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Holy Quran Verse 

 

 

 قال ذعانى:

 

ٍْ عَهَ ٌَ يِ َْسَا ٌَ يَا ))اقْشَأْ تِاسْىِ سَتِّكَ انَّزِي خَهَقَ * خَهَقَ انْئِ َْسَا َٔسَتُّكَ انْؤَكْشَوُ * انَّزِي عَهَّىَ تِانْقَهَىِ * عَهَّىَ انْئِ قٍ * اقْشَأْ 

 نَىْ ٌَعْهَىْ(( 

 [5 - 1]انعهق: 
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Abstract 

 

Aromatase, a cytochrome P450 enzyme complex present in breast tissues, plays a 

significant role in the biosynthesis of estrogen from androgen. Estrogen is a 

significant factor in the maintenance and progression of hormone-dependent breast 

cancer. Therefore, inhibition of aromatase is a promising target for hormone-

dependent breast cancer therapy. 

In this study in order to obtain the structure requirements for the inhibition of the 

active sites of aromatase enzyme, the quantitative structure-activity 

relationships(QSAR) of 19 indole-imidazole derivatives was investigated by the 

PLS method.  

The dataset was split randomly into training set (15 compounds) to build the 

QSAR model and test set (3 compounds) for the external validation of the model. 

As a result, a model with only three descriptors (diameter, petitjean, 

Q_VSA_FPNEG) was found to be robust enough for prediction of the aromatase 

inhibitor activity of the new designed indole-imidazole derivatives, with an R
2
 of 

0.892 and Q
2
 of 0.741. 

A series of a new 112 compounds were modeled and designed, out of these, only 

18 compounds were found to have biological activity more than those of letrozole 

(reference compound); these compounds were docked into the active site of 

aromatase to understand their inhibition action and their binding energy toward 

aromatase enzyme. 

Analysis of energy of the eighteen compound-aromatase complexes revealed that 

compound CVIII has a low binding energy (strong binding affinity) to the 

aromatase as compared to letrozole; the energy of this compound is less by 8 units 

than those of letrozole, this compound is enhanced by electron withdrawing group 

(COOH) at meta position of the phenyl ring of indole. 
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 المستخلص

 

 

 

عة الاسٔياذٍض ْٕٔ يشكة اَضٌى انسٍرٕكشٔوٌه  (p450) ًًا فً انرخهٍق  انًٕجٕد فً أَسجح انثذي   دٔسًا يٓ

.انحٍٕي نلإسرشٔجٍٍ يٍ الأَذسٔجٍٍ ثذي انًعرًذ سشعاٌ ان يعانجح الاسرشٔجٍٍ ْٕ عايم يٓى فًْشيٌٕ  

ثذي انًعرًذ عهى انٓشيَٕاخ.. نزنك ، فئٌ ذثثٍظ الأسٔياذٍض ْٕ ْذف ٔاعذ نعلاج سشعاٌ انعهى انٓشيَٕاخ   

فً ْزِ انذساسح يٍ أجم انحصٕل عهى انًرغهثاخ انٍٓكهٍح نرثثٍظ انًٕاقع انُشغح لإَضٌى الأسٔياذٍض ، ذى 

إًٌٍذاصٔل تغشٌقح-يشرقًا يٍ يشرقاخ الإَذٔل 11فحص انعلاقح انكًٍح نهثٍُح تانفعانٍح نـ    PLS.  

ًّٕرج 15ًٕعح ذذسٌة )ذى ذقسٍى يجًٕعح انثٍاَاخ عشٕائٍّآ إنى يج  يشكثًا( نثُاء َ QSAR   ٔيجًٕعح

يشكثاخ( نهرحقق انخاسجً يٍ انًُٕرج. َرٍجح نزنك ، ذى انعثٕس عهى ًَٕرج ٌحرٕي عهى ثلاثح  3اخرثاس )

( نٍكٌٕ قًٌٕا تًا ٌكفً نهرُثؤ تُشاط ذثثٍظ   petitjean ،Q_VSA_FPNEGٔاصفاخ فقظ )انقغش ، 

إًٌٍذاصٔل انًصًًح انجذٌذج ، يع -الأسٔياذٍض نًشرقاخ الإَذٔل R
2

يقذاسِ    0.892   ٔ Q
2

يقذاسْا  0.741. 

يشكثًا فقظ نٓا َشاط  11ٔجذ أٌ  يٍ جًٍع ْزِ انًشكثاخيشكثًا جذٌذًا ، 111ًَزجح ٔذصًٍى سهسهح يٍ  دذً

.تٍٕنٕجً أكثش يٍ ذهك انًٕجٕدج فً نٍرشٔصٔل )يشكة يشجعً(  ذى ٔضع ْزِ انًشكثاخ فً انًٕقع انُشظ  

 نلأسٔياذٍض   نفٓى ذؤثٍش ذثثٍغٓا ٔعاقح ستغٓا  ذجاِ إَضٌى الأسٔياذٍض.

CVIIIكشف ذحهٍم انغاقح نجًٍع يعقذاخ الأسٔياذٍض يع انثًاٍَح عششيشكة أٌ انًشكة  نّ عاقح ستظ  

قاسَح يع نٍرشٔصٔليُخفضح )ذقاسب اسذثاط قٕي( تالأسٔياذٍض ي . ٔحذاخ يٍ  1عاقح ْزا انًشكة أقم تًقذاس  

)كرشٌٔساحثح نلإن ٌرى ذعضٌض ْزا انًشكة عٍ عشٌق يجًٕعح انًٕجٕدج فً نٍرشٔصٔل. ذهك (COOH  فً 

الإَذٔل. فًفٍٍُم انيٍ حهقح  يٍرإًضع ان  
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1.1 Introduction 

 

With its origins rooted in organic synthesis and medicinal chemistry, heterocyclic 

compounds present themselves as a fundamental division of organic chemistry. 

Defined by IUPAC as ―cyclic compounds having as ring member’s atoms of at 

least two different elements‖.(Martins et al., 2015) 

The chemistry of heterocyclic compounds is one of the most complex branches of 

organic chemistry. It is equally interesting for its theoretical implications, for the 

diversity of its synthetic procedures, and for the physiological and industrial 

significance of heterocyclic compounds(Hofmann,1953). Thename heterocyclic 

comes from the Greek word ―heteros‖ which means ―different.‖,the familiar hetero 

atoms are nitrogen, oxygen and sulphur and other variety of atoms including Se, P, 

Si, B hetero atoms are also widely known. 

Heterocyclic compounds are of enormous interest in our daily life. Amongst the 

approximately 20 million chemical compounds identified by the end of the second 

millennium. More than two-thirds are fully or partially aromatic and approximately 

half are heterocycles. Today, gigantic numbers of heterocyclic compounds are 

known and this number is increasing rapidly(Narnaware and Shende, 2018). 

Compounds classified as heterocyclic probably constitute the largest and most 

varied family of organic compounds. After all, every carbocyclic compound, 

regardless of structure and functionality, may in principle be converted into a 

collection of heterocyclic analogues by replacing one or more of the ring carbon 

atoms with a different element. Even if the consideration to oxygen, nitrogen and 

sulphur (the most common heterocyclic elements) were restricted, the permutations 

and combinations of such a replacement are numerous.(Hote and Bhoyar, 2014). 

Heterocycles, as privileged structures in drug discovery, constitute one of the 

mostsignificant areas of research in medicinal chemistry (Fan et al.,2018) Most of 

the synthetic heterocyclic compounds act as a drug is used asanticonvulsants, 

hypnotics, antineoplastic, antiseptics, antihistaminics, antiviral, anti-tumour etc. In 

every year large number of heterocyclic drugs is being introduced in 

pharmacopeia’s(Hossain and Nanda, 2018). 

1.1.1History 

The history of heterocyclic chemistry began in the 1800s, in step with the 

development of organic chemistry. 
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Some noteworthy developments: 

1818: Brugnatelli isolates alloxan from uric acid 

1832: Dobereiner produces furfural (afuran) by treating starch with sulfuric acid 

1834: Runge obtains pyrrole ("fiery oil") by dry distillation of bones 

1906:Friedlander synthesizes indigo dye, allowing synthetic chemistry to displace 

a large agricultural industry 

1936: Treibs isolates chlorophyll derivatives from crude oil, explaining the 

biological origin of petroleum. 

1951: Chargaff's rules are described, highlighting the role of heterocyclic 

compounds (purines and pyrimidines) in the genetic code (Aljamali,2015) 

1.2 Indole 

Indole (Figure 1.1) is the parent substance of a large number of important 

compounds that occur innature (Kaushik et al., 2013), an indole is an aromatic 

heterocyclic (El-Sayed et al., 2015).It is a planarmolecule comprising of benzene 

ring fused to a pyrrole ring at -2 & -3 position(Naim et al., 2016). It is one of the 

most abundant heterocycles found in natural products and biologically active 

molecules. In fact, it can be regarded as the most important of all the privileged 

structures in medicinal chemistry. 

  

 

 Figure 1.1 Chemical structure of 1H-indole 

 

The discovery and structure elucidation of indole dates from 1866, when Adolf 

vonBaeyer synthesized indole by zinc-dust pyrolysis of oxindole, which had been 

obtained by reduction of isatin, a product of the oxidation of the natural blue 

pigment Indigo.Consequently, the name Indole derives from thatof 

Indigo(Barluenga and Valdes, 2011). Chemical structure of oxindole, indigo and 

isatin was shown in figure1.2. 
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Figure 1.2 Chemical structure of oxindole, indigo and isatin 

The indole ring system is probably one of the most ubiquitous heterocycles in 

nature that occurs in many biologically natural and synthetic compounds. Indole is 

a popular component of fragrances and the precursor to many pharmaceuticals. 

Indoles are among the most abundant and important classes of N-heterocycles. 

(Geovanni et al., 2010),it is a heterocyclic system with 10 electrons (Sharma et al., 

2010)So it is electron rich system. It is resonance energy is 47-49 Kcal/mole. The 

electrons on nitrogen are involved in aromatic sextet; hence it is very weak base 

with pKa value -3.5 (Sundberg, 2000) 

1.2.1 indole synthesis 

The synthesis of indoles has been an active research field due to their structural 

diversity as well as numerous applications of natural and synthetic indole 

derivatives. (Hao et al., 2014) 

Indoles are usually prepared from non - heterocyclic precursors by cyclisation 

reactions on suitably substituted benzenes; they can also be prepared from pyrroles 

by construction of the homocyclic aromatic ring, and from indolines by 

dehydrogenation(Joule and Mills, 2010) and those are the most used method in the 

synthesis of indole: 

1.2.1.1General method for Indole synthesis 

Indole syntheses almost universally involve annelation of the five-membered ring 

to an existing benzene ring bearing the appropriate functionality. These can be 

divided into those in which two substituents in an ortho relationship are connected 

together (Scheme 1.1 A), and those in which a single substituent is cyclized 

directly onto the aromatic ring (Scheme 1.1B) (Inman and Moody, 2013). 

A. 

 

X = NH2, NHCOR, NO2 
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Y = I, CH3, CH2R
2
, COR

2
, CH2CH=CH2, C=CR

1 

B. 

 

Z = NHNH2, NH2, NHR, NO2, CHO, halide 

Scheme 1.1 General methods for indole synthesis 

1.2.1.2Fischer indole synthesis: 

Fischer indole synthesis (Scheme 1.2)is one of the oldest and most convenient, and 

it is currentlyused for a broad range of applications.(Murakami, 2012)and it was 

represented as one of the most powerful and versatile routes for the synthesis of 

indole heterocycles(Hao et al., 2014).This reaction was first reported by Fischer 

and Jourdan in 1883(Wang, 2010)by treatment of pyruvic acid 1-

methylphenylhydrazone with alcoholic hydrogen chloride.(Robinson,1963) 

 

Scheme 1.2 Fischer indole synthesis 

1.2.1.3 Bichler Indole synthesis 

First reported in 1892, the Bischler indole synthesis(Scheme1.3) involves 

alkylation of an aniline with anα-haloketone, followed by acid-catalyzed ring 

closure(Inman and Moody, 2013) 

 

Scheme 1.3 Bischler indole synthesis 

 

1.2.2Physical propertise of indole 

Indole is a  colourless crystalline solid in the form of the shinning leaflets.it melts 

at 52°C, and boil at 253°C. It is voatile with steam.It is soluble in hot water and in 
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hot alcohol,and is also soluble in ether and in benzen.The compound in an impure 

state has an unpleasant odor.(Vanolder and Lindwall,1942) 

1.2.3 Chemical properties of indole 

1.2.3.1 Electrophilic aromatic Substitution 

The π-excessive character of the pyrrole ring makes the indole ring susceptible to 

electrophilic attack(Sundberg, 2000). Unlike pyrrole, addition of electrophiles 

takes place preferentially at C3. A simple explanation for this can be deduced by 

analysis of the Wheland intermediates resulting from the attack of a nucleophile at 

C2 and C3(Barluenga and Valdes, 2011). 

1.2.3.1.1Halogenation 

3-Chloroindole can be obtained by chlorination with either hypochlorite ion or 

with sulfuryl chloride. In the former case the reaction proceeds through a 1-

chloroindole intermediate. 3-Chloroindole is quite unstable to acidic aqueous 

solution, in which it is hydrolyzed to oxindole. 3-Bromoindole has been obtained 

from indole using pyridinium tribromide as the source of electrophilic bromine. 

Indole reacts with iodine to give 3-iodoindole. Both the 3-bromo and 3-iodo 

compounds are susceptible to hydrolysis in acid but are relatively stable in 

base(Sundberg, 2000). 

1.2.3.1.2Sulfonation 

Sulfonation of indole, at C - 3, is achieved using the pyridine – sulfur trioxide 

complex in hot pyridine. Gramine is sulfonated in oleum to give 5 - and 6 - 

sulfonic acids, attack being on a diprotonated (C - 3, side chain - N) salt(Joule and 

Mills, 2010). 

 

1.2.3.1.3N-Alkylation 

1-Substitution is favoured when the indole ring is deprotonated and the reaction 

medium promotes the nucleophilicity of the resulting indole anion. Conditions 

which typically result in N-alkylation are generation of the sodium salt by sodium 

amide in liquid ammonia, use of sodium hydride or a similar strong base in N, N-

dimethylformamide or dimethyl sulfoxide, or the use of phase-transfer  

conditions(Sundberg,2000). 
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1.3 Imidazole 

The name "imidazole" was coined in 1887 by the German chemist Arthur Rudolf 

Hantzsch (1857–1935)(Manocha et al.,2016). It is a planar cyclic molecule 

consisting of a five membered ring. It contains two nitrogens and three carbons, 

with the nitrogens occupying the first and third positions (Sujatha et al., 2016). The 

chemical structure of imidazole was shown in Figure1.3. 

 

 

Figure 1.3 Chemical structure of imidazole 

The systemic name for the compound is 1, 3 diazole, one of the annular N bear a H 

atom and can be regarded as a pyrrole type. N. (Jawaharmal et al.,2012) The 

solubility of imidazole is high in polar and low in nonpolar 

solvent(Hofmann,1953).These compounds are aromatic, each carbon atom and one 

nitrogen atomparticipating with one electron to the conjugated p system while the 

other heteroatomparticipates with a lone pair of electrons(Revuelta et al., 2011). 

It exists in two equivalent tautomeric forms because the hydrogen atom can be 

located on either of the two nitrogen atoms(Verma et al., 2013;Zhang et al., 2013) 

Furthermore, the electron-rich nitrogen heterocycle could not only readily accept 

or donate proton, but also easilyform diverse weak interactions. (Zhang et al., 

2013) 

It is amphoteric compound (Pozharskii et al., 1966) susceptible to electrophilic and 

nucleophilic attack(Ghosh and Biplab, 2013; Romero et al., 2014).This property is 

explained by the resonance interactions, which increases the basicity of the two N-

atom.Resonance structures of imidazole are shown in Figure1.4 (Daraji et al., 

2019). 

 

Scheme 1.4 Resonance structure of imidazole 
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1.3.1 Synthesis of imidazole 

1.3.1.1 Debus synthesis 

Imidazole was first reported for Debus et al., in 1858 from glyoxal and 

formaldehyde (Ali et al., 2017) . This reaction provide 2-mono substituted and 2, 

4, 5- homo tri substitutedImidazole. (Baroniya et al., 2010).Debus reaction was 

shown in Scheme 1.5 

 

Scheme 1.5 Debus synthesis of imidazole 

1.3.1.2 Radziszewski Synthesis 

An imidazole synthesis involving the condensation of a dicarbonylcompound with 

an aldehyde and ammonia (Scheme 1.6) was discovered almost simultaneouslyby 

Japp and Radziszewski (Hofmann, 1953) 

 

Scheme 1.6 Radziszewski synthesis of imidazole 

 

1.3.1.3 Van Leusen synthesis 

Van Leusen imidazole synthesis (Scheme 1.7) based on TosMICs 

(tosylmethylisocyanides), which is the cycloaddition reaction, is one of the most 

convenient and attractive protocols for the preparation of imidazole-based small 

molecules, due to its excellent advantages like simple manipulation, easily 

obtained raw materials and a wide range of substrates, which has been developed 

rapidly in the past decades (Zheng et al., 2020). 

 

 
 

Scheme 1.7 The first example of Van Leusen imidazole synthesis 
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1.3.1.4 Wallach synthesis 

 

The cyclization ofN, N′disubstituted oxamides with PCl5 (Scheme 1.8) to afford 1-

substituted5-chloroimidazoles (Revuelta et al., 2011). Chlorine containing 

compound is obtained which on reduction with hydroiodic acid give N- methyl 

imidazole. Under the same condition N, N-diethyloxamide is converted to a 

chlorine.compound, which on reduction gives 1- ethyl –2- methyl imidazole. 

(Chawlaet al., 2012). 

 
 

Scheme 1.8 Wallach synthesis of imidazole 

 

1.3.2 Physical properties 

 

Imidazole is a colourless organic compound having melting point 89-91 °C and 

boiling point is 256 °C. It has high boiling point as compared by the other five 

membered heterocyclic compounds. In marked contrast to imidazole, the boiling 

point of 1- methyl imidazole is comparatively low. It demonstrates that hydrogen 

bonding exists in imidazole ring and may consists up to 20 molecules(Baroniya et 

al.,2010). 

1.3.3 Chemical properties of imidazole 

1.3.3.1 Reaction with acids 

Imidazole is a mono acidic base. It forms crystalline salts with acids and also 

possesses weakly acidic property(Chaudhury et al., 2015). The reaction of 

imidazole with acid was shown in Scheme 1.9 

 

Scheme 1.9 Reaction of imidazole with acids 
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1.3.3.2 Phosphorylation 

N-phosphorylimidazoles (Scheme 1.10) play an important role in enzymic 

transphosphorylation.They form in the reaction of two moles of imidazole 

orbenzimidazole with one mole of a dialkyl(diaryl)phosphoric acid chloride. 

(Pozharskii et al., 1966). 

 

Scheme1.10Phosphorylation of imidazole 

 

1.3.3.3 Quaternization 

Quaternization (Scheme 1.11) of the nitrogen atom of the imidazole is normally 

achieved by the reaction of alkyl halides or dialkyl sulfates in an organic solvent 

under strongly basic conditions. Alkylation of imidazoles is achieved by heating 1-

carboethoxyimidazoles.(Baroniyaet al., 2010) 

 

Scheme 1.11 Quaternization of imidazole 

 

1.4 Indole and Imidazole biological activity 

Constructing novel pharmacologically interesting hybrid compounds for drug 

discovery was an important strategy in designing novel active leads (Yousif et al., 

2019).Combination of structural features of two or more functionally active 

substances into one molecule may lead to synergism, enhancement or modulation 

of the desired characteristics of individual components(Singla et al., 2018). 

Imidazole and indole residue are probably the most well- known heterocycles 

which are common and important features of a variety of natural products and 

medicinal agent (Benkli et al.,2004). It is evident from the literature that 

conjugated indole-imidazole derivatives known to be associated with a broad 

spectrum of biological activities(Naureen et al., 2019). However, biological 
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activity of the indole and azoleconjugates are lack of investigation(Sumiya et al., 

2017) 

The imidazole heterocycle which acts as a structural subunit of more complex 

natural products and drugs is ubiquitous in nature (Fan et al., 2018). 

Structural characteristics of imidazole ring arebeneficial for its derivatives to 

readily bind with a variety of enzymes and receptors in biological systems via 

hydrogen bonds, coordination, ion–dipole, cation–π, π–π stacking, hydrophobic 

effects, van derWaals forces, and so on, thereby exhibiting broad 

bioactivities(Zhang et al., 2013)  

Imidazole and its derivatives have gained remarkable importance due to their 

widespread biological activities and their use in synthetic chemistry. Imidazole 

derivatives possess a broad spectrum of pharmacological activities  (Vijesh et al., 

2013) such as,antifungal agent (Odds,1980; Uno et al., 1983;  Khabnadideh et 

al.,2009; Yakovychuk et al., 2018),anti-tubercular agents (Fan et al.,2018),antiHIV 

agent(;Rashamuse et al,2019 Rashamuse et al.,2020),antimicrobial agent(Valdez et 

al., 2009; Wunk et al., 2013; El-aal et al., 2015), anti-Inflammatory activity (Che 

et al., 2010),antiplasmodial activity (Kondaparla et al., 2018),anticonvulsant 

activity (Nardi et al., 1981;Mariappan et al., 2013) antibacterial activity 

(Gomleksizet al., 2013; Sun et al.,2017),anticancer agent(Gore,2016;Elahian et al., 

2014; Ali et al.,2017;Zhang et al.,2019),antimycobacterial activity (Zampieri et 

al.,2007),antineoplastic activity (Zhao et al.,2018),antispasmodic and antidiarrheal 

activities (Lakshmanan et al.,2011), and antichagasic agents(de Araújo et al., 

2019)Also indole nucleus is well known for its pharmaceutical and biochemical 

activities (El-ezbawy et al.,1989), and it has been becoming an important structural 

component in many pharmaceutical agent (Liu et al., 2018).Both naturally 

occurring and synthetic indole containing molecules produced by many synthetic 

approaches have important uses and potential as drugs with a broad spectrum of 

applications in many therapeutic categories, including non-steroidic anti-

inflammatory, (Palmisano et al.,2010)antibacterial activity(Mielczarek et al., 2014;  

Oh et al., 2016; Sewalad and Shaaban et al., 2017;Hong et al., 2017),antimicrobial 

activity(El-zebawy et al.,1989;Quazi  et al.,2017;Natraj et al.,2010),antifungal 

activity(Ashok et al.,2013),anti-inflammatory activity(Badiger et al., 

2009),antimalarial activity(Yadav et al., 2016). 

Heterocyclic compounds appear to be most effectiveagainst various 

cancers.Around 60% of the medicationsused for cancer are based on heterocyclic 
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moieties. Amongthe various heterocyclic moieties, nitrogen-based compounds 

have been found to be effective against different types of cancers (Ali et al., 2018) 

Cancer is one of the crucial public health problems in the world. The 

corresponding incidence and mortality statistics shows that it is growing in the 

economically developing and developed countries(Liu et al., 2018). It is the most 

complex disease with many types and subtypes affecting different body organs 

(Patil et al., 2017).Actually, the inducement of cancer is greatly complicated, 

involving many molecular mechanisms(Wang et al., 2015). 

As a compound incorporating both imidazole and indole motifs, 

Trachycladindole(Figure 1.4) is an indolyl-imidazole derivative exhibiting potent 

cytotoxic activities against leukemia cells and lung cancer cells(Yousif et 

al.,2019). 

 

  

 

 

Figure 1.4 Chemical structure of Trachycladindole 

Many research revealed that imidazole derivatives as anticancer drugs possess 

considerable potentiality. Generally, imidazole could interfere with DNA synthesis 

via weak interactions such as hydrogen bonds, coordination bonds, and π–π 

stacking and then halt cell growth and division. Meanwhile, imidazole could easily 

bind to protein molecules compared with the other heterocyclic rings.Furthermore, 

some imidazole drugs, at high concentrations, could directly inhibit the synthesis 

of essential cell membrane components without interference with sterols and sterol 

esters(Zhang et al., 2013). 

Breast cancer is the second most prevalent cancer worldwide(Bae et al., 2018).It is 

still the most frequently identified cancer in women(Semire and Oyebamiji, 2017). 

It continues to be a major cause of cancer deaths(Saberi et al., 2005).It is also a 

predominantly post-menopausal disease (Benson and Raviskar, 2007). 

Approximately two-thirds of breast cancers are hormone-dependent(Gobbi et al., 

2014). This hormone dependency of breast cancer interacts with environmental and 

genetic factors to determineincidence and progression of the disease.(Benson and 
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Raviskar, 2007).It is widely accepted that estrogen plays an important role inthe 

genesis and evolution of breast tumors (Wang et al., 2013). 

Aromatase is a cytochrome P-450 dependent enzyme (Xie et al., 2014; Pingaew et 

al., 2017) that catalyzes the aromatization of androgens to estrogens(Xie et 

al.,2014; Marchand et al., 2003)and is a particularly attractive target in the 

treatment of estrogen receptor positive breast cancer. Inhibitors of this enzyme are 

potential therapeutics for estrogen dependent breast cancers.Aromatase inhibitors 

can be both steroidal and non-steroidal compounds (Roy and Roy, 2010). 

Steroidal aromatase inhibitor(AI) (e.g., exemestane in Fig.1.5) derived from the 

substrate androstenedione interacts with aromatase through chemical actions, 

resulting in an irreversible binding process of the species; while non-steroidal AI 

(e.g., anatrozole and letrozole in Fig1.5) binds to enzyme through non-covalent 

interactions, resulting in a reversible binding process(Kang et al.,2018). 

 

 

Figure 1.5 Chemical structures for steroidal (exemestane) and nonsteroidal 

(anastrozole, letrozole) aromatase inhibitors(AIs). 

Exploration of the binding characteristics of aromatase inhibitors in the active site 

as well as the properties important for binding, are of importance in designing 

more selective aromatase inhibitors(Roy and Roy, 2010). 

The indole moiety accounts for fitting the binding site of aromatase, (Kang et al., 

2018) and one of the most important feature for strong inhibitor binding to CYP 

enzymes is the capability to interact as the sixth ligand with the iron atom of the 

haem group, always present in this enzyme family. This coordination is excellently 

performed by the lone pair carried on the sp2 hybridized imidazole nitrogen but 

other electronrich heterocycles might be accepted in this position as 

well(Castellano et al., 2008).  

Many indoles containing-molecules have been reported to display potent aromatase 

inhibitory activity (Pingaew et al., 2017).Some indole derivatives such as 

azolylmethyl-1H-indoles, azolylbenzyl-1H-indoles,5-aryl (imidazol-1-yl) methyl-
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1H-indoles, and 4-aroylindoles,22 indole-3-carbinols, indole-imidazoles, and 2- 

and 3-aryl(azolyl)methylindoles have been previously synthesized and evaluated as 

potential anti-aromatase agents.(Prior et al., 2017) Le Borgne et al. reported 

letrozole analogues having an arylindole moiety with imidazole(Dorion et al., 

2011). 

 

1.5 computational chemistry: 

The term computational chemistry is generally used when a mathematical method 

is sufficiently well developed that it can be automated for implementation on a 

computer(Young, 2001). 

In 1951 an international conference was held at Shelter Island near Long Island in 

New York, N.Y. Most of the leading figures in quantum chemistry were present. 

Two persons there symbolized the phasing out of desktop mechanical calculators 

(Prof. Kotani from Japan) and the phasing in of electronic digital computers (Prof. 

Roothaan of the United Sates). That was the first major conference with a focus on 

the emerging computer in theoretical chemistry(Lewars, 2011). 

Initially, the focus was on force-field based methodologies for studying the 

structures, dynamics and interactions of biomolecules as such, and thedevelopment 

of accurate models for the main biological solvent, water. With the emergence of 

accurate quantum chemical techniques suitable for studying (from a quantum 

chemistry perspective) large systems, density functional theory entered the stage in 

the 1990s as the key approach for investigating enzymatic mechanisms or 

properties and reactions of small, but biologically relevant, molecules. The 

combined use of these tools, so-called QM/MM and QM/MM-MD techniques 

enables precise descriptions of biological phenomena and reactions (Genheden et 

al., 2017). 

Computational chemistry is an exciting and fast-emerging discipline which deals 

with the modeling and the computer simulation of systems(Ramachandran et 

al.,2008). 

 The field of computational chemistry has become an extremely valuable research 

tool in chemistry, physics, and biology(Hango et al., 2014). 

It can also be described as computation methods aimed at understanding molecules 

and materials(Sadiku et al,. 2017). It uses methods of theoretical chemistry, 

incorporated into efficient computer programs, to calculate the structures and 

properties of molecules and solids. However, more frequently the use of computers 
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to make chemical predictions. Sometimes computational chemistry is used to 

predict new molecules or new reactions which are later investigated 

experimentally(Khilari and Kadam, 2017). 

Computational methodologies also used for prediction and deep understanding of 

complex scientific facts has accelerated our knowledge gain and had tremendous 

impact in our societal growth(Mithri et al., 2016).It is also focused on obtaining 

results relevant to chemical problems, not directly at developing new theoretical 

methods. There is of course a strong interplay between traditional theoretical 

chemistry and computational chemistry(Jensen, 2007). 

So Computational results normally complement the information obtained from 

theoretical chemistry and chemical experiments(Matthew et al., 2017). 

 

Computational Science typically unifies three distinct elements: 

 Modeling, algorithms and simulations 

 Software developed to solve natural science, social science, engineering, 

and medical problems 

 Computer and information science that develops and optimizes advanced 

hardware systems, software, networking and data management components. 

(Eweas et al., 2014) 

 

The incorporation of molecular and computational strategies to drug development 

along with organic synthesis approaches has led to a sharp increase in the 

availability of biological, structural and chemical data. 

Computational chemistry is a highly skilled scientific field that has delivered 

proven results for drug discovery (Slater, 2014). The scientific literature points to 

several successful examples in the use of computational chemistry on the design 

and optimization of lead compounds, with application in pharmaceutical sciences. 

(Alencar Filho, 2017) 

 

Computer-aided drug discovery (CADD) is one strategy that aims to streamline 

the drug development process. CADD’s great potential is evident by its extensive 

application in novel drug discovery, rational drug design and optimization of 

drug candidates. Specifically, CADD is used to explain molecular mechanisms 

of drug activities and to discover drugs with improved activity and reduced side 

effects(Wang et al., 2015).CADD can not only preliminarily predict the activity of 

inhibitors, but also save experimental costs and provide a guidance for designing 

more effective inhibitors by exploring the reaction mechanism of inhibitors at the 

molecular level (Xu et al., 2020). 
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Based on the availability of experimentally determined 3D structures of target 

proteins. CADD can generally be categorized into structure-based drug design 

(SBDD) and ligand-based drug design (LBDD)(Wang et al., 2015). 

Widely used SBDD technologies, X-ray crystallography, molecular docking and 

structure-based virtual screening have provided important insights into ligand-

receptor molecular recognition. On the other side, LBDD techniques, such as 

pharmacophore modeling, quantitative structure-activity relationships (QSAR), 

and ligand-based virtual screening, have been broadly used to probe small-

molecule virtual databases and identify correlations between biological activity and 

chemical structure(Ferreira et al., 2018). 

 

1.6 Molecular modeling: 

 

Molecular modelingmeans the generation, manipulation, and/or representation of 

realistic molecular structures and associated physicochemical properties. As 

generally used by scientists in industry, organic chemistry, and other fields, the 

term molecular modeling encompasses a number of techniques associated with 

computational chemistry(Lipkowitz and Boyd,1992). 

It is used to model or mimic the behaviour of molecules (Eweas et al., 2014).It is 

also generally implies a graphics 'presentation of the geometry or the configuration 

of the atoms of the molecule(Dugas,1992). 

Molecular modeling is a particularly useful tool because it is an efficient method of 

preliminary testing for further research. This modeling system can cut down costs 

that wet laboratories require as well as return approximate results in a speedy and 

efficient manner. (Hango et al., 2014) 

1.7 Quantitative structure activity relationship: 

First suggested by Hansch and Fujita in the 1960s, SAR modeling is a computer-

aided method to describe the mathematical relationship between structural 

attributes and specific activities of a set of selected chemicals(Wang et al.,2015). 

The quantitative structure-activity relationship (Leonard and Roy,2006; Fassihi and 

sabet, 2008; Du et al., 2019)is an area of computational chemistry that builds 

statistical models to predict quantities such as binding affinity, acute toxicity or 

pharmacokinetic parameters of existing or hypothetical molecules. 

In more detail, QSAR is a mathematical relationship between the biological 

activity of a molecule and its geometric and physicochemical characteristics and 
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this relationship can be used to evaluate the activity of new molecules (Park et al., 

2007). 

After the earlier QSAR studies by Hansch, who showed a correlation between 

biological activity and octanol-water partition coefficient, it is now assumed that 

the sum of substituent effects on the steric, electronic and hydrophobic interaction 

of compounds with their receptor determines their biological activity (Fassei and 

Sabet,2008).TheQSAR models are useful for various purposes including the 

prediction of activities of untested chemicals. The challenge, therefore, is to select 

the group of descriptors that describe the most critical structural and 

physicochemical features associated with activity(Leonard and Roy, 2006).The 

result of the treatment was an equation which describes, in a quantitative manner, 

the relationship between biological activity of a compound and its chemical 

structure. (Reed et al.,1984) 

Effective descriptor or variable selection is an integral part of the QSAR modeling 

process (Leonard and Roy, 2006)Thus, the development of a good and effective 

QSAR model is a function of higher quality data and the choice of descriptors 

(Semire and Oyebamiji, 2017). 

The process of QSAR model development can be generally divided into three 

stages: data preparation, data analysis, and model validation. These steps represent 

a standard practice of any QSAR modeling, and the researcher’s 

interests,experience, and software availability often determine their 

implementations(Leonard and Roy, 2006). 

1.8 Molecular Docking 

Molecular docking is one of the most frequently used methods SBDD because of 

its ability to predict, with a substantial degree of accuracy, the conformation of 

small-molecule ligands within the appropriate target binding site (Ferreira et al., 

2015). 

Molecular docking is mainly used to predict the stable drug interactions by 

inspecting and modeling drug molecular interactions between drug molecule and 

target receptor molecules. They are used to develop several ligand conformations 

and orientations and the most suitable ones are selected for further research 

(Mithiri et al., 2016). 

The process begins with the application of docking algorithms that pose small 

molecules within the active site of the target. Algorithms are complemented by 
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scoring functions that are designed to predict the biological activity through the 

evaluation of interactions between compounds and potential targets. (Prada-Gracia 

et al., 2016) 
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1.9 Aim and Objectives 

The main aim of this study is to build quantitative structure activity 

relationship(QSAR) model able to predict the biological activity (Aromatase 

inhibition) of the indole-imidazole derivatives 

 

Specific objectives 

The specific objectives of the present work: 

  Identify the ability of the QSAR model by use it to predict the aromatase 

inhibitor activity of new designedindole imidazole derivatives. 

 Docking of the new designed indole-imidazole derivatives (whose have 

biological activities  more or equal to those of letrozole) into the binding site 

of aromatase protein with iron porphyrin  

  Understand the interaction of the compounds with the protein. 
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2.1 Software programs 

2.1.1 ACD lab software 

Advanced Chemistry Development (Version 12.01), Inc., (ACD/Labs) develops 

and commercializes informatics solutions for chemical, biochemical, and 

pharmaceutical R&D. Copyright © 1997–2013 Advanced Chemistry 

Development, Inc. All rights reserved. 

2.1.2 MOE   software 

Molecular Operating Environment (Version10) software package (MOE, 2009.10, 

Chemical Computing Group, Montreal, QC, Canada) is a software system designed 

to support Cheminformatics, Molecular Modelling, Bioinformatics, Virtual 

Screening, Structure-based-design and can be used to build new applications based 

on SVL (Scientific Vector Language). 

2.1.3 SPSS software 

SPSS ―Statistical Package for the Social Sciences‖ (SPSS, Version 16.0) is a 

software package used for interactive, or batched, statistical analysis. 

2.2 Computational method 

2.2.1 Dataset 

A dataset of 19 compounds of indole-imidazole derivatives as aromatase inhibitors 

were obtained from the literature (Wang et al., 2013). Their chemical structure and 

biological data were shown in Table 2.1 

The data set was divided into the two subsets, training set of 15 compounds (78.94 

%) and test set of 4 compounds (21.05 %).  Training set was used to build a 

regression model, and the test set was used to evaluate the predictive ability of the 

model obtained. 

All compounds were sketched using ACD/ChemSketch Freeware and it were 

saved as mol. File format. And then it was opened by MOE software and their 

energies were minimized. Both the training and test sets were stored as a dataset in 

mdb files, and the relative potency (RP) value for each compound was added 

manually. The chemical structures of the compounds and their biological activities 

were shown in Table 2.1 
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2.2.2 Molecular descriptors 

MOE offers a wide range of 2D and 3D molecular descriptors in order to calculate 

the molecular properties of compounds(Haidar et al.,2020). In this work, 2D 

descriptors were calculated for all compounds in the training set. 

The value of the descriptors that use in the QSAR model was shown in the Table 

2.2 

2.2.3 QSAR study 

The QSAR model was developed by selecting the activity (relative potency) as 

―dependent variable‖ and the descriptors as model fields. After performing the 

regression analysis for the training set, the root mean square error (RMSE) and r² 

values of the fit were calculated and the model was saved as a QSAR fit model, 

which was then used for the prediction of activities of the test data set. The QSAR 

fit was then used for the validation and cross-validation. Plotting the tested relative 

potency (RP)values (X-axis) versus the predicted (PRED) values (Y-axis) was 

performed to assess the predictive ability of the model. The correlation coefficient 

(r²) was determined for the test set using the QSAR fit model and was used to 

predict the activity of the new designed indole-imidazole derivatives as well. The 

predicted RP was shown in table 2.1 

2.2.3.1 QSAR model 

In this work, the QSAR models constructed by partial least square (PLS); PLS 

regression is a technique that generalizes and combines features from principal 

component analysis and multiple regressions. It is particularly useful when there is 

a need to predict a set of dependent variables (Y, bioactivity in QSAR) from a very 

large set of independent variables (X, molecular descriptors specifically in QSAR). 

It used to build a linear model and to find the relations between two matrices by 

the following Eq.1. 

Y = XB  + E                                                                                       Eq.1. 

where Y is an n by m variables response matrix, X is an n by p variables predictor 

matrix, B is a p by m regression coefficient matrix, n is the number of samples, m 

is the number of dependent variables, p is the number of independent variables, 

and E is an error for the model, which has the same dimensions as Y(Park et 

al.,2008). 
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The minimum ratio between the number of compounds and the number of the 

descriptors was five(Chayawan et al.,2020). 

2.2.3.2 Validation of the QSAR model 

There are two main types of validation required to establish a final QSAR model: 

i) internal validation and ii) external validation. Leave-one-out (LOO) cross-

validation and a variant called k-fold cross-validation are the two most widely used 

internal validation methods]. In brief, any one of the components used as 

validation data will in turn form the training set to estimate the coefficients of the 

QSAR model and to predict the bioactivity of the test compound. The predictive 

power of the model is characterized by the cross validated Q
2
 by Equation 2: 

Q²= 1 – Σ (𝑌𝑝𝑟𝑒𝑑−𝑌𝑜𝑏𝑠) ² / Σ (𝑌𝑝𝑟𝑒𝑑−𝑌𝑚𝑒𝑎𝑛) ²> 0.5                            Eq.2. 

 

External validation methods are designed to predict the activity of the test set 

molecules not used for model construction. This method is very rigorous and is 

considered the most conclusive proof of reliability for the developed model. (Wang 

et al.,2015) 

2.2.3.3 Evaluating the performance of QSAR models 

Six statistical parameters such as square of correlation coefficient (r
2
) root mean 

square of error (RMSE), Fischer’s value (F), cross-validated correlation coefficient 

(q
2
), standard error of estimate (SEE)and significance of the model(P)were used to 

assess predictive performance of the constructed QSAR model. 

2.2.4 Modeling of new indole-imidazole derivatives 

A new set of 112 indole-imidazole derivatives were designed by using 

ACD/ChemSketch and the structure of the all compounds were adjusted then it 

was saved as mol. file format. It was then opened by MOE software and their 

energy was minimized. The QSAR model-1 was selected to predict the biological 

activity of designed compounds. Structure and the predicted biological activity 

were shown in Table2.5. 

2.2.5 Crystal Structure from PDB 

Structure of aromatase containing an iron porphyrin is available in Protein Data 

Bank (PDB entry: 3EQM) with a resolution of 2.9 Å(Ghosh et al., 2009). The 

structure was optimized by using MOE software.3D protonation was done to 
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change the state into an ionization level. Then water molecules, androstenedione 

and phosphate ions were removed from the original PDB file, and reserved the 

remaining 452 amino acids and an iron porphyrin for subsequent computational 

study. 

2.2.6 Data base generation 

From the 112 new designed compounds only 18 compounds have a relative 

potency equal or more than those of letrozole. 

All of the 18 compounds were optimized by the MOE software. The energy of the 

compounds was minimized using the following parameters gradient: 0.05, Force 

Field: MMFF94X. It was then saved as database for the docking step. 

2.2.7 Molecular docking 

2.2.7.1 Validation of the docking procedure 

The co-crystallized ligand (Haem) was re-docked into the prepared aromatase 

protein structure binding pocket. RMSD value of 0.3319 was obtained indicating a 

successful docking procedure. 

2.2.7.2 Molecular docking study 

The docking of the new designed indole-imidazole derivatives into the active site 

of the aromatase enzyme (3EQM) was achieved using MOE-Dock implemented in 

MOE. The docking parameters were set as Rescoring 1: London dG, Placement: 

triangle matcher, Retain10, Refinement Force field, and Rescoring 2: None, Retain 

10. The docking part of MOE can give the correct conformation of the ligand to 

obtain a minimum energy structure. The top conformation for each compound was 

selected based on the S score, and visual inspection in 2D and 3D was carried out 

using MOE. 
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Table2.1 Structures and in vitro CYP19 inhibitory activities of indole-imidazole 

derivatives (Wang et al.,2013) and the predicted RP from QSAR study 

 

 

 

 

 

 

Compounds R1 R2 IC50
a
 (nM) RP

b
exp RPpre Residual 

10aᵀ  H F 9.01 ± 12.61 1.8346 0.2348 1.5998 

10b H CH3 148.93 ± 12.61 0.1110 0.2013 -0.0903 

10c H OCH3 77.36 ± 6.31 0.2137 0.1557 0.0580 

10dᵀ  H CF3 4.93± 0.23 3.3529 0.9769 2.2376 

10e CH3 H 16.58±1.39 0.997 0.9077 0.0893 

10f CH3 H 21.39± 1.76 0.7728 0.8621 -0.0893 

10g CH3 CH3 164.01± 14.63 0.1008 0.1607 -0.0599 

10h CH3 OCH3 138.72±11.46 0.1192 0.1155 0.0037 

10i CH3 F 56.83±5.18 0.2909 0.1905 0.1004 

10j OCH3 CN 27.01±1.92 0.6120 0.4973 0.1147 

10kᵀ  OCH3 H 6.23±0.51 2.6576 0.2269 2.4307 

10l OCH3 F 48.93±4.36 0.3378 0.2162 0.1216 

10m
T 

OCH3 CF3 25.56±2.14 0.6467 0.8837 -0.237 

10n OCH3 CN 46.92±4.13 0.3523 0.5048 -0.1525 

10o OCH3 CH3 57.43±4.96 0.2878 0.1867 0.1011 

10p OCH3 OCH3 111.09±10.47 0.1488 0.1393 0.0095 

10q Cl OCH3 203.34±18.91 0.0813 0.1147 -0.0334 

10r Cl CH3 235.33±22.49 0.0702 0.1599 -0.0897 

10s Cl Cl 217.43±20.67 0.0760 0.1591 -0.0831 

Letrozole              _             _ 16.53±1.24 1.00       _       _ 

 

a Values are the mean of at least three experiments performed in triplicate. 

b Relative potency RP = IC50 (letrozole)/IC50(tested compound). 

T Test set compounds 
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Table 2.2The value of chemical descriptors used in the QSAR models 

No Compounds Q_VSA_

FPNEG 

Diameter Petitjean LogS BcutSlogp0 VSA_hyd logP(o/w) 

1 10a 0.1015 10 0.5000 -4.1067 -2.2412 246.4117 4.5795 

2 10b 0.0972 10.0000 0.5000 -4.2856 -2.2441 257.0992 4.7245 

3 10c 0.1005 11.0000 0.4545 -3.8621 -2.2570 269.5991 4.3825 

4 10d 0.1015 11.0000 0.4545 -4.8682 -2.2424 272.4621 5.3613 

5 10e 0.1031 9.0000 0.444 -3.8117 -2.2408 241.3390 4.4265 

6 10f 0.0972 9.0000 0.4444 -4.2856 -2.2417 257.0992 4.7615 

7 10g 0.0919 10.0000 0.5000 -4.7595 -2.2450 272.9077 5.0595 

8 10h 0.0953 11.0000 0.4545 -4.3360 -2.2575 285.4076 4.7175 

9 10i 0.0958 10.0000 0.5000 -4.5806 -2.2421 262.2202 4.9145 

10 10j 0.1449 11.0000 0.4545 -4.6365 -2.2420 243.4992 4.4215 

11 10k 0.1005 10.0000 0.5000 -3.8621 -2.2495 269.5991 4.4195 

12 10l 0.0991 10.0000 0.5000 -4.157 -2.2497 274.7201 4.5725 

13 10m 0.1952 11.0000 0.4545 -4.9186 -2.2504 300.7706 5.3543 

14 10n 0.1459 11.0000 0.4545 -4.2130 -2.2496 255.992 4.0795 

15 10o 0.0953 10.0000 0.5000 -4.3360 -2.2513 285.4076 4.7175 

16 10p 0.0984 11.0000 0.4545 -3.9125 -2.2593 287.8923 4.3755 

17 10q 0.0952 11.0000 0.4545 -4.5964 -2.2569 257.0992 5.0115 

18 10r 0.0918 10.0000 0.5000 -5.0199 -2.2440 269.5991 5.3535 

19 10s 0.0917 10.0000 0.5000 -5.2803 -2.2403 241.3390 5.6475 

 

Table 2.3 QSAR model equations  

Equation 

number 

Equation R² RMSE 

1 RP = 5.73683 -0.33652 diameter -5.83615 petitjean+7.69314 Q_VSA_FPNEG 0.892 0.0889 

2 RP = 36.96524+14.36218BCUT_SLOGP_0-0.19678diameter-0.49586 

logP(o/w) 

0.742 0.1373 

3 RP = 73.97961 +31.71359 BCUT_SLOGP_0 -0.00605 diameter +0.52610 logS 0.690 0.1507 

4 RP = 39.73608+14.95553BCUT_SLOGP_0-0.17991diameter-8.35299 petitjean 0.785 0.1253 

5 RP= -46.48105-22.46454BCUT_SLOGP_0-0.50992diameter+14.75699 

Q_VSA_FPNEG 

0.772 0.1292 

6 RP =74.72306+31.99324BCUT_SLOGP_0 -0.16082logP(o/w)+0.39305logS 0.705 0.147 

7 RP =74.13977 +31.01140 BCUT_SLOGP_0 -0.28704 logP(o/w) -

5.81027petitjean 

0.791 0.1236 

8 RP =76.30279+32.29670BCUT_SLOGP_0 -0.62022logP(o/w) -

4.36607Q_VSA_FPNEG 

0.657 0.1585 

9 RP =81.79346+34.36055BCUT_SLOGP_0 +0.36196 logS-5.58242 petitjean 0.862 0.1005 

10 RP = 71.30983+30.73617BCUT_SLOGP_0+0.50056 logS+2.89421  

Q_VSA_FPNEG 

0.721 0.1429 

11 RP =4.43770 -0.00076 BCUT_SLOGP_0 +0.23154 logS-0.01155 vsa_hyd 0.643 0.161 

12 RP =5.86637-0.30526 logS-0.74205 logP(o/w) -0.32977 diameter 0.729 0.1408 
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13 RP =7.18458 -0.27606 logP(o/w)-0.30215  diameter-5.20218 petitjean 0.823 0.1137 

14 RP =4.38073-0.29641logP(o/w)-0.32749 diameter+6.73046Q_VSA_FPNEG 0.784 0.1258 

15 RP = 5.74647-0.33848logP(o/w)-0.21198diameter-0.00615 vsa_hyd 0.767 0.1304 

16 RP =6.72504 -0.27134 diameter+0.08791logS -6.84484 petitjean 0.733 0.1398 

17 RP = 3.62909 -0.31439 diameter +0.25352logS+9.91441 Q_VSA_FPNEG 0.807 0.1186 

18 RP =5.27331-0.13168 diameter +0.25260 logS-0.00929 vsa_hyd 0.735 0.1392 

19 RP =7.16269-0.19911 diameter -6.15301 petitjean -0.00703 vsa_hyd 0.849 0.1051 

20 RP = 4.47192 +0.16796 logP(o/w)+0.36758logS-0.01241vsa_hyd 0.657 0.1584 

21 RP = 5.2526 -0.02740 logP(o/w) -0.01083 vsa_hyd -4.00102petitjean 0.665 0.1565 

22 RP = 5.27523 -3.02213 petitjean +0.13603logS -0.01090vsa_hyd 0.693 0.1499 

23 RP = 5.39799 -4.37681 petitjean -0.01108 vsa_hyd -0.27721 Q_VSA_FPNEG 0.669 0.1556 

 

 

Table2.4 Statistical parameters for the best QSAR model equations 

 NO. of 

training set 

No. of test 

set 

r² Q² r²pre 

 

RMSE SEE F value P value 

Equation 1 15 3 0.892 0.741 0.84 0.0907 0.139 30.305 > 0.005 

 

Equation 9 15 3 0.862 0.754 0.950 0.1005 0.1174 22.934 > 0.005 

 

Equation19 15 3 0.849 0.712 0.997 0.1051 0.122 20.6 > 0.005 

 

Equation 

13 

15 3 0.823 0.715 0.916 0.1137 0.1328 17.09 >0.005 
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Table 2.5 Chemical structure and the predicted relative potency of the new 

designed indole imidazole derivatives 

 

 

NO. Compounds R1 R2 RP
a
pre RP

b
pre  

1 I CN CF3 1.2699 -0.4138 

2 II NO2 CF3 1.6107 -0.7736 

3 III NH2 CF3 1.0648 -0.5270 

4 IV 

 

CF3 -0.0302 -1.0582 

5 V CH3 CF3 0.8936 -0.5477 

6 VI Cl CF3 0.8920 -4.5441 

7 VII Br CF3 0.8401 -0.3568 

8 VIII 

 

CF3 -0.6402 -4.9066 

9 IX 

 

CF3 -0.7877 -0.5138 

10 X OCOCH3 CF3 0.4761 -2.6040 

11 XI COH CF3 1.1836 -0.5820 

12 XII CF3 CF3 1.6359 -0.2071 

13 XIII F CF3 0.9547 -1.7754 

14 XIV OCH2CH3 CF3 0.2105 -0.6402 

15 XV OH CF3 1.1124 -0.7291 

16 XVI CH2CH3 CF3 0.8187 -0.8150 

17 XVII NHCOCH3 CF3 0.4144 -1.8619 

18 XVIII CH2ph CF3 -0.6471 -2.3765 

19 XIX H NO2 0.9443 0.2721 

20 XX H OH 0.4241 0.8131 

21 XXI H COOH 0.6167 0.3887 

22 XXII H OCOCH3 -0.1867 -0.0346 

23 XXIII H Br 0.1723 0.3754 

24 XXIV H Cl 0.2005 0.4612 

25 XXV H COCH3 0.4033 0.2524 

26 XXVI H COH 0.4611 0.4474 
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NO. Compounds R1 R2 RP
a
pre RP

b
pre  

27 XXVII H CH2CH3 0.0894 -4.2558 

28 XXVIII H OCH2CH3 -0.4863 -3.9535 

29 XXIX H CN 0.5600 0.5725 

30 XXX H SO3H 1.0250 0.5363 

31 XXI H NHCOCH3 -0.2487 0.1688 

32 XXXII H N2 0.6651 0.7163 

33 XXXIII H CCl3 1.9233 -0.6112 

34 XXXIV H NH3 0.2300 -0.2497 

35 XXXV H COOCH3 -0.1867 0.0336 

36 XXXVI H COOCH2CH3 -0.3441 -4.1321 

37 XXXVII 

 

CH3 -0.6141 -1.2283 

38 XXXVIII 

 

CH3 -0.7497 -1.3535 

39 XXXIX OCH2CH3 CH3 0.0793 -3.8992 

40 XL COH CH3 0.4746 0.1466 

41 XLI 

 

CH3 -1.2878 -1.8815 

42 XLII 

 

CH3 -0.7531 -2.0712 

43 XLIII Br CH3 0.1346 -0.0833 

44 XLIV F CH3 0.1905 0.1841 

45 XLV CF3 CH3 0.9649 -0.4382 

46 XLVI OH CH3 0.3701 0.3750 

47 XLVII NH2 CH3 0.3309 0.5246 

48 XLVIII COOCH2CH3 CH3 -0.2826 -4.0445 

49 XLIX CH2OCH3 CH3 0.0793 -2.1274 

50 L CH2CH3 CH3 0.1242 -4.2017 

51 LI CN CH3 0.5685 0.2598 

52 LII NO2 CH3 0.9335 0.0586 

53 LIII COCH3 CH3 0.4227 0.0860 

54 LIV OCOCH3 CH3 0.3648 -0.1847 

55 LV Cl CN 0.4961 0.2602 

56 LVI Cl NO2 0.8606 -0.0302 
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NO. Compounds R1 R2 RP
a
pre RP

b
pre  

57 LVII Cl SO3H 0.9429 0.2410 

58 LVIII Cl N2 0.5948 0.4040 

59 LIX Cl NH3 0.1864 -0.5762 

60 LX Cl OCOCH3 -0.2380 -0.3271 

61 LXI Cl CH2CH3 0.0523 -4.5693 

62 LXII Cl OH 0.3690 0.4869 

63 LXIII Cl F 0.1890 0.3050 

64 LXIV Cl Br 0.1339 0.0492 

65 LXV Cl CCl3 1.8040 -0.9065 

66 LXVI Cl COOH 0.5514 0.0865 

67 LXVII Cl OCH2CH3 -0.5232 -4.2554 

68 LXVIII Cl COH 0.4022 -0.0497 

69 LXIX Cl COCH3 0.3504 0.1283 

70 LXX Cl OSO2NH2 0.3414 -2.6280 

71 LXXI Cl CH2OCH3 -0.5232 -4.4257 

72 LXXII Cl H 0.8612 0.5821 

73 LXXIII CH2ph CN -0.9771 -1.8784 

74 LXXIV COCH3 CN 0.7284 0.3877 

75 LXXV COOH CN 0.9337 0.4680 

76 LXXVI COOCH3 CN 0.1240 0.2194 

77 LXXVII CH2OCH3 CN -0.1514 -2.0417 

78 LXXVIII CCl3 CN 2.1235 -0.4236 

79 LXXIX OH CN 0.7117 0.6332 

80 LXXX  CN 0.9892 0.6864 

81 LXXXI COOCH2CH3 CN -0.0494 -3.9315 

82 LXXXII F CN 0.5433 0.4420 

83 LXXXIII  CN -0.7263 -0.9129 

84 LXXXIV COCl CN 1.3852 0.0936 

85 LXXXV 

 

CN -0.3742 0.5725 

86 LXXXVI Oph CN -0.9719 -0.8587 

87 LXXXVII CF3 CN 1.2699 -0.9633 

88 LXXXVIII CN CN 0.8891 0.5469 

89 LXXXIX NH2 CN 0.6681 0.7832 

90 XC CH3 OH 0.3701 0.5796 

91 XCI CH3 NO2 0.8622 0.0621 

92 XCII CH3 COH 0.4033 0.2279 
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NO. Compounds R1 R2 RP
a
pre RP

b
pre  

93 XCIII CH3 COOH 0.5526 0.1790 

94 XCIV CH3 CH2CH3 0.0530 -4.4477 

95 XCV CH3 COCH3 0.3514 0.0415 

96 XCVI CH3 SO3H 0.9445 0.3315 

97 XCVII CH3 Cl 0.1599 0.2284 

98 XCVIII CH3 Br 0.1346 0.1426 

99 XCIX CH3 COOCH3 -0.2370 -0.1690 

100 C CH3 NH3 0.1877 -0.4701 

101 CI CH3 CH2OCH3 -0.5225 -2.5094 

102 CII CH3 OCH2CH3 -0.5225 -4.1332 

103 CIII CH3 COOCH2CH3 -0.3947 -4.3032 

104 CIV CH3  0.5962 0.4974 

105 CV CH3 OSO2NH2 0.3429 0.2199 

106 CVI CH3 CF3 0.8936 -0.6402 

107 CVII CH3 COCl 1.0212 -1.863 

108 CVIII COOH CF3 1.4611 -0.5229 

109 CIX OSO2NH2 CF3 1.0062 -0.2670 

110 CX SO3H CF3 1.7938 -0.1680 

111 CXI SO3H CH3 1.1647 0.4520 

112 CXII SO3H CN 1.4483 0.7598 

 

 

 a predicted RP by equation 1 

b predicted RP by equation 13 

Table 2.6 Binding energy, bond of interaction and Amino acid interaction of  the 

new designed indole imidazole derivatives with the active site of aromatase 

No Compounds 

number 

Bond 

energy(kcal/mol

e) 

Interacted 

amino acid 

Interacted group Type of interaction Bond 

length 

1 I -24.70                          NO INTERACTION 

2 II -21.13                         NO INTERACTION 

3 III -22.51                         NO INTERACTION 

4 XI -21.34 Arg115 Imidazole ring  π-cation         _ 

5 XII -24.5                        NO INTERACTION 

6 XXX -21.14 Arg115 

 

SO3H 

 

Hydrogen 

bond(acceptor) 

2.00 

 

7 XXXIII -20.27                        NO INTERACTION 

8 LXV -20.87                         NO INTERACTION 

9 LXXVIII -19.58                         NO INTERACTION 

10 CVII -22.64                         NO INTERACTION 

11 XV -21.88                         NO INTERACTION 
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12 LXXIV -23.77                         NO INTERACTION 

13 CVIII -27.46 Arg145 

 

Arg115 

 

Arg435 

OH-carboxylic 

acid 

OH-carboxylic 

acid 

 

OH-carboxylic 

acid 

Hydrogen bond 

(acceptor) 

Hydrogen bond 

(acceptor) 

Hydrogen bond 

(acceptor) 

2.19 

 

1.83 

 

2.31 

14 CIX -21.88 Ser314 NH2-OSO2NH2 Hydrogen bond 

(donor) 

2.14 

15 CX -20.08 

 

Arg145 

Arg115 

SO3H 

SO3H 

 

Hydrogen bond 

Hydrogen bond 

(acceptor) 

3.13 

1.85 

16 CXI -17.73 Arg145 

 

 

Arg115 

 

 

Arg115 

SO3H 

 

 

SO3H 

 

 

SO3H 

Hydrogen 

bond(acceptor) 

 

Hydrogen bond 

(acceptor) 

 

Hydrogen bond 

(acceptor) 

1.99 

 

 

1.85 

 

 

2.33 

17 CXII -19.32        Arg115 

 

Arg115 

 

Arg115 

 

 

Arg145 

 

 

Substituted 

phenyl on indole 

ring 

SO3H 

 

SO3H 

 

 

SO3H 

 

π –cation 

 

Hydrogen bond 

(acceptor) 

Hydrogen 

bond(acceptor) 

Hydrogen bond 

(acceptor)  

      _ 

 

2.57 

 

1.93 

 

 

2.38 

18 LXXVII -19.088         _ Imidazole ring π –cation       _ 

19 Letrozole -19.49                  No interaction 

Table 2.7 Binding energy, bond of interaction and Amino acid interaction of  

indole imidazole derivatives with the active site of aromatase  

No Compounds 

number 

Bond 

energy 

Interacted 

amino acid 

Interacted group Type of 

interaction 

Bond length 

1 10a -20.04 Arg115 Imidazole ring π –cation  _ 

 
2 10d -21.51              No interaction 

3 10k -22.95 Arg115 Imidazole ring π –cation     _ 
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3.Discussion 

Aromatase, a cytochrome P450 enzyme complex present in breast tissues, plays a 

significant role in the biosynthesis of estrogen from androgen. Inhibition of the 

aromatase is a crucial strategy to prevent the growth stimulation effect of estrogens 

in breast cancer tissues in postmenopausal women. So, aromatase inhibitors (AIs) 

have been developed and used as anti-breast cancer agents. (Pingaew et al.,2017) 

It was reported that indole-imidazole derivatives were used as aromatase inhibitors, 

the indole moiety accounts for fitting the binding site of aromatase, (Kang et 

al.,2018) and one of the most important feature for strong inhibitor binding to CYP 

enzymes is the capability to interact as the sixth ligand with the iron atom of the 

haem group, always present in this enzyme family. This coordination is excellently 

performed by the lone pair carried on the sp
2
 hybridized imidazole nitrogen but 

other electron rich heterocycles might be accepted in this position as well. 

(Castellano et al.,2008)  

A combination of experimental and computational approaches facilitates 

researchers to understand the molecular mechanism of inhibitory action and 

discover more potent non-steroidal AIs against aromatase, thereby opening up a 

novel therapeutic strategy for hormone dependent breast cancer. (Kang et al.,2018) 

The knowledge of both a leader structure from QSAR and its interaction type at the 

active site of the protein target from docking techniques represents a promising 

path in the search for and the development of new series of molecules active 

against a particular disease (Márquez et al., 2019) 

3.1 QSAR study 

QSARs are invaluable in the development of new agents as they permit 

interpretation of structure-activity data and prediction of compounds with some 

desirable pharmacological profiles (Hasegawa et al.,1997). The QSAR approach 

can be generally described as an application of data analysis methods and statistics 

to developing models that could accurately predict biological activities or 

properties of compounds based on their structures(Tropsha,2010) it has been 

widely used to provide useful information for guiding the design and discovery of 

many classes of drugs, including aromatase inhibitors(Pingaew et al., 2017). 

In the present study a dataset of 19 compounds was obtained from the literature 

(Wang et al., 2013)15 compounds were used as a training set to build the QSAR 

model and four compounds were used as a test set to validate the model. 
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The QSAR model was obtained by using PLS method by MOE software, the 

descriptors that used in the PLS model were refined by the following principles (1) 

the descriptors with standard deviation less than 0.0001 were excluded; (2) the 

descriptors with at least one missing value were deleted; (3) the descriptors with 

(abs)pair correlation larger than or equal to 0.8 were excluded; and (4) the 

descriptors that Pearson correlation coefficients (|r|) between descriptors and 

relative potency of indole-imidazole derivatives lower than 0.3 were deleted. The 

remaining descriptors were used for the further analysis(Qin et al., 2017). 

The descriptors that used for building the PLS models are listed in table 3.1. 

Table 3.1 The definition of descriptors that used in PLS model 

 

 Descriptor 

 

                 Definition 

 

        Class 

Diameter Largest value in the distance matrix 

[Petitjean ,1992]. 

Physical properties 

Petitjean Value of (diameter - radius) / diameter. Physical properties 

Q_VSA_FPNEG Fractional negative polar van der Waals surface 

area. This is the sum of the vi such that qi is less 

than -0.2 divided by the total surface area. 

Partial Charge 

Q_VSA_HYD Total hydrophobic van der Waals surface area. 

This is the sum of the vi such that |qi| is less than 

or equal to 0.2. 

Partial Charge 

VSA hyd Approximation to the sum of van der 

Waalssurface areas of hydrophobic atoms (Å
2
). 

Pharmacophore Feature 

BCUTSLOGP0 The BCUT descriptors using atomic 

contribution to logP (using the Wildman and 

Crippen SlogP method) instead of partial 

charge. 

Adjacency and Distance 

Matrix 

LogS Log of the aqueous solubility (mol/L). This 

property is calculated from an atom contribution 

linear atom type model [Hou et al., 2004] 

Physical properties 

LogP(o/w) Log of the octanol/water partition coefficient 

(including implicit hydrogens). This property is 

calculated from a linear atom type model 

[Labute, 1998] with r
2
 = 0.931, RMSE=0.393 

on 1,827 molecules. 

Physical properties 

 

 

 

 

 

qi is the partial charge of atom i.  

viis the van der Waals surface area 

Refer to table 2.3a number of QSAR equations were obtained the best of them are 

listed below: 
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RP = 5.73683 -0.33652 diameter -5.83615 petitjean+7.69314 Q_VSA_FPNEG 

N = 15 R
2 
= 0.892, F = 30.305, Q

2 
= 0.74…………………………………… (1) 

RP = 81.79346+0.36196 logS -5.58242 petitjean +34.36055 BCUT_SLOGP_0 

N =15, R
2
= 0.862, F= 22.93, Q

2
=0.754……………………………………… (9) 

RP =   7.16269   -0.19911 diameter   -0.00703 vsa_hyd -6.15301 petitjean 

N=15, R
2
=0.849, F=20.6, Q

2
 =0.712………………………………………. (19)  

RP  = 7.18458 -0.27606 logP(o/w)-0.30215  diameter-5.20218 petitjean 

N =15, R
2
 =0.823, F=17.09, Q

2 
=0.715……………………………………. (13) 

Were RP is the relative potency of the training set compounds 

In principle, q
2
 and r

2
 should have higher values while SEE should have smaller 

value. High q
2
 and r

2
(in general, q

2
>0.5 and r

2
>0.6) are two important indicators 

that the model is highly predictive. (Li et al., 2018) 

Fischer’s value (F), is the Fisher ratio, reflects the ratio of the variance explained 

by the model and the variance due to the error in the regression. High values of the 

F -test indicate that the model is statistically significant. (Khamouli et al., 2018) 

and p-value should not be higher than 0.05 (Golbraikh et al., 2017) 

 

The best model, selected according to the statistical robustness (where q
2
>0.5 and 

r
2
>0.6indicates predictive models), is model 1, with an R

2
 of 0.892, a high Fisher 

ratio value of 30.02, and a great cross validated correlation coefficient (Q
2
) of 

0.741. The difference between R
2 

and Q
2
 values was 0.1507 unit, it ensures that 

model 1 does not present data overfitting(Qin et al., 2013). 

Equation (1) is dependent on three descriptors, namely Fractional negative polar 

van der Waals surface area; the increase in the value of this descriptor will increase 

the relative potency, diameter and petitjean the decrease in the value of these two 

descriptors will increase the RP. 

Equation 13 also applied to predict the biological activity of the new designed 

indole-imidazole derivatives but it show a low value. 

 Plots of experimental versus predicted RP values, experimental versus X -

Predicted (For the cross validation LOO) and experimental versus predicted for test 
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set (external validation) obtained from model 1 was shown in figure 3.1,3.2 and 3.3 

consecutively  

 

Figure 3.1 Correlation plot between the experimental and predicted RP of training 

set 

 

 

Figure 3.2 Cross validation plot of the experimental RP versus predicted 
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Figure 3.3 Correlation plot between the experimental and predicted RP of test set 

 

The correlation between the biological activity of the indole-imidazole compounds 

and the descriptor that use in the best model were obtained from the correlation 

matrix (Figure 3.4) all of the descriptors found to have correlation with the 

biological activity more than 0.3  

Figure 3.4 Correlation Matrix between the descriptors 

Wang et al.,2013 observed that proton or a small electron-withdrawing groups on 

the C-4 position of the phenyl ring, connected to the indole nitrogen, might 

enhance AI activities, and any bulky group should be avoided in order to keep a 

relative small value for these kinds of molecules. So in this study the designing of 
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the new indole-imidazole derivatives depending on this observation but also some 

molecules with an electron donating group at the C-4 position were designed to 

make a comparison between the two type of the substituents. 

A group of 112 compounds were designed and modeled, and their biological 

activity were predicted by using Model -1. 

All of the compounds that exhibit high inhibitor activity with relative potency (RP) 

from(2.12 – 1.02) have an electron withdrawing group in the meta position of the 

indole ring R1. 

Compound XXVII and LXII which possess an electron donating group at R2 show 

a low inhibitor activity of 0.0894 and 0.3690 consecutively. 

all of the compounds that exhibit high inhibitor activity toward aromatase (more 

than letrozole) have an electron withdrawing group at para position of the phenyl 

ring R2. So R2   favorite electron withdrawing group and these support the 

observation of Wang et al.,2013. 

The most potent compounds in the new designed compounds are LXXVIII, 

XXXIII, LXV, XII, CX, II and CVIII (RP: 2.12,1.92,1.80,1.63,1.79,1.61,1.46), 

which are more powerful in the inhibition of the aromatase as compared to 

letrozole. 

3.1.1 Application domain of the QSAR model 

The application domain of the QSAR model was defined by the leverage approach 

from the hat matrix (hi in Equation (1)), which is calculated from the descriptors of 

chemicals, and by identification of chemicals with LOO cross-validated 

standardized residuals greater than 2.0 standard deviation units. 

 An outlier in the QSAR model is defined as hi value larger than the warning 

leverage h* and LOO standardized residuals greater than 2.0, which is graphically 

depicted in the Williams plot. The warning leverage h* is fixed at (3k)/n, where k 

is the number of model parameters and n is the number of the objects used to 

calculate the model. 

hi= xi
T
 (X

T
 X)

-1
 xi (i = 1, . . .., n )                                                                            (1) 

where xi is the descriptor row vector of the query compound; X is the n × k matrix 

of k model descriptorvalues for n training set compounds and the superscript T 

refers to the transpose of the matrix/vector(Qin et al., 2017). 
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Figure 3.5 Williams plot of the model- 1 

The control leverage h* for model 1 fixed at 0.6. As can be seen from figure 3.4 

model -1 has no outlier. 

3.2Molecular docking study 

Molecular docking is widely used in the field of drug screening and design. The 

theoretical basis is that the process of ligand and receptor recognition relies on 

spatial shape matching and energy matching, which is the theory of ―inducing fit‖. 

Determining the correct binding conformation of small molecule ligands and 

protein receptors in the formation of complex structures is the basis for drug design 

and studying its action mechanism(Lin et al., 2020). 

In order to understand the binding mode of active compounds in the active site 

pocket of aromatase (Figure 3.), docking study was performed using MOE-Dock.  

The specific cleft in which the ligands bind (within 4 Å) contains both polar 

(Arg115, Arg375, Asp309, Asp371, Ser478, Thr310, Asp371, Glu302) and 

nonpolar (Ala306, Ala307, Ile133, Ile305, Leu477, Met374, Phe134, Phe221, 

Trp224, Val369, Val370, Val373) amino acids. (Roy and Roy,2010)the currently 

accepted binding modes of non-steroidal aromatase inhibitors (e.g., letrozole and 

anastrozole) to aromatase have been learned from computational studies (Prior et 

al., 2017) 
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Figure3.6  Interaction of haem with the active site of aromatase   

From the 112 new designed compounds only 18 compounds have biological 

activity (RP) more than letrozolewere docked into the active site of the aromatase 

to figure out their binding energy and the mode of interaction. 

Compound CVIII show a low binding energy (high stability) which it is lower than 

those of letrozole by 8 units; it interacted with aromatase by 5 bonds three of them 

are hydrogen bonds with Arg145, Arg115 and Arg435 with bond angles of 

2.19,1.83,2.31respectively. and metal/ion contact with Arg145, Arg115 with bond 

angles of 2.87and 2.75 respectively. The 2Dand 3D contact style of compound 

CVIII with aromatase was shown in figure 3.7 

  

Figure 3.7 2D and 3D binding mode of compound CVIII with the active site of the 

aromatase enzyme 
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Figure 3.8 2D and 3D binding mode of compound XXX with the active site of the 

aromatase enzyme 

 

 

 

 

Figure 3.9 2D and 3D binding mode of compound CX with the active site of the 

aromatase enzyme 

Also compounds CXI and CXII show a high interaction with aromatase enzyme (6 

interactions and 7 interactions respectively) but it shows a high binding energy of -

17.73, -19.32 Kcal/mole respectively. 

 

 

 

 

 

 



40 
 

 

 

 

 

 

 

 

 

 

 

Conclusion and Recommendation 
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4. Conclusion and Recommendations 

In this study 112 indole-imidazole derivatives were designed and their biological 

activity were evaluated by using a QSAR model (with three descriptors 

Q_VSA_FPNEG, diameter, Petitjean). These models were building by using PLS 

method and it was validated internally and externally. 

After applying the QSAR model 18 compounds showed relative potency (RP) 

higher than letrozole.These compounds were used in the docking study to 

understand their mode of interaction and binding energy. 

From docking study compound CVIII showed high binding energy (-27.46 

Kcal/mole) which higher than those of letrozole (-19.49) by 8 units and it show a 

high interaction with aromatase enzyme (3 interactions) 

Further research can be carried out for compound (CVIII, XXX, CX), synthesis 

and   in vitro investigation of their aromatase inhibitir activity. 
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Appendix 

2D binding mode of 17 new designed indole-imidazole derivatives with the active 

site of aromatase containing iron porphyrin (haem) 

 

 

 

Appendix 1: interaction mode of compound I with the receptor (Aromatase with 

haem) 

 

 

Appendix 2: interaction mode of compound II with the receptor (Aromatase with 

haem) 
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Appendix 3: interaction mode of compound III with the receptor (aromatase with 

haem) 

 

Appendix 4: interaction mode of compound XI with the receptor (aromatase with 

haem) 

 

Appendix 5: interaction mode of compound XII with the receptor (aromatase with 

haem) 
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Appendix 6: interaction mode of compound XXXIII with the receptor (aromatase 

with haem) 

 

 

Appendix 7: interaction mode of compound LXV with the receptor (aromatase 

with haem) 

 

Appendix 8: interaction mode of compound LXXVIII with the receptor (aromatase 

with haem) 
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Appendix 9: interaction mode of compound CVII with the receptor (aromatase 

with haem) 

 

Appendix 10: interaction mode of compound XV with the receptor (aromatase with 

haem) 

 

Appendix 11: interaction mode of compound LXXXIV with the receptor 

(aromatase with haem) 
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Appendix 12: interaction mode of compound CIX with the receptor (aromatase 

with haem) 

 

 

Appendix 13: interaction mode of compound CXI with the receptor (aromatase 

with haem) 

 

Appendix 14: interaction mode of compound CXII with the receptor (aromatase 

with haem) 
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Appendix 15: interaction mode of compound LXXVII with the receptor (aromatase 

with haem) 

 

Appendix 16: interaction mode of compound 10a with the receptor (aromatase with 

haem) 

 

Appendix 17: interaction mode of compound 10d with the receptor (aromatase 

with haem) 



60 
 

 

 

Appendix 18: interaction mode of compound 10k with the receptor (aromatase 

with haem) 

 


