negative bacteria than the 

others (Table 3.14). The results of these observation and the subsequent SAR pointed to the significant 

conclusion that the presence of H-bond donors at the 3-postion of the top right sector of the heterocyclic 

moiety of the pyranopyrazole pharmacophore may play a crucial role in enhancing the antimicrobial 

activity. Interestingly, compounds active against bacteria were generally inactive against fungi and vice 

versa. Further investigations as proof of concept of our findings are currently being established in our lab 

as the ultimate aim of such a study is to design compounds against multidrug resistant microbes. 

The seven best anticancer molecules were selected from the Part A of Chapter-3 and were tested for in-

vitro antioxidant stress study by Nitric oxide radical scavenging assay. Finally the best two molecules 

(AK-50 and AK-62) having excellent in-vitro antioxidant activity were selected and tested for in-vivo 

antioxidant study on rat brain. The antioxidant potential AK-50 and AK-62 were confirmed by 

administration of these compounds in rat brain, attenuated the MDA levels and restored the level of GSH. 

3.20 Experimental 

3.20.1 Synthesis procedure of Pyranopyrazole by grinding methodology 

Route A (Two-step, three component grinding protocol): ethyl acetoacetate (2.53 mL, 20.0 mmol) and 

hydrazine hydrate (0.98 mL, 20.0 mmol) were ground together in a mortar with pestle for 5 min without 

adding any solvent or catalyst. 3-Methyl-1H-pyrazol-5(4H)-one so formed was collected and then grinded 

again by adding the 3-hydroxybenzaldehyde (2.68 g, 22.0 mmol), malononitrile (1.10 mL, 20.0 mmol) 

and triethylamine (5.55 mL, 40.0 mmol) as base for further 10 min. The weight of the product 9c1 (entry 

no. 1 in Table 3.13) obtained was 4.50 g (84% yield).  

Route B (one-step, four component grinding protocol): All the four reactants were added together 

followed by triethylamine in the same proportion as in route A in the mortar and ground with the pestle 

for 5 min. The reaction was continuously monitored by TLC. After the reaction, the contents of the flask 

were diluted with dichloromethane (5 mL), filtered, and subjected to column chromatography to get 4.56 

g (85% yield) of the pure compound 9c1 (entry no. 1 in Table 3.13).  
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 3.20.2 Materials & Methodology for antibacterial assay:
[145]

 All the synthesized compounds were 

evaluated for their in-vitro antibacterial activity against two Gram-negative bacterial strains: E. coli and 

Pseudomonas putida and one Gram-positive bacteria Staphylococcus aureus and their activities were 

compared with a commercially available broad spectrum antibiotic Chloramphenicol. For the 

experimental work, 20 mL of autoclaved Mueller-Hinton (Himedia, India) agar medium was poured into 

glass petri plates and the agar plates were swabbed with 100 μL inocula of each test organism (106 

cfu/mL). After the adsorption, well size of 6 mm diameter was made by the sterile metallic borer and the 

solution of working compound (128 μg/mL) was poured into the wells. The plates were incubated at 37 

°C for 18-24 h. DMSO was used as a negative control. MIC assay (Minimum Inhibitory Concentration 

assay) was performed to determine the lowest concentrations of compound necessary to inhibit the visible 

growth of microorganisms. MIC values were evaluated for all the compounds using broth microdilution 

method. Assay was carried out for the compounds at 16, 32, 64, 128 μg/mL concentrations. A set of tubes 

containing Mueller-Hinton broth medium with different concentrations of compound were prepared. The 

tubes were inoculated with bacterial cultures (106 cfu/mL) and incubated on a rotary shaker (180 rpm) at 

37 °C for 18-24 h under dark conditions. MIC value was defined as lowest concentrations of compound 

that prevented the visible growth of the bacteria after the incubation period. Chloramphenicol was used as 

a positive control at a concentration of 16 μg/mL. 

3.20.3 Materials & Methodology for antifungal assay:
[146]

 Antifungal activities of chemically 

synthesized compounds were determined by agar well diffusion method at a varying concentration for all 

the compounds. For the experimental work, Potato dextrose broth (PDB, Himedia, India) was freshly 

prepared and autoclaved at 121 °C at 15 psi for 15 min. After cooling to room temperature a loopful of 

fungal mycelium was inoculated into freshly prepared PDB broth for 4-5 days at 28 °C. After the proper 

growth, 100 μL of this inoculum was uniformly spread on the Potato dextrose agar plate. Following the 

adsorption of inoculum, well size of 9 mm diameter was prepared by the sterile metallic borer and 

compound solution was added in respective wells. Plates were incubated at 28 °C for 4 days under dark 

conditions. Mean diameter of inhibition zone was measured to determine the antifungal activity. The 

experiment was performed in triplicates. MIC assay of all the compounds was performed at 16.0, 32.0, 

64.0, 128.0 μg/mL concentrations. Tubes containing 10 mL of sterilized czapeks dox broth medium was 

inoculated with 100 μL of freshly grown culture. Appropriate amount of compound was added to achieve 

the desired concentrations. The tubes were incubated at 28 °C for 4 days under dark conditions and 

carefully observed for the presence of turbidity.  

3.20.4 Characterization data: (For 
1
H and 

13
C-NMR spectra see Appendices A-1). 
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6-amino-4-(3-hydroxyphenyl)-3-methyl-1,4-dihydropyranopyrazole-5-carbonitrile (9c2 or entry no. 

2): Off-white solid. 
1
H NMR (400 MHz, DMSO-d6) : 11.97 (s, 1H), 9.17 (1H), 8.12-7.05 (2H), 7.06 (m, 

4H), 4.45 (s, 1H), 1.84 (s, 3H). 
13

C NMR (100 MHz, DMSO-d6) : 160.6, 157.2, 145.3, 135.5, 128.8, 

118.1, 114.2, 113.8, 78.5, 78.4, 78.2, 77.8, 58.2, 9.7. HRMS calcd for C14H12N4O2 268.096, found 

268.099. 

6-amino-4-(1H-indol-3-yl)-3-methyl-1,4-dihydropyranopyrazole-5-carbonitrile (9c6 or entry no. 6): 

white solid. 
1
H NMR (400 MHz, DMSO-d6) : 12.01 (s, 1H), 10.86 (1H), 6.84-7.36 (5H), 6.75 (2H), 4.85 

(s, 1H), 1.77 (s, 3H). 
13

C NMR (100 MHz, DMSO-d6) : 160.5, 154.9, 136.8, 135.5, 125.5, 121.0, 120.7, 

118.1, 116.7, 11.5, 78.7, 58.1, 28.2, 9.6. HRMS calcd for C16H13N5O 291.112, found 291.111. 

6-amino-4-(2-fluorophenyl)-3-methyl-1,4-dihydropyranopyrazole-5-carbonitrile (9c9 or entry no. 

9): Dirty white solid. 
1
H NMR (400 MHz, DMSO-d6) : 12.13 (s, 1H), 6.94 (2H), 7.24 (m, 4H), 4.87 (s, 

1H), 1.81 (s, 3H). 
13

C NMR (100 MHz, DMSO-d6) : 161.3, 154.9, 135.2, 129.7, 128.5, 124.5, 115.4, 

99.5, 96.5, 78.8, 55.6, 29.8, 9.4. HRMS calcd for C14H11FN4O 270.092, found 270.095. 

6-amino-4-(2-iodophenyl)-3-methyl-1,4-dihydropyranopyrazole-5-carbonitrile (9c13 or entry no. 

13): Off-white solid. 
1
H NMR (400 MHz, DMSO-d6) : 12.15 (s, 1H), 7.01-7.35 (multiplet, 4H), 6.75 

(2H), 4.96 (s, 1H), 1.76 (s, 3H). 
13

C NMR (100 MHz, DMSO-d6) : 160.9, 154.8, 135.4, 128.6, 120.0, 

78.4, 56.3, 18.3, 9.9. HRMS calcd for C14H11IN4O 377.998, found 377.996. 

6-amino-3-methyl-4-(1H-pyrrol-2-yl)-1,4-dihydropyranopyrazole-5-carbonitrile (9c15 or entry no. 

15): Light creamy yellow solid. 
1
H NMR (400 MHz, DMSO-d6) : 12.05 (s, 1H), 10.51 (1H), 6.56-6.73 

(3H), 5.84 (2H), 4.64 (s, 1H), 1.84 (s, 3H). 
13

C NMR (100 MHz, DMSO-d6) :  160.68, 154.66, 135.61, 

133.22, 120.85, 116.87, 106.67, 105.10, 96.71, 78.60, 56.94, 29.56, 9.44. HRMS calcd for C12H11N5O 

241.096, found 241.098. 

6-amino-3-methyl-4-(thiophen-3-yl)-1,4-dihydropyranopyrazole-5-carbonitrile (9c16 or entry no. 

16): Pale solid. 
1
H NMR (400 MHz, DMSO-d6) : 12.10 (s, 1H), 7.28 (1H), 7.26 (2H), 6.83 (2H), 4.73 (s, 

1H), 1.86 (s, 3H). 
13

C NMR (100 MHz, DMSO-d6) : 160.70, 154.59, 145, 135.50, 126.62, 125.95, 

120.72, 96.89, 78.53, 57.07, 31.34, 9.62. HRMS calcd for C12H10N4OS 258.058, found 258.057. 
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This chapter describes the designing of the potent pharmacophore, molecular docking, molecular 

dynamics and pharmacokinetic study of the designed molecules. The computational study of the 

molecules describes the theoretical understanding of the designed pharmacophore and their interaction 

with the active site of the protein so that a medicinal chemist can synthesize molecules in the lab with 

proper planning and can get the lead drug molecule. The docking of all the designed molecules has been 

done by AutoDock tool 1.5.6 and their molecular view was seen by Discovery Studio Client 3.5 and 

Glide. Whether, the protein was stable (Chapter-4, Part-A) for docking or not was confirmed by 

molecular dynamics study by using Groningen 1.5.0 software.  

 

Figure 4.1 Shows the designed pyranopyrazole scaffolds as CDK-2 inhibitor. 

Later on, to find out that up to what time the designed ligand is stable inside the binding pocket of the 

protein, molecular dynamics study was done (Chapter-4, Part-B). All 131 designed molecules i.e. 69 
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pyranopyrazole (Figure 4.1) and 62 coumarin derivatives (Figure 4.2) not only showed good binding 

energy (K.cal/mol
-1

) score but also give excellent inhibitory constant (Ki) value.  

Later on, we checked and calculated the pharmacokinetic properties also for all the 131 molecules, for 

improvement in the designing of the drug molecules and to understand the consequences of the different 

functional groups present in the molecule. The detailed study of all the designed pyranopyrazoles and 

coumarin scaffolds is discussed in part-A and part B of chapter 4 respectively. 

 

Figure 4.2 Shows the designed coumarin scaffolds as CDK-2 inhibitor. 
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4.1 Introduction 

Cancer is a group of diseases all corresponding to unregulated cell growth. In cancer, cells divide and 

grow unchecked, forming malignant tumors and invade nearby parts of the body. Today, cancer is 

responsible for one in every eight deaths worldwide – more than HIV/AIDS, tuberculosis and malaria 

combined; and about 1,665,540 new cancer cases
[1]

 are expected to be diagnosed in 2014 in the USA 

alone. Hence, the search for small molecule anticancer therapeutics remains relevant. Protein kinases are 

important drug targets for immunologic, oncogenic, metabolic and other disorders. The development of 

selective protein kinase inhibitors is widely considered a promising approach to drug development. The 

common strategy, which has led to the development of drugs such as Glivec and Iressa, is to target the 

ATP binding site.
[2-3]

 Other approaches include substrate mimicking inhibitors
[4-9]

 bi-substrate analogs that 

target both the ATP and acceptor binding sites
[10] 

like Src homology 2 domain.
[11]

 The cyclin-dependent 

kinases (CDKs) are a family of serine-threonine protein kinases which control the process of cell cycle 

progression in multiplying eukaryotic cells.
[12-16]

 The activity of CDKs is dependent upon the presence of 

cyclin partners whose levels are regulated to ensure that the phases of the cell cycle proceed in the precise 

order. Aberrant CDK control and consequent damage of cell cycle checkpoint function have been directly 

associated with the molecular pathology of cancer.
[17]

 These CDK related events are among the most 

common genetic changes found in human cancers and clinically, they are often responsible for a poor 

prognosis. In view of the strong link between CDKs and the molecular pathology of cancer, CDKs are 

being studied as possible targets for therapeutic medication.
[18-20]

 The recognition of the importance of 

CDKs to the process of cell division has inspired an interest in them as potential targets for diseases such 

as cancer, psoriasis and restenosis
[20-22]

 as well as for the prevention of chemotherapy-linked side effects 

such as alopecia.
[23]  

A number of small-molecule inhibitors of CDKs have been identified
[24-30]

 and are described in recent 

reviews.
[18, 31-34]

 Flavopiridol is the first CDK inhibitor to advance into clinical trials and is being 

evaluated as an anticancer agent.
[35-37] 

In addition, peptide inhibitors of CDK2 were recently shown to 

preferentially induce transformed cells to undergo (apoptosis) relative to untransformed cells.
[38]

 X-ray 

crystallographic analysis of a substantial number of CDK2/inhibitor complexes has expounded the diverse 

binding modes of different inhibitors in atomic detail.
[39]

 Several types of CDK inhibitors have so far been 

designated: staurosporine, UCN-01,
[40]

 flavopiridol (L86 8275),
[41]

 butyrolactone-I,
[42]

 other purine 

derivatives,
[31, 43-45]

 indirubin,
[46]

 paullones,
[47]

 and others.
[48-50]

 Furthermore, a novel series of 

anilinopyrazoles
[51]

 has been designed based on the X-ray crystal structure analysis. Most compounds 

from this series not only showed sub-nanomolar IC50 values for CDK2, but also reveal almost 1000-fold 

selectivity to other kinases including CDK1. Two closely related classes of oxindole-based 
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compounds,
[52]

 1H-indole-2,3-dione-3-phenylhydrazones and 3-(anilinomethylene)-1,3-dihydro-2H-indol-

2-ones were shown to potently inhibit CDK2. Similarly, small molecule CDK inhibitors, including the 

purine analog olomoucine have antimitotic activity and have been shown to inhibit cancer cells.
[44, 53]

 

MDL 106,327DA was identified through database mining using olomoucine as the lead structure and 

found to inhibit CDK-2/cyclin E with an IC50 value of 50 nM which was then steadily modified to find 

the optimum inhibitory activity for CDK-2/cyclin E. Identification of N-(4-Piperidinyl)-4-(2,6-

dichlorobenzoylamino)-1H-pyrazole-3-carboxamide (AT75195), a new CDK inhibitor using structure 

based drug design was reported by Paul group.
[54] 

AT75195, is currently being evaluated in clinical trials 

for the treatment of human cancers. Gray et al.
[55]

 revealed the preparation of O
6
-

cyclohexylmethylguanine derivatives bearing substituted aryl groups
[56-61]

 as CDK-2 inhibitors. 

Afterwards, evaluation of the effects of purine C-8 substitution within a series of CDK1/2-selective O
6
-

cyclohexylmethylguanine derivatives revealed that, potency decreases initially with increasing size of the 

alkyl substituent.
[62]

 Subsequent structural analysis showed why these compounds adopt unusual binding 

modes. A convenient route for the synthesis of 2-arylamino-4-cyclohexylmethyl-5-nitrosopyrimidine
[63]

 

CDK inhibitors was developed to prepare a small series of compounds and the results were consistent 

with the known binding mode of NU6027 within the ATP-binding site of CDK2. Quantitative structure 

activity relationship (QSAR) and docking methods are two commonly used computational methods in 

structure-based drug design (SBDD). QSAR studies establish a statistical connection between the 

biological activity of compounds and a set of molecular descriptors obtained from their structures. In 

docking studies, different search algorithms (simulated annealing, genetic algorithm) are used along with 

scoring functions (molecular mechanic) to study the binding interactions of the ligands with target 

protein.
[64] 

Pyrazole fused pyrans (pyrazolopyrans) are well-established group of heterocyclic molecules possessing 

wide applications having a comprehensive spectrum of biological and pharmacological activities such as 

antimicrobial
[65]

, antiviral
[66]

, mutagenicity
[67]

, sex pheromone
[68]

, antitumour
[69]

, cancer therapy
[70]

, 

analgesic
[71]

, antitumor
[72]

 and central nervous system related activity. Some of these compounds are 

broadly employed as cosmetics and pigments as well as potential biodegradable agrochemicals.
[73]

 4H-

pyrans have been reported as the basic structural motifs for a gamut of useful compounds such as natural 

products and drug precursors. Similarly, pyrazoles have also been reported as excellent starting materials 

for the synthesis of various bioactive small organic molecules.
[74] 

Therefore, design and docking study of 

such pyrazole fused pyran compounds has stimulated strong scientific interest.  

In the war against cancer, inhibition of enzymes that would have otherwise resulted in the promotion of 

uncontrolled cytokinesis is one of the targets for further research. Among the various enzymes that can be 
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used as targets, protein kinases have been listed as potential targets due to their involvement in cell 

signaling pathways. Hence, their inhibition and successful targeting could ensure pioneering research 

work, which would help in reducing the use of chemotherapy and prolong the lives of millions of people. 

It has been found out that, repetitions of certain oncogenic expressions were being caused by protein 

kinases. Our focus is on inhibition of one of the protein 1HCK of the CDK-2 (Cyclin Dependent Kinases) 

class, as they are intrinsically involved in the cell cycle regulation.
[75-77]

 

Selected molecules of the pyrazolopyran class which is being investigated for its bioactivity were docked 

and the results are compared with standard CDK-2 inhibitor of our choice. Complications of developing a 

CDK inhibitor include the fact that, many CDKs are not involved in the cell cycle such as transcription, 

viral infection and neural physiology.
[78]

  

Softwares required 

Molecular modeling software Auto Dock 4.2 installed on a PC with 2.3 GHz processor, 4GB RAM with a 

dedicated Graphics Card of 2GB with windows XP SP2 as the operating system was used for the entire 

docking study. Discovery studio client 3.5 (visualizer) was used to get Ramachandran plot of the refined 

protein (PDB ID: 1HCK). 

Receptors used for docking 

CDK-2 (Cyclin dependent kinase) enzyme co-crystallized with Mg-ATP ligand (PDB ID: 1HCK) is used 

as target receptor. Standard drug olomoucine is used for calibration and validation of docking process. 

4.2 Experimental 

4.2.1 Molecular docking studies 

Docking is an approach to rational drug design that seeks to predict the structure and binding free energy 

of ligand-receptor complex. It not only gives an idea about how the ligand is going to bind with the 

receptor but also up to what extent conformational changes can be brought in the receptor structure upon 

binding with ligand. The docking studies for all the 69 designed analogues were performed using 

molecular modeling software autodock 4.2. The docking study was performed using THR14 (T) and 

TYR15 (Y) residues of the GTYG cluster of ATP binding sites (residues 13 to 16) as flexible ones. Target 

protein, Cyclin dependent kinase-2 enzyme [PDB ID: 1HCK] was taken from the RCSB protein data 

bank and Ramachandran plot
[79]

 of prepared protein 1HCK (Figure 4.3) was obtained from Discovery 

Studio viewer. In the apoenzyme structure, almost all residue conformations fall in energetically favored 

regions of the Ramachandran plot, and in the ATP-enzyme complex. Target protein was further refined 

by removal of water molecules, adding polar hydrogens and kollmann charges. For the docking study, a 

grid spacing of 0.375 Å and 60 × 60 × 60 number of points was used. The grid was centered on the active 
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site. The auto grid program generated separate grid maps for all atom types of the ligand structures and 

one for electrostatic interactions.  

 

Figure 4.3 Ramachandran plot of the prepared protein 1HCK obtained by Discovery Studio Viewer. 

PRODRG online server (http://davapc1.bioch.dundee.ac.uk/prodrg/) was used to generate the energy 

minimized conformations of the designed ligands in pdb format. Energy minimized conformation of 

ligands was subjected to calculation of Gasteiger–Huckel charges and saved in default format of 

Autodock. Autodock generated 50 possible binding conformations i.e., 50 runs for each docking using 

LGA search. Default protocol was applied with initial population of 150 randomly placed individuals, a 

maximum number of 2.5×10
5
 energy evaluations and 2.7×10

4
 generations. A mutation rate of 0.02 and a 

crossover rate of 0.8 were used. 

4.2.2 Validation of docking 

Target receptor CDK-2 (PDB ID: 1HCK) co-crystallized with Mg-ATP was used for docking study. Co-

crystallized ATP was extracted and docked back into the active site of receptor to validate the docking 

calculations. It was evident that, the docked pose of the re-docked ATP was almost superimposed with 

that of the co-crystallized ligand with acceptable root mean square deviation of 0.835 Å (Figure 4.4). 

Subsequently, the Mg-ATP hydrogen-bonding (Figure 4.5) and Van der Waals interaction (Figure 4.6) 

with the receptor protein was also determined for validation. 

http://davapc1.bioch.dundee.ac.uk/prodrg/
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Figure 4.4 Redocked mode of ATP (green) superimposed with the co-crystallized Mg-ATP in the binding 

pocket of CDK-2 (PDB ID: 1HCK). ATP is shown as stick model and the amino acid residues interacting 

with the co-crystallized Mg-ATP are shown as line model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Hydrogen bonding interaction of ATP with CDK-2 (PDB ID: 1HCK) with various amino acid 

residues LYS-129, LYS-33 and THR-14 of the receptor. 
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Figure 4.6 Van der Waals interaction of ATP with CDK-2 (PDB ID: 1HCK) with various amino acid 

residues of the receptor. 

Then, the standard drug (olomoucine) was subjected to docking study in order to check the reliability and 

reproducibility of the docking parameters used for the study. Hydrogen bonding and van der Waals 

interaction exhibited by the standard drug olomoucine with the active site amino acid residues of 1HCK 

protein was shown in Figure 4.7 and Figure 4.8 respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Binding mode of standard drug olomoucine in the ATP pocket of CDK-2 (PDB ID: 1HCK). 

Hydrogen bond interactions (2.133 Å) with LYS 129 and GLU 12 (1.987 Å) amino acid residues of 

CDK-2 (PDB ID: 1HCK), respectively, are shown as dotted lines. Rest of the protein is suppressed for 

clarification purposes. 
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Figure 4.8 Van der Waals interaction of standard drug olomoucine with various amino acid residues of 

the receptor. 

4.2.3 Molecular Dynamic Study  

The accuracy and validity of the docking procedure was further verified by a Molecular Dynamic study 

performed as described below: 

GROningen Machine for Chemical Simulations V4.6.1 (GROMACS) computational package
[80]

 was used 

to carry out the Molecular dynamics (MD). Prior to energy minimization, protein was placed in the center 

of a cubic box having sides of 1.5 nm and was solvated in Space Point Charge216 (SPC216) water model 

and approximately 28,000 water molecules were present in the system. The whole system was neutralized 

by adding Cl
¯
 ions. All bonding and non-bonding interactions were determined by using GROMOS96 

43a1 force field.
[81]

 Steepest-descent followed by conjugate gradient algorithms were used for energy 

minimization of the target  protein (PDB ID: 1HCK). The system was simulated at room temperature 300 

K, 1 bar pressure. The temperature and pressure of the system was regulated by Berendsen weak coupling 

method. The long-range electrostatics
[82]

 were handled using the particle Mesh Ewald (PME) method with 

default parameter (distance for the Van der Waals and Coulomb cutoff were 12 Å and 1.2 Å spacing for 

the fast Fourier transform grid). Finally, MD simulations for protein were carried out for 2 ns. During the 

production simulation no constraints were applied to the protein. 

4.2.4 Molecular parameters 

Good pharmacokinetic properties and toxicity profiles are essential for any ligand to complete drug 

discovery process and to become successful drug
[83]

 candidate. Hence, in the present study, Lipinski rule 

of five parameters and toxicity properties were predicted for the designed compounds using 

molinspiration cheminformatics (http://www.molinspiration.com) and OSIRIS property explorer 

http://www.molinspiration/
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(http://www.organic-chemistry.org/prog/peo) respectively. Lipinski’s rule of five is used to demonstrate 

the pharmacokinetic properties such as absorption, distribution, metabolism and excretion by their 

molecular properties like ClogP (≤5), molecular weight (≤500), number of hydrogen bond acceptors (≤5) 

and number of hydrogen bond donors (≤10). Molecules violating more than one of these rules may have 

problem with bioavailability.
[84-85]

 Absorption and distribution properties of a molecule greatly depend on 

its aqueous solubility. In the present study, we also reported predicted aqueous solubility of the designed 

analogs. The values given here are logarithm value of aqueous solubility (logS) measured in mol/lit. More 

than 90% of the marketed drugs have the estimated log S value in between -6 and -3. Drug likeness is a 

qualitative concept used in drug design for how ‘‘drug-like’’ a substance is with respect to factors like 

bioavailability.
[86]

 There are many approaches which assess a compounds drug-likeness based upon 

topological descriptors, fingerprints of MDL structure keys or other properties like ClogP, molecular 

weight and toxicity profile. The drug-likeness is calculated by using following equation as- 

 

  

 

where     is the summming up score values of the fragments, and n is the number of fragments in the 

molecule under investigation.  

Around 80% of the marketed drugs have positive drug-likeness value (http://www.organic-

chemistry.org/prog/peo). A positive value states that, the molecule contains predominantly fragments 

which are frequently present in commercial drugs. Toxicity risks like mutagenicity, tumorigenicity, 

irritancy and the effect on sexual reproduction were predicted for the designed analogs and are reported. 

Toxicity risk alerts are an indication of that particular compound that may be harmful concerning the risk 

category specified. However, risk alerts are not fully reliable for compounds toxicity. It is an in-silico 

prediction of compounds toxicity based on sub-structures present in the compound and their toxicity. The 

drug score (ds) is a handy value and is useful to judge the compound’s overall potential to qualify as drug. 

Drug score of a molecule mainly depends on the druglikeness, ClogP, logS, molecular weight and toxicity 

risks of the molecule. It is calculated from the following formula: 

 

 

 

 ds = drug score, si = contribution directly calculated from ClogP, logS, molecular weight and drug 

likeness, ti = contribution directly calculated from toxicity risks. 

 

http://www.organic-chemistry.org/prog/peo
http://www.organic-chemistry.org/prog/peo/
http://www.organic-chemistry.org/prog/peo/
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4.3 Results and discussion 

The docking studies of the designed analogs and standard drug olomoucine (Figure 4.9) were performed 

using molecular modeling software autodock 4.2. In the present study, two docking parameters such as 

binding free energy (K.cal/mole) and predicted inhibitory constant (Ki) values for all three series (I, II and 

III) were determined and are showed in Table 4.1, 4.2, and 4.3 respectively. Binding free energy of the 

individual compound was calculated using the following formula: 

Binding Energy = [(1) + (2) + (3) – (4)] 

where 1 denotes final intermolecular energy [van der Waals energy + hydrogen bonds + desolvation 

energy + electrostatic energy (K.cal/mol)], 2 denotes final total internal energy [internal energy of ligand 

+ internal energy of receptor (K.cal/mol)], 3 denotes torsional free energy (K.cal/mol) and 4 denotes 

unbound system’s energy (K.cal/mol).  

In docking studies, binding free energy value is indirectly proportional to enzyme inhibitory activity. In 

the present study, our designed analogs showed binding free energy values in the range of -12.31 to -9.07 

for series-I, -12.15 to -9.90 for series-II and -11.27 to -8.89 for series-III. Among the designed analogs, 

AK-6, AK-16, AK-26, AK-30, AK-60, AK-64 from series-I (Table: 4.1) and AK-6K, AK-20K, AK-42K, 

AK-50K, AK-64K, AK-72K from series-II (Table: 4.2) and AK-16E, AK-26E, AK-32E, AK-48E, AK-

50E, AK-60E from series-III (Table: 4.3) showed significant binding free energy values of  -10.66, -

10.71, -12.31, -10.51, -10.70, -12.08 for series-I (Table: 4.1) and -11.76, -11.63, -12.10, -11.65, -12.13, -

12.15 for series-II (Table: 4.2) and -10.78, -10.99, -10.93, -10.72, -10.73, -11.27 kcal/mol for series-III 

(Table: 4.3) respectively against CDK-2 receptor with that of standard drug olomoucine (-8.90 kcal/mol). 

The overlay view of these analogs is showed in Figure 4.12, 4.14 and 4.19 for series-I, II, and III 

respectively. Closer observation of receptor-ligand complex reveals that, like other standard CDK-2 

inhibitors, the designed analogs also adopt the same conformation in the ATP active site of CDK-2. A 

brief Structure-Activity-Relationship (SAR) is quite unequivocal. Comparing the B.E values of the three 

series (Tables- 4.1, 4.2, and 4.3), series-II with the ketone group on the pyrazole turns out as the best. 

This implies that, the presence of HBD at the top-left part of the pyrazole moiety is crucial for enhanced 

activity. Secondly, compounds bearing nitro-substituent’s (AK-26, 64; AK-26K, 64-K; and AK-26E, 64-

E) consistently exhibit good B.E profiles. Thirdly, Iodo and n-butyl substituent’s turned out to be the 

worst in terms of their binding energies. Hydrogen bonding and van der Waals interactions were observed 

between ligands and amino acids of the receptor protein. These interactions play an important role in the 

determination of binding free energy and stability of receptor-ligand complex. 
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4.3.1 Hydrogen bonding interaction 

Hydrophilic body (–NH) in pyrazolone and oxygen (-O-) in pyran ring behave as hydrogen bond donor 

and hydrogen bond acceptor respectively in the designed analog AK-26 and are responsible for hydrogen 

bonding interaction with hydrophilic amino acids GLU-162 (Figure 4.10) and LYS-129 (Figure 4.11) of 

target protein in series-I. Overlay stereo view of best designed analogues of six molecules of series-I AK-

6 (white), AK-16 (red), AK-26  (yellow), AK-30 (green), AK-60 (pink) and AK-64 (blue) in the 

inhibitory binding pocket of 1HCK has been shown in Figure 4.12. Similarly, keto group (-C=O) on 

pyrazolone moiety and oxygen from the pyran ring showed hydrogen bonding interaction with GLU-131 

and LYS-33 (Figure 4.13) respectively in series-II analog AK-72K. Overlay stereo view of best designed 

analogues of six molecules of series-II AK-6K (green), AK-20K (red), AK-42K (yellow), AK-50K 

(white), AK-64K (blue) and AK-72K (pink) in the inhibitory binding pocket of 1HCK has been shown in 

Figure 4.14. In series-III, hydrophilic body (m-OCH3) of analog AK-60E showed hydrogen bonding 

interaction with both ASN-132 (Figure 4.15) as well as THR-14 (Figure 4.16) and -NH and -O- showed 

interaction with LYS-33 (Figure 4.17) and LYS-129 (Figure 4.18) respectively. Overlay stereo view of 

best designed six analogues of series-III AK-16E (red), AK-26E (yellow), AK-32E (green), AK-48E 

(pink), AK-50E (blue), AK-60E (white) in the inhibitory binding pocket of 1HCK has been shown in 

Figure 4.19. Among  these, GLU-162, GLU-131, LYS-129, LYS-33, ASN-132 and THR-14 are active 

site amino acid residues that are mainly involved in hydrogen bond interaction with designed analogs and 

might be responsible for CDK-2 (PDB ID: 1HCK) inhibition activity as depicted in Figure 4.19. Docking 

studies revealed that, carbonyl oxygen and -NH of designed ligands act as hydrogen bond acceptor and 

hydrogen bond donor, respectively, in the ligand-receptor interactions.  

Figure 4.9 Structure of standard drug and the designed ligands. 
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Figure 4.10 Hydrogen bonding interaction of AK-26 with GLU-162 of 1HCK. Ligand is shown as ball 

and sticks, receptor amino acids as lines and hydrogen bond interaction as dotted lines. Rest of the protein 

is suppressed for clarification purposes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Hydrogen bonding interaction of AK-26 with LYS-129 of 1HCK. Ligand is shown as ball 

and sticks, receptor amino acids as lines and hydrogen bond interaction as dotted lines. Rest of the protein 

is suppressed for clarification purposes 
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Table 4.1: Docking result of the designed analogs of series-I. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
compound; 

b
Binding Energy in K.cal/mole; 

c
Inhibition constant in nM.

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Overlay stereo view of series-I AK-6 (white), AK-16 (red), AK-26 (yellow), AK-30 (green), 

AK-60 (pink), AK-64 (blue) in the inhibitory binding pocket of 1HCK. 

S. No. Comp
a R B.E.

b Ki 
c 

1 Olomoucine - -8.90 299.67 

2 AK-6 2-furanyl -10.66 15.25 

3 AK-14 4-OH-C6H4 -9.71 76.28 

4 AK-16 3-OH-C6H4 -10.71 14 

5 AK-18 4-Br-C6H4 -9.80 65.45 

6 AK-20 3-Br-C6H4 -9.85 60.40 

7 AK-26 3-NO2-C6H4 -12.31 0.944 

8 AK-28 3-thiophenyl -9.30 152.40 

9 AK-30 2-pyrrolyl -10.51 19.79 

10 AK-32 3-indolyl -10.44 22.38 

11 AK-34 2-thiophenyl -9.75 70.83 

12 AK-42 4-Cl-C6H4 -9.55 99.53 

13 AK-44 n-butyl -9.18 185.34 

14 AK-46 2-I-C6H4 -9.53 102.61 

15 AK-48 C6H5 -10.33 26.70 

16 AK-50 4-CH3-C6H4 -9.80 65.84 

17 AK-54 2-pyridinyl -10.42 23.14 

18 AK-56 4-pyridinyl -10.17 35.21 

19 AK-60 3,4-di-OCH3C6H3 -10.70 14.32 

20 AK-62 2-F-C6H4 -9.07 222.92 

21 AK-64 4-NO2-C6H4 -12.08 1.40 

22 AK-72 4-F-C6H4 -9.26 162.03 

23 AK-74 4-(N,N-dimethylamino)-C6H4 -9.85 60.68 

24 AK-76 2-OH-C6H4 -10.24 31.45 
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Table 4.2: Docking result of the designed analogs of series-II.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
compound; 

b
Binding Energy in K.cal/mole; 

c
Inhibition constant in nM. 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 Hydrogen bonding interaction of AK-72K with GLU-131 and LYS-33 of 1HCK. 

S. No. Comp
a R B.E.

b
  Ki 

c 

1 AK-6K 2-furanyl -11.76 2.40 

2 AK-14K 4-OH-C6H4 -10.75 13.15 

3 AK-16K 3-OH-C6H4 -10.37 25.24 

4 AK-18K 4-Br-C6H4 -11.59 3.20 

5 AK-20K 3-Br-C6H4 -11.63 2.98 

6 AK-26K 3-NO2-C6H4 -11.51 3.63 

7 AK-28K 3-thiophenyl -10.54 18.79 

8 AK-30K 2-pyrrolyl -10.92 9.84 

9 AK-32K 3-indolyl -11.26 5.58 

10 AK-34K 2-thiophenyl -10.66 15.35 

11 AK-42K 4-Cl-C6H4 -12.10 1.35 

12 AK-44K n-butyl -10.22 32.28 

13 AK-46K 2-I-C6H4 -9.90 54.97 

14 AK-48K C6H5 -11.09 7.40 

15 AK-50K 4-CH3-C6H4 -11.65 2.91 

16 AK-54K 2-pyridinyl -11.38 4.55 

17 AK-56K 4-pyridinyl -10.94 9.59 

18 AK-60K 3,4-di-OCH3C6H3 -11.02 8.33 

19 AK-62K 2-F-C6H4 -10.64 15.76 

20 AK-64K 4-NO2-C6H4 -12.13 1.28 

21 AK-72K 4-F-C6H4 -12.15 1.24 

22 AK-74K 4-(N,N-dimethylamino)-C6H4 -11.26 5.59 

23 AK-76K 2-OH-C6H4 -10.53 19.18 
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Figure 4.14 Overlay stereo view of series-II AK-6K (green), AK-20K (red), AK-42K (yellow), AK-50K 

(white), AK-64K (blue), AK-72K (pink), in the inhibitory binding pocket of 1HCK. 

Table 4.3: Docking result of the designed analogs of series-III. 

S. No. Comp
a R B.E.

b
  Ki 

c 

1 AK-6E 2-furanyl -9.90 55.16 

2 AK-14E 4-OH-C6H4 -10.13 37.25 

3 AK-16E 3-OH-C6H4 -10.78 12.58 

4 AK-18E 4-Br-C6H4 -8.89 303.07 

5 AK-20E 3-Br-C6H4 -9.83 61.80 

6 AK-26E 3-NO2-C6H4 -10.99 8.72 

7 AK-28E 3-thiophenyl -9.02 246.52 

8 AK-30E 2-pyrrolyl -8.81 350.31 

9 AK-32E 3-indolyl -10.93 9.65 

10 AK-34E 2-thiophenyl -9.04 234.83 

11 AK-42E 4-Cl-C6H4 -10.24 31.12 

12 AK-44E n-butyl -9.62 88.66 

13 AK-46E 2-I-C6H4 -10.04 43.95 

14 AK-48E C6H5 -10.72 13.79 

15 AK-50E 4-CH3-C6H4 -10.73 13.75 

16 AK-54E 2-pyridinyl -10.24 31.21 

17 AK-56E 4-pyridinyl -10.46 21.57 

18 AK-60E 3,4-di-OCH3C6H3 -11.27 5.51 

19 AK-62E 2-F-C6H4 -9.85 60.20 

20 AK-64E 4-NO2-C6H4 -10.21 32.61 

21 AK-72E 4-F-C6H4 -9.24 169.54 

22 AK-74E 4-(N,N-dimethylamino)-C6H4 -9.24 168.21 

23 AK-76E 2-OH-C6H4 -10.60 17.06 
a
compound; 

b
Binding Energy in K.cal/mole; 

c
Inhibition constant in nM. 
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Figure 4.15 Hydrogen bonding interaction of AK-60E with ASN-132 in the binding pocket of 1HCK. 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Hydrogen bonding interaction of AK-60E with THR-14 in the binding pocket of 1HCK. 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Hydrogen bonding interaction of AK-60E with LYS-33 in the binding pocket of 1HCK. 
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Figure 4.18 Hydrogen bonding interaction of AK-60E with LYS-129 in the inhibitory binding pocket of 

1HCK protein. 

  

 

 

 

 

 

 

 

 

Figure 4.19 Overlay stereo view of series-III AK-16E (red), AK-26E (yellow), AK-32E (green), AK-48E 

(pink), AK-50E (blue), AK-60E (white) in the inhibitory binding pocket of 1HCK. 

4.3.2 Van der Waals interaction  

Van der Waals interaction plays a major role in the determination of binding free energy of ligand-

receptor complex. Amino acids GLY11, GLY13, GLY16, GLU12, VAL18, THR14, TYR-15, LYS-33, 

GLN131, LYS129, ILE10 and MG401 (Mg
2+

) of target receptor are responsible for van der Waals 

interaction (Figure 4.20) with ligands AK-26 in series-I (Table: 4.1) indeed to form stable receptor-

ligand complex. Similarly, GLY11, GLU12, GLY13, GLY16, THR14, TYR15, THR158, LYS33, 

LYS129 amino acids and MG401 (Mg
2+

) with ligand AK-72K in series-II (Table: 4.2, Figure 4.21) and 

amino acids GLU12, GLY13, LYS33, THR14, THR158, TYR15, ASP127, ASP145, ASN132 and 
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MG401 (Mg
2+

) with ligand AK-60E in series-III (Table: 4.3, Figure 4.22) are responsible for van der 

walls interaction. Van der Waals interaction exhibited by prototype compound AK-26, AK-72K and AK-

60E with target protein and amino acid residues present within the van der Waals radius are shown in 

Figure 20, 21 and 22 respectively. In addition, another docking parameter, namely, predicted inhibitory 

constant (Ki) was also determined. The inhibitory constant is a measure of compound’s inhibitory potency 

of a biological or biochemical function. Inhibitory constant is exponential to the binding free energy of 

receptor ligand complex. In the present study, our designed analogs showed inhibitory constant values in 

the range of 0.944 to 222.92 nM for series-I, 1.24 to 54.97 nM for series-II and 5.51 to 350.31 nM for 

series-III compounds. Among the designed 69 analogs from all three series, AK-6, AK-16, AK-26, AK-

30, AK-60, AK-64, AK-6K, AK-20K, AK-42K, AK-50K, AK-64K, AK-72K, AK-16E, AK-26E, AK-

32E, AK-48E, AK-50E and AK-60E showed significant inhibitory constant values of 15.25, 14.00, 0.94, 

19.79, 14.32, 1.40, 2.40, 2.98, 1.35, 2.91, 1.28, 1.24, 12.58, 8.72, 9.65, 13.79, 13.75 and 5.51nM 

respectively against CDK-2 enzyme (PDB ID: 1HCK) with that of standard olomoucine (299.67 nM). 

After keen observation of docking results, it was found that, different substitutions on the designed 

pyrazolopyran pharmacophore greatly affected the stability of receptor-ligand complex and inhibitory 

constant values. After analyzing all the three series of the designed analogs, it was observed that, the 

series-I trend suggests a combination of H-bonding, electronic and steric interaction plays a major role; 

hence only few compounds showed increased energy values. It also predicted the positional disturbances 

greatly, when comparing the substituent’s like phenyl and tolyl groups as well as o-, m- and p- positioning 

around aromatic substituent’s, even for the pyridine nuclei, on position 2- and 4. Best docking score in 

series-I (Table: 4.1) is of AK-26 analogue. The series-II analogues showed a huge increase in the binding 

energy of all the compounds, in line with the theoretical values obtained for the calibration of well-known 

CDK inhibitors like flavopiridol (-9.40 kcal/mol), kenpaullone (-10.68 kcal/mol), indirubin (-11.20 

kcal/mol) and olomoucine (-8.90 kcal/mol) etc. This showed that, replacement of the methyl group 

(series-I, Table: 4.1) on the pyrazolon moiety with a keto group (series-II, Table: 4.2) has served a 

double purpose: removal of steric hindrance in some cases and a huge increase in stability due to the 

electronic effects of the keto group. This series need to be scrutinized further as preliminary screening of 

these compounds down to a sizable chunk has not been possible. Best docking score in series-II (Table: 

4.2) is of AK-72K analog. Finally the series-III (Table: 4.3) showed binding energy data similar to the 

series-I (Table: 4.1), but less due to further steric disturbances and electronic repulsions created by the 

introduction of larger ester group instead of the cyanide group. Best Docking Score in series-III (Table: 

4.3) is of AK-60E analog. 
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Figure 4.20 Van der Waals interaction of AK-26 with various amino acid residues in the inhibitory 

binding pocket of 1HCK. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 Van der Waals interaction of AK-72K with various amino acid residues in the inhibitory 

binding pocket of 1HCK. 
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Figure 4.22 Van der Waals interaction of AK-60E with various amino acid residues in the inhibitory 

binding pocket of 1HCK. 

In order to get a better perspective of our docking protocol, we decided to re-add the water molecules that 

have been removed at the starting of the docking procedure. From all the designed 69 analogues, the 

compound AK-26 with highest score from first series and the molecule having lowest score from third 

series (AK-30E) were docked without deleting water and the results have been summarized in Table 4.4. 

Table 4.4: Docking results of analogues AK-26 and AK-30E with and without water. 

S. No. Compound 

code 

Mol.wt. Without water With water 

B.E.(K.cal/mol) Ki (nM) B.E.(K.cal/mol) 

1 AK-26 297 -12.31 0.944 +118.99 

 2 AK-30E 288 -8.81 350.31 +152.08 

 

Thus, retaining of water molecules in the protein results in positive binding energy value implying that, 

the compound will not be stable inside the pocket of protein or, in other words, the compound does not 

show the desired favorable interaction. 

4.3.3 Molecular dynamics simulations  

Analysis of the RMSD graph for target protein (Figure 4.23), revealed that, the protein reached an 

equilibrium condition within 500 ps of simulation and the backbone RMSD varied between 2 and 2.5 Å 

during the simulation.  

Result suggesting that, protein is more stabilized throughout the simulation. The potential energy (Figure 

4.24) of the protein was found to be -1.16403e+06 kJ mol
−1

.  
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Figure 4.23 Showing the RMSD graph of the target protein 1HCK. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24 Showing the potential energy graph of the target protein 1HCK. 
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4.3.4 Molecular parameters 

Molecular properties like molecular weight, ClogP, logS (solubility), number of hydrogen bond 

acceptors, number of hydrogen bond donors, drug likeness and toxicity risks like mutagenic, tumorigenic, 

irritant, effect on sexual reproduction and drug score were predicted for the designed analogs using online 

tools, OSIRIS property explorer (http://www.organic-chemistry.org/prog/peo/) and molinspiration 

cheminformatics (http://www.molinspiration.com/). Predicted molecular properties of the designed 

analogs are reported in Table 4.5. Among the 69 designed analogs in three series (23 molecule in each 

series), five molecules AK-18K, AK-20K, AK-32K, AK-42K, and AK-46K were violated 2 times (No. of 

HBA and solubility) from Lipinski rule of five. Only single violation from Lipinski rule of five is 

accepted; any molecule violating more than once from Lipinski rule of five parameters may have 

problems in bioavailability.
[84-85]

 Some of the designed molecules such as AK-6K, AK-16K, AK-18K, 

AK-20K, AK-26K, AK-28K, AK-30, AK-32, AK-34K, AK-42K, AK-44K, AK-46K, AK-48K, AK-50K, 

AK-54K, AK-56K, AK-60K, AK-62K, AK-64K, AK-72K, AK-74K and AK-76K showed predicted 

active risk of producing mutagenicity and tumorigenicity. The analogs AK-14K and AK-60K exhibited 

predicted active risk of producing mutagenicity, reproductive effects and high risk of tumorigenicity. The 

analogs AK-14 and AK-60 showed predicted active risk (i.e. compounds showing any one effect with 

single positive sign) and high risk (i.e. compounds showing any one effect with double positive sign) of 

producing reproductive effects respectively. The analogs AK-74 and AK-74E exhibited predicted high 

risk of tumorigenicity only. However, risk alerts for the designed analogs may not be fully reliable and in 

order to avoid risk of taking unsafe compounds, we screened off AK-14, AK-60, AK-74, AK-6K, AK-

14K, AK-16K, AK-18K, AK-20K, AK-26K, AK-28K, AK-30K, AK-32K, AK-34K, AK-42K, AK-44K, 

AK-46K, AK-48K, AK-50K, AK-54K, AK-56K, AK-60K, AK-62K, AK-64K, AK-72K, AK-74K, AK-

76K and AK-74E molecules for further study. It should be noted that, the calculations of toxicity are not 

analyzed in detail as these results are merely preliminary druggability predictions. Further comprehensive 

studies are currently underway in our labs. 

Table 4.5: Predicted molecular parameters of the designed analogs. 

S.

No 

Comp. 

Code 

MW CLogP No. of  

HBA 

No. of 

HBD 

Solub. Drug 

likeness 

Score 

MUT TUM IRR REP Drug 

Score 

1 AK-6 242 0.21 6 3 -4.11 -2.3 - - - - 0.45 

2 AK-14 268 0.68 6 4 -4.14 -1.61 - - - + 0.38 

3 AK-16 268 0.68 6 4 -4.14 -2.16 - - - - 0.45 

4 AK-18 331 1.75 5 3 -5.26 -3.65 - - - - 0.34 

http://www.organic-chemistry.org/prog/peo/
http://www.molinspiration/
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5 AK-20 331 1.75 5 3 -5.26 -5.64 - - - - 0.33 

6 AK-26 297 0.1 8 3 -4.89 -7.54 - - - - 0.37 

7 AK-28 258 0.81 5 3 -4.33 -2.04 - - - - 0.45 

8 AK-30 241 -0.2 6 4 -3.48 -1.72 - - - - 0.51 

9 AK-32 291 1.06 6 4 -4.96 -1.32 - - - - 0.44 

10 AK-34 258 0.89 5 3 -4.44 -0.59 - - - - 0.54 

11 AK-42 286 1.63 5 3 -5.17 -0.56 - - - - 0.47 

12 AK-44 232 2.12 5 3 -4.46 -7.69 - - - - 0.39 

13 AK-46 378 1.46 5 3 -5.45 -1.97 - - - - 0.35 

14 AK-48 252 1.02 5 3 -4.43 -1.71 - - - - 0.46 

15 AK-50 266 1.37 5 3 -4.78 -3.32 - - - - 0.39 

16 AK-54 253 0.08 6 3 -3.66 -1.71 - - - - 0.5 

17 AK-56 253 0.02 6 3 -3.64 -2.57 - - - - 0.47 

18 AK-60 312 0.88 7 3 -4.47 -0.02 - - - ++ 0.46 

19 AK-62 270 1.13 5 3 -4.74 -3.66 - - - - 0.38 

20 AK-64 297 0.1 8 3 -4.89 -12.06 - - - - 0.37 

21 AK-72 260 1.13 5 3 -4.74 -2.32 - - - - 0.41 

22 AK-74 295 0.92 6 3 -4.47 -2.89 - ++ - - 0.25 

23 AK-76 268 0.68 6 4 -4.14 -2.36 - - - - 0.45 

24 AK-6K 242 -0.12 7 2 -5.21 -9.0 + ++ - - 0.17 

25 AK-14K 268 0.34 7 3 -5.24 -8.27 + ++ - + 0.13 

26 AK-16K 268 0.34 7 3 -5.24 -8.85 + ++ - - 0.17 

27 AK-18K 331 1.42 6 2 -6.37 -10.34 + ++ - - 0.13 

28 AK-20K 331 1.42 6 2 -6.37 -12.34 + ++ - - 0.13 

29 AK-26K 297 -0.23 9 2 -5.99 -14.24 + ++ - - 0.15 

30 AK-28K 258 0.47 6 2 -5.43 -8.73 + ++ - - 0.16 

31 AK-30K 241 -0.53 7 3 -4.58 -8.65 + ++ - - 0.19 

32 AK-32K 291 0.73 7 3 -6.06 -8.0 + ++ - - 0.14 

33 AK-34K 258 0.56 6 2 -5.54 -7.26 + ++ - - 0.16 

34 AK-42K 286 1.3 6 2 -6.27 -7.23 + ++ - - 0.14 

35 AK-44K 232 0.58 6 2 -5.27 -14.4 + ++ - - 0.17 

36 AK-46K 378 1.13 6 2 -6.55 -8.66 + ++ - - 0.13 

37 AK-48K 252 0.69 6 2 -5.53 -8.4 + ++ - - 0.16 

38 AK-50K 266 1.03 6 2 -5.88 -10.0 + ++ - - 0.15 

39 AK-54K 253 -0.26 7 2 -4.76 -8.39 + ++ - - 0.18 

40 AK-56K 253 -0.31 7 2 -4.74 -9.27 + ++ - - 0.18 

41 AK-60K 312 0.55 8 2 -5.57 -6.69 + ++ - + 0.12 

42 AK-62K 270 0.79 6 2 -5.85 -10.34 + ++ - - 0.15 

43 AK-64K 297 -0.23 9 2 -5.99 -18.74 + ++ - - 0.15 
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44 AK-72K 270 0.79 6 2 -5.85 -8.99 + ++ - - 0.15 

45 AK-74K 295 0.59 7 2 -5.57 -9.57 + ++ - - 0.16 

46 AK-76K 268 0.34 7 3 -5.24 -9.06 + ++ - - 0.17 

47 AK-6E 289 0.53 7 3 -3.87 -0.99 - - - - 0.53 

48 AK-14E 315 0.99 7 4 -3.89 -0.26 - - - - 0.59 

49 AK-16E 315 0.99 7 4 -3.89 -0.78 - - - - 0.54 

50 AK-18E 378 2.06 6 3 -5.02 -2.3 - - - - 0.36 

51 AK-20E 378 2.06 6 3 -5.02 -4.27 - - - - 0.34 

52 AK-26E 344 0.42 9 3 -4.65 -6.09 - - - - 0.37 

53 AK-28E 305 1.12 6 3 -4.09 -0.68 - - - - 0.54 

54 AK-30E 288 0.11 7 4 -3.23 -0.4 - - - - 0.62 

55 AK-32E 338 1.38 7 4 -4.71 -0.02 - - - - 0.54 

56 AK-34E 305 1.2 6 3 -4.2 0.66 - - - - 0.66 

57 AK-42E 333 1.94 6 3 -4.92 0.62 - - - - 0.58 

58 AK-44E 279 2.44 6 3 -4.22 -6.28 - - - - 0.39 

59 AK-46E 425 1.77 6 3 -5.2 -0.62 - - - - 0.41 

60 AK-48E 299 1.34 6 3 -4.19 -0.41 - - - - 0.56 

61 AK-50E 313 1.68 6 3 -4.53 -1.95 - - - - 0.42 

62 AK-54E 300 0.39 7 3 -3.42 -0.43 - - - - 0.61 

63 AK-56E 300 0.34 7 3 -3.39 -1.16 - - - - 0.54 

64 AK-60E 359 1.2 8 3 -4.22 1.28 - - - - 0.68 

65 AK-62E 317 1.44 6 3 -4.5 -2.28 - - - - 0.42 

66 AK-64E 344 0.42 9 3 -4.65 -10.66 - - - - 0.37 

67 AK-72E 317 1.44 6 3 -4.5 -1.1 - - - - 0.48 

68 AK-74E 342 1.23 7 3 -4.22 -1.52 - ++ - - 0.28 

69 AK-76E 315 0.99 7 4 -3.89 -0.95 - - - - 0.53 

Compounds violating more than one time from Lipinski rule of 5 and compounds exhibited predicted toxicity are in Italics  

HBA hydrogen bond acceptor, HBD hydrogen bond donor, MUT mutagenic, TUM O tumorigenic, IRRI irritant, REP reproductive 

effective, ‘‘+’’ active risk, ‘‘++’’ High risk ‘‘–’’ non-active risk. 

4.4 Conclusions 

In the present study, we have designed 69 novel pyrazolopyran analogs as CDK-2 inhibitors based on 

pharmacophore requirements. Docking study of the designed analogs was performed using molecular 

modeling software Autodock 4.2. Activity comparison showed that, AK-26 (having 3-nitro substituent), 

AK-72K (having 4-flouro substituent) and AK-60E (having 3,4-dimethoxy substituent) are the 

significant analogs showed better binding free energy and predicted inhibitory constant values as compare 

to standard drug olomoucine. Similarly, among the three significant compounds in all the three series, it 

turns out that, AK-26 is by far the best analogue overall. Lipinski rule of five parameter and toxicity 
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parameters of the designed analogs were predicted using OSIRIS property explorer and molinspiration 

cheminformatics online tools. Among the designed analogs, AK-6, AK-16, AK-26, AK-30, AK-60, AK-

64 from series-I (Table- 4.1), AK-6K, AK-20K, AK-42K, AK-50K, AK-64K, AK-72K from series-II 

(Table- 4.2) and AK-16E, AK-26E, AK-32E, AK-48E, AK-50E, AK-60E from series-III (Table- 4.3) 

showed significant binding free energy and predicted inhibitory constant values as compared to standard 

drug olomoucine. Even though compounds like AK-60 from series-I (Table: 4.1), AK-42K, AK-64K, 

AK-72K from series-II (Table: 4.2) and AK-76E from series-III (Table: 4.3) showed significant binding 

free energy and predicted inhibitory constant values, they have been screened off for next level of study 

because of their predicted poor pharmacokinetic and toxicity profile. From this study, it was concluded 

that, hydrogen bond donor and hydrogen bond acceptor groups in pharmacophore are very much 

important to form stable receptor-ligand complex as well as for better inhibitory potency. GROningen 

Machine for Chemical Simulations V4.6.1 (GROMACS) computational package was used to carry out 

the Molecular dynamics (MD) study and was used to validate the docking procedure. 
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4.5 Introduction 

For past three decades, computer-aided drug discovery/design
[87]

 methods have played a major role in the 

development of therapeutically significant small molecules and have also been helpful in toxicity 

prediction and optimization of several physiological properties including anticancer activity. These 

methods are broadly classified as either structure-based or ligand-based methods. Structure-based 

methods are in principle analogous to high-throughput screening in both target and ligand and the 

structure information is overbearing. Structure-based approaches may include ligand docking, 

pharmacophore, and ligand design methods. Additionally, cancer cells are known to display deregulations 

in multiple signaling pathways, leading to uncontrolled cell proliferation and acquired anti-apoptosis 

properties.
[88]

 

Protein kinases are a large family of enzymes that are essential for the regulation of many diverse cell 

functions through phosphorylation of other enzymes and structural proteins.
[89]

 In recent years, numerous 

biochemical and structural studies have contributed enormously to our increased understanding of the 

former’s role in signal transduction
[90-93]

 and cell cycle regulation.
[94-96]

 This has led to better 

understanding of cancer mechanism. For example, crystal structures of several serine/threonine protein 

kinases, including cyclic-AMP dependent protein kinase (cAPK)
[97]

, mitogen-activated protein kinase 

(MAPK)
[98]

, twitchin kinase
[99]

, casein kinase 1 (CK1)
[100]

, phosphorylase kinase (PhK)
[101]

, and cyclin-

dependent kinase 2 (CDK2)
[102]

, revealed, with the help of structural studies done on them, a common 

two-domain core structure with enzyme-specific variations.
[103]

 Thus, cell cycle progression is regulated 

by a series of sequential events that include the activation and subsequent inactivation of cyclin dependent 

kinases and cyclins. CDKs form active heterodimeric complexes by binding to their regulatory subunits, 

cyclins. Eleven members of the CDK family are reported so far, and each member of the family has a 

specific function in cell-cycle regulation. Several Cdks, mainly Cdk2, Cdk4, and Cdk6, work 

cooperatively to drive cells from G1 phase into S phase. Furthermore, kinases can be blocked by small 

molecules and recently, mitotic kinases such as CDKs
[104-105]

, Polo-like-kinases
[106-107]

, and Aurora 

kinases
[108]

 have been studied as potential targets for cancer therapy with fewer side effects than 

traditional cytotoxic drugs. Among protein kinases, CDK2 appears to play a central role in cell cycle 

regulation, and efforts are underway to develop specific inhibitors of CDKs as potential antimitogenic 

drugs.
[109-111]

 

The detailed structural analysis of CDK2 can provide valuable information for the design of new ligands 

that can bind in the ATP binding pocket and inhibit CDK2 activity.
[112-115]

 Thus, we concentrated our 

efforts towards developing small-molecule inhibitors that inhibit CDKs. Most of the currently available 

molecules target the ATP-binding site of these enzymes.
[116-118]

 Such an approach might create serious 
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problems as catalytic residues are well conserved across eukaryotic protein kinases. However, compounds 

such as Flavopiridol, Olomoucine, and Butyrolactone-1 that exhibit greater specificity for CDKs have 

shown promise. In the present study our focus is to develop the coumarin molecules as CDK-2 inhibitors 

because of various biological properties possessed by the coumarin pharmacophore. 

Coumarins are a group of compounds belonging to the benzopyran family isolated from plant product 

Tonka bean, coumarou in 1820 (Figure 4.25).
[119]

 

 

Figure 4.25 The chemical structures of benzopyrone subclasses, with the basic coumarin structure 

(benzo-α-pyrone) [A], and flavonoid (benzo-γ-pyrone [B]). 

Benzopyrones are subdivided into benzo-α-pyrones and benzo-γ-pyrones of which coumarins and 

flavonoids are prime members of benzo-α-pyrones and benzo- γ-pyrones class respectively. Dietary 

exposure to benzopyrones is quite significant, as these compounds are found in vegetables, fruits, seeds, 

nuts, coffee, tea, and wine. It is estimated that the average western diet contains approximately 1g/day of 

mixed benzopyrones. It is, therefore, quite logical to see why extensive research into their 

pharmacological and therapeutic properties is underway over many years. Researchers have also proved 

the selective cytotoxicity of coumarins for tumor cells and also the effect of coumarins in the regulation 

of immune response, cell growth, and differentiation.
[120-121]

 The mechanism of action of anti-tumor drugs 

is basically to target the dividing cells that interrupt cell division. Although new techniques like 

chemotherapy and radiotherapy provide best results for the treatment for cancer but these trigger various 

side effects. Coumarins are effective not only for treatment of cancers like malignant melanoma, renal 

cell carcinoma, leukemia
[122-123]

, prostate cancer, and breast cancer
[124-130]

, but also to treat the side effects 

caused by radiotherapy. The relapse of melanoma diagnosis has been minimized by the use of 4-hydroxy 

coumarin along with warfarin to maintain therapy and to inhibit the tumor spread.
[131]

 Coumarins have an 

established cytotoxic mechanism and possess potential therapeutic function in renal cell carcinoma.
[132]

 In 

case of leukemia, prostate, and breast cancer, cyclin D1 is released in amounts more than normal levels 
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and coumarin derivatives have also been found very effective anti-proliferative agents by regulating the 

release of cyclin D1.
[133-142]

 

Several researchers have reported various anticancer coumarin based drugs e.g. Genistein, 

Imperatorin,
[143]

 Osthole,
[144]

 Esculetin,
[145-146]

 Fraxin,
[147]

 Grandivittin,
[148]

 Agasyllin,
[148]

 Aegelinol 

benzoate,
[148]

 Chartreusin,
[149]

 and Demethylchartreusin
[150]

 etc. It has been established that some coumarin 

compounds, including coumarin and 7-hydroxycoumarin, inhibit the cell growth of various types of 

cancer cell lines.
[150-152]

 Many accounts have appeared pertaining to the use of coumarin, or its metabolite 

7-hydroxycoumarin, for the treatment of some human carcinomas.
[153-156]

 No adverse effects of coumarins 

have been reported in humans using doses up to 7 g daily, after two weeks of continued treatment.
[157-158]

 

The biochemical, pharmacological, and therapeutic applications of simple coumarins could be influenced 

by their substitution pattern. The main focus of the present paper is to design and develop effective 

coumarin derivatives for CDK-2 inhibitors. Our interest in anticancer drug discovery
[159]

 motivated us to 

look up coumarins as potential CDK-2 inhibitor agents. The present paper not only focuses on designing 

of the coumarin molecules but also explores the effect of the substitution of OH group of the coumarin 

with various heterocyclic moieties at R
1
, R

2
, R

3
, and R

4
 position i.e. 3-, 4-, 6-, and 7- positions 

respectively of the coumarin skeleton. The general structures of all the designed analogues are shown in 

Figure 4.26. After docking them all, the best four molecules were selected and again docked by using 

GLIDE in Schrodinger for the authentication of the results. Furthermore, the molecular dynamics (MD) 

study was done for the best molecules selected from the studied positions 3-, 4-, 6- and 7-. 

 

Figure 4.26 The designed coumarin analogues. 

Softwares required 

Molecular modeling software Auto Dock 4.2 downloaded from www.scripps.edu was used for the entire 

docking study. The best four molecules from each site after substitution R
1
, R

2
, R

3
, R

4
 were docked on 

GLIDE/Schrodinger software and their molecular dynamic and simulation study was done by using 

GROMACS 5.0.4 molecular dynamics package software for 10 ns. 
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Receptors used for docking 

CDK-2 enzyme co-crystallized with Mg-ATP ligand was used as target receptor. Standard drug 

olomoucine and Deschloroflavopiridol were used for calibration and validation of the docking. 

4.6 Experimental 

4.6.1 Molecular parameter 

Toxicity profile and good pharmacokinetic properties are very decisive for any ligand to complete drug 

discovery process and to become a successful drug.
[160]

 Hence, in the present paper, Lipinsky’s rule of 

five parameters and toxicity properties of the designed coumarin ligands were predicted by molinspiration 

cheminformatics (http://www.molinspiration.com/) and OSIRIS property explorer (http://www.organic-

chemistry.org/prog/peo/) respectively. The activity and selectivity increases by stepwise optimization of 

the pharmacological lead structure and their drug like physicochemical properties during drug discovery 

are confirmed by Lipinski's rule of five. However, the rule does not predict if a compound is 

pharmacologically active. The pharmacokinetic properties like adsorption, distribution, metabolism, and 

excretion were calculated by molecular properties like ClogP (≤5), molecular weight (≤500), number of 

hydrogen bond acceptors (≤5), and number of hydrogen bond donors (≤10). All calculated molecular 

properties of the compounds follow strictly the Lipinski’s rule of five. If the designed molecule violates 

the Lipinski’s rule more than once then there occurs the problem of bioavailability.
[161-162]

 The aqueous 

solubility plays vital role in adsorption and distribution study of the designed scaffolds and here we 

calculated the predicted aqueous solubility in terms of log S (logarithm value of aqueous solubility) 

measured in mol/L. For approximately 90% of the marketed drugs the estimated logS values lie between -

6 and -3. Druglikeness is a qualitative concept and is estimated from the molecular structure of the 

designed molecules before the substance is even synthesized and tested. Druglikeness does not evaluate 

the actual specific effect of the drug (biological activity) but can estimate the druglikeness of any 

designed molecule. Several factors like topological descriptors, fingerprint of MDL structure keys or 

some other properties like ClogP, molecular weight, and toxicity profile play important role in evaluating 

the druglikeness of the designed molecules. The druglikeness is calculated by using the equation given 

below: 

  
   

  
 

Where     is the summming up score values of the fragments, and n is the number of fragments in the 

molecule under investigation. 

In the present paper, the toxicity risks like mutagenicity, tumorigenicity, irritancy, and the effect on 

sexual reproduction were predicted for all the designed analogs as shown in the Table 4.6. In-silico 

http://www.molinspiration.com/
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prediction of compound toxicity is important because it may arise due to its own substructure and 

sometimes the evaluation of this type of risk is designated as toxicity risk. It is an indication that a 

particular compound may be harmful concerning the risk category specified. It is important to keep in 

mind that all the risk alerts are not fully reliable for compound toxicity. The overall potential of the 

designed compounds to qualify as drug molecule depends upon the drug score (ds) value and the drug 

score value depends upon several factors like druglikeness, ClogP, logS, molecular weight, and toxicity 

risk of the molecule. The drug score value is calculated from the following formula: 

     
 

 
 
 

 
        

  
 

       
 

where ds = drug score, si = contribution directly calculated from ClogP, logS, molecular weight and drug 

likeness, ti = contribution directly calculated from toxicity risks and the values 1.0, 0.8, and 0.6 for no 

risk, medium risk, and high risk respectively. The drug likeness (pi) is calculated from the spline curve 

where the parameter a and b are (1, -5), (1, 5), (0.012, -6), and (1, 0) for ClogP, logS, molecular weight, 

and druglikeness, respectively.  

4.6.2 Molecular docking studies 

Docking is an approach to rational drug design and very helpful in predicting the structure and binding 

free energy of ligand-receptor complex. It gives us the information on how the ligand molecule is going to 

bind with the receptor and what amino acid residues may be involved in providing flexibility to it. The 

molecular modeling software autodock 4.2 has been used for the docking of all designed 62 coumarin 

molecules. The best four molecules were later docked by using Schrodinger to refine the results and to 

perform the molecular dynamic study of the best molecules inside the pocket of the protein. The docking 

was performed using THR14 (T) and TYR15 (Y) residues of the GTYG cluster of ATP binding sites 

(residues 13 to 16) as flexible ones. The target protein, cyclin dependent kinase-2 enzyme, was 

downloaded from RCSB protein data bank. Target protein preparation was done by removal of water 

molecules, by adding polar hydrogens and kollmann charges. A grid spacing of 0.375 Å and 60 × 60 × 60 

number of points was used for the docking study of all the designed coumarin molecules. The grid was 

centered on the active site. The auto grid program generated separate grid maps for all atom types of the 

ligand structures and one for electrostatic interactions. The PRODRG online server 

(http://davapc1.bioch.dundee.ac.uk/prodrg/) was used to minimize the conformational energy of the 

designed ligands in pdb format. The Gasteiger-Huckel charges have been calculated for the energy 

minimized confirmations and saved in the default format of the Autodock. Autodock generated 50 

possible binding conformations i.e., 50 runs for each docking using LGA search. Default protocol was 

http://davapc1.bioch.dundee.ac.uk/prodrg/
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applied with initial population of 150 randomly placed individuals, a maximum number of 2.5×10
5
 energy 

evaluations and 2.7×10
4
 generations. A mutation rate of 0.02 and a crossover rate of 0.8 were used. 

4.6.3 Validation of docking 

Prior to docking, validation of docking is very important. The validation of docking was done by 

extracting out the co-crystallized ATP of the target protein CDK-2 and then docked back into the active 

site of the receptor. It was evident that the docked pose of the re-docked ATP was almost superimposed 

with that of the co-crystallized ligand with acceptable root mean square deviation of 0.85 Å (Figure 

4.27). Subsequently, the Mg-ATP hydrogen-bonding (pink dotted line) and hydrophobic interaction 

(green dotted line) with the receptor protein was also determined for validation and are shown in Figure 

4.28. The reproducibility and the reliability of the docking parameters have been done by the docking of 

the standard drug (olomoucine and deschloroflavopiridol). Hydrogen bonding and hydrophobic 

interaction of the standard drug with the active site amino acid residues of 1HCK protein is shown in 

Figure 4.29 (Deschloroflavopiridol) and Figure 4.30 (Olomoucine) respectively. 

 

Figure 4.27 Redocked mode of ATP (green) superimposed with the co-crystallized Mg-ATP in the 

binding pocket of CDK-2 (PDB ID: 1HCK). ATP is shown as stick model and the amino acid residues 

interacting with the co-crystallized Mg-ATP are shown as line model. 
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Figure 4.28 Hydrogen bonding interaction (Pink dotted lines) and hydrophobic interaction (green dotted 

line) of ATP with CDK-2 (PDB ID: 1HCK) with various amino acid. 

 

 

Figure 4.29 Overlay docked view of Deschloroflavopiridol at the ATP binding site of 1HCK, showing 

the hydrogen and hydrophobic interactions by the pink and green dotted lines respectively. 
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Figure 4.30 Overlay docked view of Olomoucine at the ATP binding site of 1HCK, showing the 

hydrogen and hydrophobic interactions by the pink and green dotted liners respectively. 

4.7 Results and discussion 

The molecular modeling software autodock 4.2 was used for the docking study of the designed analogs. 

Later on, the best four molecules and the standard drugs deschloroflavopiridol and olomoucine (Figure 

4.29 and 4.30) were docked by using Glide/Schrodinger software in order to identify the enzyme 

inhibitory potential of the designed coumarin analogues against CDK-2. The docking parameters such as 

binding free energy (K.cal/mol) and predicted inhibitory constant (Ki) for all 62 designed analogs were 

determined and are shown in Table 4.6.Binding energy for each compound has been calculated by using 

the following formula: 

Binding Energy = [(A) + (B) + (C) – (D)] 

where A denotes the intermolecular energy, which is sum of the [van der Waals energy + hydrogen bonds 

+ desolvation energy + electrostatic energy (kcal/mol)], B denotes final total internal energy [internal 

energy of ligand + internal energy of receptor (kcal/mol)], C denotes torsional free energy (kcal/mol), and 

D denotes unbound system’s energy (kcal/mol).In docking studies binding free energy and enzyme 

inhibitory activity are inversely proportional to each other as: 

     
 

  
 

Compounds showing high binding energy (negative) have lower enzyme inhibitory constant and vice 

versa. 
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In the present study, our designed analogs showed binding free energy values in the range of: 12.07 to -

8.06 when we vary the position 3- (Table 4.6, entry 3-17); -11.87 to -8.02 when variation is made at 

position 4- (Table 4.6, entry 18-32);  -12.72 to -10.06 when variation is done at position 6- (Table 4.6, 

entry 33-47), and -12.50 to -8.35 when variation is done at position 7- (Table 4.6, entry 48-62) of the 

designed coumarin molecule with different heterocyclic moieties. Among the designed 62 analogs, THC-

14, THC-15, THC-41, THC-42, THC-43, THC-47, THC-53, THC-58, and THC-59 (Table 4.6) showed 

significant binding free energy values of -12.00, -12.07, -12.10, -12.68, -12.72, -12.13, -12.01, -12.38, 

and -12.50 kcal/mol respectively against CDK-2 receptor with that of standard drug 

Deschloroflavopiridol (-8.87 kcal/mol) and olomoucine (-6.08 kcal/mol). The binding energy in 

decreasing order exhibits the following trend for the designed ligands: THC-43>THC-42>THC-59>THC-

58>THC-47>THC-41>THC-15>THC-53>THC-14. From the binding energy trend we infer that THC-43 

is the most potent molecule in CDK-2 inhibition. Closer observation of receptor-ligand complex reveals 

that, the designed analogs adopt the same conformation in the ATP active site of CDK-2 as do other 

standard CDK-2 inhibitors. Hydrogen bonding and hydrophobic interactions were observed between 

ligands and amino acids of the receptor protein. These interactions play an important role in the 

determination of binding free energy and stability of receptor-ligand complex. 

4.7.1 Structure-Activity-Relationship (SAR) 

A brief SAR (Figure 4.31) is quite unambiguous. Comparing the binding energy values of the designed 

coumarin analogs we found that when we vary the 6
th
 position i.e. R

3
 fragment as compared to R

1
, R

2
, and 

R
4
, the B.E (K.cal/mol) increases and most of the molecules like THC-41, THC-42, THC-43, and THC-

47 have excellent binding free energy and inhibitory constant value. Although in some molecules, when 

we vary the 7
th
 position i.e. R

4
 of the coumarin molecule, significant binding free energy and inhibitory 

constant values are exhibited, e.g. THC-53, THC-58, and THC-59. But still closer observation reveals that 

the 6
th
 position of the coumarin analogs is the best position where a desired substitution may lead to 

enhanced inhibitory activity of protein CDK-2. Thus overall, significant binding energy and inhibitory 

constant values are in the order as R
3 

> R
4 

> R
1 

> R
2
 (i.e. position 6 > 7 > 3 > 4). Hence, some SAR 

inferences are unequivocal: (a) substitution by a heterocycle at the 6
th 

position invariably leads to 

excellent binding; (b) a similar substitution at the 7
th
 position also leads to good binding ability. The 

reason behind better activity of the 6
th
 and 7

th
 position substituted coumarin molecule may be because of 

the reduced steric hindrance caused by the substituted heterocyclic molecules at these positions. (c) 

Another interesting observation: when quinolinyl, quinazolinyl, indazolyl, and indolyl type moieties are 

present as substituents, then we get better score irrespective of the position (i.e. whether the substitution 
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occurs at R
1
, R

2
, R

3
, and R

4
) of the coumarin molecule; but still the 6

th
 position remains the best with 

respect to all other positions.  

 

Figure 4.31 Shows the brief SAR analysis of the designed analog. 

The substitution of the benzothiophenyl fragment in coumarin molecule shows lower binding energy at all 

the positions of the coumarin molecule and is one of the exceptional case predicted during observation of 

Table 4.6. 

Table 4.6: Docking results of the designed analogs. 

No. Comp 

code 

R1 R2 R3 R4 B.E. 

 

Ki 

 

1 THC-1 H H H H -9.21 177.54nM 

2 THC-2 OH OH OH OH -9.36 138.01nM 

3 THC-3 3-

(benzo[b]thiophen-

2-yl) 

OH OH OH -8.06 1.23uM 

4 THC-4 3-

(benzo[b]thiophen-

3-yl 

OH OH OH -11.74 2.49nM 

5 THC-5 3-(benzofuran-2-

yl) 

OH OH OH -11.90 1.90nM 

6 THC-6 3-(benzofuran-3-

yl) 

OH OH OH -10.15 36.11nM 

7 THC-7 3-(1H-isoindol-3-

yl) 

OH OH OH -11.04 8.05nM 

8 THC-8 3-(1H-indol-3-yl) OH OH OH -10.51 19.94nM 

9 THC-9 3-(1H-indol-2-yl) OH OH OH -10.29 28.81nM 

10 THC-10 3-(1H-indazol-3-

yl) 

OH OH OH -11.24 5.79nM 
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11 THC-11 3-(1H- 

benzo[d]imidazol-

2-yl) 

OH OH OH -11.81 2.19nM 

12 THC-12 3-(quinolin-2-yl) OH OH OH -10.42 23.07nM 

13 THC-13 3-(quinolin-3-yl) OH OH OH -11.05 7.96nM 

14 THC-14 3-(quinolin-4-yl) OH OH OH -12.00 1.59nM 

15 THC-15 3-(quinazolin-2-yl) OH OH OH -12.07 1.41nM 

16 THC-16 3-(indolin-2-yl) OH OH OH -10.86 11.04nM 

17 THC-17 3-(1,2,3,4-

tetrahydroquinolin-

2-yl) 

OH OH OH -10.48 20.79nM 

18 THC-18 OH 4-(benzo[b]thiophen-

2-yl) 

OH OH -8.80 352.65nM 

19 THC-19 OH 4-(benzo[b]thiophen-

3-yl) 

OH OH -8.02 1.33uM 

20 THC-20 OH 4-(isobenzofuran-1-yl) OH OH -9.44 121.30nM 

21 THC-21 OH 4-(benzofuran-3-yl)  OH OH -8.54 549.10nM 

22 THC-22 OH 4-(1H-isoindol-3-yl) OH OH -10.05 43.06nM 

23 THC-23 OH 4-(1H-indol-3-yl) OH OH -10.71 14.19nM 

24 THC-24 OH 4-(1H-indol-2-yl) OH OH -10.81 11.94nM 

25 THC-25 OH 4-(1H-indazol-3-yl) OH OH -11.08 7.51nM 

26 THC-26 OH 4-(1H-

benzo[d]imidazol-2-

yl) 

OH OH -11.73 2.52nM 

27 THC-27 OH 4-(quinolin-2-yl) OH OH -10.97 9.04nM 

28 THC-28 OH 4-(quinolin-3-yl) OH OH -11.87 2.00nM 

29 THC-29 OH 4-(quinolin-4-yl) OH OH -10.05 43.16nM 

30 THC-30 OH 4-(quinazolin-2-yl) OH OH -10.49 20.34nM 

31 THC-31 OH 4-(indolin-2-yl)  OH OH -8.97 264.61nM 

32 THC-32 OH 4-(1,2,3,4-

tetrahydroquinolin-2-

yl) 

OH OH -11.16 6.59nM 

33 THC-33 OH OH 6-

(benzo[b]thiophen-

2-yl) 

OH -11.32 5.05nM 

34 THC-34 OH OH 6-

(benzo[b]thiophen-

OH -10.39 24.22nM 



Chapter IV(Part-B) 
 

191 

 

3-yl) 

35 THC-35 OH OH 6-(benzofuran-2-

yl)  

OH -10.83 11.53nM 

36 THC-36 OH OH 6-(benzofuran-3-

yl) 

OH -11.09 7.37nM 

37 THC-37 OH OH 6-(1H-isoindol-3-

yl) 

OH -10.06 42.23nM 

38 THC-38 OH OH 6-(1H-indol-3-yl) OH -11.13 6.92nM 

39 THC-39 OH OH 6-(1H-indol-2-yl) OH -11.91 1.87nM 

40 THC-40 OH OH 6-(1H-indazol-3-

yl)  

OH -11.70 2.65nM 

41 THC-41 OH OH 6-(1H-

benzo[d]imidazol-

2-yl) 

OH -12.10 1.35nM 

42 THC-42 OH OH 6-(quinolin-2-yl) OH -12.68 507.78pM 

43 THC-43 OH OH 6-(quinolin-3-yl) OH -12.72 478.16pM 

44 THC-44 OH OH 6-(quinolin-4-yl) OH -10.71 14.22nM 

45 THC-45 OH OH 6-(quinazolin-2-yl) OH -11.96 1.71nM 

46 THC-46 OH OH 6-(indolin-2-yl) OH -11.45 4.08nM 

47 THC-47 OH OH 6-(1,2,3,4-

tetrahydroquinolin-

2-yl) 

OH -12.13 1.28nM 

48 THC-48 OH OH OH 7-

(benzo[b]thiophen-

2-yl) 

-9.31 149.34nM 

49 THC-49 OH OH OH 7-

(benzo[b]thiophen-

3-yl) 

-10.34 26.29nM 

50 THC-50 OH OH OH 7-(benzofuran-2-

yl) 

-10.88 10.63nM 

51 THC-51 OH OH OH 7-(benzofuran-3-

yl) 

-8.35 759.88nM 

52 THC-52 OH OH OH 7-(1H-isoindol-3-

yl)- 

-11.18 6.33nM 

53 THC-53 OH OH OH 7-(1H-indol-3-yl)- -12.01 1.57nM 

54 THC-54 OH OH OH 7-(1H-indol-2-yl) -9.85 60.71nM 

55 THC-55 OH OH OH 7-(1H-indazol-3-

yl) 

-11.24 5.78nM 
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56 THC-56 OH OH OH 7-(1H-

benzo[d]imidazol-

2-yl) 

-11.39 4.45nM 

57 THC-57 OH OH OH 7-(quinolin-2-yl) -10.42 23.07nM 

58 THC-58 OH OH OH 7-(quinolin-3-yl) -12.38 843.83pM 

59 THC-59 OH OH OH 7-(quinolin-4-yl)  -12.50 687.04pM 

60 THC-60 OH OH OH 7-(quinazolin-2-yl) -11.50 3.73nM 

61 THC-61 OH OH OH 7-(indolin-2-yl) -11.28 5.38nM 

62 THC-62 OH OH OH 7-(1,2,3,4-

tetrahydroquinolin-

2-yl) 

-11.40 4.37nM 

 

Finally, after analysis of all the results of Table 4.6, we were curious to find out the stability of the best 

compound from each studied position of the coumarin molecule inside the binding pocket of the protein 

molecule through molecular dynamics and simulation study. So, we chose four best molecules from each 

position of the coumarin molecule i.e. THC-15, THC-28, THC-43, and THC-59 and docked the 

molecules using SCHRODINGER Maestro software for comparison with autodock score and for a better 

reproducibility of the results. The hydrogen bonding and hydrophobic interaction in 2D and 3D view for 

all the four selected molecules are shown in Figure 4.32 and 4.33 respectively. The GLIDE score and 

Autodock score comparison of binding energy and inhibitory constant values are shown in Table 4.7. 

Table 4.7: Docking score comparison of best four molecules from each position of the coumarin 

molecule by Autodock and GLIDE. 
S.No. Comp. code  Autodock score Glide 

B.E. 

(K.cal/mol) 

Ki Glide Score 

(K.cal/mol) 

Glide Emodel 

1 THC-15 -12.07 1.41 nM -9.21 -56.23 

2 THC-28 -11.87 2.00 nM -8.97 -65.38 

3 THC-43 -12.72 478.16 pM -7.66 -58.01 

4 THC-59 -12.50 687.04 pM -9.06 -64.41 

 

The ATP binding site of the protein kinases are the most common targets for the design of small molecule 

inhibitors. It is very difficult to develop selective kinase inhibitors because of the similarities between 
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kinase domains. However, the development of small structural differences between the ATP binding site 

of closely homologous kinases has been used effectively to present specificity of inhibition. 

4.7.2 Hydrogen bonding interaction 

In Figure 4.32a, the 2D view of THC-15 (entry 3-17, Table 4.6) shows that all the atoms responsible for 

H-bonding behave as H-bond acceptors. Here the OH group present at 3
rd

 position was substituted by 

quinolin-2-yl. The hydrophilic oxygen of the OH group at 4
th
 position of coumarin forms hydrogen bonds 

with the adjacent LYS33 amino acid. The 6
th
 and 7

th
 position of coumarin in THC-15 shows hydrogen 

bonding interaction with the THR14 and LYS129 respectively whereas hydroxyl group of the 6
th
 and 7

th
 

position behaves as H-bond acceptor and the corresponding amino acids as H-bond donors. LYS129 

shows the H-bonding with both the substituted hydroxyl group at 6
th
 and 7

th
 position of the coumarin 

molecule. The corresponding 3D view of the designed ligand THC-15 interaction with bond distances to 

the receptor amino acids are shown in Figure 4.33a.  

Similarly, the Figure 4.32b and 4.33b show the interaction of the best selected molecule (entry 18-32, 

Table 4.6) THC-28 with the various amino acids in 2D and 3D views respectively. Here, the hydroxyl 

group present at 4
th
 position of designed ligand was substituted by quinolin-3-yl moiety. A close 

observation of 2D view of Figure 4.32b shows that almost all the heteroatom’s of the designed ligand 

behave as H-bond donors. Here, the H (Hydrogen) of the substituted -OH group at 3
rd

 position of 

coumarin forms H-bond with ASP145. The H (Hydrogen) of the -OH group substituted at 6
th
 and 7

th
 

position of coumarin shows H-bonding with LEU83. Also, LEU83 appears to form bifurcated H-bond 

with both the H atom of the OH group present at 6
th
 and 7

th
 position of coumarin molecule. 

Figure 4.32c and 4.33c show the 2D and 3D views of the various interactions of the designed ligand 

THC-43 (best selected ligand from entry 33-47, Table 4.6). All the heteroatom’s responsible for H-

bonding behave as H-bond acceptors. The 6
th
position of the designed ligand THC-43 was substituted with 

quinolin-3-yl group. Oxygen of the keto group which behaves as a H-bond acceptor forms H-bond with 

LYS129. The Hydroxyl group present at the 3
rd

 position of the designed ligand forms bifurcated H-bond 

i.e. one with LYS129 and the other one with THR14. The Oxygen atom of the OH group present at the 

4
th
position of the designed ligand forms H-bond with LYS33. 

Similarly, the Figure 4.32d and 4.33d show the interaction in 2D and 3D views of the designed ligand 

THC-59 (entry 48-62, Table 4.6) where the OH group of 7
th
 position was substituted by quinolin-4-yl 

moiety as shown in Table 4.6. Here, all the H-bond forming atoms of the ligand behave as H-bond 

donors. The OH group present at 3
rd 

and 6
th
 position of the designed ligand forms H-bond with GLU12 

and ASP86 respectively. The corresponding 3D view with bond distance is shown in Figure 4.33d. 
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Overall, we can say that the Hydroxyl groups present in the designed ligands are responsible for the H-

bonding interaction inside the active site of the protein CDK2.  

 

Figure 4.32 Shows the 2D view of the ligand-protein amino acids interaction as-(a) THC-15 (b) THC-28 

(c) THC-43 and (d) THC-59. 

4.7.3 Hydrophobic interaction 

Although the hydrophobic interactions are weak interaction like H-bonding interactions but play very 

important role in the stability of the molecule inside the active site of the protein. According to Davis,
[163]

 

most of the marketed drugs consist of around 16 types of hydrophobic atoms, with three to four acceptor 

and two to three donor atom. These hydrophobic interactions not only play very important role in drug 

designing but are also very cooperative in increasing the binding affinity among the target drug and 

receptor protein.  
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Several researchers reported the link of hydrophobic interaction with the binding affinity and drug 

efficacy and later on optimized such interactions by their incorporation at the site of H-bonding.
[164]

 Even 

though the approach is not so proficient in the designing of drug molecules but sometimes the presence of 

water molecule makes the hydrophobic region quiet valuable.
[163-164]

 

The binding affinity of the drug molecule with the target receptor can be increased by engineering the 

target or the drug or the interface between the drug and target receptor. The probability of the biological 

activity of the drug lead increases by increasing the number of hydrophobic atoms in the active core of 

drug-target interface. 

All the green circled amino acids like VAL-18, ILE-10, LEU-134, PHE-82, ALA-31, PHE-80, VAL-64, 

LEU-83, ALA-144, and TYR-15 show hydrophobic interaction with THC-15 (Figure 4.32a); PHE-80, 

ALA-144, ALA-31, PHE-82, LEU-83, LEU-134, ILE-10, and VAL-18 show hydrophobic interaction 

with THC-28 (Figure 4.32b); ILE-10, VAL-18, LEU-134, PHE-82, LEU-83, ALA-31, PHE-80, VAL-64, 

ALA-144, and TYR-15 show hydrophobic interaction with THC-43 (Figure 4.32c) while ILE-10, PHE-

82, LEU-83, ALA-31, PHE-80, VAL-64, VAL-18, ALA-144, and LEU-134 show hydrophobic 

interaction with THC-59 (Figure 4.32d). The corresponding 3D images with hydrophobic interactions of 

designed ligand THC-15, THC-28, THC-43, and THC-59 are shown in Figure 4.33a, 4.33b, 4.33c, and 

4.33d respectively. All the hydrophobic interactions are shown by green dotted lines in Figure 4.33. 

4.7.4 Electrostatic interaction  

In Figure 4.32a, the most common amino acids which show the electrostatic interaction with the 

designed ligand THC-15 are ASP-145, ASN-132, THR-14, GLN-131, GLU-81, and ASP-86.  THC-28 

designed ligand shows electrostatic interaction with GLU-12, ASP-86, ASP-145, GLU-81, GLU-12, 

GLN-131, ASN-132, and GLN-85 amino acids as shown in Figure 4.32b. The amino acids responsible 

for ionic electrostatic interaction with the designed ligand THC-43 are THR-14, GLN-131, ASN-132, 

ASP-86, GLU-81, and ASP-145 amino acids as shown in Figure 4.32c. The designed ligand THC-59 

shows the electrostatic interaction with ASP-86, GLU-81, ASP-145, GLU-12, and GLN-131 amino acids 

as shown in Figure 4.32d. 

All the amino acids which show electrostatic interaction are circled in red and dark blue color. The 

corresponding electrostatic interactions of all the designed ligand THC-15, THC-28, THC-43, and THC-

59 in 3D view with green dotted lines are shown in Figure 4.33a, 4.33b, 4.33c, and 4.33d respectively.  
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Figure 4.33 Shows the Hydrogen bonding interaction and Hydrophobic interaction of ligand (THC-15, 

THC-28, THC-43, and THC-59) with 1HCK protein. Ligand is shown as ball and sticks, receptor amino 

acids as lines and hydrogen bond interaction as pink dotted lines and Hydrophobic interaction as green 

dotted lines. Rest of the protein is suppressed for clarification purposes. 

4.7.5 Molecular parameters 

All the molecular properties of the designed analogs were predicted by using online tools, OSIRIS 

property explorer and molinspiration cheminformatics (http://www.molinspiration.com/). Predicted 

molecular properties of the designed analogs are reported in Table 4.8.All the 60 molecules (entry 3 to 

62 in Table 4.6) were designed by heterocyclic molecular substitution at 3
rd

, 4
th
, 6

th
, and 7

th
 position of 

the Tetrahydroxy coumarin (THC-2) molecule shown by entry 2 in Table 4.6. All the designed coumarin 

analogs follow the Lipinski's rule of five. There is no violation of the Lipinski's rule observed from Table 

4.8. Some of the designed analogs like THC-18, THC-19, THC-20, THC-21, THC-22, THC-23, THC-24, 

THC-25, THC-26, THC-27, THC-28, THC-29, THC-30, THC-31, THC-32, THC-33, THC-34, THC-35, 

THC-36, THC-38, THC-39, THC-49, THC-51, and THC-53 showed high risk (++) of reproductive effect. 

http://www.molinspiration/
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Only two molecules THC-54 and THC-56 showed predicted high risk (++) and active risk (+) of 

producing mutagenicity. THC-14 showed active risk (+) of tumorigenicity. The high risk (++) of 

mutagenicity, tumorigenicity, and reproductive effect is shown by THC-1. However, risk alerts for the 

designed analogs may not be fully consistent and in order to evade risk of taking hazardous compounds, 

we screened off THC-1, THC-14, THC-18, THC-19, THC-20, THC-21, THC-22, THC-23, THC-24, 

THC-25, THC-26, THC-27, THC-28, THC-29, THC-30, THC-31, THC-32, THC-33, THC-34, THC-35, 

THC-36, THC-38, THC-39, THC-49, THC-51, THC-53, THC-54, and THC-56 molecules for further 

study. It should be noted that these results are merely preliminary druggability predictions and the 

calculations of toxicity are not analysed in detail. A close analysis of Table 4.8 predicted that entry nos. 

3-17, 18-32, 33-47, and 48-62 represents the designed analogs when we vary the heterocyclic moieties at 

position no. 3, 4, 6, and 7 respectively. In general, modification at the 4-position of coumarins appears to 

give rise to high risk (++) of reproductive effect predicted in these molecules. The substitution at position 

3- shows no side effect except THC-14 which shows the active risk of tumorigenicity. The substitution at 

6
th
 position shows the high binding affinity with the CDK-2 protein but some molecules showed high risk 

of reproductive effect also e.g. THC-33, THC-34, THC-35, THC-36, THC-37, THC-39, and THC-40. 

Similarly, substitution at position 7 also shows no side effect except very few molecules which do show 

some side effects e.g. THC-49, THC-51, THC-53, and THC-56. The side effect decreasing order trend 

observed from Table 4.8 is R
2 

> R
3 

> R
4 

> R
1
 (3 > 4 > 7 > 6). The detailed comprehensive studies of the 

designed molecules are currently underway in our labs. 

Table 4.8: Predicted molecular parameters of the designed analogs. 

S.No. Compd 

code 

M.wt. 

 

C log P  HBA HBD Solub. Drug 

likeness 

MUT TUMO IRRI REP Drug 

score  

1 THC-1 146.14 1.5 2 0 -2.37 -1.83 ++ ++ - ++ 0.12 

2 THC-2 210.14 -0.08 6 4 -1.24 -1.87 - - - - 0.55 

3 THC-3 326.32 2.6 5 3 -3.62 0.76 - - - - 0.69 

4 THC-4 326.32 2.52 5 3 -3.51 -0.15 - - - - 0.6 

5 THC-5 310.26 2.18 6 3 -3.45 0.21 - - - - 0.66 

6 THC-6 310.26 2.13 6 3 -3.43 -0.28 - - - - 0.61 

7 THC-7 309.27 1.2 6 3 -3.04 0.22 - - - - 0.69 

8 THC-8 309.27 1.72 6 4 -2.79 0.72 - - - - 0.74 
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9 THC-9 309.27 1.77 6 4 -2.82 1.1 - - - - 0.78 

10 THC-10 310.26 0.94 7 4 -2.37 1.56 - - - - 0.83 

11 THC-11 310.26 1.17 7 4 -1.76 0.4 - - - - 0.74 

12 THC-12 321.28 2.05 6 3 -3.0 -1.07 - - - - 0.55 

13 THC-13 321.28 2.0 6 3 -2.97 -1.07 - - - - 0.55 

14 THC-14 321.28 2.0 6 3 -2.97 -1.07 - + - - 0.44 

15 THC-15 322.27 1.32 7 3 -2.05 -1.07 - - - - 0.57 

16 THC-16 311.29 1.84 6 4 -2.96 2.35 - - - - 0.83 

17 THC-17 325.32 2.19 6 4 -3.23 1.36 - - - - 0.76 

18 THC-18 326.32 2.73 5 3 -4.26 0.59 - - - ++ 0.37 

19 THC-19 326.32 2.64 5 3 -4.15 -0.33 - - - ++ 0.33 

20 THC-20 310.26 2.31 6 3 -4.1 0.05 - - - ++ 0.36 

21 THC-21 310.26 2.26 6 3 -4.07 -0.43 - - - ++ 0.33 

22 THC-22 309.27 0.72 6 3 -3.05 0.05 - - - ++ 0.4 

23 THC-23 309.27 1.84 6 4 -3.44 0.54 - - - ++ 0.42 

24 THC-24 309.27 1.9 6 4 -3.46 0.92 - - - ++ 0.44 

25 THC-25 310.26 1.07 7 4 -3.01 1.37 - - - ++ 0.48 

26 THC-26 310.26 1.29 7 4 -2.41 0.22 - - - ++ 0.42 

27 THC-27 321.28 2.17 6 3 -3.64 -1.26 - - - ++ 0.3 

28 THC-28 321.28 2.12 6 3 -3.62 -1.26 - - - ++ 0.3 

29 THC-29 321.28 2.12 6 3 -3.62 -1.26 - - - ++ 0.3 

30 THC-30 322.27 1.45 7 3 -2.7 -1.26 - - - ++ 0.33 

31 THC-31 311.29 1.37 6 4 -2.97 2.03 - - - ++ 0.5 

32 THC-32 325.32 1.71 6 4 -3.24 1.05 - - - ++ 0.45 

33 THC-33 326.32 3.01 5 3 -4.88 0.26 - - - ++ 0.32 

34 THC-34 326.32 2.77 5 3 -4.86 -0.74 - - - ++ 0.27 

35 THC-35 310.26 2.47 6 3 -4.48 -0.28 - - - ++ 0.32 

36 THC-36 310.26 2.38 6 3 -4.78 -0.84 - - - ++ 0.28 
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37 THC-37 309.27 1.27 6 3 -3.93 -0.34 - - - - 0.58 

38 THC-38 309.27 1.97 6 4 -4.15 0.15 - - - ++ 0.37 

39 THC-39 309.27 2.06 6 4 -3.84 0.59 - - - ++ 0.4 

40 THC-40 310.26 1.23 7 4 -3.09 0.98 - - - - 0.75 

41 THC-41 310.26 1.51 7 4 -3.89 -0.12 - - - - 0.6 

42 THC-42 321.28 2.34 6 3 -4.02 -1.64 - - - - 0.46 

43 THC-43 321.28 2.24 6 3 -4.33 -1.64 - - - - 0.44 

44 THC-44 321.28 2.24 6 3 -4.33 -1.64 - - - - 0.44 

45 THC-45 322.27 1.67 7 3 -4.18 -1.64 - - - - 0.46 

46 THC-46 311.29 1.85 6 4 -3.46 1.53 - - - - 0.77 

47 THC-47 325.32 2.2 6 4 -3.72 0.56 - - - - 0.66 

48 THC-48 326.32 3.01 5 3 -4.88 0.26 - - - - 0.53 

49 THC-49 326.32 2.77 5 3 -4.86 -0.74 - - - ++ 0.27 

50 THC-50 310.26 2.47 6 3 -4.47 -0.28 - - - - 0.53 

51 THC-51 310.26 2.38 6 3 -4.78 -0.84 - - - ++ 0.28 

52 THC-52 309.27 1.27 6 3 -3.93 -0.34 - - - - 0.58 

53 THC-53 309.27 1.97 6 4 -4.15 0.15 - - - ++ 0.37 

54 THC-54 309.27 2.06 6 4  -3.84 0.59 ++ - - - 0.4 

55 THC-55 310.26 1.23 7 4   -3.09 0.98 - - - - 0.75 

56 THC-56 310.26 1.51 7 4 -3.89 -0.12 + - - - 0.48 

57 THC-57 321.28 2.34 6 3 -4.02 -1.64 - - - - 0.46 

58 THC-58 321.28 2.24 6 3 -4.33 -1.64 - - - - 0.44 

59 THC-59 321.28 2.24 6 3 -4.33 -1.64 - - - - 0.44 

60 THC-60 322.27 1.67 7 3 -4.18 -1.64 - - - - 0.46 

61 THC-61 311.29 1.85 6 4 -3.46 1.53 - - - - 0.77 

62 THC-62 325.32 2.2 6 4 -3.72 0.56 - - - - 0.66 

Note: Compounds violating more than one time from Lipinski rule of 5 and compounds exhibited predicted toxicity 

are in Italics. HBA hydrogen bond acceptor, HBD hydrogen bond donor, MUT mutagenic, TUMO tumorigenic, IRRI 

irritant, REP reproductive effective, ‘‘+’’ active risk, ‘‘++’’ High risk ‘‘–’’ non-active risk. 
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4.8 Molecular Dynamics Simulations 

4.8.1 Method of Molecular Dynamic Simulations 

THC15-CDK2 complex was simulated with GROMACS 5.0.4 molecular dynamics package to assess the 

stability. Gromos43a2 force field was used do define the atom types. Ligand parameters were obtained 

from PRODRG (http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg) server. THC15-CDK2 complex was 

placed in a cubic box filled with SPC water molecules and the system was neutralized by the addition of 

required number of Na
+
 and Cl

-
 ions. Then the system was minimized with steepest descent algorithm. 

Energy minimized system was equilibrated at 300 K for 150 ps followed by equilibration at 1 atm 

pressure for 150 ps.  Production dynamics was carried for 10 ns and the trajectories were analyzed with 

the available programs within the GROMACS package with default parameters. 

4.8.2 Results of Molecular Dynamic Simulations 

Top scored THC analog along with CDK2 was simulated for 10 ns with GROMACS 5.0.4 to study the 

behavior of the THC15-CDK2complex. Initial energy of the complex was -8.35257×10
5 

kJ/mol which 

was stable throughout the simulation with minor variations of ± 3.330×10
3 

kJ/mol.  Energy plot of the 

complex shows that the overall energy minima is well maintained in the course of the simulation period 

(Figure 4.34A). Root mean square deviation shows that the maximum deviation (Figure 4.34B) of the 

protein is 3.32 Å in respect to the initial protein backbone, which means that all the ensembles of the 

protein-ligand complex conformations were within a deviation of 3.32 Å. Average RMSD value for the 

last 2 ns is 2.75Å and at the end of the simulation was 3.06 Å. Throughout the simulation, average, 

maximum, and minimum root mean square deviations of the ligand THC-15was 0.9, 1.71, and 0.29 Å, 

respectively (Figure 4.34C). Generally validation of docking was done by redocking the ligand present in 

the crystal structure. The deviation cut off for the docked ligand to its original crystallized orientation is 

maximum 2 Å. In this aspect, lower RMSD value shows the stable interaction of the ligand inside the 

binding site of the CDK2. 

Next, atomic fluctuations of the amino acid residues were calculated with respect to the initial 

equilibrated structure with Root Mean Square Fluctuation (RMSF) graph (Figure 4.34D). RMSF will 

help to find the local changes in the structure during the molecular dynamics simulation. Typically, amino 

acids present in the C- and N-terminal regions of the protein are more flexible than others. Alpha helix 

and beta strands are more rigid than the unstructured part of the protein. Sharp peaks in the RMSF plot 

indicate that the residues are fluctuating more during simulation. A total of 294 amino acids were there in 

the protein; 58% of the amino acids (173amino acids) were fluctuating between 1-2 Å and 3.4% (10 

amino acids) of the residues are fluctuating between 3-4 Å and are present in the loop portions of the 
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CDK2. Lys298 and Arg297 residues are showing maximum fluctuations of 4-5 Å, which are present in 

the C-terminal of the protein. 

Figure 4.34 Molecular dynamic simulation of THC15-CKD2 complex for 10 ns. (A) Potential energy of 

the complex, (B) RMSD of the protein backbone, (C) RMSD of the ligand, (D) RMSF of the amino acid 

residues, (E) radius of gyration of complex and (F) Average number of H-bonds of the complex. 

Radius of gyration (Rg) value is a measure of the compactness of a protein which was calculated as a 

RMS distance between the centre of gravity and end of the protein. In other words Rg is a measure 

assessing the stability of the folded protein. Radius of gyration of the initial starting structure was 1.97399 

nm and the value decreased to 1.93452 nm at the end of 10 ns and MD simulation showing the THC15-

CDK2 complex was stable and well folded (Figure 4.34E). During the MD simulation an average of 2-3 

H-bonds were observed between the THC15 and CDK2 (Figure 4.34F). Overall, MD simulation suggests 

that THC15 forms stable interaction with the target CDK2. 

4.9 Conclusions 

The coumarins are of great value due to their therapeutic property. Their physiological, anti-tumor, and 

bacteriostatic activity marks coumarins as novel pharmacophores for therapeutic applications. Several 

studies have established multiple potential roles of coumarins which include disease spread and 

prevention, growth modulation, antioxidant and anti-tumor effects, etc. In the present study, we have 
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designed 62 novel coumarin analogs as CDK-2 inhibitors based on pharmacophore requirements. 

Docking study of the designed analogs was performed using molecular modeling software Autodock 4.2. 

Thereafter, the best four molecules were selected and docked again by using GLIDE on Schrodinger 

Maestro software for better authentication of the results. Activity comparison showed that THC-15 (3-

substituted), THC-28 (4-substituted), THC-43 (6-substituted), and THC-59 (7-substituted) are the 

significant analogs showing better binding free energy and predicted inhibitory constant values as 

compared to standard drug Deschloroflavopiridol (-8.87) and Olomoucine (-6.08) as shown in Figure 

4.29 and 4.30 respectively. Similarly, among the all significant designed analogs, it turns out that THC-43 

is by far the best analogue overall. OSIRIS property explorer and molinspiration cheminformatics online 

tools were used to predict Lipinski rule of five parameter and toxicity parameters of the designed analogs. 

Among the designed analogs, THC-4, THC-5, THC-11, THC-14, THC-15 (all 3-substituted), THC-25, 

THC-26, THC-27, THC-28, THC-32 (all 4-substituted), THC-41, THC-42, THC-43, THC-45, THC-47 

(all 6-substituted), THC-53, THC-58, THC-59, THC-60, and THC-62 (all 7-substituted) showed 

significant binding free energy and predicted inhibitory constant values as compared to standard drug 

Deschloroflavopiridol and Olomoucine. Even though compounds like THC-1, THC-14, THC-18, THC-

19, THC-20, THC-21, THC-22, THC-23, THC-24, THC-25, THC-26, THC-27, THC-28, THC-29, THC-

30, THC-31, THC-32, THC-33, THC-34, THC-35, THC-36, THC-38, THC-39, THC-49, THC-51, THC-

53, THC-54, and THC-56 showed significant binding free energy and predicted inhibitory constant 

values, they have been screened off for next level of study because of their predicted poor 

pharmacokinetic and toxicity profile. From this study, it was concluded that hydrogen bond donor and 

hydrogen bond acceptor groups in pharmacophore are very much important to form stable receptor-ligand 

complex as well as for better inhibitory potency. The molecular dynamics and simulation study was 

further done on selected analogs to find out the stability of the molecules inside the binding pocket of the 

CDK-2. 
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5.1 Introduction: The use of inhibitors has been reported to offer protection for metals and alloys in most 

environments and therefore, over the years, this has been subject of interest in corrosion science and 

engineering research.
[1-3]

 Heterocyclic molecules having N, O, and S heteroatom’s possess tremendous 

potential as corrosion inhibitors for mild steel in acid solution.
[4-7]

 Pyranopyrazoles (ppz), a family of N- 

and O-heterocyclic's, have been reported as basic structural motifs for a gamut of useful compounds such 

as natural products and drug precursors.
[8]

 Furthermore, pyrazole fused pyrans are well established group 

of heterocyclic molecules possessing wide applications such as analgesic, CHK-1 inhibitor, antitumor 

agents and used as an important scaffold in pharmaceuticals and agrochemicals.
[9]

 The inhibitive 

properties of these molecules make their assessment very important for industrial as well as academic 

researchers to develop environment friendly benign corrosion inhibitors.  

The preference for these corrosion inhibitors is because of the presence of heteroatom’s (N, O)
[10-13]

 and 

better π electron conjugation, enhancing an improved coordination and adsorption property. These 

heterocyclic molecules not only follow some known adsorption isotherm but also behave as adsorptive 

centers on the surface of metal and inhibit the growth of corrosive agents by creating a barrier between 

the metal surface and corrosive agents. 

The stability of the inhibitor film on the metal surface depends upon several physicochemical properties 

of the molecules and are related to many characteristic features such as occurrence of certain functional 

groups, presence of electron density on the heteroatom’s (donor atom), aromaticity, steric effect, nature of 

medium causing corrosion, presence of charge on surface of metal, structure of the designed inhibitor 

scaffold, and the interaction between
[14]

 the p and d orbital’s of inhibitor and metal surface respectively. 

All the above mentioned features found in drug molecules that’s why these days researchers focused on 

drug molecules as corrosion inhibitors for metallic surface. The huge literature is available on the drug 

molecules where several researchers reported them as corrosion inhibitors in acidic medium
[15-18]

. Hence 

the designing and synthesis of organic inhibitors
[19]

 become an active research area in the development of 

new corrosion inhibitors for metallic surface. 

Now a days, various theoretical and experimental techniques have been developed and the density 

functional theory (DFT) method based quantum chemical calculations have become high-tech theoretical 

technique because it gives accurate basic imperative parameters and detailed structural properties of the 

chemical inhibitors.
[20]

 Quraishi et al.
[18, 21−23]

 have recently studied various substituted heterocyclic 

compounds, in acidic solution, as corrosion inhibitors for mild steel. Formerly, some reports on pyrazole 

were revealed as these compounds behave as corrosion inhibitors for aluminium and copper metal in HCl 

solution. However, as per our knowledge, till now no reports are available regarding detailed study on 

pyranopyrazoles as corrosion inhibitors for mild Cu. Some chemical and synthetic corrosion inhibitors 
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that have reportedly shown to exhibit good corrosion resistance are not prepared in a green chemistry 

fashion and may not be eco-friendly thus creating undesirable environmental threat.
[24-27]

 

Therefore, efforts toward identifying any potential eco-friendly and less expensive corrosion inhibitors 

remain relevant and progressive. Cu metal is very useful for several industrial and manufacturing 

industries and the study of its corrosion inhibition is of great importance. The present study was done to 

scrutinize five pyranopyrazoles as corrosion inhibitors for mild Cu metal in 1 M HCl solution. The 

molecular design and synthesis of corrosion inhibitors scaffold is based on pyranopyrazoles which 

contain a primary amine, a secondary amine, and a cyanide functional group with nitrogen and oxygen 

heteroatom in the core of the ppz skeleton and which also possess several π-bonds and efficiently inhibit 

the corrosion of mild Cu in acidic medium. Additionally, the presence of delocalized electrons increases 

the pyranopyrazole scaffold inhibition activity. The structure of the designed novel selected organic 

pyranopyrazole (PPZ) corrosion inhibitor is shown in Figure 5.1. The rationale for designing the selected 

ppz compounds was to choose a N-heterocyclic, S-heterocyclic, simple aromatic, slightly polar, and more 

polar substituted moieties. 

5.2 Experimental: 

5.2.1 Synthesized inhibitors: The pyranopyrazole (PPZ) inhibitors
[28-30]

 were prepared by one-step 

protocol according to scheme 3.1 and 3.2 already discussed in Part A and B of Chapter-3 and are shown 

in Figure 5.1.  

 
Figure 5.1 Shows the five selected Pyranopyrazole (PPZ) scaffolds as corrosion inhibitors. 

 

5.2.2 Theoretical study: All the reported computations were performed using Q-CHEM 4.1 software. 

The geometry-optimizations and the single-point computations were all performed at B3LYP/TZ (2d,p) 

level of theory. Frequency jobs were run to ensure that the optimized geometries are indeed local minima. 

The computed parameters, namely, EHOMO, ELUMO, ΔE (ELUMO − EHOMO), dipole moment, and Mulliken 

and Lowdin charges on heteroatom’s have been reported in Table 5.1. 

5.2.3 Surface characterization: For SEM and EDX analysis NOVA NANO SEM 450 BRUCHER 

instrument was used. The chemical composition of the corrosion product was evaluated by EDX detector. 
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For SEM imaging the sample was prepared by using mild Cu specimens of size 2 × 2 (length × breadth) 

cm having thickness 1.9 mm. All the designed Cu strips were dipped in the absence and presence of 

optimal concentration (600 mg L
−1

) of PPZs for three hours in acidic medium. Subsequently, the mild 

copper strips were removed for washing and degreased with acetone. 

5.2.4 XRD (X-Ray Diffraction) study: All the organic material deposited samples were tested by Rigaku 

Miniflex X-Ray Diffractometer, with 2θ from 10-100° with scan rate of 3° per minute. The mild copper 

specimen of size 2 × 2 (length × breadth) cm having thickness of 1.9 mm was cleaned with acetone and 

methanol before immersing it into 1 M HCl solution in the presence of PPZ for 3 hours. Subsequently, the 

copper specimens were removed from the solution of HCl and washed with acetone and absolute ethanol.  

2.2.5 Electrochemical measurements: A conventional three electrode cell was used to carry out the 

electrochemical experiments with a CHI604e electrochemical instrument. Glassy carbon electrode (GCE), 

platinum wire, and Ag-AgCl were used as working electrode, counter electrode, and reference electrode, 

respectively. To clean GCE surface, GCE was polished with 1 micron and 0.05 micron alumina before 

use. All the experiments were done in 1M HCl solution after dipping of mild copper strips for 30 minutes 

and in absence and presence of diverse inhibitors. The electrode was allowed to corrode freely and its 

open circuit potential (OCP) was recorded with 0.1 sec and 200 sec for sample interval and run time, 

respectively.  

5.2.6 Impedance measurement: Measurement of impedance of a sample as a function of frequency of 

applied electric field is termed as impedance spectroscopy (IS). The electrochemical impedance study was 

performed by using HIOKI 3522-50 LCR HiTESTER instrument with sweeping frequency from 100 KHz 

to 1 mHz. All the experiments were done in 1M HCl after dipping of mild copper strips, having 

dimension 10 × 35 (breadth × height) mm with 5 mm separation, in 1M HCl solution with and without 

different inhibitors with various concentrations. 

5.2.7 Conductivity study: The mild copper specimens of size 6 × 6 (length × breadth) cm having 

thickness 1.9 mm, were cut by using sheet cutting machine and later on washed and degreased with 

distilled water, acetone, and ethanol respectively. Thereafter, all the specimens were dried at room 

temperature before dipping into the 1M HCl solution. Subsequently, the copper specimens were dipped 

for 12 hours in 1M HCl solution in the absence and then in the presence of the required optimal 

concentration (500 mg L
−1

) of PPZs. Conductivity study was done by four probe method at 23 °C and 9 

points were traced for each specimen for better reproducibility of the results. Finally, the mean 

value/average value was taken for further analysis. 

5.2.8 Mechanical property via tensile testing: The mild copper specimen of size 62 ×10 (length × 

breadth) mm having average thickness 1.9 mm, of strip shape were cut by using sheet cutting machine. 
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Horizontal and vertical shaper was used to give shape to the gauge length (GL), gauge width (GW), and 

width (W) of the specimen. Finally, Buffing and Finishing was done for smoothening, shining, and for 

removing the extra edges of the mild copper specimen before dipping into the inhibitor solution. Then, the 

Cu specimens were immersed in 1M HCl solution for 12 hour in the absence and presence of optimal 

concentration (500 mg L
−1

) of PPZs. Finally, deposited copper strips were removed from the solution, 

dried, and subjected to tensile testing. All the tensile testing experiments were carried out at 33 °C by 

using DYNAMIC UNIVERSAL TEST MACHINE of 100 KN (Kilo Newton) capacity having ITW 

hydraulic top and lower wedge grip pressure 210 bar, of model number AC0511T3. All the specimens 

were tested and stretched with the rate of 0.5 mm/min. 

5.3 Results and Discussion 

5.3.1 Computational investigations: The optimized ground state geometries of PPZ-1, PPZ-2, PPZ-3, 

PPZ-4, and PPZ-5 are presented in Figure 5.2. 

 
Figure 5.2 Shows the optimized structures of PPZs. 

Figure 5.3 presents the HOMO and LUMO iso-density surfaces of all the molecules. For PPZ-3, the 

electron density in HOMO is majorly concentrated on pyranopyrazole fragment, whereas in LUMO, it 

gets delocalized over the entire molecule. While the HOMO shows strong pi-type bonding interactions 
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across the joint of the 6- and 5- membered rings of pyranopyrazole fragment and along the O—NH2—CN 

region, the LUMO is characterized by pi-type anti-bonding interactions in this region. Both HOMO and 

LUMO, exhibit strong anti-bonding interactions between meta-N and N-H of the five-membered ring 

with a remarkable difference of bonding-interaction in HOMO between meta-N and the carbon bonded to 

the methyl group, as opposed to LUMO. In short, HOMO to LUMO electronic transition involves charge-

transfer to the benzene ring substituted on the 6-membered ring of pyranopyrazole fragment of PPZ-3. 

The bonding patterns in PPZ-4 are very similar except for the presence of the weak election density on the 

bromine. The HOMOs of PPZ-2 and PPZ-5 differ from PPZ-3 and PPZ-4 in that the electron density is 

significantly concentrated on the substituting ring rather than the pyranopyrazole fragment. In PPZ-1, the 

electron-density is fairly delocalized in both HOMO and LUMO, with slightly more bonding interactions 

in LUMO across substituent and 6-membered ring as compared to HOMO. To summarize, the HOMO to 

LUMO excitation results in substituent to pyranopyrazole charge transfer in PPZ-1(weak), PPZ-2, and 

PPZ-5 (strong), while in case of PPZ-3 and PPZ-4, strong charge transfer from pyranopyrazole to the 

substituent is observed. 

 
Figure 5.3 Frontier molecular orbital density distributions of PPZs. 

 

The largest HOMO-LUMO (11.8 eV) corresponds to PPZ-3 and the smallest HOMO-LUMO gap (11.2 

eV) corresponds to PPZ-2. The difference between these gaps is only 0.6 eV and smaller than the typical 

error-bar of a DFT method. Therefore, HOMO-LUMO gap may give only semi-qualitative insight about 

behavior of the molecules. 

The largest HOMO-LUMO gap (11.8 eV) of PPZ-3 (see Table: 5.1) indicates its low inhibition 

efficiency. However, polarity of molecules plays crucial role in deciding the inhibition efficiency. The 

low inhibition efficiency of PPZ-3 is also supported by its moderately small dipole moment of 3.7 D. On 
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the other hand, the still smaller dipole moment (3.2 D) of PPZ-2 does not favor inhibition in spite of the 

smallest HOMO-LUMO gap of 11.2 eV. The high polarity of PPZ-4 and PPZ-5 characterized by largest 

dipole moment value of 5.2 D promotes inhibition and the moderate HOMO-LUMO gap of 11.5 eV 

favors it further. On the other hand, PPZ-1, which has almost the same HOMO-LUMO gap is slightly less 

prone to inhibition due to relatively lower dipole moment of 4.4 D. In all the molecules, the amino 

nitrogen sites are prone to electrophilic addition/substitution or electron-donation due to their high 

charge-density predicted by both Mulliken and Lowdin population analyses.  

Table 5.1. Shows the quantum chemical parameters. 
Inhibitors Atom Mulkins Charges 

 

Lowdin 

Population 

HOMO 

Energy (eV) 

HOMO-

LUMO GAP 

(eV) 

Dipole 

Moment 

(Debye) 

PPZ-1 1 S 0.2106 0.2109 -8.5988 11.4832 4.3570 

13 N -0.2217 -0.2220 

15 O -0.5055 -0.5056 

16 N -0.2939 -0.2938 

20 N -0.5419 -0.5419 

24 N -0.0461 -0.0459 

PPZ-2 1 O -0.5074 -0.5075 -7.9457 11.2111 3.2224 

3 N -0.2225 -0.2224 

5 N -0.2939 -0.2938 

10 N -0.5419 -0.5420 

14 N -0.0547 -0.0548 

22 N -0.3728 -0.3729 

PPZ-3 1 O -0.5063 -0.5064 

-8.8437 11.8370 3.7097 

3 N -0.2229 -0.2228 

5 N -0.2947 -0.2946 

10 N -0.5428 -0.5429 

14 N -0.0490 -0.0488 

PPZ-4 1 Br -0.0015 -0.0013 

-8.9798 11.5104 5.1476 

16 N -0.2211 -0.2210 

18 O -0.5051 -0.5052 

19 N -0.2932 -0.2928 

23 N -0.5405 -0.5405 

27 N -0.0452 -0.0450 

PPZ-5 1 O -0.5056 -0.5056 

-8.3539 11.5104 5.1575 

3 N -0.2230 -0.2233 

5 N -0.2968 -0.2969 

10 N -0.5435 -0.5434 

14 N -0.0488 -0.0488 

27 O -0.4636 -0.4637 

32 O -0.4364 -0.4363 

 

Thus, one can qualitatively predict PPZ-4 and PPZ-5 to have highest inhibition efficiency with amino 

nitrogen of PPZ-5 to be the most prone to electrophilic addition-substitution not only due to the high 

charge density at nitrogen, but also due to substituent → pyranopyrazole charge transfer. PPZ-1 will have 
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slightly less inhibition efficiency as compared to that of PPZ-4 and PPZ-5, but slightly more than that of 

PPZ-2. Thus, PPZ-3 seems to be least prone to inhibition. 

5.3.2 Surface investigations 

5.3.2.1 Scanning Electron Microscopy (SEM) Analysis: To know the morphology of  the Cu surface 

after the deposition of all PPZ compounds, SEM study was performed. All the micrographs (Figure 

5.4a−f) were taken after 3 hour of dipping of copper metal in 1 MHCl solution in absence and presence of 

the required optimal concentration (600 mg L
−1

) of PPZ inhibitors. Figure 5.4a shows the micrograph of 

pure copper metal surface and one can very easily observe scratches on the metal surface. Figure 5.4b-f 

represents the morphologies of the copper metal specimens deposited with different PPZ material. A 

closer observation shows that less damage occurred on copper metal specimens with deposited PPZ 

material in acidic medium. This clearly implies that the PPZ inhibitors can shield mild copper metal 

surface successfully in 1M HCl solution because of the barrier created by these inhibitor molecule 

between the metal surface and the solution environment. In the presence of PPZ-2, the morphology of the 

copper metal surface looks very even and seems less corroded which may be because of strong adsorption 

of this inhibitor on the copper metal surface (Figure 5.4c). Interestingly, similar phenomena were also 

confirmed from the aforementioned theoretical study. 
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Figure 5.4 The SEM micrographs of mild copper surface: (a) Pure-Cu-metal, (b) PPZ-1, (c) PPZ-2, (d) 

PPZ-3, (e) PPZ-4, and (f) PPZ-5. 

5.3.2.2 EDS Analysis: EDS (Energy Dispersive Spectroscopy) analysis was performed to know the 

presence of heteroatom’s (C, N, and O) and metal ions which were employed in the reaction mixture. The 

presence of elements on copper metal surface without and with deposition of PPZ material was confirmed 

by spectra obtained from EDS coupled with SEM instrument. The atomic contents of various elements 

present on the copper metal surface in percentage are shown in Table 5.2, while the peak corresponding 

to particular elements are shown in EDS spectra as depicted in Figure 5.5. The EDS spectra of pure-Cu-

metal specimen show only the characteristic copper element peak (Figure 5.5a). However, the copper 

metal samples treated with inhibitors (Figure 5.5b-f) in 1 M HCl solutions show additional peaks of N, 

O, and C which confirm the adsorption of inhibitors on metal surface. The presence of Cl peaks is 

presumably due to HCl. The spectral investigation of Figure 5.5b−f shows that the percentage content of 

Cu significantly suppressed relative to the pure mild copper specimen because of deposition of the PPZ 

compounds on the metal surface. Thus, EDS analysis further confirmed the formation of protective film 

on mild copper surface. 

Table 5.2 Percentage atomic contents of copper metal plate without and with deposition of inhibitor 

obtained from EDS spectra.  
Sr. No. Inhibitors Cu C O N Cl 

1 Pure-Cu-metal 100.00 - - - - 

2 PPZ-1 69.54 1.80 15.08 7.49 6.09 

3 PPZ-2 50.90 1.69 24.07 9.70 13.64 

4 PPZ-3 77.16 1.00 12.09 6.47 3.28 

5 PPZ-4 76.77 1.16 15.38 6.69 - 

6 PPZ-5 78.01 1.34 10.99 5.73 3.93 
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Figure 5.5 EDS of mild Copper surfaces: (a) Pure-Cu-metal, (b) PPZ-1, (c) PPZ-2, (d) PPZ-3, (e) PPZ-4, 

and (f) PPZ-5. 

5.3.2.3 XRD Analysis: The presence of PPZ material on Cu surface was confirmed by SEM and EDS 

analysis. To authenticate our result, XRD analysis was also performed on Cu surface before and after 

deposition of PPZ material. XRD is one of the important techniques in finding out the deposition of 
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material on the metal surface as shown in Figure 5.6. XRD spectra of pure copper metal surface gives 

very fine high intensity peak at 2θ = 43, 50, and 74 for (111), (200), and (220) planes of Cu, respectively. 

The same 2θ values are present when organic PPZ materials were deposited on Cu metal surface but with 

decrease in intensity. This decrease is due to the deposition of the PPZ material on the mild copper 

surface which creates a barrier between the copper metal and the external solution environment. In the 

XRD spectra of Cu/PPZ-1, PPZ-3, and PPZ-5 samples, the presence of other peaks confirms the sample is 

more crystalline. XRD spectra of all the specimens before and after deposition of PPZ materials are 

shown in Figure 5.6. 

 

Figure 5.6 Shows the XRD spectra of Pure Cu metal and the metal with deposition of PPZ-1, PPZ-3 and 

PPZ-5. 

5.3.3 Electrochemical measurements  

5.3.3.1 Open circuit potential (OCP): The open circuit potential “sometime called corrosion potential or 

equilibrium potential” is the potential of the working electrode with respect to the reference electrode at 

which there is no current or potential is being applied to the cell. The measurements of the OCP based 

experiments are referred as potentiometric experiments. It is necessary to sustain the steadiness of the 

OCP before carrying out potentiodynamic polarization and EIS. The OCP of the working electrode vs. 

time not only plays the decisive role in explaining the corrosion domain but also plays a significant role in 

determining the threshold concentrations of inhibitors. The deviation of the OCP of the glassy carbon 

electrode with time in the absence and presence of 2.0 mg of PPZs samples in 1M HCl solution is shown 
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in Figure 5.7. A close observations of Figure 5.7 show that there is no change in the features of the E-t 

curve with the adding of PPZs (2.0 mg) to 1M HCl solution.  

 

Figure 5.7 OCP vs time curves at 308 K for copper metal in 1M HCl solution in absence and presence of 

different concentrations of PPZs.  

5.3.3.2 Impedance study: AC Technique: Electrochemical impedance was performed with sweeping 

frequency from 100 KHz to 1 mHz. More clear evidence is consider from Cole-Cole or Nyquist plot i.e. 

Z" vs Z′ plots. In impedance spectroscopy |Z"| vs |Zʹ| plot gives information about the charge transfer 

from sample to electrolyte. 

EIS plays important role in study of system response against the small change in amplitude of the ac 

signal. The examination of system response gives the useful information about the reaction taking place in 

corrosive medium, interface and its structure The impedance response not only change with the PPZs 

inhibitor but also increases with increases with increase in concentration of inhibitor molecule PPZs. 

Figure 5.8a-f shows the impedance plots (Nyquist plots) of the mild copper metal at 308 K in 1M HCl 

with nil (Figure 5.8a) and different concentrations of PPZs (Figure 5.8b-f). The diameter of the 

semicircle of Nyquist plot increases with the increase in PPZ concentration (Figure 5.8) which confirms 

that corrosion is generally a progression of charge transfer.
[31]

 Moreover, it was found that larger diameter 

semicircles (Figure 5.8b-f) were obtained in the presence of PPZ inhibitors than without PPZs (Figure 

5.8a). It should be noticed that depression and deviation in the large semicircles of the Nyquist plots, 

frequently referred to as the heterogeneity in the solid surface and current density,
[32] 

is because of- 
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Figure 5.8 The Nyquist plots for mild Cu metal was carried out with frequency from 100 KHz to 1 mHz 

in 1 M HCl as: (a) without PPZ and (b-f) with various concentrations of PPZ inhibitors at 307 K. 
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-roughness in surface, presence of impurities, grain boundaries, dislocations, and adsorption of 

inhibitors.
[33] 

The overall combined Nyquist or cole-cole plot of |z′| vs |z"| are shown in Figure 5.9a. 

Figure 5.8b-f shows capacitive loop with single semicircle and inductive loop with extremely small 

semicircle in the higher and lower frequency range respectively. Generally, the charge transfer process or 

electrical double layer capacitor (Cdl) is associated with the high frequency (HF) capacitive loop while the 

adsorption-desorption and adsorption relaxation process (covered the reaction surface) of inhibitor 

molecules on the surface of electrode is associated with the inductive loop.
[34-36]

 

This indicates that increases in the concentration of the inhibitor molecule increases the resistance of 

copper metal surface against corrosion in chloride solutions.
[37]

 On the other hand, we can say that at 

lower frequency, the inductive behavior may be because of several reasons like: (i) The layer stabilization 

by products of corrosion reaction on the surface of electrode (ii) inhibitor molecules with their reactive 

products and (iii) dissolution of the metal surface.
[38]

 In case of nonideal frequency response, distributed 

capacitance is used to analyze the electrochemical system (mild Copper/1 M HCl) and is confirmed by the 

deformation in the semicircle whose center falls below the real axis. The Figure 5.9b represents the 

equivalent circuit model obtained from the EIS data. 
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Figure 5.9 (a) Nyquist plots of |z’| vs |z”| of best PPZs inhibitors having excellent inhibition efficiency 

(η%) at particular concentration for mild copper metal surface in 1 M HCl solution. 

 

Figure 5.9 (b) Shows the equivalent circuit model of mild copper metal in 1M HCl solution with 

different concentrations of inhibitors to fit the EIS data. 



Chapter V 
 

223 

 

The parameters of the equivalent circuit model as shown in Figure 5.9b can be defined by standard 

convention as; CPE represents the constant phase element, Rct the charge transfer resistance, and RS 

material resistance (Rs). CPE is generally behave as a double layer capacitor rather than pure capacitor 

and is substituted in the circuit to fit the semicircle more precisely. The relation of ZCPE, of a CPE with 

admittance, YCPE and angular frequency, ω are expressed as
[39]

 

                  -1
 

ω = 2πfmax 

j = -1
1/2 

where Y0 is the amplitude in μF cm
−2

, fmax is the maximum frequency of AC, and n represents the phase 

shift, of the heterogeneity of the mild copper surface. Figure 5.10a-f represents the experimentally 

generated Z′ vs f Bode phase plots for all the tested PPZs material at various concentrations.  
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Figure 5.10 Shows the experimentally generated EIS plots of Z′ vs f : (a) without PPZ (b) with PPZ-1 (c) 

PPZ-2 (d) PPZ-3 (e) PPZ-4 and (f) PPZ-5. 

The calculated results obtained after impedance measurements are shown in Table 5.3. From Table 5.3 it 

is noted that the RS value is smaller than Rct value in all the cases i.e. in the absence and presence of 

inhibitors. The related inhibitor efficiency (η %) was calculated by putting the charge transfer resistance 

Rct value and is evaluated using the following: 

       
   

 

   
     0 

Where    
 

 and    
  represent the charge transfer resistance with and without PPZ inhibitor respectively. 

The increase in the concentration of PPZ inhibitor increases the    
 value and reach utmost at optimal 

concentration of 400mg L
-1

 in case of PPZ-1, PPZ-3 and PPZ-4 inhibitors. Alternatively, in case of PPZ-2 

and PPZ-5 the trend was not systematic and the careful observation of the Table 5.3 reveals that the Rct 

value approach maximum at 100 mg and 200 mg in PPZ-2 and PPZ-4 respectively.  

The most prominent outcome and the maximum Rct value obtained were 18.8212 and 19.9528 Ω for PPZ-

3 and PPZ-4 at 400 and 100 mg L
−1

 respectively. The change in Rct value is because of the continuous 

removal of water molecules from the surface of electrode by PPZ inhibitors and ultimately it leads to 

decreased attack of corrosive agent (HCl solution) on the metal surface.
[40]

 However, the increase in Rct 

value not only increases the inhibitor molecules adsorption on the surface of metal but also increases the 

thickness of insulated barrier layer.
[41]

 Later on Helmholtz proved the same Rct concept through the 

Helmholtz model.
[42]
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Table 5.3 Shows the Impedance parameters for the corrosion of mild copper metal and the inhibition 

efficiencies of PPZs inhibitors on the mild copper metal surface at different concentrations at 308K. 
S.No. Inhibitors Cinh(mg/L) RS (Ω) Rct(Ω) θ η% 

1 Blank 0.0 2.4556 10.3734 - - 

2 PPZ-1 100 1.4220 10.6114 0.02 2.24 

  200 1.6079 13.0284 0.20 20.37 

  300 2.2342 13.192 0.21 21.36 

  400 2.7883 13.5904 0.23 23.67 

3 PPZ-2 100 2.5735 14.6234 0.29 29.06 

  200 2.4078 12.1092 0.14 14.33 

  300 1.9274 13.2068 0.21 21.45 

  400 1.5504 12.0874 0.14 14.18 

4 PPZ-3 100 2.5735 14.6234 0.29 29.06 

  200 2.4033 12.1092 0.14 14.33 

  300 1.9274 13.2068 0.21 21.45 

  400 2.5048 18.8212 0.44 44.88 

5 PPZ-4 100 2.1428 19.9528 0.48 48.01 

  200 1.3538 11.3362 0.08 8.49 

  300 2.5098 12.22 0.15 15.11 

  400 1.9052 12.0676 0.14 14.04 

6 PPZ-5 100 1.9297 12.4462 0.16 16.65 

  200 2.1444 13.8796 0.25 25.26 

  300 1.2363 11.6836 0.11 11.21 

  400 2.1760 13.1696 0.21 21.23 

 

5.3.4 Conductivity and sheet resistivity measurements by four probe method: Four-point probe 

(Figure 5.11) characterization is a standard method for studying the electrical properties of solids and thin 

films.
[43] 

To obtain the expected surface sensitivity and spatial resolution, the probe spacing in four-point 

probe technique has to be reduced to microscale. Therefore, microscopic four-point probes (M4PPs) need 

to be combined with some microscopy techniques. In the past few years, two types of M4PPs systems 

have been developed which are monolithic micro-four-point probe and four-point scanning tunneling 

microscopy probe approaches.
[43]

 The four point probe consists of four equally spaced tungsten metal tips 

with finite radius and to minimize the sample damage during probing, each tip is supported by the spring 

on the end so that the probe tips which one is the part of auto-mechanical stage can travel up and down 

during measurements. A high impedance current source is used to supply current through the outer probes 

and a voltmeter measures the voltage across the inner two probes to determine the sample resistivity. The 

inner probe draws no current because of the high impedance voltmeter in the circuit. Therefore, the 
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unwanted voltage drop (IR drop) at point B and point C occur because of contact resistance between 

probes and the sample is eliminated from the potential measurements.  

The electric field is generated by the current carried through the outer probes in the sample. In Figure 

5.12, the electric field lines are drawn solid and the equipotential lines are drawn broken. The inner two 

probes measure the potential difference between point B and C. Probe life and sample surface damage are 

the other two main challenges for microscopic four-point probe technique. To deal with such problems, 

we can use flexible cantilevers as the probe and keep a certain angle between the probe and the sample 

surface.  

 

Figure 5.11 Four probe method of measurement of resistivity. 

 

 

Figure 5.12 Shows the electric field and equipotential lines. 
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All the mild copper samples having specification of 60 × 60 × 0.2 mm (length × breadth × thickness) 

were kept on the quad map testing machine for conductivity and resistivity. By using four probe method 9 

points were traced (Figure 5.13) from the sample of wafer lot 1, wafer shape square type, wafer size 60 

mm with edge exclusion 10 mm. All the samples were tested in CEERI (Central Electronics Research 

Institute, Pilani, India) and the results obtained of the tested samples are given below in Table 5.4. From 

Table 5.3, the result analysis shows that all the synthesized PPZs material increases the resistivity and 

resistance of the mild copper plate after deposition. Out of five PPZs, PPZ-2, PPZ-4, and PPZ-5 show the 

highest resistivity and resistance value and the contour plot obtained during testing is shown in Figure 

5.13. The increase in resistance after deposition of PPZs material on the mild copper metal surface 

provides the supporting information for corrosion inhibitor. 

Table 5.4 Showing the electrical property of the mild copper sheet with and without deposition of PPZs. 
No. Inhibitor Concent-

ration of 

PPZ 

(mg/L) 

Thickness 

 

Resistance 

Rs(Ohm/sq) 

 

Resistivity 

Res(Ohm cm) 

Voltage 

(mVOhm/sq) 

Current 

(I) (mA) 

 

V/I 

1 Pure-Cu- 

metal 

0.0 1900 0.000126 0.000021 0.126 1000 0.00002

8 

2 Pure-Cu- 

metal in 

1M HCl 

0.0 1900 2.49877E+11 

 

4.10997E+10 

 

249.877 1E-09 

 

5.51362

E+10 

 

3 Pure-Cu- 

metal in 

methanol 

0.0 1900 0.000095 

 

0.000016 

 

0.095 1000 0.00002

1 

 

4 PPZ-1 1250 1900 868898.1875 

 

142915.9375 

 

86.88981875 0.0001 191725.

09375 

 

5 PPZ-2 1250 1900 5.14464E+10 

 

8.46188E+9 

 

51.4464 1E-09 

 

1.13518

E+10 

 

6 PPZ-3 1250 1900 128066.4843

75 

 

21064.308594 

 

128.0664716 0.000999

9999 

 

28258.2

69531 

 

7 PPZ-4 1250 1900 5.29076E+11 

 

8.70222E+10 

 

529.076 1E-09 

 

1.16742

E+11 

 

8 PPZ-5 1250 1900 9.67097E+10 

 

1.59068E+10 

 

96.7097 1E-09 

 

2.13393

E+10 
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Figure 5.13 Shows the resistivity at various points on the mild copper metal plate: (a) PPZ-2, (b) PPZ-4 

and (c) PPZ-5. 

5.3.5 Mechanical property measurements: Tensile testing is one of the most widely used methods for 

measuring mechanical properties of materials and it has been used to measure Young’s modulus, ultimate 

tensile strength, and other mechanical properties of mild copper metal strips.  Measurement of the 

mechanical properties is a challenging task because the properties depend on the specimen preparation, 

specimen shape, and testing conditions (e.g., temperature and strain rate). Some standards, including the 

American Society for Testing and Materials (ASTM) standards, were established for tensile testing of 

different engineering materials. However, there are no existing standards for tensile testing of mild copper 

metal strips after deposition of PPZs inhibitor. Thus, it is difficult to compare tensile testing results when 

the specimen with deposition of different PPZs. The most common specimen shapes that have been used 

for tensile testing are rectangular (strip) and dumbbell shapes. But here we compare the mechanical 

properties of strip shape specimens without and after deposition of the PPZs material. The strip specimens 

have three control parameters: gauge length (GL), width (W), and thickness (T). Here R (radius of fillet) 

and D (Distance between the grip area which is equal to Gauge length (in strip space specimens), are not 

the interested one as interested in dumbbell shape specimen. All the characteristic property of the 

prepared mild copper strips are shown in Table 5.5. The present paper focuses on the deposition of PPZs 

inhibitors on the mild copper strips (Figure 5.14) and comparison of their mechanical property. All the 

tensile testing has been done by DYNAMIC UNIVERSAL TEST MACHINE of 100 KN (Kilo Newton) 

capacity having ITW hydraulic top and lower wedge grip pressure 210 bar, of model number AC0511T3 

at 33°C. All the specimens were tested and stretched with the rate of 0.5 mm/min. All the analysed results 

are summarized in Table 5.6 and the images obtained during mechanical testing of the samples are shown 

in Figure 5.15. 
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Figure 5.14 Strip shape tensile test specimen. 

 

Table 5.5. Finite element analysis tensile testing specimen information. 

S.No. Inhibitor Shape Thickness 

(mm) 

GL 

(mm) 

GW 

(mm) 

W 

(mm) 

GA 

(mm) 

R 

(mm) 

D 

(mm) 

TL 

(mm) 

1 Pure Cu 

metal 

Strip 1.80 20 10.5 10.5 21.8 NA 20 63.6 

2 PPZ-1 Strip 1.81 20 9.37 9.37 21.8 NA 20 63.6 

3 PPZ-2 Strip 1.83 20 9.82 9.82 21.8 NA 20 63.6 

4 PPZ-3 Strip 1.82 20 9.89 9.89 21.8 NA 20 63.6 

5 PPZ-4 Strip 1.81 20 9.79 9.79 21.8 NA 20 63.6 

6 PPZ-5 Strip 1.86 20 9.93 9.93 21.8 NA 20 63.6 

 

Table 5.6 Mechanical property of the tensile testing specimens. 

S.No. Inhibitor Shape Peak Stress 

(MPa) 

 

Yield 

Strain 

(%) 

Young 

modulus 

(GPa) 

Yield load 

(kN) 

Peak load 

(kN) 

1 Pure Cu metal Strip 209.532 0.59 20.198 1.718 4.058 

2 PPZ-1 Strip 207.091 0.618 21.047 1.588 3.512 

3 PPZ-2 Strip 191.433 0.633 17.695 1.435 3.44 

4 PPZ-3 Strip 189.995 0.724 12.622 1.379 3.42 

5 PPZ-4 Strip 189.45 0.574 18.845 1.401 3.357 

6 PPZ-5 Strip 203.197 0.606 24.745 1.87 3.753 
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Figure 5.15 Shows the images of test samples: (a) Pure-Cu-metal, (b) PPZ-1, (c) PPZ-2, (c) PPZ-3, (d) 

PPZ-4 and PPZ-5. 

From Table 5.6, we can observe that the strain on the metal increases after deposition of PPZs material on 

the mild copper strips. The strain is almost comparable in PPZ-1, PPZ-2, and PPZ-5. PPZ-3 shows the 

highest strain while PPZ-4 shows the lowest strain value. The comparison of the strain (%) vs stress 

(MPa), true strain (mm) vs true stress (MPa), load (kN) vs displacement (mm) and specimen entry vs- 
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Figure 5.16 Shows the strain (%) vs Stress (MPa) graph of: (a) Pure Cu-metal, (b) PPZ-1, (c) PPZ-2, (d) 

PPZ-3, (e) PPZ-4 and (f) PPZ-5. 
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Figure 5.17 Shows the true strain (mm) vs true stress (MPa) graph of: (a) Pure-Cu-metal, (b) PPZ-1, (c) 

PPZ-2, (d) PPZ-3, (e) PPZ-4 and (f) PPZ-5. 
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Figure 5.18 Shows the load (kN) vs displacement (mm) graph of: (a) Pure- Cu-metal, (b) PPZ-1, (c) PPZ-

2, (d) PPZ-3, (e) PPZ-4 and (f) PPZ-5. 
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Figure 5.19 shows the specimen entry vs yield strain graph of: (a) Pure- Cu-metal, (b) PPZ-1, (c) PPZ-2, 

(d) PPZ-3, (e) PPZ-4 and (f) PPZ-5. 

-yield strains are shown in Figure 5.16, 5.17, 5.18, and 5.19 respectively. After analysis of the results we 

can say that PPZs type organic material would not only be the promising material as corrosion inhibitor 

but also helpful in improving the strength of the mild copper. 

5.3.6 Adsorption and Inhibition Mechanism 

Corrosion is the process of returning of a metal to its natural state, i.e., the ores from which it was 

originally obtained. Metals corrode because they move to a thermodynamically stable state and the 

process also involves oxidation of the metal. The adsorption mechanism depends upon the structure of 

inhibitor molecule and the charge on the metal surface. The electric field generated in-between the 

metal/electrolyte interface is the main cause of the generation of charge on the metal surface.  

In a solution of HCl, copper metal plate is positively charged and there occurs adsorption of PPZs 

inhibitor at the metal/acid solution interface. The adsorption on metal/acid solution interface occurs via 

three processes as discussed below: (a) Chemisorption: It occurs between the empty d-orbital of copper 

metal surface and lone pair of electrons present on the heteroatom of PPZ inhibitor. (b) Physisorption: It 

is the electrostatic interaction between the Cl
-
 ion of HCl solution and the protonated PPZ

 
inhibitor on 

metal/acid solution boundary. (c) Retrodonation: It is reverse of chemisorption where the filled d-

orbitals of copper metal surface interact with the empty orbitals present on the PPZ inhibitor molecules.    
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Usually, these inhibitor molecules retard the corrosion process via forming metal-inhibitor complex in-

between the metal/acid solution interface and show remarkable corrosion inhibition efficiency up-to 

optimal concentrations by covering metal surface with inhibitor molecules. 

Notably, the chemistry behind the adsorption of PPZ corrosion inhibitor is very interesting and can be 

roughly explained as follows. At first, the neutral PPZ molecules become protonated in aqueous HCl 

solution. Thereafter, these protonated PPZ molecules interact with the copper metal surface for electron. 

Initially, the protonated PPZs inhibitor molecules compete with H
+
 ions for electron present on the metal 

surface but after liberating hydrogen gas, the PPZ inhibitor molecule return to its neutral state. In this 

neutral state, the lone pairs of electron present on the heteroatom (N, O, S) of PPZ inhibitors interact with 

the empty d-orbital of the copper metal surface and favor chemisorption. Finally, the accumulated 

electrons on copper metal surface make it more negative and this negative charge is relieved by 

reterodonation i.e. the electrons are transferred from the filled d-orbital of metal surface to empty 

antibonding π* orbital of PPZ inhibitor molecules. Experimental as well as theoretical data obtained 

expose that η% (inhibition efficiency) for the five PPZs inhibitor molecules are in the order of PPZ-2 > 

PPZ-1 > PPZ-4≈PPZ-5> PPZ-3 in terms of the HOMO-LUMO energy gap. In other words, ∆E and η% 

follow the order: PPZ-5 > PPZ-4 > PPZ-1 > PPZ-3 > PPZ-2 in terms of dipole moment. The presence of 

extra heteroatom present in the pyrazole ring and the existence of two methoxy groups at 3
rd

 and 4
th
 

position in phenyl moiety of PPZ-2 and PPZ-5 respectively make the inhibitor molecules excellent for 

corrosion inhibition of copper metal. PPZ-3 behaves as a weak corrosion inhibitor for copper metal 

surface because of absence of ring-activating group. 

5.4 Conclusions 

(i) To the best of our knowledge, this is the first time report that five selected PPZs acts as very good 

corrosion inhibitors for mild copper metal in 1M HCl solution, and that the extent of inhibition efficiency 

was dependent on the concentration of the inhibitors. 

(ii) Polarization curves proved that PPZs behaves as mixed type inhibitors. The impressive performance 

of the inhibitors has been confirmed from Nyquist plots. EIS plots indicated that the increase in Rct 

(charge transfer resistance) value and decrease in Cdl (double layer capacitance) value with increase in 

concentration of PPZs is because of adsorption of PPZ inhibitor molecules on the surface of metal. 

(iii) SEM, EDS, and XRD spectra results supported the formation of a film on the mild copper surface.  

(iv) Quantum chemical calculations corroborate the inhibition efficiencies obtained from experimental 

results. 

(v) Among the five inhibitors, the performance of PPZ-2 and PPZ-5 is superior to that of other PPZs due 

to its high electron density, which favors its adsorption on the metal surface.  
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(vi) The sheet resistivity study of the PPZ material on copper metal gives the fabulous result and the 

analysis of the data shows that the PPZ material deposition on copper metal surface increases the 

resistivity of the copper metal plates and make it less conductive which again supports the corrosion 

study. PPZ-2, PPZ-4, and PPZ-5 show the highest value of resistance and resistivity as compared to other 

PPZs. 

(vii) The deposition of PPZ material on mild copper strips increases the tensile strain of the copper strips 

which could be future promising material not only as corrosion inhibitor but also in improving the 

strength of copper metal of various vehicle tools and equipments. Among all the PPZs discussed in the 

paper, PPZ-3 deposition shows the higher strain as compared to others. 
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Summary 

6.1 General conclusions 

The current thesis entitled “Nickel Catalyzed Coupling Reactions and Studies on Pyranopyrazole 

Heterocyclic Molecules.” deals with the synthesis of transition metal catalysed Heck type coupling of 

alkyl halides with alkene, synthesis of pyranopyrazole and their various biological, computational study, 

and corrosion inhibition of copper metal application.  

Moreover, modern upsurge in synthetic field, transition metal catalyzed C−H bond activation and 

functionalization has turned out as a most powerful tool for the construction of C−C bond without the 

necessity of pre-activation of substrates. These transition metal catalysts offer the C−C bond formations 

with high efficiencies, high functional group tolerance and excellent regioselectivities. 

In recent years, the major concern in medicinal chemistry is to access the potent organic molecule 

structures in a reduced number of synthetic steps from the simple and readily available starting materials. 

In this perspective, a method has been developed for non-spiro/spiro pyranopyrazole scaffolds via multi-

bond forming protocols such as multi-component reactions and one-pot sequential reactions for the 

development of multistep synthesis in a single step. 

In the present work, all the non-spiro pyranopyrazole scaffolds were synthesized via three component and 

four component reaction approach in ethanol medium by conventional, microwave assisted (MWA), and 

grinding methodology. A four-component reaction developed between components in ethanol at room 

temperature is a superior protocol for building a combinatorial library of pyranopyrazole scaffold in terms 

of increase in the dimensionality of the MCR, effectiveness, and eco-friendliness. The thesis also gives 

the idea about the synthesis of spiro pyranopyrazole in ethanol medium at room temperature and heating 

method. Ethanol as reaction medium is found to significantly influence the path of the reaction for non-

spiro/spiro pyranopyrazole scaffolds by facilitating formation and stabilization of charged/polarized 

intermediates, besides serving as green reaction medium.    

The non-spiro pyranopyrazole molecules show various applications like anticancer, antimicrobial, 

antifungal, anti-oxidative stress, CDK-2 inhibitors, and corrosion inhibition of copper metal. The spiro- 

pyranopyrazole shows anticancer and CT-DNA binding activity. 

6.2 Specific conclusions 

The thesis entitled “Nickel Catalyzed Coupling Reactions and Studies on Pyranopyrazole 

Heterocyclic Molecules” is divided in five chapters. A brief overview of these chapters is discussed 

below. 

The first chapter of thesis describes a concise literature overview of transition metal catalysed C-C bond 

formation via reductive coupling of various alkyl halides with acrylates and oxabenzonorbornadiene. The 
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chapter also shows the detailed literature overview of pyranopyrazole synthesis by two component, three 

component and four component reaction by various synthesis methodologies. The detailed study of the 

drug designing and molecular docking has been discussed here step wise to counter the menace of cancer 

by inhibiting the CDK-2 kinase protein by Autodock tool 1.5.6. The designed and synthesized corrosion 

inhibitors of copper metal by the various researchers, till now has been discussed in detail. 

The second chapter of the thesis commences with significance of nickel (II or 0) catalysed reactions for 

the synthesis of miscellaneous reductive coupled molecules. Thus, here we demonstrated the synthesis of 

saturated esters by reductive coupling of sp
3
 alkyl halide with alkenes in presence of nickel (II or 0) 

catalyst. The 1
º
, 2

º
, and 3

º
 alkyl halides and variously substituted acrylates has been accommodated by this 

strategy. The flexibility of this methodology was effectively extended to include oxabenzonorbornadiene 

type alkenes and too coupled with the sp
3
 alkyl halides to give the corresponding alkylated bicyclic ring-

opening products. 

The third chapter of the thesis begins with brief history of pyranopyrazole molecules and their various 

biological and pharmacological activities along with some classical examples. This chapter is primarily 

divided into three parts and each one is discussed below: 

Part A: In this part a series of non-spiro pyranopyrazole scaffolds were synthesized by traditional and 

unreported rapid- four component microwave approach. Later on the molecules were tested in-vitro for 

anticancer activity against the hep3b cell line. A close SAR analysis reveals that heteroatom substituents 

at a 3-position of the pharmacophore is responsible for the activity of the synthesized scaffolds. 

Crystallographic analysis of 6-amino-1,4-dihydro-3-methyl-4-phenylpyrano[2,3-c]pyrazole-5-carbonitrile 

was done by X-ray diffraction method and energy associated with structural motif was calculated by 

using PIXEL software. 

Part B: Eco-friendly MCR methodology is used to synthesize non-spiro and spiro pyranopyrazole 

molecules. The anticancer activities of all the compounds were tested against hep3b cancer cell line. It 

was found that most of the synthesized compound, especially the non-spiro scaffolds inhibit the growth of 

cancer cells in dosage dependent manner. Later on the best five molecules from each series were selected 

and their CT-DNA binding study was done by UV-visible spectroscopy which showed that the non-spiro 

molecules do interact with DNA. Finally, the best non-spiro molecule with best IC50 value was selected 

and docked against CDK-2 protein. The docking result of non-spiro molecule showed significant binding 

interaction with the amino acid residues which may be contributing to their cytotoxic activity. 

Part C: In this chapter a novel solvent free four-component synthesis of pyranopyrazole heterocycles by 

grinding methodology is discussed. The reaction completed in very short reaction time with good yield at 

room temperature. The in-vitro antibacterial and antifungal activity against three different strains were 
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checked for all the synthesized compounds. A closer SAR analysis gives the idea that the tested 

compounds are more active against antifungal strains. Later on, the seven best anticancer compounds 

from Part A and B of Chapter-3 were selected and evaluated further for their in-vitro and in-vivo 

oxidative stress activities assay. The significant in-vitro as well as in-vivo antioxidant properties were 

possessed by AK-50 and AK-62 non-spiro pyranopyrazoles.  

The fourth chapter describes about the designing, molecular docking, molecular dynamics, and 

pharmacokinetic study of pyranopyrazole and coumarin derivatives. The chapter is divided into two parts. 

Part A: All the 69 designed pyranopyrazole molecules “CDK-2 inhibitors” were docked by using 

molecular modeling software Autodock 4.2. AK-26, AK-72K, and AK-60E showed the noteworthy 

binding free energy and predicted inhibitory constant values as compared to standard drug olomoucine. 

OSIRIS property explorer and molinspiration cheminformatics online tools were used to find out Lipinski 

rule of five parameters and toxicity parameters of all the designed ligands. GROMACS V4.6.1 

computational package was used to carry out the Molecular dynamics (MD) study and was used to 

authenticate the docking procedure. 

Part B: The novel 62 coumarin pharmacophores were designed as CDK-2 inhibitors and docking study 

of all the molecules was performed using molecular modeling software Autodock 4.2. Thereafter, the best 

four molecules from four different series (one from each series) having best docking score were docked 

again by using GLIDE on Schrodinger. THC-15, THC-28, THC-43, and THC-59 pharmacophore showed 

the noteworthy binding free energy and predicted inhibitory constant values as compared to standard drug 

Deschloroflavopiridol (-8.87) and Olomoucine (-6.08). Lipinski rule of five parameter and toxicity 

parameters of the designed analogs were predicted by OSIRIS property explorer and molinspiration 

cheminformatics online tools. The molecular dynamics and simulation study was further done on the 

selected best analog THC-15 to find out the stability of the molecules inside the binding pocket of the 

CDK-2 up to 10 ns with GROMACS 5.0.4 to study the behavior of the THC15-CDK2complex.  

The fifth chapter describes about the corrosion inhibition of mild copper metal in 1M HCl solution by 

using PPZs organomaterial. The scope of inhibition effectiveness was dependent on the concentration of 

the inhibitors. In most of the cases the Nyquist plot semicircle increase with increase in concentration of 

the inhibitors which confirms the increase of impedance. EIS plots indicated that Rct values increase and 

Cdl values decrease with increasing inhibitor concentration. Later on the sheet resistivity study confirms 

the high resistance created by material. The tensile strain of the copper strips increases with the deposition 

of the PPZ material. The inhibition efficiencies obtained from experimental results were substantiated by 

the Quantum chemical calculations. The high electron density of the PPZ-2 and PPZ-5 favors its 



Chapter-VI 

 

239 
 

adsorption on metal surface and make them the best inhibitors than all other PPZs discussed in the 

chapter. 

6.3 Future scope of the research work 

Transition metal catalyzed reductive Heck type coupling of alkyl halides with alkene delivers C−C bonds, 

is undoubtedly a precious tool for the construction of miscellaneous molecular frameworks. Last decade 

has witnessed an astonishing bunch of publications with this concept and a high abundant of synthetic 

libraries have been achieved using this strategy. As it is evident from the introduction and literature 

review that although traditional organic chemistry synthesis approaches are well established nevertheless 

some major drawbacks still remain in their practical execution e.g., harsh conditions, use of strong acidic 

or alkaline media, higher temperatures or pressures. Therefore, there is a strong need for the use of milder 

reaction conditions. As it is clear from the background provided in the introduction, most of the reported 

carbon-carbon bond forming reactions are either stoichiometric or low yielding, or require the use of 

cross-coupling strategies, or need Grignard reagents as additives. Also, majority of these couplings are 

radical mediated ones and therefore, a usual oxidative-addition driven reductive coupling in which both 

the coupling partners contain sp
3
 carbons, is still elusive. Furthermore, employing transition-metal 

catalysts not only reduces the reaction times and simplifies the procedures, but also propels some unusual 

and normally difficult reactions to proceed under relatively mild conditions. The use of Nickel complexes 

has not been fully explored and considering their advantages over the Palladium catalysis, there is a need 

to bridge this gap and exploit a simpler transition-metal mediated route to organic synthesis.  

As many natural products in addition to pharmacologically active molecules contain fused heterocyclic 

compounds as their central frameworks, synthesis of these molecules by means of hybrid methodologies 

is a potential alternative to traditional linear syntheses. The thesis mainly focused on chemistry of 

pyranopyrazole drug skeletons and these fused structures have been synthesized while utilizing tandem 

reactions and multicomponent protocols. As the synthesized molecules are the key structures of wide 

range of drugs, the developed procedures can be tuned further to access the drugs in a reduced number of 

steps or probably in a single step. These procedures have wide scope and can be employed for the 

synthesis of a diverse range of either bioactive heterocyclic molecules or to access new heterocyclic 

libraries for biological screenings. The synthetic methodologies and novel fused heterocyclic compounds 

provided in the thesis will be a fine and adoptable example for the systematic construction of fused 

heterocycles for biological screenings. Furthermore, the application of pyranopyrazole derivatives as 

anticancer agents needs to be further examined, as these small molecules derived from these 

pharmacophores could be potential drugs. Although there have been reports pertaining to the use of 

pyranopyrazole derivatives as bioactive molecules, the full potential of these versatile small molecule 
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inhibitors have yet to be realized. Thus, a multicomponent reaction (MCR) is a green approach towards 

the synthesis of various heterocyclic compounds and for a researcher there is lot of scope to change the 

reaction condition, to change the catalyst or to modify the catalyst or even to develop various novel 

multicomponent reactions.   

There are many kinase inhibitors in the clinic, mainly as anticancer strategies but still the development of 

kinase inhibitors has proved to be very difficult because of complex structure of kinase family proteins. 

So there is huge scope for the researchers to develop the structure based specific drug molecules as kinase 

inhibitors. 

Till now several researchers developed the organic and inorganic inhibitor for copper metal but still there 

are thrust among researchers to develop stable inhibitor which can inhibit the corrosion of the metal. It is 

a challenge worth taking up for the research community to develop less toxic, stable, environmental 

friendly corrosion inhibitors at minimum cost. 



 

 

 

 

 

 

 

Appendices 

 

 



 

 

Appendices 

                                          1
H and 

13
C NMR of Synthesized Compounds                               [A-1] 

Chapter-2 

 

1
H-NMR spectra of 3k in Table 2.3 



 

 

 

 

13
C-NMR Spectra of compound 3k in Table 2.3 



 

 

 

1
H-NMR spectra of 3f in Table 2.3 



 

 

 

13
C-NMR Spectra of compound 3f in Table 2.3 



 

 

Chapter-3(Part-A) 

 

1
H-NMR spectra of compound 5a5 (entry no. 5) in Table 3.1 

 

13
C-NMR spectra of compound 5a5 (entry no. 5) in Table 3.1 



 

 

Chapter-3 (Part-B)  

1
H-NMR spectra of compound 9c (entry no. 3) in Table 3.8 

 

13
C-NMR spectra of compound 9c (entry no. 3) in Table 3.8 



 

 

 Chapter-3(Part-C) 

 

1
H-NMR spectra of compound 9c2 (entry no. 2) in Table 3.13 

 

13
C-NMR spectra of compound 9c2 (entry no. 2) in Table 3.13 



 

 

                                                 List of Publications                                                     [A-2] 

1. Ashok Sharma, Badvel Pallavi, Chien Hong Cheng, Paritosh Shukla. Nickel-catalyzed reductive 

Heck type coupling of saturated alkyl halides with acrylates and oxabenzonorbornadiene. 

Tetrahedron 2015, 71(15), 2260-2266. 

2. Ashok Sharma, Rajdeep Chowdhury, Subhra Dash, Badvel Pallavi and Paritosh Shukla. Fast 

microwave assisted synthesis of Pyranopyrazole derivatives as new anticancer agents. Current 

Microwave Chemistry, 2015,  2(1), 1-6. 

3. Ashok Sharma, Paritosh Shukla, Sumati Anthal, and Rajni Kant. Synthesis of functionalized 

Pyrazolopyran derivatives: comparison of two-step vs one-step vs microwave assisted protocol 

and X-ray crystallographic analysis of 6-Amino-1,4-dihydro-3-methyl-4-phenylpyrano[2,3-

c]pyrazole-5-carbonitrile. Bulletin of Material Science, 2015, 38(5), 1119-1127. 

4. Ashok Sharma, Badvel Pallavi,
 
Rajnish Prakash Singh, Prabhat Nath Jha, and Paritosh Shukla. 

Novel grinding synthesis of Pyranopyrazole analogues and their evaluation as antimicrobial 

agents. Heterocycles, 2015, 91, 1615-1627. 

5. Ashok Sharma, Leena Fageria, Rajdeep Chowdhury, Paritosh Shukla. Novel Spiro/non-Spiro 

Pyranopyrazoles: eco-Friendly Synthesis, in-vitro Anticancer Activity, DNA binding, and 

Molecular Docking Study. 2016 (Communicated). 

6. Ashok Sharma, Sourabh Sharma, Rajeev Taliyan, Paritosh Shukla.
 
Design and Synthesis of 

novel pyrano[2,3-c]pyrazoles and their Pharmacological evaluation as antioxidant agents. 2016 

(Communicated). 

7. Ashok Sharma, Dinesh Kumar, Prashant Uday Manohar, Surojit Pande, Anshuman Dalvi, 

Paritosh Shukla
 
Synthesis, Physical Investigations, and Theoretical Approach of Substituted 

Pyranopyrazoles: Adsorption on Mild Copper Metal in Acid Solution. 2016 (Communicated) 

8. Ashok Sharma, Riddhidev Banerjee, Ashok Penta, S. Murugesan, Paritosh Shukla. De-novo 

designing and in-silico studies of novel pyrazolopyran pharmacophores as inhibitors of cyclin 

dependent kinase-2. 2016 (Communicated). 

9. Ashok Sharma, Riddhidev Banerjee, Mariasoosai Ramya Chandar Charles, Mohane Selvaraj 

Coumar, Subhash Chander, S. Murugesan, Paritosh Shukla. De-novo Design, Molecular 

Dynamics, and in-silico Studies of Coumarin Derivatives as Inhibitors of Cyclin Dependent 

Kinase-2. 2016 (Communicated).  

10.  A. N. Singh, A. Singhal, R. Gupta, Ashok Sharma, Paritosh Shukla.
 
 A novel approach for the   

removal of Nitrate ion from underground water by using  solanum tuberosum gel method. 2016 

(Communicated).  

11.  Chetan Aditya, Ashok Sharma, Paritosh Shukla. On-water system” A review on simple organic  

 reactions and their kinetic study by Marcus and Beattie model approach. 2016 (Communicated). 



 

 

12.  Ashok Sharma, Dinesh Kumar, Prashant Uday Manohar, Surojit Pande, Paritosh Shukla
 

Synthesis, Physical Investigations, and Theoretical Approach of Substituted Pyranopyrazoles: 

Adsorption on Mild Aluminium Metal in Acid Solution. 2016 (Under progress) 

13.  Ashok Sharma, Riddhidev Banerjee, Mariasoosai Ramya, Chandar Charles, Mohane  Selvaraj 

Coumar, Subhash Chander, S. Murugesan, Paritosh Shukla. De-novo Design, Molecular 

Dynamics, and in-silico Studies of PPZs Derivatives as Inhibitors of Aurora A,: Cyclin 

Dependent Kinase-2. 2016 (Under progress).   

14.  Ashok Sharma, Dinesh Kumar, Prashant Uday Manohar, Paritosh Shukla. A detailed     

theoretical study of pyrano[2,3-c]pyrazoles molecules by Q-Chem. 2016 (Under Progress). 

15.  Ashok Sharma, Paritosh Shukla. A review on synthesis of Pyranopyrazole via various 

methodology and their biological applications. 2016 (Under Progress). 

16.  Ashok Sharma, Paritosh Shukla. A review on study of corrosion inhibitors for mild copper and 

aluminium metal. 2016 (Under Progress).  

 

       

 

  



 

 

List of Oral PPT/Poster Presented and Awards in Conferences         [A-3] 

(A) Oral presentations 

1. Delivered oral talk on Design, Synthesis and Preliminary SAR of Pyranopyrazole derivatives as 

Novel Anticancer agent on Research Scholar Day in Physics Department of BITS Pilani, Pilani 

campus Rajasthan. 

(B) Poster presentations 

1. Ashok Sharma, Paritosh Shukla. Presented poster in Symposium on Recent Trend in Chemical 

Sciences in BITS Pilani Rajasthan on 25
th 

March 2012.  

2. Ashok Sharma, Paritosh Shukla. Presented poster in 2
nd 

UK-India Med. Chem. Congress on 

Medicinal chemistry in Indian Institute of Chemical Technology (IICT)  Hyderabad, India; 22-23 

March 2013. 

3. Ashok Sharma, Paritosh Shukla. Presented poster in Medicinal Chemistry Conference in 

Indian Institute of Technology (IIT) Madras, India; 25-26 October 2013. 

4. Ashok Sharma. Attended 8
th
 CRSI-RSC joint Symposium on Medicinal chemistry in Indian 

Institute of Technology (IIT) Bombay, India on 6
th

 February 2014. 

5. Ashok Sharma, Paritosh Shukla. Presented poster in 16
th
 CRSI-RSC Joint Symposium on 

Medicinal chemistry in Indian Institute of Technology (IIT) Bombay, India; 7-9
th

 February 2014. 

6. Ashok Sharma, Paritosh Shukla. Presented poster in Indo-US Conference on Molecular 

Modeling and Informatics in Drug Design (M
2
ID

2
) in National Institute of Pharmaceutical 

Education and Research, Mohali (NIPER), India; 3-6 November 2014. 

7. Ashok Sharma, Paritosh Shukla. Presented poster in National Conference in Nano and 

Functional Material (NFM-2014) in BITS Pilani, India; 7-8 November 2014. 

8. Ashok Sharma, Paritosh Shukla. Presented poster in National Workshop on Analytical 

Instrumentation in Chemical Engineering (WAICE-2015) in BITS Pilani, India; 27-28 February 

2015. 

9. Ashok Sharma, Paritosh Shukla. Presented poster on Research Scholar Day in the Physics 

Department of BITS Pilani, Pilani Campus on 15
th

 March 2015. 

10. Ashok Sharma, Paritosh Shukla. Presented poster in International Conference on “Nascent 

Developments in Chemical Sciences” in BITS Pilani, India; 16-18 October 2015. 

11. Ashok Sharma, Paritosh Shukla. Presented poster in International Conference on “Emerging 

Technologies : Micro to Nano 2015” in Manipal University Rajasthan, India; 24-25 October 

2015. 

12. Ashok Sharma, Paritosh Shukla. Presented poster in International Conference on “Recent 

Developments in Medical Biotechnology and Structure Based Drug Designing [RDMBSBDD-

2015]” on December 6-7, 2015 in Indian Institute of Technology Guwahati, India.  



 

 

13. Ashok Sharma, Badvel Pallavi, Leena Fageria, Rajdeep Chowdhary, Subhash Chander, S. 

Murugesan, Paritosh Shukla. Presented poster in National Conference on “Organic Chemistry in 

Sustainable Development: Recent Advances and Future ” in BITS-Pilani, Rajasthan, India; 29-30 

August 2016. 

(C) Workshops 

1. Attended National Workshop on LATEX and MATLAB for Beginners (NWLMB-2014) in 

BITS Pilani, India; 24-28 December 2014. 

2. Attended National Workshop on Analytical Instrumentation in Chemical Engineering 

(WAICE-2015) in BITS Pilani, India; 27-28 February 2015. 

3. Attended the Q-Chem User Workshop at BITS-Pilani, Pilani Campus, Rajasthan, India on 19th 

October 2015. 

4. Attended Seminar & Workshop on Liquid Chromatography Tandem Mass Spectrometry in 

BITS Pilani, India; 23-24 August 2016. 

5. Attended Workshop on IPR, Patent, and Copy Right in BITS-Pilani, Rajasthan on 23 August 

2016. 

(D) List of Awards and Honor in Ph.D Tenure 

1. Got the 3
rd

 prize for best poster presentation in Symposium On Recent Trend in Chemical 

Sciences in BITS Pilani Rajasthan on 25
th 

March 2012. 

2. Got 1
st
 prize for best poster presentation in National Workshop on Analytical Instrumentation 

in Chemical Engineering (WAICE-2015) in BITS Pilani, India; 27-28 February 2015. 

3. Got 2
nd

 best poster presentation award in IIT Guwahati in International Conference on “Recent 

Developments in Medical Biotechnology and Structure Based Drug Designing [RDMBSBDD-

2015]” on December 6-7, 2015. 

4. Honored by BITS Pilani in BITSCAN magazine of 2016 for getting award in IIT Guwahati on 

December 6-7, 2015.  

 

 

 

 

 

 

 

 



 

 

BRIEF BIOGRAPHY OF THE CANDIDATE                          [A-4] 

Ashok Sharma obtained his graduation degree in Medical Science from Kurukshetra University 

Kurukshetra, Haryana, India during 2005-08. Later on, he obtained his masters degree in 

chemistry from Thapar University Patiala, Punjab, India during 2008-10. During his M.Sc period 

he completed one project on Biodiesel in summer term under Professor Satnam Singh and the 

second project on Zirconium phosphoborate for M.Sc. thesis under Professor Susheel Mittal and 

Professor Rajiv Mehta. In August 2010, he joined Department of Chemistry, BITS Pilani for PhD 

program under the guidance of Dr. Paritosh Shukla with the financial assistance from the institute. 

During his PhD tenure he was actively involved in the synthesis of Nickel catalyzed coupling 

reactions, medicinally important pyranopyrazole molecules and their various biological and 

pharmacological properties, detailed computational study of the designed CDK-2 inhibitors, and 

in the development of corrosion inhibitors for copper and aluminium metal. He has published four 

research articles in peer reviewed international journals and presented papers in thirteen 

national/international conferences/symposiums. He also attended four technical workshops during 

his PhD tenure on analytical instrumentation, Q-Chem, LATEX & MATLAB, and Liquid 

Chromatography Tandem Mass Spectrometry . He got three best poster presentation awards for 

research presented in conferences as well as honored by BITS Pilani University by publishing his 

name in BITSCAN magazine in 2016.  

His research interest lies in the transition metal catalyzed organic reactions, development of new 

methods for the synthesis of bioactive heterocyclic motifs and the construction of novel fused 

heterocyclic libraries using various methodologies, designing and synthesis of small molecular 

weight pharmacophores which can control stem cell fate in each step of the cell cycle, design and 

synthesis of novel anti-HIV inhibitors, targeted against Tat protein. Computational study of the 

molecules by docking and molecular dynamics, and synthesis of organic/inorganic material 

having various applications. 

 

 

 

 

 

 

 

 

 

  

 



 

 

 

 BRIEF BIOGRAPHY OF THE SUPERVISOR        [A-5] 

Dr. Paritosh Shukla is Assistant Professor of Chemistry at the Birla Institute of Technology and 

Science, Pilani (BITS-Pilani). He obtained his PhD degree in 2005 from Department of 

Chemistry, National Tsing Hua University (NTHU), Hsinchu, Taiwan, under the guidance of 

Professor Chien Hong Cheng. During his doctoral studies Dr. Paritosh Shukla worked on the 

development of appropriate synthetic methodologies for Nickel and Cobalt catalyzed organic 

reactions. He was postdoctoral fellow at School of Chemical Sciences, Academia Sinica, Taipei, 

Taiwan, from January 2006 to July 2007, where he worked on synthesis and characterization of 

organic materials. His second stint as postdoctoral fellow was in National Health Research 

Institutes (NHRI), Jhunan, Taiwan, from August 2007 till February 2010, where he worked in the 

field of medicinal chemistry. He joined the Department of Chemistry, Birla Institute of 

Technology and Science, Pilani, India as Assistant Professor in March, 2010. Since then, he has 

been involved in teaching M.Sc., B.E., and PhD students. His current research areas include 

transition metal mediated organic synthesis; preparation and characterization of heterocyclic 

compounds; applications of the synthesized compounds in biology and materials science; drug 

discovery via design of new chemical entities, etc. He currently has two PhD students working 

with him. He has completed one UGC funded Major Research Project as a PI and presently is co-

PI in another project titled “Waste, Water, and Energy” collaborating with Prof Raj Kumar Gupta 

of the Physics department, BITS-Pilani.  


